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THEME 

In order to assess the requirements for navigation and positioning systems, the current 
status of these systems, and the limitation the propagation medium places on systems in 
being or planned, the AGARD EPP held a Specidlists' Meeting in Istanbul, October 20-22 
1976, on this subject. The concept of the meeting was to outline requirements and progress 
in systems and to plan programs for future studies to reduce any propagation limitations on 
navigation systems. 

Accordingly, the meeting reviewed various subjects including civilian requirements for 
sea, air and ground navigation systems both short and long range, and propagation study needs 
of Loran C»Omega, NAVSTAR, and Aerostat. In addition, requirements for other systems were 
outlined and possible propagation problems discussed. Proposed future research and development 
programs was the subject of a round table discussion. The aim was to mitigate the propagation 
problems that systems will and have encountered. 
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IONOSPHERIC EFFECTS IN NAVSTAR GPS 

Bradford W. Parkinson 
Colonel, United States Air Force 

Program Director 
NAVSTAR Global Positioning System 

Space And Missile Systems Organization 
El Segundo, California 

Edward M. Lasslter 
The Aerospace Corporation 
El Segundo, California 

C. K. Cretcher 
The Aerospace Corporation 
El Segundo, California 

SUMMARY 

This paper reviews the Impact of Ionospheric effects upon the user system performance In the position- 
ing process. System performance of Ionospheric delay corrections In terms of Ionospheric modeling and In 
terms of dual frequency receiver calibration are discussed. The effects of signal degradation by phase 
and amplitude scintillation are reviewed. 

1. INTRODUCTION 

The NAVSTAR Global Positioning System (GPS) Is a satellite-based navigation system that will provide 
extremely accurate three-dimensional position fixes and timing Information to properly equipped users any- 
where on or near the earth. The system will be available continuously regardless of weather conditions, 
and will find extensive utilization 1n Impro . weapons delivery accuracies, range Instrumentation, etc. 
Furthermore, it will provide an ultimate St    In the number and cost of navigation and position-fixing 
systems currently employed or projected. 

NAVSTAR GPS is a joint-Service program managed by the Air Force with participation of the Navy, Army, 
Marines, and Defense Mapping Agency. The system concept evolved from USAF and Navy studies initiated in 
the mld-1960's. Current program plans call for the deployment of six satellites In 1977 to permit demon- 
stration and evaluation tests over the continental United States (CONUS). The system Is expected to be 
expanded through deployment of additional satellites into an operational 24-satelllte system. 

Approval to proceed with the Phase I (concept validation) portion of the program was granted 1n Decem- 
ber 1973. The next major decision Is scheduled for March 197Ö, The GPS could attain a worldwide two- 
dimensional capability in the early 1980^ with full three dimensional navigation by t^e mld-1980's. 

2. SYSTEM DESCRIPTION 

The NAVSTAR GPS consists of three major segments: space, control, and user, as shown in Figure 1. 
The concept of operations can be described as follows. Each satellite carries an atomic clock with stabil- 

i ities of the order of 1 part In 10 . This clock is used to generate timing for the dual frequency 
pseudo-random noise (PRN) spread spectrum L-band navigation signals which the satellites radiate continu- 
ally. These navigation signals contain Information regarding the satellite ephemerides and clock behav- 
ior. Geographically dispersed monitor sets receive these signal« and send the received information to 
the Master Control Station (MCS) located in the CONUS. The MCS processes the data and calculates pre- 

l dieted satellite positions, velocities, and clock drifts to be uploaded and stored In the satellite memo- 
1 ries for later broadcast to the users. The MCS insures that the satellite clocks are synchronized with'n 

a few nanoseconds. Users perform navigation using the signals radiated by the satellites. If the users 
t had precision clocks (synchronized to the satellites), they could make passive range measurements to ehe 

satellites and determine their position as the Intersection of three spheres, each centered at the satel- 
lite. To avoid requiring all users to be equipped with precision clocks, enough satellites will be de- 
ployed so that all users will have at least four satellites available. The simultaneous reception of fojr 

» navigation signals allows three independent range difference equations to be formed which may be used to 
calculate the intersection of three hyperboloids of revolution uniquely defining the user position. 

'' Space Segment. In its operational configuration, the GPS satellite constellation will consist of 24 
satellites in circular, 10,900 nmi orbits with an inclination of 63 degrees (See Fig. ?). They will be 
deployed in three planes, each plane containing eight satellites. This satellite consttHation Insures 
that at least six satellites are always in view from any point on the earth and that on tre average, nine 
satellites are in view, thus insuring satellite coverage for three-dimensional positioning and navigation 
on a worldwide basis. 

The satellite is shown In Figure 3. The design life is five years with enough e.xpendasles to last 
seven years. The on-orblt weight Is 950 pounds and the end of life power available Is 400 watts. The 
power Is supplied by five square meter solar arrays that continuously track th sun. Threa nickel-cadium 
batteries are available for ec'ipse operations. The satellite is three-axis stabilized by means of four 
skewed reaction wheels. A hydrazlne propulsion system is on-board for station keeping maneuvers, and to 

A provide a momentum dump capability for the attitude control system. •" 12-element shaped beam helix array 
provides an earth coverage antenna pattern for the L-band navigation signals. 

Each satellite transmits two spread-spectrum PRN navigation signals, one signal at 1575 MHz and a 
second signal at 1227 MHz. The signals are coherently generated and can be used to determine and 
correct for effects of the ionospheric signal delay. Both navigation signals consist of a sequence of 
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binary digits (PRN sequences) bl-phase modulated onto the carriers at a rate of 10.23 Mbps. The ephetn- 
eris and satellite clock data are modulated onto the PRN sequence at a rate of 50 bps. Thus, the basic 
navigation data is "spread" from a bandwidth of approximately 100 Hz to a bandwidth of approximately 20 
MHz by the PRN sequence. The PRN sequences are unique to each satellite and mutually orthogonal permit- 
ting the use of a common carrier frequency for all satellites in the constellation. An acquisition sig- 
nal is quadraphase modulated with the navigation signal at 1575 MHz to also provide a rapid acquisition 
capability for all users. 

Control Segment. The control segment consists of a Master Control Station (MCS), widely separated 
Monitor Sets (Mb), and an Upload Station (ULS). Redundant master control, and upload stations are planned 
for the operational system. The widely spaced monitor sets, located on U.S. controlled territory, will 
passively track the satellites accumulating ranging data from the navigation signals. These data will be 
transmitted, along with meterological and status Information, to the MCS In the CONUS. At the MCS the 
ranging data will be corrected for transmission delays, e.g., ionospheric and tropospheric delays, rela- 
tivlstic effects and processed by a filter algorithm to provide best estimates of satellite position, 
velocity, acceleration e.g., due to solar pressure variations, and satellite clock drift relative to system 
time. Additionally, MS clock drifts relative to system time, polar wander parameters and tropospheric 
correction residuals are estimated. Subsequent post-event data processing will be done to generate progres- 
sively refined information defining: a) the gravitational field influencing the satellite motion, b) 
MS locations, and c) other observable system Influences. The data, thus derived, will be used to generate 
future navigation messages to be loaded Into the satellite memories via the ULS, also located In the CONUS, 
at least once a day. 

User Segment. The user set consists of an antenna, receiver, data processor with software, and con- 
trol /3TspTäyunTt. Some configurations will be integrated with auxiliary sensors such as Inertia! mea- 
suring units. The receiver measures pseudo-range and pseudo-range-rate using the navigatirn signal from 
each of four satellites. The processor converts these data to three-dimensional position, velocity, and 
system time. The position solution is developed In earth-centered coordinates, which are subsequently 
converted and presented on the display unit as either geographic coordinates, UTM grid coordinates, or 
any other coordinate system desired by the user. 

Projections of total user equipment needs for the U.S. Department of Defense exceed 25,000. Although 
the system is designed to meet military requirements, it will also have potential for civil and Interna- 
tional use. In order to minimize user equipment costs, the space and control segments are designed to 
emphasize low user costs. During the system definition studies, six classes of user requirements were 
identified and defined by the mllHary services to meet their operational performance requirements. The 
various classes of user requirements are summarized in Table 1. 

3. NAVIGATION ALGEBRA 

The techniqui.' for achieving the desired system accuracies calls for making transit time measurements 
of RF signals encoded as pseudo-random noise modulation on an L-band carrier. A precision timing system 
carefully synchronized between satellite transmitters must be used. Users with precision clocks could 
then passively range to the satellites and determine their own position as the calculated Intersection of 
at least three spheres centered at the transmitters. To avoid requiring all users to be equipped with 
precision clocks, enough satellites will be deployed so that all users have available at least four 
satellites simultaneously. Then synchronized time is not required because the simultaneous reception of 
four signals produces three independent range differences which may be used to calculate the intersection 
of three hyperbololds of revolution. 

The range differencing solution is primarily conceptual, since it Is just one possible method of de- 
termining user position and clock bias (a total of four unknowns) from the four range measurements. The 
basic equation relating ranges and transit times is termed a pseudo-range equation which in an error-free 
system is given by (see Figure 4): 

^ =[(5, - x) • (s1 - x)] ^t b (3-1) 

where 

r^ « the time delay multiplied by the speed of light measured from satellite 1 

x • vector from earth center to user position 

s^ « vector from earth center to satellite 1 

b ■ user clock phase bias (multiplied by tHc speed of light). 

The variable r. has  ,i termed a pseudo-rsm>,,  .. It does not conform to Euclidean distance because 
of the additional tirm b. Given four independen' pseudo-ranges, one can solve for the user position and 
time. When more than four pseudo-ranges are available and/or noise is Introduced into the measurements, the 
determination of *  becomes a process of optimal estimation. 

An Iterative solution for user position can be defined as follows where matrix notation will be em- 
ployed for convenience; matrices will be denoted by capital letters: 

and 

X ■ (x.,)u,x3)   * user coordinates In a reference coordinate frame 

1 ' ts11's12,s13r « satellite coordinates In the reference coordinate frame 

aflBBSMmBSSi mmmmaa 



A 
■  i 

The four simultaneous pseudo-range measurements are then given by 

^  = [(S1 - X)T (Si - X)j % + b - ^ + P1  (1 = 1.2,3,4) (3-2) 

where p.ls the noise and b1 the satellite clock phase bias In measurement 1 

ct 

H 

Let the direction cosine of the 1  measurement vector along the j coordinate be defined by 

Yij-(sij-V/ [(V-x^-x)] 
Then, defining the geometric matrices 

(3-3) 

(4X4) 

Ti" Pj     0     0     0 

A 0   X5     0     0 

ra 
B   = 

(4X16) o   o Pa   o 

Lr4. 0   0   0 r4 

where 

Fi = ( ^11« v12. V13.l) 

0 = (0,0.0,0) 

the user state and the measurement matrices are 

(1X4) I i   ^   i   -i 

M * (m^nu.nu.m.) 
(1X4)  i ^ J 4 

the augmented satellite state matrix is 

S * (Spbj^.bg.Sj.bj.S^.b^) 

(1X16) 

and the noise matrix is 

P " (Pr.P2.P3.P4) 
(1X4)  * z 3 « 

thus permitting the following matrix equation to be written In place of Eq. (3-2): 

GY • BS - M + P (3-4) 

The minimum variance estimate of Y, assuming no statistical a priori information, is then: 
A A 

(3-5) Y - G"x (BS - M) 

where S is an estinate of S. 
A A 

Since G and B are functions of system geometry and therefore Y, an iterative solution for Y is indicated. 
However, sufficiently accurate initial estimates of T will generally be available and only a few iterations, 
at most, will be required. 

The covariance matrix for the error « Y in the estinate of Y from Eq. (3-5) 1$ 

cov   6Y - {GT R"1 G)"1 "(GT   [B(COV   6S)BT + cov P]   ^ G)'1 (3-6) 

where Eq. {S-"-   defines the matrix R and  IS - S - S. 

6D0P (geometric dilution of precision) is calculated by setting the total range mtasurement error 
covariance matrix R (consisting of satellite position error and measurement error) equal to the Identity 
matrix, resulting In 

cov  SY - (GT G)"1 (3-7) 

The GOOP factor is then defined as the square root of the projection of cov 6Y onto the user coordinate 
of interest. 

If variances o^ and correlations p are assumed for R, the result is 

cov 8X - w*(l - p ) (GT 6)-1 

upper left hand 3X3 

cov ob - a* p ♦ (1 - p ) (6T G)'1^ 

(3-8) 

(3-9) 
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Thus, the corresponding standard deviation In the user coordinate Is obtained by multiplying the GDOP factor 
by «7(1 - p ) • For the clock bias this GDOP multiplier is only valid for uncorrelated errors { p = 0). 
If, in fact, quantities a   and p can be found which produce user coordinated, variances closely approximating 
the variances produced by error source rodeling, then the quantity a (1 - p P Is termed the user equivalent 
ranging error (UERE). Under these conditions, system/user geometry Is characterized by GDOP factors and 
pseudo-ranging errors by UERE. 

Figure 5 shows the cumulative probability distribution function for the GDOP factor along the vertical 
axis and the GDOP factor for radial error in the horizontal plane for GPS. Since in fact satellite posi- 
tion error projections and atmospheric refraction modeling errors are geometry dependent, the GDOP/UERE 
concept Is only an approximation. GDOP considerations tend to indicate ideal satellite locations consisting 
of one directly overhead and three equally spaced near the horizon. Since tropospheric and ionospheric 
become larger near the horizon, this is not truly optimal for minimizing user error. However, atmospheric 
errors are only a portion of the total pseudo-ranking error and GDOP is still a reasonable figure of merit, 
particularly on a statistical basis. 

The specific major error sources and their contributions In terms of UERE are shown in Table 1  for 
both single and dual frequency receiver users. It is currently anticipated that all users demanding high 
accuracies will use dual frequency calibration. A less sophisticated model will be available for users 
not requiring precise ionospheric delay calltration. 

Total system errors have been calculated for worldwide population averaged over 24 hours. The expected 
single measurement horizontal and vertical distributions are shown In Figure 6. 

For the system accuracy results shown in Figure 6, the satellite position errors and signal propagation 
errors are modeled in terms of variances and correlations to provide the required covariance matrix R. 
The following sections discuss the errors contributed by the ionosphere. 

4. IONOSPHERIC SIGNAL DELAY AND DEGRADATION 

A transionospherlc RF signal experiences an excess delay over the free space propagation time between 
a satellite and a sublonospheric receiver. The excess time delay is proportional to the number of free 
electrons encountered along the signal path. The integration number of electrons encountered per unit 
area is commonly referred to as the total electron content (TEC). For the GPS system, TEC Is measured in 
units of nanosecond of signal delay at 1.6 GHz. For frequencies above 200 MHz, the delay is essentially 
inversely proportional to the square of the frequency. This frequency dependence Is the basis for using 
the dual-frequency measurements to calibrate the ionosphere delay. 

In addition to signal delay by TEC, there are several types of Ionospheric distrubances wMch can cause 
signal delay and degradation. Ionospheric distrubances can be caused by geomagnetic storms and by solar 
activity. During a severe storm, TEC Increases. Although the magnitude of TEC Increase may not be predict- 
able by a single-frequency user, such storms are infrequent and those associated with geomagnetic distur- 
bances are often predictable hours to days In advance. Traveling ionospheric disturbances are produced 
by auroral activity and nuclear explosions. Their short duration and infrequent occurrence limit their 
ro^e in GPS considerations. Scintillations are high-frequency, noise-like atuplltudn end phase fluctuations 
of the received signal which have been defracted by Irregularities in the eler;>oi, density distribution. 
Affecting systems with carrier frequencies as high at 6 GHz, signal scintllli tion Is by far the most 
serious problem in transionospherlc propagation. 

The effects of TEC time delay and of signal scintillation are discussed In subsequent sections. 

5. TOTAL ELECTRON CONTENT MODELS 

lo provide TEC predictions for single frequency users in the field. It Is necessary to relate (model) 
TEC to currently measured and predicted parameters, time of day and season, geographic location and 
satellite-user geometry. 

Between 1969 and 1972, a series of studies were undertaken to demonstrate the feasibility of modeling 
the ionospheric delay to accuracies commensurate with GPS requirements using generally available ionospheric 
parameter inputs. 

Five different studies were undertaken, either at USAF request or under USAF contract. The evaluations 
of the models developed In those studies were made using Faraday rotation data taken over mid-latitude 
North America and Hawaii. An HF signal propagating In the earth's magnetic field splits Into two modes 
of slightly different frequency with different phase speeds. This causes the plane of polarization to 
rotate about the wave path. TEC Is essentially proportional to the Faraday rotation angle. Two errors are 
inherent in this technique; perhaps the highest 10 percent of the electrons In the upper Ionosphere do 
not contribute measurably to the rotation angle, and the constant of proportionality Is not known precisely. 

In all of the studies, TEC was converted to the vertical TEC above the ground station by an obliquity 
factor, which is a function cf elevation angle and mean ionospheric height. The latter was assumed con- 
stant, and does not Induce significant errors for the domain considered. 

A preliminary TEC model was developed by J. Klobuchar and R. Allen at the Air Force Cambridge Research 
Laboratories (Kef. 2). The model was constructed from Faraday rotation data, taken at the Sagamore Hill 
Radio Observatory near the solar cycle maximum, and analytically predicted TEC as a function of measured 
or predicted values of f F*. which Is the lowest radio frequency that can normally penetrate the dominant 
F, layer of the ionosphere. The model, applicable only near the time ard location of the data gathering, 
served to demonstrate the feasibility of analytic ionospheric delay modeling with a relatively simple ana- 
lytic function depending only on f F.. When this model, which amounted to a smoothing of the original data, 
was used to predict TEC, overall rfis errors of 1 to 4 nsec were encountered. 
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The goal of the next four studies, performed between 1970 and 1972, was to determine the predictability 
of the total vertical electron content of the ionosphere in the mid-latit'jde Western Hemisphere by evaluat- 
ing derived models against NASA Faraday rotation data. These data were available for a number of stations 
and time periods, Including maximum and minimum of a solar cycle. 

Stanford Uiversity used the Faraday rotation data to synthesize a TEC model over reference stations 
where large quantities of data exist and to determine geographical extrapolation functions for other stations 
(Ref. 3). A commonly predicted solar activity Index is required as input. Values predicted by this process 
were compared to conveted Faraday rotation measurements, with overall residuals at the various evaluation 
stations lying between 2.7 and 6.8 nsec. 

The University of Illinois ionospheric model used a weighted sum of near-real-time measurements and 
measurement residuals at other observation locations to predict the value at the evaluation stations (Ref. 
4). When measurement residuals are used, the predicted value and weighting coefficients require prior ac- 
cumulation of data over the geographic region of interest to determine estimates of residual statistics 
and running monthly means. Both approaches produced rms residuals of 1.2 to 13 nsec. 

The Applied Physics Laboratory (API) at Johns Hopkins Unlveristy constructed a predictive model based on 
assumed electron density altitude profiles constructed from Independent analytical and empirical studies 
and requiring commonly available predicted ionospheric parameters as input (Ref. 5). The resulting evalu- 
ation rms residuals range from 1.5 to 12 nsec. 

The Bent ionospheric model was developed for NASA and is based on a large accumulation of worldwide 
bottomside and topside ionosphere soundings taken over the 1960's (Ref. 6). An Ionospheric electron density 
altitude profile was established from these data that requires two commonly available ionospheric parameters. 
(This model construction and that of APL are completely independent of the evaluation data). The DBA Systems 
evaluation of this model (by Dr. Sent) produced overall rms residuals between 2.6 and 8.8 nsec, depending 
on the evaluation station. 

The accuracies resulting from these mciels (without real-time updates) are suitmarized in Figure 7. 
These studies served to validate the concept of ionospheric modeling in the North America and Hawaii domain. 

The difficulties with the modeling approach for calibrating the ionospheric delay are: 

a. A large amount of data must be transferred to the satellite and to the user to provide a sufficiently 
accurate model. 

b. The model cannot accommodate Ionospheric disturbances without near-real-time update data, an opera- 
tion inconsistent with current system operations. 

-i c. Model errors will also depend strongly on time of day, geographic location and satellite evaluation 
^t angle. 

For users requiring less than full system accuracy and using less sophisticated equipment, a simplified 
model approach will be satisfactory and has been selected for Phase I evaluation. The transmitted data 
should be sufficient to describe a model which eliminates 50 to 60 percent of the Ionospheric delay. More 
recently, global ionospheric models, developed for geophysical research have features whicn would overcome 
some of the above difficulties (Ref. 7, 8, and 9). It sbems rather clear that Ionospheric models, no matter 
how complex, are Incapable of predicting the smaller seal? structures of the Ionosphere. While Ionospheric 
models may be required for tlr single frequency user, the dual frequency calibration technique, discussed 
in the next section, will provide superior performance for the user requiring the ultimate in accuracy. 

6. DUAL FREQUENCY RECEIVERS 

From the dispersion relation of a high frequency electromagnetic wave 1n plasma, U 1$ sufficiently ac- 
curate for L-band signals in GPS applications to characterize the frequency dependence of the ionospheric 
delay in terms of the Inverse s-juared frequency. Thus, two L-band frequencies can be used to calibrate 
the ionospheric delay in GPS. These two frequencies must be transmitted coherently and must be sufficiently 
separated in frequency. The equations determining the calibration accuracy arc derived below. 

The pseudo-range equation provides 

m^ » p + d + (K/f^) •k n1 

where 

m^ > measured pseudo-range in channel 1 

p   • true pseudo-range (including user clock bias) 

d   ■ pseudo-range uncertainties Independent of frequency and receiver noise 

K   ■ parameter proportional to total electron content along with measurcmnt path 

f, ' signal frequency In channel 1 

n. ■ receiver noise In channel 1 

Ignoring d and assuming measurements are made In two channels, pennlts K to be eliminated algebraically to 
obtain 

t*«'4>«««*fc- iiiMifiMifcimiiMn 
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where 

P = (nij - nj) + F   fOtij - rij) - (nig - rij,)! 

F » fl/(f\ - ff) 

(6-1) 

The second term In Eq. (6-1) comes from the solution for K, whereas the first term would occur even if K 
were known precisely and a single channel measurement is used. 

Since the user does not know n^ (by definition), the estimate of p will be 

p = mj + FOnj - mg) 

The error   6 p in the user estimate is then 

6P=fl P = n. + F(n 
1 1 - " ) 

(6-2) 

(6-3) 

Note that n. and n^ will be correlated. 

If n, and n- have equal standard deviations ofa , and a correlation factor p , the standard deviati 
in pseudo-range error is * , 

,  . ,  .  1 f2 

on 

n (1 -p) (6-4) 

The first term in brackets represents the contribution due to single channel measurement error. The second 
tsrm arises from the ionospheric calibration process alone. Using the current values for the two transmitted 
frequencies in GPS L, « 1.575 GHz and L2 = 1.227 GHz, the relative contributions of these two sources are 
indicated in Figure 8. The sensitivity of the delay calibration to the selection of the secondary frequency 
L- is also shown. For the selected frequencies this figure shows that the total receiver measurement error 
is approximately 2.6 times the single channel measurement error for p = o. 

Although the ionospheric delay is not exactly proportional to the inverse of the frequency squared, 
higher order terms will be a negligible source of error. More detailed discussions of the dual frequency 
receiver Ionospheric delay calibration are given in Refs. 10 and 11. 

7. SUMMARY 

In conclusion, we know that the ionosphere produces position errors at L-band frequencies which can be 
significant for high precision users (as much as 20 feet). The use of ionospheric modeling techniques can 
reduce the effects of these errors by 50 - 75 percent. One method of determining in real-time the degradation 
ard delay due to ionospheric effects is the use of a dual frequency receiver. Two frequency calibration 
effectively reduces the ionospheric problem to a small noise number. An additional benefit Is that GPS 
will allow large scale mapping and modeling of the ionosphere. 

(X 
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TABLE 1 

User Requirement Classes and Applications 

CLASS ACCURACY 
USER 

DYNAMICS 

IMMUNITY TO 
ELECTROMAGNETIC 

JAMMING 

TYPICAL 
USER 

A 

B 

C 

D 

E 

F 

HIGH 

HIGH 

(LOW COST) 

HIGH 

MEDIUM 

HIGH 

MEDIUM 

HIGH 

MEDIUM 

LOW 

LOW 

LOW 

HIGH 

MEDIUM 

(IMMUNITY TO NATURAL 
EMI) 

HIGH 

HIGH 

MEDIUM 

PHOTO RECONNAISSANCE 

HELICOPTER 

GENERAL ENROUTE 
NAVIGATION 

LAND VEHICLE                   | 

GROUND TROOP 

SHIP                               1 

TABLE 2 

Error Budget 

CONTRIBUTION-md^-i 

SOURCE 
S INGLE FREQUENCY            DUAL FREQUENCY 

EPHEMER IS 1.5                               1.5            j 

SATELLITE CLOCK AND ELECTRONICS 0.9                               0.9 

TROPOSPHERE MODEL 1.5                               1.5 

IONOSPHERE MODEL 4.9                                  ' 

RECEIVER NOISE 1.5                               2.4* 

MULT 1 PATH 1.2                               1.8* 

1                                               RSS 5.7                               3.8 

'Increase due to noise propagation from second frequency measurement 
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SPACE SYSTEM 
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L-BAND> 

NAVIGATION 
SIGNALS 

x\ -L-BAND 
^ NAVIGATION AND 

v   vSTATUS SIGNALS 
TELEMETRY^^-^NI 
TRACKING 

CONTROL SYSTEM 
SEGMENT 

MASTER CONTROL 
STATION 

UPLOADING 
STATION 

Figure 

ORBITAL CONFIGURATION 

• 12-hr PERIOD 

• CIRCULAR ORBITS 

• 63° INCLINATION 

• EIGHT SATELLITES 
PER PLANE 

9501b Itypicall 

450 Watts (typical) 

NAV SIGNALS 

• 1200 MHz 

• 1600 MHz 

10"13 CLOCK STABILITY 
5-YEAR DESIGN LIFE 

Fig.2    GPS space segment 
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Figure 3 

SATELLITE 1 

Figure 4 
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PLASMASPHERIC SIGNAL TIME-DELAY EFFECTS IN SATELLITE NAVIGATION SYSTEMS 

H. Solcher 
Communications/Automatic Data Processing Laboratory 

U.S. Army Electronics Command, Fort Monmouth, NJ 07703 
United States of America 

SUMMARY 

A satellite navigation concept requires determination of time-delays that satellite 
signals experience when traversing the distance between satellite and observer. A pulse 
propagating this distance is slowed down by an amount directly proportional to the total 
number of free electrons along its path. Ranging accuracy requirements mandate compensa- 
tion for this additional signal delay. 

The total electron content (TEC) for high-orbit satellites includes the ionospheric 
as well as plasmaspheric electron content. 

The ATS-6 Radio Beacon Experiment provides the opportunity to determine: the iono- 
spheric content (up to heights of "vlSOO km) by means of the Faraday rotation technique; 
the total content (from observer to satellite) by means of the dispersive-group-delay tech- 
nique; and the plasmaspheric content (the difference between the two). 

Since delay-time modeling efforts to date have been based on TEC obtained by the 
Faraday rotation technique, the plasmaspheric delay is not compensated for and thus com- 
prises a source of error. In an effort to determine the magnitude of this error, obser- 
vations of plasmaspheric content were performed at a midlatitude station, an auroral sta- 
tion and a station in the vicinity of the geomagnetic equatorial anomaly. Diurnal, day- 
to-day, and latitudinal variations of the contents were observed.  The ratio of the plas- 
maspheric-to-ionospheric contents, which determines the corrections that must be applied 
to the present modeling scheme, varied substantially from day to night. 

Introduction 

A global satellite-navigation concept (Parkinson, 1974) requires that the user must 
measure the time-delay experienced by satellite-emitted signals in traversing the distance 
between satellite and user.  Simultaneous measurements of the propagation time of signals 
originating from four different satellites permit the user to determine his position and 
clock bias if satellite ephemerides and signal propagation velocity are known. 

A pulsed signal propagating through the ionosphere is slowed down somewhat from its 
free space velocity, thus resulting in an apparent range that is larger than the equiva- 
lent free-space range. The difference between the apparent range and the true range, 
or between the true velocity and the free space velocity, is the quantity needed to im- 
prove range accuracy. Either of these quantities are directly proportional to the total 
electron content (TEC) along the path of the propagating signal.  Thus, if the total elec- 
tron content is known, or is measured, a perfect correction to ranging can be performed. 
The total electron content may be measured in real time, provided the user has dual-fre- 
quency capabilities (Burns § Fremouw, 1970). However, a substantial reduction in the 
cost of user equipment could be realized if the navigation system utilized only one fre- 
quency. Then time delays due to TEC would have to be determined through empirical modeling 
techniques (Bent, et al., 1975; Klobuchar, 1975) based on existing and future global elec- 
tron content data. The appropriate delay corrections would be transmitted to the user 
via the navigation signal. 

The Radio Beacon Experiment (Davies, et al,, 1972; Solcher, 1975) aboard the geosta- 
tionary Applied Technology Satellite ATS-6 permits the determination of TEC by two inde- 
pendent methods. The first--the Faraday polarization rotation technique--has been widely 
used in obtaining TEC data. Faraday rotation is a terrestrial-magnetic-field dependent 
phenomenon. Since its magnitude is heavily weighted near the earth, it is considered 
to provide integrated electron content values for altitudes below ^1500 km. The second-- 
the dispersive-group-delay technique, in which the phase of the modulation envelope be- 
tween a carrier and its sideband is compared at two frequencies--is independent of the 
terrestrial-magnetic-ficld and, hence, yields the integrated electron content between 
the observer and the satellite-signal source. The Faraday content, Np, and the disper- 

sive-group-deiay content, N_, therefore, yield the total electron content up to "vlSOO 

km and geostationary altitudes, respectively. The difference between N-, and Np yields 

the content above ^1500 km, which is referred to as the plasmaspheric content, Np. 

ft 
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To date, delay-time modeling efforts have been based on TEC obtained by the Faraday rota- 
tion technique.  Hence, the delay due to the plasmaspheric electron content has not been 
accounted for.  Since the navigation satellite system under consideration will utilize 
satellites at ^20,000 km, the signals will be slowed down by free electrons in both the 
ionosphere and the plasmasphtre.  Thus the corrections for TEC supplied by a model based 
on the Faraday technique will not adequately compensate for the total signal time delay. 
This paper aims to present the magnitude of the ionospheric and plasmaspheric time delay 
values at midlatitude stations, an auroral station, and at a station in the vicinity of 
the geomagnetic anomaly during the quiet phase of the solar cycle. 

THE DATA 

The ATS-6 Satellite was launched into a geostationary orbit in May 1974.  During Phase 
i I  of its operation, when the satellite was located at 94°W, the U.S. Army Electronics 

r Command operated observation stations at Fort Monmouth, NJ (40.18oN, 74,06oW); Richmond, 

Florida C25.60oN, 80,40oW); and Sao Paulo, Brazil (ZS.SC^S, 46.50oW).  In May 197S, the 

satellite was moved to 350E for Phase II of its operation. During this phase, the obser- 

vation stations were moved to Haifa, Israel (32.870N, 35.09oE) and Kiruna, Sweden (61.840N, 

20.41oE).  In August 1976j the satellite was moved to its final parking position at ^1340W, 
with some of the observation stations being reactivated and others being established. 

The Faraday observations were performed with the 140 MHz satellite beacon emissions. 
' The dispersive-group-delay observations were performed with the 140 MHz and 360 MHz bea- 
* cons modulated with sideband displacement of Af » +1 MHz. 

t. The daily variations in vertical TEC measured by the Faraday technique and by the 

dispersive-group-delay technique at Kiruna, Sweden for Oct. 75 are shown in Figs. 1 and 

^ 2, respectively. The equivalent signal-delay-times normalized to a frequency of 1.6 GHz, 

which is in the satellite navigation band, are also indicated in these figures. The monthly 

mean of N- varied from a predawn minimum of ^1.3 TEC units (1 TEC unit 5 10  e/m ) to 

a maximum of ^9.8 TEC units at ^1100 UT.  The monthly mean of N-, varied from a predawn 

minimum of 2.9 TEC units to a maximum of -v-ll.S TEC units, which also occurred at 1100 

UT.  The monthly standard deviation of N- varied from a predawn minimum of «0.2 TEC units 

k; to a maximum of ^2 TEC units at ^1215 UT.  The monthly standard deviation for NT varied 

'1 from ^0.6 TEC units to 1.9 TEC units at the same times. 

The daily variations in the vertical plasmaspheric content, Np, at Kiruna for Octo- 

ber 1975 are shown in Fig, 3.  In general, the diurnal behavior of Np appears similar 
t0 that of Np and N-,, i.e., the content increased during the day and decreased at night. 

The monthly mean of Np was at a minimum prior to midnight and at a maximum at ^1300 UT, 

(between ^0.9 TEC units and ^2.2 TEC units). This was different from the behavior of 

Np at a midlatitude station (Solcher, 1976), The monthly standard deviation of Np varied 

from ^0,4 TEC units to ^0,8 TEC units, 

The daily variations of the plasmaspheric-to-ionospheric content ratio (Np/N-) at 

Kiruna for Oct. 75 are shown in Fig, 4,  The monthly average for this ratio varied from ^191 

(just prior to noon) to ^1201 (just prior to sunrise). The ratios dropped abruptly at 

sunrise, reached a minimum in the morning hours, from whence it increased gradually until 

it increased abruptly at 0130 UT, This abrupt predawn increase in the ratio is accounted 

for by the decrease in Np during that period, while N- remained unchanged, thus increasing 

Np, Since Np is sensitive to changes in density distributions whereas N- is not, the 

changes in the ratio indicate that during the predawn period, upward electron fluxes were 

generated by temperature increases. The electrons streamed into higher altitudes where 

they were no longer counted by the Faraday rotation method, thus decreasing Np. N_, how- 

ever, was unaffected by this redistribution, since its electrons were still counted by 

the dispersive-group-delay method. Since some of the Np electrons transferred into the 

plasmasphere, an increase in Np was also noticed. The increase in Np and the simultaneous 

decrease in Np caused the abrupt increase in their ratio just prior to dawn. The abrupt 
decrease in the ratio after dawn was due to ionospheric electron production buildup. 

Since production and loss processes are insignificant at plasmaspheric heights and Np 

is varied by diffusive fluxes to and from the ionosphere, the effects of sunrise on the 

ionosphere are much larger than on the plasmasphere, resulting in the sharp decrease of 

the ratio during that period. 
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The daily variations of the plasmaspheric-to-total content ratio (Np/N») for Kiruna, 

Sweden for October 1975 are shown in Fig. 5. The behavior of this ratio is similar to 

that of Nn/N,, shown in Fig. 4. The mean monthly average varied from ^161 just prior to 
r  r 

noon to 'V'52* just prior to sunrise. 

In order to determine the time-delay correction at an arbitrary geographic location, 
time of day, and season, the modeling base must include data from a global network of 
stations operating continuously. The following comparative data is presented for three 
world ionospheric regions: the high latitude, the midlatitude and the South Atlantic anom- 
alous regions. 

Figures 6 and 7 depict a comparative mean monthly variation of TEC measured by the 
Faraday technique at Fort Monmouth, Richmond, and Sao Paulo for February 1975 and May 1975, 
respectively. The solar zenith angle dependence of TEC is shown in the relative values 
of TEC recorded at the two northern hemispheric midlatitude stations. The comparatively 
higher TEC values recorded at Sao Paulo, even if seasonal effects are ignored (compare 
Figs, 6 and 7), were due to the passage of the ray path from satellite tj observer through 
the Equatorial Anomaly region. At equatorial regions, ionospheric plasma which move up- 
ward from an imposed E-W electric field diffuses downward again, but obliquely, along 
the geomagnetic lines of force.  Instead of returning to the source, the plasma arrives 
at two places: one to the south and one to the north of the equator. The electron content 
:s then depleted at the magnetic equator, but is enhanced at the anomalous regions. The 
relatively higher TEC values for February as compared to May, confirm topside sounder 
results (Eccles § King, 1969), that the anomaly content crests are larger in the summer 
hemisphere.  In addition, the ray path was in the vicinity of the South Atlantic Anomaly 
region where the magnetic field is abnormally weak and the loss of radiation belt particles 
is rapid, TEC enhancements are attributed to ionization produced by the precipitating 
energetic trapped electrons that mirror low in the anomaly (Zmuda, 1966; DeMendonca, 1965). 

The comparative variation of TEC at a midlatitude station and at a station near the 
auroral zone is shown in Fig. 8 for Oct. 1975. The consistently higher TEC values at 
Haifa were due to solar zenith angle influence on TEC, The passage of the ray path from 
Kiruna to the satellite through the density trough (Muldrew, 1975; Liszka, 1966) was also 
responsible for the observed depressed TEC values. 

Finally, the comparative variation of the plasmaspheric electron content, Np, at Fort 

Monmouth and Sao Paulo during May 1975 is shown in Fig, 9.  In general, the mean monthly 

values of Np at both stations lay between ^1  and ^2 TEC units.  The mean diurnal varia- 
tion at Sao Paulo indicates that Np had higher values during the day than during the night. 

The times of Np enhancement were close to those at which the equatorial anomaly is formed 

and maintained (Eccles § King, 1969), while the times of Np depression corresponded to 

disappearance of the anomaly.  It is therefore possible, that during the formation of 

the anomaly and during its maintenance, the plasmaspheric and the ionospheric electron 

densities are increased. 

CONCLUSIONS 

Data from the Radio Beacon Experiment of the ATS-6 has yielded information on the 
magnitude and variations of ionospheric and plasmaspheric contents at midlatitude, auroral, 
and equatorial regions. The group-path-delay of a navigation signal caused by free elec- 
trons in the plasmasphere cannot be neglected when compared to the delay due to the iono- 
sphere. The group-path-delay prediction models currently available are based on Faraday 
data, which do not adequately compensate for the total delay. During the night at an 
auroral station they may te off in the mean by ^1201 while during the day by ^201. At 
a midlatitude station, they may be off by more than 1001 at night and by ^131 during the 
day. For a station in the vicinity of the equatorial anomaly, they may be off by more 
than lOOi at night and by less than 101 during the day. Fortunately, the highest ratio 
of plasmaspheric to ionospheric delay times occur at night when the total time delay (the 
quantity of interest) is small. The relatively small magnitude of the diurnal, day-to- 
day, and seasonal variation of Np suggests that present ionospheric models may be corrected 

by adding a constant offset (say an average monthly value of Np) to the ionospheric values. 

The data reported here was taken during the quiet phase of the solar cycle. During 
such a phase, the total group delay is generally small, and modeling schemes yield cor- 
rections within the accuracy requirements of the proposed navigation systems.  It remains 
to be seen, however, if the observed absolute values of the plasmaspheric content, or 
the observed ratio of plasmaspheric-to-total delays, will be larger during the maximum 
phase of the solar cycle.  If such ratios are maintained during the maximum of the cycle, 
neglecting the plasmaspheric content will cause errors which exceed the accuracy require- 
ments of the navigation system. 
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Fig.l    Total ionospheric (Faraday) electron content (NF) at 1 S-minute intervals at Kiruna, Sweden, October 1975 
(left ordinate;   1 TEC unit = 1014 e/m2; right ordinate: signal delay normalized to 1.6 GHz) 
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(left ordinate:  I TEC unit s 10'* e/m'; right ordinate: signal delay normalized to 1.6 GHz) 
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Fig.3    Total plasmaspheric content (Np) at IS-minute intervals, Kiruna, Sweden, October 1975 
(left Ordinate:  1 TEC unit = 1016 e/m2; right ordinate: signal delay normalized to 1.6 GHz) 
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Fig.4    Ratio of plasmaspheric-to-ionospheric contents (NP/N|.) at Kiruna, Sweden, Octobei 1975 
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Fig.5    Ratio of plasmaspheric-to-total contents (Np/NT) at 15-ininut<; intervals, Kiruna, Sweden, October 1975 
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Fig.6   Mean monthly variation of NK at Sao PauiO. Brazil (LT = UT - 3); Fort Monmouth, NJ. 
at = UT - 5); and Richmond, Florida (LT = UT    5), during February 1975 
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Fig.7    Mean monthly variation of NF at Sao Paulo, Brazil (LT = UT - 3); Fort Monmouth, N.J. 
(LT = UT -5); and Richmond, Florida (LT = UT - 5), during May 1975 
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Fig.8    Mean monthly variation of NK at Kiruna Sweden (LT = UT + 1); 
and Haifa, Israel (LT = UT + 2). October 1975 
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Fig.9    Mtan monthly variation of Np at Fort Monmouth, N.J.; and Sao Paulo, Brazil, May 1975 
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DISCUSSION 

T.R.Larsen, Norwegian Defence Research Establishment, Kjeller, Norway 
Did you have any measurements of NT during severe ionospheric disturbances? (incl PCA events if available) 

Author's Reply 
Yes. A magnetic storm has definite effect on the ionospheric and plasmaspheric electron contents. Following 
Sudden Commencement (SC) both contents generally increase substantially for a few hours. This is followed by a 
drastic decrease in the contents which last for a few days. The response of the contents to magnetic storms depends 
on geomagnetic location, phase of the diurnal variation, and intensity of storm. 
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IONOSPHEIIC TIME DELAY CORRECTIONS 
 FM—  
ADVANCED SATELLITE RANGING SYSTEMS 

J. A. Klobuchar 
Air Force Geophysics Laboratory 

Air Force Systems Conaand 
Hanscom AFB, MA 01731 

SUMMARY 

As the requireaents for greate 
have increased the tiae delay produ 
consideration over aost of the worl 
taken of the fact that the ionosphe 
bution to range error can be nearly 
system operating frequencies.  For 
frequencies can be utilized, and ye 
est source of systen range error, 
ionospheric range error are general 
update of these nuaeric models are 
coaputer resources.  In this paper 
tiae delay aodels and a speciti  al 
NAVSTAR-Global Positioning System ( 

r positioning accuracy for satellite ranging systems 
ced by the ionosphere has become a more important 
d.  For some advanced ranging systems advantage can be 
re is a dispersive medium and the ionospheric contri- 
eliminated by the use of two relatively widely spaced, 

other systems only a narrow operational band of 
t the ianospheric range error is, at times, the great- 
For these systems numeric model representations of the 
ly used.  The complexity and the need for real time 
a function of the user's requirements and his available 
some general comments are made concerning ionospheric 
gorithm designed for the single frequency user of the 
GPS) is described in detail. 

1. INTRODUCTION 
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2.   IONOSPHERIC MODEL REPRESENTATION 

2.1 Model Choice 

For systems which cannot utilize the dispersive characteristics of the ionosphere by 
operating with two, widely spaced frequencies to independently measure and subtract the 
ionospheric time delay, some type of numeric model representation of ionospheric time delay 
is generally utilized.  For systems operating over a restricted geographic region, sue* as 
a satellite detection radar, which can typically view approximately IS degrees of earth 
centered angle around the radar station, the numeric model can be a sub-model of a world- 
wide representation.  That is, it can utilize fewer coefficients than a world-wide model 
and the coefficients can be tetter adapted to the ionospheric gradients known to exist 
over a particular station.  Also, model updates can be made by near-real-time measurements 
of an ionospheric F2 region parameter at soa« point near the radar.  If only a single- 
value aeasureaent is available the nuaeric aodel is generally unchanged in shape, but 
aodifled only in absolute value, hy  the pavemmtage ratio between the actual measurement 
and the aodel at the patticular ionospheric location of the measurement.  If several 
■easured values are available the aodel gradients, as well as the absolute values, can be 
ckanged.  Other systems may not require a state of the art ionospheric time delay model, 
or may not be able to incorporate the full aodel lato the aystea because of software and 
■yttea operation constraints. 

2.2 NAVSTAR/GPS Ionospheric Model 
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deity nodel would not satisfy the systen operational requirewents at times; thus, users 
who require the greatest accuracy at all times must use the two frequency capability of 
the GPS.  Those users who do not utilize the GPS two frequency capebility will still have 
the availability of a minimum sired algorithm which will correct for more than one-half 
of the rms ionospheric range error. 

3, CHARACTERISTICS OF IONOSPHERIC TIME DELAY 

The ionospheric time delay is directly proportional to the total electron content 
^long the path between the satellite and the user.  Total Electron Content (TEC) is a 
function of many variables; among them are local time, season, geographic location, 
and state of solar and magnetic activity.  The TEC is highest in most regions of the 
world within a few hours of local noon and is greatest at regions located approximately 
plus and minus 20 degrees away from the geomagnetic equator.  This equatorial anomaly 
region, as it is called, is the region of the world where single-frequency GPS users 
will encounter the greatest errors.  Statistics of daily velues of TEC from individual 
stations ranging from auroral to equatorial locations show that the rms difference 
from the monthly mean values during the midday hours is approximately 20 to 30 percent. 
Thus, an accurate specification of the monthly mean values alone will represent an 
elimination o" 70 to 80 percent Crms) of the ionospheric error.  The problem, then, 
is how to best represent the monthly mean behavior of ionospheric time delay, particularly 
during those times of the day and in those regions of the world when the time delay is 
greatest, using the minimum number of coefficients and computation time. 

4. DESIGN OF THE ALGORITHM 

The model algorithm was designed to meet several criteria.  First, it was designed 
to fit best during those times of the day when the ionospheric delay is the largest, 
that is, during the afternoon period.  Second, it was designed to have versatility in 
the coeffici.-nt array so that tradeoffs can be made in the number of coefficients used 
to represent the latitude dependence and ehe coefficients can be weighted for the 
latitudes of greatest interest, such as the Continental United States (CONUS). 
Alternatively, the coefficients can be weighted for best fit in those geographic locations 
where the time delays are greatest, namely the regions located approximately plus and 
minus 20 degrees either side of the geomagnetic equator.  Finally, the nodel was simplified 
by making apptoximations to geometry, wherever possible, to make its computer running 
time shorter and storage-space requirements smaller. 

The available experimental values of TEC from which time-delay values are obtained 
are not sufficient, by themselves, to form the basis of a world wide time-delay model. 
However, there are sufficient TEC data to yield important information on the statistical 
behavior of time delay for locations representative of several regions of the world.  The 
available data also show, quite well, the diurnal behavior of TEC for various seasons 
and solar-flux values.  These data have been used to determine the form of the diurnal 
algorithm and they have been supplemented with the Bent model (Llewellyn and Bent, 1973) 
representation for those regions where actual data were not available, particularly for 
the shape of the latitude gradient. 

S. MODEL ALGORITHM 

The average monthly diurnal behavior of time delay at any location, as a function of 
time of day, has been represented by a simple positive cosine wave dependence, with an 
additional constant offset which we shall call the DC term.  In Figure 1 two examples 
of actual ionospheric time-delay (TE) data are shown with a best-fit ccsine-type curve 
representation of each set of actual data included.  While the cosine curve is, of course, 
not a perfect fit to the actual data, it can be made to fit reasonably well during the 
maximum of the day when the absolute T values are greatest, 
is: g 

The cosine function used 

• DC + A cos (t - ♦)2n 

where DC, A, ♦, and P are the four parameters required to obtain a complete diurnal 
representation of T. at any location.  Only the positive half of the period of the 
cosine curve is use* in this simple representation; thus, when the absolute value of 
the quantity (t - ♦)2n/P becomes greater than 90 degrees, 1.  is represented only by the 
DC term. 

$, 

ri 

The simple positive cosine representation of the actual T. is designed to fit best 
near the hours of maximum T .  The fit near sunrise and well after sunset is expected 
to be poor; however, during^these times the absolute value of T  is much smaller than 
near the peak of the diurnal curve.  The lower, later nighttime values are represented 
only by the constant DC term. 

A check of the cosine diurnal fit, as compared with the actual monthly mean values, 
for a few months representative data from eight different TEC observing stations, revealed 
that the cosine algorithm was within approximately 10 percent of the actual 24-hr rms error. 
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As a further computation efficiency, since the cosine diurnal dependence is used 
only for the positive half of the waveform, the first two terms of the cosine expansion 
are used instead of the actual eosine function itself.  Thus, the algorithm becomes: 

DC ♦ A 

where 

X2 ♦ X4 

24 
(2) 

(t - ♦)2it 

and t is local time at the ionospheric point. 

The error between the expansion and the actual cosine reaches a maximum of 0.02A 
at the points where it just intersects the DC value.  Since the cosine fit is too low 
at these points, the series approximation to the cosine is actually slightly better 
than the cosine. 

Other forms of diurnal algorithms, such ,as a Gaussian suggested by Antoniadis and 
daRosa (private communication) and a statistical F distribution have been considered. 
The 2-term expansion of the cosine was chosen as a reasonable compromise of accuracy 
versus algorithm difficulty. 

6.   GEOMETRY CALCULATION REQUIREMENTS 

In determining the TEC, ionospheric time delay, from a user location to a satel- 
lite, several geometrical calculations must be made.  The TEC must be found at the 
geographic point where the ray path intersects the mean ionospheric height, rather 
than at the user location.  This point is taken here at a mean height of 350 kilometers. 
For a satellite at the lowest elevation considered here, 5 degrees, this point is 
approximately 14 degrees of earth angle away from the user location.  The obliquity, 
or slant factor, also must be calculated for the mean ionospheric location.  Finally, 
since the TEC is best ordered in geomagnetic, rather than geodetic coordinates, the 
assumption is made that the TEC is only a function of geomagnetic latitude and local 
time.  Any two points on the earth having the same geomagnetic latitude are assumed to 
have the same TEC at the same local time.  Thus, a conversion to geomagnetic latitude 
is required, and a calculation is made of local time at the geodetic longitude of the 
sub-ionospheric location.  If the exact form of all the necessary geometry calculations 
is used, the computer time used would be greater than that required for the TEC 
algorithm itself.  Therefore, in the derivation of these geometrical functions, 
simplifying assumptions were made in many cases to reduce the calculation complexity. 
A discussion of each of the steps in the geometry and the simplifying assumptions 
follows. 

6.1  Earth Angle 

The ionospheric time delay is computed at the point where the ray from the satel- 
lite intersects the ionosphere, rather than at the observer.  For an observer located 
near the earth's surface looking at a satellite at S degrees elevation, the ionospheric 
intersection location is approximately 14 degrees of earth-centered angle from the 
observer.  If the satellite is located along the observer's meridian at 5 degrees 
elevation angle, the 14 degree latitude difference can represent a significant gradient, 
particularly near the equatorial anomaly.  If the 14 degree earth angle is all in long- 
itude, at 40 degrees latitude, this represents a time difference of 1.2 hours, during 
which time the ionospheric time delay could have changed considerably. 

The exact earth angle representation is: 

A - 90 - el - Z (3) 

where 

Z ■ sin"  (.948 cos el) 

for a mean ionospheric height of 350 km. 
communication, 1975): 

A useful approximation is (R.S. Allen, private 

445 
el 20 -s- - 4 (4) 

In Figure 2 both the actual and the approximate earth angle calculations versus satel- 
lite elevation angle are given.  This approximation is less than 0.2 degrees in error 
for all elevations greater than 10 degrees.  It is off by only 0.4 degrees and 0.3 
degrees at elevations of 5 and 0 degrees, respectively. 
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6.2  Ionospheric Geodetic Latitude and Longitude 

Given the station coordinates, elevation angle, and earth angle to the ionospheric 
point, its coordinates «ay be found by the following: 

♦- ■ sin"  { sin 4 cos A ♦ cos 4  sin A cos az ) , (5) 

O COS 9, (6) 

where t0 is the station latitude, X  is the station longitude.  If a flat earth app.ox- 
inatlon is used the following simplification can be made to the above two equations: 

♦ + A cos az 
o (7) 

o 
A sin az 
cos ̂ 7 

In Figure 3 the geometry of the ionospheric location ca 
latitudes of 40 degrees and equatorward, the maximum er 
approximately 1 degree. At 60 degrees latitude, errors 
latitude reach a maximum of -3 degrees at 5 degrees ele 
Ionospheric longitude errors reach only 2 degrees at th 
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(8) 
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in determining ionospheric 
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able than in the equatorial and 
educed by neglecting the 
ion above 75 degrees will not 
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6.3 Conversion from Geodetic to Geomagnetic Latitude 

Ionospheric time delay is, to  an approximation, best ordered by geomagnetic, rather 
than geographic latitude.  Thus, it is necessary to perform a transformation from 
geodetic to geomagnetic latitude.  In this representation there is no true longitude 
dependence of ionospheric time delay, only that which comes about due to the differences 
between geomagnetic and geodetic latitudes as a function of longitude.  The transforma- 
tion from geodetic to geomagnetic latitude, assuming that the earth's magnetic field 
can be represented by an earth centered dipole, is given by (Davie^. 1966): 

sin * » sin $ sin $_ ♦ cos ^ cos «tu cos ( X - X» ) (9) 

where 

Gp - 78.3^ 

Xp « 291.0*E  . 

it 

The approximation 

♦ 11.6' cos ( X - 291 ) (10) 

represents the exact form to within 1 degree at all geomagnetic latitudes equatorward of 
±40 degrees geomagnetic latitude.  At geomagnetic latitude up to 165 degrees, it is 
within ±2 degrees.  Figure 4 1$ a numeric representation of the error of the approxima- 
tion to geomagnetic latitude.  Over the entire CONUS region the error in the approxi- 
mate form is less than 1 degree. 

6.4  Finding Local Time 

Given the universal time and the approximate longitude of the ionospheric point, 
Xj, the local time at the ionospheric point is simply: 

t - ^ ♦ ÜT (hours) (11) 

If t is greater than 24, make t ■ t - 24 hours. 

6.5  The Obliquity Factor 

The vertical time delay at the sab-ionospheric point must be multiplied by an 
obliquity factor defined as the secant of the zenith angle at the mean ionospheric 
height.  An average ionospheric height of 350 km is assumed.  The exact obliquity 
or slant factor is: 
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SF « sec { sin"  Q948 cos ell } (12) 

An approximation which is within 2 percent of the exact value for elevation angles from 
5* to 90* is: 

SF - 1 ♦ 2 
[96 - ell 
L 90   J 

(13) 

The approximation saves 3 trigonometric functions at the expense of finding the cube of 
a number.  Both the exact and the approximate slant factors are shown in Figure 5. 

7. ALGORITHM LATITUDE COEFFICIENTS 

The four coefficients used in the time delay algorithm are all functions of lati- 
tude, season, solar flux, and magnetic activity.  A complete representation of all 
these variables in each of the coefficients would be complex indeed, if even possible. 
What has been done here is to address only the monthly average latitude dependence of 
each of these four coefficients for various seasons of a solar maximum year when the 
highest ionospheric time delays are expected.  Possible methods of determining the 
daily variation of the algorithm coefficients, or of simply including a daily update 
factor, are discussed in a later section of this report. 

7.1  The DC Term 
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the model algorithm represents the nighttime behavior of the ion- 
idence from combined Faraday and group-delay measurements from 
from the geostationary satellite, ATS-6, shows that the Faraday data, 

resentative only of TEC up to approximately 2000 km of vertical 
ably in error in the nighttime.  The Bent model also was integrated 
only up to 2000 km.  The new group-delay data available thus far show 
dditional TEC above the TEC normally measured by the Faraday effect, 
el representation it is a simple matter to increase the DC term to 
itional electrons not measurable by the Faraday Effect. 

The magnitude of the DC term versus latitude is shown in Figures 6 and 7.  Since 
the DC term is generally much smaller than the amplitude term. A, it may be sufficient 
to represent its latitude dependence by a simple linear dependence with geomagnetic 
latitude either side of a reference latitude, or by a single constant for all latitudes. 
In the final algorithm for the GPS the DC term was represented by a constant S nano- 
seconds for all latitudes and times. 

7.2  The Amplitude Term 
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7.3 The Phase of the Diurnal Variation 

Happily, the phase term in the ionos 
variable function.  A plot of the phase t 
the monthly averages of a six-year period 
towards the solar minimum, revealed that 
more than plus and minus one hour from a 
Bent model, in Figures 6 and 7, and from 
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covering the aid and equatorial latitudes 
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is required for a limited geographic regi 
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7.4 The Diurnal Period 

The period of the diurnal cosine representation is, of course, not fixed at 24 
hours.  In fact it is nearly always significantly higher than 24 hours and is a function 
of geomagnetic latitude and season as shown in Figures 6 and 7.  As is the case with the 
amplitude term, a third-degree polynomial with geomagnetic latitude was used as the 
function to represent the latitude dependence of the cosine period term.  Again, the 
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mean of 14 hours local time.  Results from the 
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e year; but, in this attempt at a worldwide 
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equatorial anomaly region will not be perfectly represented by a third-degree polynomial; 
but, the fit should be adequate. 

8. OPERATIONAL MODEL USE 

The eight coefficients required for the ionospheric time delay algorithm will be 
transmitted down the satellite to user link, along with the necessary orbital elements 
of the satellite.  Each coefficient will have approximately one percent digitization 
accuracy.  The geometric calculations and necessary software to utilize the ionospheric 
time delay coefficients will be an integral portion of the complete user software 
package. 
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9. ACCUHACY OF THE ALGORITHM 

The algorithm of ionospheric time delay was tested against actual values of iono- 
spheric TEC available for 490 station months for a total of 18 stations covering a 
representative portion of the globe and both solar maximum and minimum conditions. 
Figure 8 shows the distribution of stations and times from which data were used for 
model tests.  Notice that a significant portion of the data is from regions other than 
the mid-latitudes and that many parts of the world are represented in the available data. 

Summary statistics of ionospheric time delay for each station for all available 
hours and seasons were computed in units of rms error in nanoseconds at 1.6 GHz.  Also, 
the residual rms error for each station after correction by use of the time delay 
algorithm was computed.  These summary results are shown in Figure 9 with the dashed 
line indicating the uncorrected ionospheric time delay and the solid line representing 
the residual time delay after correction.  Two stations are shown in more than one 
column in Figure 9 because the actual ionospheric TEC data available from the station 
came from more than one satellite and are from different time periods. 

The correction of the algorithm for the entire 490 station months gave an overall 
rms reduction of the ionospheric time delay of 62 percent.  This is when the model was 
used against monthly mean TEC data.  When the 62 percent correction is combined with the 
approximate 25 percent rms deviation of the actual data from the monthly mean the 
overall improvement is approximately 55 percent.  Thus, the goal of a 50 percent 
algorithm correction has been met. 

10.  CONCLUSIONS 
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An example of an ionospheric correction model algorithm designed for a specific 
system, the NAVSTAR/Global Positioning System, when used in a single frequency «ode, 
has been described in detail. 
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DISCUSSION 

G.H.Millman, General Electric Company, Syracuse, New York 13201, USA 
You mentioned that range correction can be accomplished to an accuracy of 50%. Have you examined techniques 
to attain a higher accuracy? 

Author's Reply 
Yes. Certainly more complex techniques giving greater accuracy exist; but, in the tradeoff between number of 
coefficients versus accuracy we believe we are nearly optimum. 

H.Soicher, US Army Electronics Command, Fort Monmouth, NJ 07703, USA 
Time delay errors at Station B may be updated by continuous observation at Station A with measurement capabi- 
lities. Have any attempts been made to determine the geograpiiic extent of separation of A and B for which a good 
correlation exists? 

Author's Reply 
This correlation distance is a function of season of the year; but, generally it is of the order of 1000 miles. This is for 

« the average of several hours of values. Instantaneous values do not correlate well, even at much shorter distances as 
^ the scale size of traveling ionospheric disturbances is of the order of 100 kilometers wavelength and they limit the 
i short term predictabiP.ty. 
i. 

G.H.MUlman 
The range connection required is dependent upon the particular system in question. For example, for a radar system 
which requires high range accuracy, it may be necessary to utilize a combination of correction techniques such as 
incoherent scatter or transit satellite emissions in conjunction with an average prediction model. 

Author's Reply 
True. One of the reasons we chose only an approximate 50% error reduction was that, due to the impossibility ot 

t" updating except once per day, real time measurements do little good for this system. For systems which require 
, i more accurate models, they are available, but with large computer resource requirements, which give from 70 to 80% 
,1 ionospheric correction. Measurements at the actual location of the required correction can improve upon this, 
|1 providing they are not more than 1 or 2 hours old. 
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TRANSIT SATE LUTE OBSERVATIONS OF 
IONOSPHERIC IRREGULARITIES 

George H. Millman 
General Electric Company 

Syracuse, New York 13201, USA 

and 

Roy K. Anderson 
General Electric Company 

Schenectady, New York 12301, USA 

SUMMARY 

The characteristics of the phase fluctuations imposed by ionospheric irregularities on the 150- and 400-MHz 
coherent frequencies emanating from the polar-orbiting U.S. Navy Navigation Satellites (TRANSIT) are evaluated in 
terms of the phase coherence of ionospheric propagation.   The observations were conducted at the General Electric 
Radio-Optical Coservatory (geographic coordinates:  42. 85°N, 74. OT'W) during the three day period immediately fol- 
lowing the severe magnetic disturbance of April 21-22, 1970. 

In addition to tha differential phase measurements, the two signal amplitudes were also recorded throughout 
the orbital passes. 

From the second derivative with respect to time of the differential phase fluctuations, an estimate is made of 
the nonlinear phase shift introduced by the ionosphere. 

For an assumed altitude of the irregularities, estimates are made of the overall spatial extent of the inhomo- 
geneities producing the phase and amplitude fluctuations. 

By correlating the Radio-Optical Observatory data with the differential phase and 150-MHz amplitude meas- 
urements recorded simultaneously at the Lincoln Laboratory - Millstone Hill facility (geographic coordinates:  42. 62^, 
71. 36°W) during the April 23-25, 1970 period, the two-dimensional spatial configuration of the irregularities respon- 
sible for the perturbations are deduced. 

From the differential phase data, the characteristics of the equatorward edge of the midlatitude trough are 
evaluated. 

A correlation is made of the equatorward edge of the trough with the equatorward edge of the phase and ampli- 
tude scintillation regions. 

1, INTRODUCTION 

The detection and tracking of satellites at great distances by ground based radars can be accomplished utilizing 
either extremely high-power transmitters or the coherent integration, I. e., predetctlon Integration, of many pulse re- 
turns.   To achieve coherent integration which is used to enhance the reflected signal-to-systeti noise ratio, phase co 
herence is required from pulse to pulse.   The sources of phase instability are the radar equipment, the target configur- 
ation and the propagation medium.   The phase Instability of the ionosphere which is the only source discussed in this 
paper Is brought about by Irregularities of electron density. 

Ionospheric irregularities can also Influence the limits of resolution and accuracy of systems that depend on 
the transmissions of radio frequency signals between satellites and the earth's surface.   The effects mast be considered 
for systems, such as satellite-borne-synthetic aperture radars and navigation satellite systems, operating at frequenciet 
up to approximately 3000 MHz. 

In the case of a synthetic aperture radar, phase coherence is required to attain the desired resolution.   The 
term, synthetic aperture, iefers to the large effective antenna aperture achieved by a vehicle-borne side-looking radar 
that records data in a coherent mode as the vehicle moves.   Coherent detection and processing of many sequential pulse 
transmissions greatly Improves the azimuth resolution of the radar antenna over the resolution that would be acquired 
by the same physical structure If the data were not coherently detected and processed. 

In this paper, the characteristics of the phase and amplitude fluctuations imposed by ionospheric Irregularities 
on the 150- and 400-MHz coherent frequencies emitted from the polar-orbiting U. S. Navy Navigation satellites 
(TRANSIT) are evaluated in terms of the phase coherence of ionospheric propagation. 

2. EXPERIMENTAL CONSIDERATIONS 

The passive monitoring of the 150- and 400-MHz transmissions from the TRANSIT satellites was conducted at 
the General Electric Radio-Optical Observatory (geographic coordinates:  42. 85°N latitude, 74. 07°W longitude; cor- 
rected geomagnetic latitude:  56. 41rN) during the three day period following the severe magnetic disturbance of 
April 21-22, 1970. 

A total of 19 satellite passes were observed In the time interval l.otween 1300 hours GMT, April 23, 1970, and 
0600 hours GMT, April 25, 3970.   The TRANSIT satellites are In a near circular, polar orbit at approximately 1025- 
1140 km altitude with periods ranging from 106. 4 to 106. 9 minutes (NASA, 1974). 

In addition to the differential phase between the 150- and 400-MHz transmissions, the two signal amplitudes 
were recorded throughout the orbital passes. 

ahMtoüiüaiM 



■ i 

Figure 1 Is a portion of a typical analog chart recording of TRANSIT signals «isplaying a smooth monotonically- 
varylng phase difference which is suggestive of quiet ionospheric conditions.   The severe amplitude and phase pertur- 
bations, also shown in Figure 1, are indicative of the existence of ionospheric irregularities along the propagation path. 
An interesting feature of the data in the vicinity of 2217 GMT is the disclosure of 150-MHz amplitude fluctuations in the 
absence of phase fluctuations. 

THEORY OF ANALYSIS 

The phase shift, 0, imposed by the Ionosphere on radio waves traversing the mediuni is given by 

2 
« —^—,  N 

m   c f     s (1) 

—in —28 
where <jb is in radians, e is the electron charge (4. 8x10"     esu), m   is the electron mass (9.1 x 10      gm) c is the 
free space velocity in cm/sec, f is the transmission frequency in Hz, and Ns is the integrated electron density along 
the ray path, i.e., electron content, In electrons/cm . 

In the derivation of this expression, the higher order frequency terms involving both the magnetic field param- 
eters and second (and higher) order electron density terms have been neglected. 

Tl;e phase shift function at a particular time, t, can be approximated by a Maclaurin's series as 

K 
f 

dN (0)        dX(0)   t2 

dt 
(2) 

where K = (e2/m c)  = 8.4396 x 10"3. 

The first term in this expression is the phase bias and is identical to Equation (1).   The second term is the 
Doppler frequency shift while the third term defines the phase nonlinearity introduced by the ionosphere. 

It is noted that the nonlinear phase perturbations in the ionosphere are the factors which can impose limita- 
tions on the effectiveness of coherent integration. 

The differential phase between two harmonically-related coherent signals transmitted from a satellite and 
detected on the ground can be expressed by (Millman, 1974) 

*-fI(^
2)». (3) 

where a and b are constants related to the transmitted frequencies, f. and !„, according to 

a f 1 = b f2 (4) 

The differential phase between the two frequencies is obtained from 

A 0 =  a 01 - b 02 (5) 

where 01 and 0. are the total phase shifts encountered in the troposphere and the ionosphere by the .'adio waves tra- 
versing a space-earth propagation path. 

The derivation of the phase difference relationship, Equation (3), is based on the supposition that the two 
transmitted signals travel along the same ray path.   In ether words, the ionospheric refraction effects are assumed to 
be negligible.   This assumption is justified, for the most part, for frequencies in the VHF and UHF range except per- 
haps for propagation at the very low elevation angles (Millman, 1967). 

The absolute phase of a satellite transmission received on the ground cannot be measured directly.   Thus, 
the relative electron content r.loiig the paths from the satellite to a ground terminal can only be inferred from the dif- 
ferential phase measurements. 

According to Equations (2) and (3), the magnitude of the nonlinear phase shift, 0  . 
of the function 

, can be defined in terms 

"nt 

t2f. 

IT HTT?) 
d2(A0) 

dt2 
(6) 

i. 

For the TRANSIT satellite-differential phase data recorded in this experiment, the constants in Equation (6) 
are given by a = 1, b = 3/8 and fj = 150 MHz. 

2 2 2 It follows that, for a coherent integration time, t, of 1. 0 sec and (d (A 0)/dt ) = 1 radian/sec , the nonlinear 
phase shift at 450 MHz evaluates to 11. V. 
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4. DISCUSSION 

From the second derivative with respect to time of the differential phase between the 150- and 400-MHz sig- 
nals, an estimate can be made cf the nonlinear phase shift introduced by the ionosphere on radar transmissions 
traversing the medium. 

The differential phase data that were analyzed are presented in Figures 2 and 3.   The latter is an example of 
the severe phase distortion encountered during a major portion of the orbit.   Figure 4 is a plot in expanded form of 3 
minutes of the data shown in Figure 3. 

The phase fluctuations about the least square fit which is also indicated in Figures 2 through 4 were used in 
the calculation of the second derivative with respect to time. 

Figures 5 and 6 are histograms of the second time derivative of the differential phase corresponding to the 
data presented in Figures 2 and 4, respectively.   As a first approximation, the data appear to be normally distributed 
about zero having a maximum on the order of 12 rad/sec2 and 25 rad/sec2, respectively. 

When replotting the histogram data in the form of a cumulative distribution function, shown in Figure 7, it 
becomes apparent that the distributions are quite different. 

The statistical parameters of the two distributions are presented in Tables 1 and 2.   For the April 24th phase 
perturbation record, the median and upper decile time-varying differential phase shift evaluate to 1. 05 and 4. 50 rad/ 
sec2, respectively, with the corresponding electron content variation becoming 2.172 x 1010 and 9.307 x 1010 electrons/ 
crnVsec2.   According to Equation (6), for a 1 sec time integration, this implies a nonlinear phase shift at 450 MHz of 
11. 7° and 50. 0°, respectively. 

TABLE 1 

STATISTICAL CHARACTERISTIC OF THE TIME-VARYING 
DIFFERENTIAL PHASE SHIFT OF TRANSIT SIGNALS 

RECORDED ON APRIL 24, 1970, 2233-2249 HOURS GMT 

Statistical 
Parameter 

d2(A0)/dt2 

(rad/sec ) 

9              o 
d^N /dt" 

9         9 
(electrons/cm /sec ) 

Phase Shift 
at 450 MHz* 

(deg) 

Upper Decile 4.50 9. 307 x 1010 50.0 

Upper Quartile 2,60 5.377x 1010 28.9 

Median 1.05 2,172 x 1010 11.7 

Lower Quartile 0.32 6.618X 109 3.6 

Lower Decile 0.10 2, 068 x 109 1.1 

* 1-second time integration 

TABLE 2 

STATISTICAL CHARACTERISTICS OF THE TIME-VARYING 
DIFFERENTIAL PHASE SHIFT OF TRANSIT SIGNALS 

RECORDED *JN APRIL 25, 1970, 0543-0600 HOURS GMT 

Statistical 
Parameter 

d2(A(t)/dt2 

(rad/sec2) 

d2N /dt2 

s 
2        2 

'electrons/cm /sec ) 

Phase Shift 
at 450 MHz * 

(deg) 

Upper Decile 7.33 1.516X1011 81.5 

Upper Quartile 4.74 9. 803 x 1010 52.7 

Median 2.65 5. 481 x 1010 29.4 

Lower Quartile 0.74 i, sao x io10 8.2 

Lower Decile 0.18 3. 723 x 109 2.0 

* l-second time Integration 
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2 2 
With respect to the April 25th data, the medium and upper decile values of d (A 0)/dt   are 2.65 and 7.33 rad/ 

sec2, respectively, which convert to an electron content - time variation of 5. 481 x l(r" and 1. 516 x 1011 electrons/ 
cm^/sec .   Thus, the nonlinear phase shift at 450 MHz evaluates to 29. 4° and 81. 5°, respectively. 

It is of interest to note that, in terms of local mean time at the subionospheric geographic coordinates of the 
350-km penetration point of the ray, the nonlinear phase shift appears to be greatest near local midnight than during 
the daylight hours.   Further analysis will have to be performed to determine whether this is a relevant characteristic 
of the ionospheric irregularities causing phase fluctuations. 

Since both the 150- and 400-MHz amplitudes and the differential phase were recorded continuously as the 
satellites traversed a horizon-to-horizon trajectory, it was possible to determine whether any spatial con elation 
existed between the ionospheric irregularities producing the amplitude and phase fluctuations. 

In all 19 satellite passes that were observed, both amplitude and phase fluctuations were always detected. 
The over-all extent of the phase and amplitude scintillation regions are plotted in Figures 8 and 9, respectively, in 
terms of the corrected geomagnetic latitude and local mean time.   The time and latitude coordinates apply to the sub- 
ionospheric point of the ray penetration at the 350-km altitude level. 

The corrected geomagnetic latitudes used in this analysis are those derived by Gustafsson (1970) and are a 
modification of the coordinate system developed by Hakura (1965).   , 

According to the experimental observations of radio star noise by Hewish (1952) fluctuations in intensity are 
always accompanied by the fluctuations in the phase difference between the antennas of an interferometer. However, 
it is now generally known that the converse does not apply. 

It is seen that, for the most part, the over-all spatial extent of the 150-MHz amplitude fluctuations correlated 
with those of the phase fluctuations.   However, there were many occasions in which no correlations existed; that is, 
the amplitude fluctuations were not accompanied by fluctuations in phase. 

A possible explanation for the discrepancy in the data presented in Figures 8 and 9 is that the presence of 
both the phase and amplitude irregularities was estimated visually from analog chart recordings similar to the one 
depicted in Figure 1.   In the case of the differential phase presentation, the GTT radians phase difference (measured at 
150 MHz) extended over 42 mm of the chart paper.   It is estimated that phase variations appearing within 0.5 mm can 
be readily observed.   This corresponds to a phase measurement resolution of approximately 13°.   Thus, the lack of 
correlation between the phase and amplitude fluctuations is applicable for phase variations less than about 13°. 

Figures 8 and 9 reveal that, in general, both the phase and VHF amplitude fluctuations occurred north of the 
Observatory which is situated at a corrected geomagnetic latitude (CGL) of 56. 41°N.   It should be mentioned that, 
during the data collection period, the geomagnetic activity index, k , remained in the 3 to 4- interval. 

For an assumed irregularity altitude of 350 km, the equatorward edges of the phase irregularities during the 
daytime were located at corrected geomagnetic latitudes ranging from approximately 570N to 70oN. In the case of the 
VHF amplitude irregularities, the equatorward edges were between 58°N and 67°N CGL. 

During the nighttime hours, however, for which there is a sparsity of data, the lower boundary extended from 
52°N to 55°N CGL for the phase irregularities and from 52°N to 58°.'J CGL for the VHF amplitude irregularities. 

These results which are applicable to moderate magnetic activity conditions, compare favorably with Aarons' 
(1973) model of F-layer high-latitude irregularities as deduced from amplitude fluctuations of radio signals from 
satellites and radio stars. 

The dimensions of the ionospheric irregularities in the direction of the satellite orbit can be estimated when 
their height distribution is known. 

Table 3 lists the statistical characteristics of the apparent over-all extent of the scintillation regions based on 
the assumption that the irregularities were located at an altitude of 350 km.   As indicated in Figures 8 and 9, the total 
number of phase and amplitude irregularities available for this analysis was 28 and 21, respectively. 

TABLE 3 

STATISTICAL CHAPACTERISTICS OF THE APPARENT OVER-ALL EXTENT OF 
IONOSPHERIC PHASE AND AMPLITUDE SCINTILLATION REGIONS 

Statistical 
Parameter 

Irregularity Extent (km) 

Phase 
Scintillation 

Amplitude           | 
Scintillation        1 

Upper Decile 

Upper Quartilt- 

Median 

Lower Quartile 

Lower Decile 

i       Mean 

1737 

1270 

717 

397 

179 

909 

1749 

1670 

1475 

1126 

300                 ] 

1340 

etttte 



It Is seen that the median and upper decile values of the phase irregularity dimensions are on the order of 
717 and 1737 km, respectively, while, for the amplitude scintillation case, the dimensions increase to 1475 and 1749 
km.   These results give evidence that the phase producing fluctuation regions are more patchy and smaller than those 
causing amplitude scintillations. 

By correlating the Radio-Optical Observatory data with the differential phase and 150-MHz amplitude meas- 
urements recorded simultaneously at the Lincoln Laboratory - Millstone Hill Field Station (geographic coordinates: 
42.62°N, 71.36°Wi during the April 23-25 period, it was possible to deduce the spatial configuration of the inhomo- 
geneities responsible for the perturbations.   The ground distance between the two facilities is approximately 211 km. 

The calculations, summarized in Table 4, were based oa the assumption that the irregularities are field- 
aligned and located at 350-km altitude.   The orientation of the magnetic field, i. e., declination angle, at that altitude 
was evaluated by assuming a spherical harmonic model for the earth's magnetic field.   The set of 48 spherical har- 
monic coefficients derived by Jensen and Cain (1962) was employed in the model. 

TABLE 4 

APPARENT OVER-ALL EXTENT OF IONOSPHERIC 
IRREGULARITIES PROJECTED ALONG AND ORTHOGONAL 

TO MAGNETIC FIELD LINES 

Date of 
Observation 

Time 
(GMT) 

Irregularity Extent (km) 

Phase Scintillation Amplitude Scintillation 

Along Field 
Line 

Orthogonal to 
Field Line 

Along Field 
Line 

Orthogonal to 
Field Line 

123 April 1970 1346 - 1403 1927 181 2384 191             1 

24 April 1970 1439 - 1455 1962 130 1582 126 

24 April 1970 1646 - 1703 1782 142 1890 144 

24 April 1970 1835 - 1849 1666 148 1639 142 

24 April 1970 2204 - 2221 1685 123 1698 132 

25 April 1970 0543 - 0600 2381 261 2557 293 

. i. 

It is seen that the apparent over-all dimensions of the irregularities in the direction of the magnetic field 
lines, associated with the phase fluctuations, varied between 1668 and 2381 km while the transverse dimensions were 
on the order of 123 to 261 km. 

For the amplitude scintillation case, the over-all dimensions ranged between 1582 and 2557 km along the 
magnetic north-south direction and between 126 and 293 km orthogonal to the field lines. 

In addition to providing a means for the investigation of the characteristics of ionospheric inhomogeneities, 
the differential-phase technique also furnishes data on the midlatitude trough which is a region of low electron density 
located in the F-region north of the Observatory. 

The effect of the trough on the TRANSIT radio signals is clearly evident in Figures 2 through 4. Instead of 
smooth, monotonically varying functions, the differential phase could either undergo a rapid change in magnitude or 
remain somewhat constant as the satellite traverses the trough region. 

The trough is considered to be a nighttime phenomenon.   However, the daytime trough has been observed 
(Feinblum and Horan, 1973).   The presence of the daytime trough is shown in Figure 10 which is a plot of the equator- 
ward edge of the trough as a function of the local mean time at the 350-km altitude subionospheric point.   Of a total 
of 16 daytime and 3 nighttime satellite passes, the trough was not detected in 5 of the daytime and in 1 of the nighttime 
observations. 

According to Figure 10, for the April 23rd data, the CGL coordinates of the southern boundary of the trough 
appear to be a function of time of day. At about local noon, the trough is located in the high latitudes, i. e., approxi- 
mately 72°N CGL, and descends to the south, i. e., 60°N CGL, at 1800 hours local time. 

It is of interest to note that, on the following day, April 24th, the daytime trough was not observed.   In ad- 
dition, the southern boundary of the trough did not vary with time and was located at approximately 650-67°N CGL. 

An analysis of Alouette I data has shown that the low electron density trough is found to follow magnetic 
latitude contour lines (Thomas and Andrews, 1968).   According to Rycroft and Thomas (1970), for the summer nights 
between 2100 and 0700 hours local time, the average invariant magnetic latitude of the center of the trough, A, is a 
function of the geomagnetic planecary index, k , and can be represented by the relationship 

61. 0° - (1, 8° ± 0.4°) k (7) 

tiüi'na'tYiiiWii 



The location of the equatorward wall of the trough is described by Gassmann (1973) in terms of the expression 

^ A = 6(1-VlQ) (8) 

where Q is the polar magnetic activity index.   Assuming that Q = k  = 3, it follows that A = 60.8*. 

Since the invariant magnetic latitude and the corrected geomagnetic latitude differ only slightly, Gassmann's 
model is thus in agreement with the experimental data acquired on the afternoon of April 23rd. 

Figure 11 is a plot of the CGL of the equatorward edge of the trough as a function of the CGL of the equator- 
ward edge of the scintillation region, i. e., scintillation boundary.   It is seen that the scintillation boundary was always 
south of the trough wall. 

For the phase producing irregularities, the latitude coordinates of the scintillation boundary and the trough 
wall are not correlated.   Similar results were reported by Evans (1973). 

However, in the case of the amplitude producing Irregularities, when neglecting the data in the vicinity of 
53°N CGL which corresponds to the April 25th measurements depicted in Figure 3, a linear relationship is found to 
exist between the latitudes of the scintillation boundary and the trough equatorward edge.   The possible existence of a 
correlation between these two parameters was hypothesized by Aarons and Allen (1971). 

■ 5. CONCLUSIONS 

L A statistical analysis of a nighttime phase perturbation record revealed a median time varying phase shift of 
2.65 rad/sec2 with the corresponding electron content time variation evaluating to 5. 481 x 1010 electrons/cm'vsec . 

i For a one second time integration, this implies a nonlinear phase shift at 450 MHz of 29. 4°.   A median nonlinear phase 
I, shift at 450 MHz of a daytime phase perturbation record was computed to be 11. 7°. 

It was found that, in general, the spatial extent of the 150-MHz amplitude fluctuations correlated with those 
„ of the phase fluctuations.   However, there were several occasions in which the amplitude fluctuations were not accom- 

panied by fluctuations in phase.   The lack of correlation is possibly attributed to the resolution of the analog chart re- 
cordings which only permitted resolving phase variations greater than ab'.ut 13°.   The phase and amplitude fluctuations, 
for the most part, occurred north of the Observatory. 

During the daytime, the equatorward edges of the phase pioduciiig irregularities were concentrated between 
,t 57°N and 70oN corrected geomagnetic latitude.   During the nighttime, the lower boundary ranged between 52°N and SS'N 

corrected geomagnetic latitude.   The calculations were based on assumed irr igularlty altitude of 350 km. 
;:l 
' .• The median value of the over-all dimensions of the phase irregularities was found to be 717 km as compared 
; i to 1475 km for the VHF amplitude Irregularities. 

|j Utilizing TRANSIT satellite data recorded simultaneously at Millstone Hill, the two-dimensional configuration 
I of the Irregularities were deduced.   The apparent over-all extent of the Irregularities In the direction of the magnetic 
l field lines was about an order of magnitude greater than that in the transverse direction. 

It was determined that the equatorward edge of the scintillation regions was always south of the equatorward 
edge of the trough and that the corrected geomagnetic latitude of the amplitude scintillation equatorward edge correla- 

■ ted with the latitude of the trough equatorward edge. 
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Figure 1.   Portion of an Analogue Chart Recording of the Signals From TRANSIT Satellite, 
Catalogue No. 2965, April 24, 1970, 2212-2219 Hours GMT, Displaying 
Ionospheric Amplitude and Phase Fluctuation Effects 
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DISCUSSION 

J.M.Goodman, Space Systems Division, Naval Research Laboratory, Washington D.C., USA 
You indicated that amplitude scintillation occurred at times in which there was no phase scintillation. As you 
pointed out, theoretically this is opposite of what one would expect. Because of the steepness of the phase records 
it lü difficult to detect small phase fluctuations. What was the criterion for ascertaining the occurrence of phase 
scintillation? Also, was the same time constant used in the analysis of both amplitude and phase data? 

Author's Reply 
The phase and amplitude scintillation regions were designated from the analog chart record! ags, an example of which 
is shown in Figure 1. The resolution of the differential phase, as observed from the analog recordings is on the order 
of about 15°. The recorded data were digitized at 1 second intervals. The differential phase fluctuations about the 
least square fit were employed in the analysis of the nonlinear phase shifts. 
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ABSTRACT 

During a two week period in May 1975 near the magnetic equator, the Naval Research 
Laboratory measur/ed amplitude and differential propagation delay scintillation of the 
335 and 1580 MHz transmissions from NTS-1 satellite. NTS-1 is an experimental test 
vehicle in support of the NAVSTAR-GPS program and was launched on 14 JUL 1974 into a 
7,277 by 7,444 nautical mile orbit having an inclination of 125°,  The measurements 
which are described in this paper are part of Operation Antarqui, named for Inca god, 
and was a joint NASA Institute Geoficisco del Peru campaign with specific experiments 
by the universities of Illinois, Pittsburg, Denver, and Penn State, the Dudley Observatory, 
and NRL. 

In this paper we will discuss the results obtained through analysis of amplitude 
and differential propagation delay data at 335 and 1580 MHz and observed at the former 
mini-track stationat Ancon, 25 miles north of Lima.  Data were also taken during this 
experiment in support of the NTS-1 orbit improvement and time transfer research effort. 

These results also have immediate applications in resolving such practical system 
problems as the contribution of propagation delay scintillation to error budgets of 
satellite navigation systems such as NAVSTAR/GPS, and the power margins necessary to 
overcome the effects of amplitude scintillation in the equatorial region.  For example, 
the data taken on this campaign (which is only representative of the two week data 
span) show amplitude fading greater than 30 dB below the mean at 335 MHz, but little 
or no effect on 1580 MHz. These data have been scaled for SI and have been compared 
with the Fremouw-Pope-Rino Model.  Differential propagation delays at these frequencies 
during time of scintillation activity were observed to be two nanoseconds peak-to-peak. 

Experimental receivers designed for NTS-1 were used with special doppler converters 
to generate convenient analc gue data displays of the differential delay and amplitude 
variables. A special transportable antenna system was designed and deployed and data 
was recorded on chart and magnetic tape recorder. 

Several conclusions have been reached on the basis of our analysis. 
1. Severe scintillation activity was observed at 335 MHz for approximately four 

days out of a two week interval and varied from a few dB to over 30dB. 
2. No apparent scintillation was observed at 1580 KHz. 
3. The differential delay scintillation was not observed to exceed two nano- 

seconds peak-to-peak.  The smoothed differential delay information suggested 
the existence of an anomaly in the total electron content as the satellite pas- 
sed over the magnetic equator.  This feature is not inconsistent with currently 
accepted models of electron redistribution near the equator. 

It is emphasized that these data were obtained over a limited span of time and the 
conclusions are valid for equatorial-equinox conditions only. 

1.     INTRODUCTION 

The Navigation Technology Satellite I, NTS-1, was the latest in a series of 
experimental satellites designed and constructed by the Naval Research Laboratory (NRL) 
to investigate the feasibility of Satellite Navigation by passive ranging and the first 
launched as R&D support for the Tri-service NAVSTAR Global Positioning System (GPS). 
The next satellite, NTS-II will be launched shortly in the operational circular orbit 
of 12 sidcrial hours period, 63° inclination. The pertinent parameters of NTS-1 are 
shown in Table 1, a pre-launch photograph is shown in Figure 1 and an artist's concep- 
tion of the on-orbit configuration in Figure 2.  Figure 3 is a drawing of this space- 
craft showing th« antsona configuration and the location of laser retroreflectors, 
solar cell experiments and gravity gradient statilization system. 

It became apparent shortly after achieving the nominal orbit, that the space- 
craft was not becoming stabilized as shown in Figure 2 but was tumbling rather slowly 
at an increasing rate due to solar torques. The difficulty was found to be in the damper 
(the sphere on the end of the boom shown in Figure 3), which was not dissipating the 
energy of rotation as designed. This malfunction has since been traced to poor manu- 
facturing techniques and has been corrected at the vendors assembly line. 

The electronics was performing as designed,, however some experiments were per- 



formed at a limited level as described in this  paper. 

1.1 NTS-I Payload Description 

Figure 4 is a block diagram of the Satellite navigation Subsystem.  A sidetone 
range (STR) signal format is employed at ehe frequencies shown in figure 5 at P and L 
bands.  The dual band operation was chose.i to eliminate ionospheric refraction errors. 
All frequencies are coherently derived from d precision oscillators as shown in figure 4. 
Two rubidium vapor oscillators and one precision crystal oscillator were carried and 
were selectable on ground command.  The on-orbit performance of the rubidium oscil- 
lators was one of the prime experiments.  Independent range measurements are obtained 
every minute to a precision of approximately 10% \  at 5.4 KKz or about 1.6 ft.  The 
forthcoming NTS-2 launch will carry GP3 navigation equipment which employs a PRN wave- 
form of 10 MB/Sec for ranging in addition to the STR system described above.  A summary 
of the electrical parameters of the satellite is shown on figure 6 and a list of some 
of the experiments and prime experimenters planned for this flight is shown on figure 7» 
A continuing experiment of great importance is the stability of high orbits when per- 
turbed by the solar flux.  The satellite also carried a PRN code that could be radiated 
on command from the ground when the STR system was turned off to be used by the USAF. 

1.2 NTS-1 Propagation Experiments 

It is beyond the scope of this paper to report on the results of most of the 
NTS-1 experiments, however, it is pointed out that the spacecraft (S/C) stability 
limited them to some extent.  The primary problem was that of temperature control, since 
the desired orientation was not obtained (except for brief transient intervals).  Thus, 
thermal design conditions were not met, requiring the careful monitoring of S/C tem- 
peratures, and load shedding where necessary.  For example, P band ranging was usually 
obtained because with directional receiving antennas sufficient back radiation was ob- 
tained.  S/C temperature did not allow simultaneous L and P band ranging so very precise 
ranging was not obtained (except for a series of laser measurements made at Goddard Space 
Flight Center (NASA)). However, simultaneous measurements at both frequencies using 
the CW tracking beacons was usually possible so that ionospheric propagation effects 
could be observed using a method developed at NRL (ZIRM, et al, 1972) and independently 
by General Electric Co.(MILLMAN and ANDERSON, 1968),    and generally referred to as dif- 
ferential doppler.  Figure 8 shows the test setup and details of the doppler converters 
are shown in figure 9.  This equipment was used at the test sites near Washington, D. C, 
and Miami, Florida to observe differential delay effects at the two tracking beacon 
frequencies of 335 and 1580 MHz.  Figure 10 is a record of several minutes of continuous 
data made while the satellite was rotating relatively rapidly, but is indicative of the 
"normal differential delay effect" expected of these frequencies; i.e., approximately 
linear differential delay increasing with time as the total path delay changes. When 
the satellite rotation axis was out of the line of sight, a periodic delay variation of 
approximately 2ns (2 ft.) is observed in the differential delay as seen in figure 11, 
because the 335 MHz and 1580 MHz antennas were on opposite faces of the spacecraft, 
(see figure 3). Thus, small scale ionospheric delay variations comparable to the 
satellite rotation effect, are not separable without detailed satellite orientation and 
motion information.  However variations of time scale of the order of tenths of seconds 
to seconds (scintillation) should be observable. No evidence of scintillation activity 
at the latitude of the NTS-1 receiving site near NRL was observed over a years time, 
however one possible scintillation pass was observed from the Florida site while the 
S/C was low on the horizon to the south (see figure 12). 

During 1975 an opportunity to set up the receiving equipment near the geomagnetic 
equator presented itself with an invitation from NASA to participate in a joint cam- 
paign with the Institute Geoficisco del Peru, to measure upper atmosphere and lower 
ionospheric effects from ground based sensors, balloons, and rockets.  Portable re- 
ceiving equipment, figure 13, was installed at the former minitrack site at Ancon, Peru 
and data taken for about two weeks in late May.  Even before the system was calibrated 
and the differential doppler equipment installed, severe amplitude scintillation was 
observed at 33 5 MHz, (see figure 14). However, after the equipment was properly set 
up, amplitude and phase scintillation was observed on four nights for varying periods 
of time (a few minutes to hours) with the 335 MHz amplitude scintillation down to 
phase lock loss level in the receivers (> 35dB).  In these instances no scintillation 
activity was observed on the 1580 MHz record, and the phase effect was always less than 
2ns peak-to-peak or a contribution to CW ranging error of +2 ft. (See Figures 15-17). 

2.    DATA ANALYSIS 

The data have been recovered by an HF 3960 magnetic tape recorder with chart 
recorders as backup.  Data reduction equipment problems have precluded the processing 
of significant quantities of the tape data into meaningful statistics as of this writing. 
However, playback of the data through the 100ns phase meter allowed complete curves of 
the differential delay variation vs. time to be obtained.  Figure 18 shows a typical 
differential delay curve extracted from a twilight pass near the southern horizon and 
figure 19 depicts the geometry associated with this pass.  Figure 20 is a typical delay 
curve obtained during a high elevation early morning NE-SW pass and figure 21 is the 
corresponding geometry.  For this high elevation, the delay function is smaller than 
expected at low elevation angles which implies an electron content (TEC) anomaly sym- 
metrical about the magnetic equator.  It is noteworthy that the mid-latitude trough 
also produces such an effect for non-equatorial observation stations. This effect is 
obviously important to ranaina and positioning,systems that rely on simple models to 
remove excess delay. Superimposed is a prediction cf the group path delay as derived 
from the Chinq-Chiu model, (CHING.B. K., and CHIU, T. T., 1973), taking the appropriate 



geometry into account and carrying out the necessary integration along the ray path. 
Inputs to the Ching-Chiu model include sunspot number, day of year, and time of day, in 
addition to certain geographic conditions.other models, including the BENT model (LLEWELLYN, 
S. K., and BENT, R. B., 1973) are being examined as well. 

Preliminary scintillation analysis was carried out at NRL to extract the first 
order statistics from selected segments of phase and amplitude data. 

It is of interest to distinguish between several types of phase fluctuations 
exhibited in the data. The most obvious componcmt is of very low frequency and results 
from global TEC variation; this component is clearly of interest for purposes of gross 
ionospheric ranging error.  In addition there is likely in existence a hierarchy of 
more rapid fluctuation regimes which are related to the size of the ionospheric inhomo- 
geneities.  Large scale oscillatory perturbations such as travelling ionospheric dis- 
turbances contribute between 0.1 and 0.5 Hz and randomized irregularities contribute 
above 0.5 Hz.  In a manner similar to FREMOUW and COUSINS (1975), we have separated 
the data into a focussing (or regular) component and a scattering (or quasi-ranuonu 
component through use of digital filtering.  The first filter is a detrender (a digital 
high pass filer with fc = 0.1 Hz)which eliminates the so-called D. C. component or global 
TEC variations in the data. The second software filter is a band-pass operation which 
passes frequency components between 0.1 and 0.4 Hz. Finally we pass the data through a 
second detrendc-r (a digital high pass filter with fc = 0.4 Hz) which delivers the random 
component at its output port. We called the output of the band-pass operation the 
regular component and we call the out-put of the second detrender the quasi-random 
component. 

For purposes of illustration, we have examined a small segment of data of 100 
seconds duration at 0125 zulu during which the S« index was essential 1.0. The in- 
phase components for (a) the unfiltered data, (b) the regular plus quasi-random com- 
ponent, (c) the regular component and, (d) the quasi-random component are given in 
figure 22.  Figure 23 shows the phase quadrative components.  Figures 24 and 25 show 
the polar diagrams of the regular and quasi-random components respectively.  Clearly 
the statistics of the quasi-random component are not simple since there is likely to 
be multiple scattering in evidence. Nevertheless the power spectrum of the quasi- 
random component (figure 26) indicates that an f-3 law is obeyed as would be expected. 

The analytical effort outlined above is continuing with emphasis being placed 
upon separating the ranging error due to the various categories of irregularities. 
We also plan to exercize codes which exhibit the phase-error distributions as well as 
the average interval between phase errors, and the average duration of phase errors as a 
function of phase-error magnitude.  Separate phase and amplitude power spectra will be 
deduced. 

3. FUTURE  PLANS 

The launch of NTS-2 is scheduled for launch in early 1977 into the NAVSTAR- 
GPS orbit of 12 sidereal hours period with a 63° inclination.  It will comprise the same 
equipment as NTS-1 with an additional GPS NAV package, which will allow experimental 
investigation of the influence of ionospheric effects on signals in addition to the type 
data described in this paper. The data will be recorded in a digital format on tape 
cartridges, so that with proper processing, correlation functions, power spectra and 
certain relevant statistics may be generated without the manual labor necessary with 
analogue data.  It is hoped to collect data from a variety of sites for periods long 
enough to show seasonal effects, and hopefully continued long enough so that the ef- 
fects of increasing solar activity will be observed. 
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TABLE I 

Physical Parameters of NTS-1 

VEHICLE 

LAUNCH TIME/DATE 

INTERNATIONAL DESIGNATOR 

SPACE DEFENCE CENTER NUMBER 

PERIOD - MINUTES 

APOGEE HEIGHT - N. MILES 

PERIGEE HEIGHT - N. MILES 

ECCENTRICITY 

INCLINATION - DEG. 

SPACECRAFT WEIGHT IN ORBIT - Kg. 

STABILIZATION 

ATLAS-F, FAIRCHILD 
TRANSFER STAGE 

0455Z, 14 JULY 1974, WTR 

1974-54A 

7369 

468.73 

7423 

7274 

0.00688 

125.12 

282.6 

TWO SIXTY FOOT GRAVITY 
GRADIENT BOOMS, ONE 
G.E. DAMPER 
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Fig. 1 - Pre-launch phonograph of NTS-1 
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Fig. 2 - Artist conception of the NTS-1 on-orbit configuration 
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SOUR PADDLES (4) 

DIAMETER 48 IN. 
HEIGHT 22 IN. 
WEIGHT 650 LB 
BOOM LENGTHS (EACH) 60 FT 
SOUR CELL POWER 120 W 

Fig.  3  - Spacecraft details 
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Fig. 4 - Satellite navigation subsystem 



DESIGNATION 
LOW BAND FREQ. 

(MHz) 
HIGH BAND FREQ. 

(MHz) 
TONE 
(kHz) 

RANGE REFERENCE 335.325 1580.625 — 

RTF1 335.3249 1580.6249 .100 

RTF2 335.32475 1580.62475 .250 

RTF3 335.324 1580.624 1 

RTF4 335.321 1580.621 4 

RTFS 335.309 1580.609 16 

RTF6 335.261 1580.561 64 

RTF7 335.225 1580.525 100 

RTFS 334.925 1580.225 400 

RTF9 333.725 1579.025 1,600 

RTF10 328.925 1574.225 6,400 

Fig.   5  - Timation  III   (NTS-1)   frequencies 

POWER SUPPLY: 120W NICAD, 4 SOLAR CELL ARRAYS 

FREQUENCY STANDARDS:  PEL, 5 MHz DOUBLE OVEN, A FEW 
PARTS IN 1012; TWO EFRATOM RUBIDIUM VAPOR 
(EXPERIMENTAL) 

CARRIER SYNTHESIS: COHERENT, ALL FREQUENCIES 

TRACKING BEACONS: 335.355 MHz, 4 W., 10 db HELIX, ON 
CONTINUOUSLY; 1580.775 MHz, 4 W., 10 db HELIX, ON 
CONTINUOUSLY 

RANGING SIGNAL: 335.325 MHz, 8 W., 10 db HELIX, ON 5.5 OR 7.5 
SEC. ON THE MINUTE; 1580.625 MHz, 8 W., 10 db HELIX, ON 5.5 
OR 7.5 SEC. ON THE MINUTE 

PRN SIGNAL: 1575 MHz, 10 MBS, 15 W. AVG., 10 db HELIX, ON 
COMMAND 

Fig.  6  - Electrical parameters  of NTS-1 
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1. ORBIT STABILITY USING LASER TRACKING. 420 FUSED SILICA CUBE 
CORNER RETROREFLECTORS WITH 15 MM HEXOGONAL ENTRANCE 
PUPIL AND ONE 5 IN. HOLLOW CUBE CORNER USING THREE FRONT- 
SILVERED MIRRORS. (NRL, NWL, NASA) 

2. EVALUATION OF QUARTZ CRYSTAL AND RUBIDIUM VAPOR FRE- 
QUENCY STANDARDS. (NRL) 

3. SOLAR CELL RADIATION DAMAGE. COMPARE VIOLET, HELIOS, RADIAL 
GRID, LITHIUM DIFFUSED AND THIN WRAP-AROUND CONTACT TYPES. 
ALSO COMPARE FZ AND CZ SILICON CELLS WITH 1 AND 10 OHM-CM 
AND CORRELATE WITH DOSIMETER LEVEL AND RATE. (NRL, RAE, 
NASA, COMSAT) 

4. PRN MULTIPATH AND FOLIAGE PROPAGATION. (US ARMY ETL) 

5. TRANSIONOSPHERIC DIFFERENTIAL DELAY AND AMPLITUDE SCIN- 
TILLATION. (NRL) 

6. NAVIGATION AND TIME TRANSFER. (NRL, RGO, NMD) 

Fig.   7  - Experiments on NTS-1 
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.  i Fig.  S - Experimental equipment 
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Fig. 9 - Doppler converter for the Doppler Receiver 

335 MHz 

J j   1580 MHz AGC P j 

10 AUG 74 2040Z 

Fig, 10 - Data from phase meterij and AGC output at 335 MHz on 10 AUG 1974 at a mid- 
latitude site. 
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Fig.   11 - Data obtained f.^om a mid-latitude site on  16 AUG 1974  illustrating systematic 
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Fig. 12 - Scintillation data obtained at the Florida site on 30 JAN 1975. 
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Fig.   14 - Example of amplitude scintillation at ANCON on 18 MAY 1975. 
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Fig. 15 - Amplitude scintillation and phase meter data obtained on 21 MAY 1975 during 
pass number 953. 
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Fig.   16 - Amplitude scintillation and phase meter data obtained on 26 MAY 1975 during 
pass number 974. 
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Fig. 17 - Amplitude scintillation and phase meter data obtained on 21 MAY 1975 during 
pass number 957. 



23-24 MAY 1975 
PASS 967 
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Fig.  18 - Typical differential delay curve obtained on 23-24 MAY during pass number 967. 
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Fig. 19 - Geometry for pass number 967. 
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Fig. 20 - Differential delay curve obtained on 24 MAY 1975 showing anomalous pattern for 
pass number 968, 
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Fig. 21 - Geometry for pass number 968. 
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Fig. 22 - In phase components of the scintillating 335 MHz signal. 
(a) unfiltered data 
(b) regular plus quasi-random components 
(c) regular component 
(d) quasi-random component 
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Fig. 23 - Quadrature components of the scintillating 335 MHz signal. 
(a) unfiltered data 
(b) regular plus quasi-random components 
(c) regular component 
(d) quasi-random component 
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DISCUSSION 

J.S.Belrose 
The paper concentrated on the short term phase perturbation and frequently throughout the paper both authors 
state that these scintillations were less than ±4 ft. No mention was made of absolute position accuracy. My 
comment relates to the obvious, but perhaps 1 should nevertheless make it. Your latitudinal (or longitudinal) US 
doppler data show marked asymmetries, and so clearly the positional inaccuracies are much greater than +4 ft. This, 
while obvious, should perhaps be stated. 

Author's Reply 
The point which we made was that the so-called scatter or random component corresponds to a ranging error of 
~ ± 4 feet, an amount which is unlikely to be removed because of its stochastic nature. The focused components 
and the large TID effects and indeed the zenith angle effects have a promise of being eliminated either by modeling, 
dual frequency schemes, or by adaptive measures similar to those mentioned by Dr Grossi in a previous paper. 
Although we did emphasize the so-called scatter component of ranging error, you are correct in pointing out that the 
total system accuracy is dependent upon other gross ranging error components (presumably regular ones) which are 
much larger unless sophisticated techniques are employed such as those alluded to above. 

The second point we wished to discuss in the paper is that amplitude scintillation at the magnetic equator may 
reduce the S/N ratio to such an extent that the system may momentarily lose phase lock. This and other statistical 
properties of the data will be discussed in the final manuscript. 

The scope of this paper has precluded discussion of these effects on system navigational accuracy per se, but 
obviously must be accounted for in system error budget considerations. 

H.Soicher, US Army Electronic Command, Fort Monmouth, NJ 07703, USA 
If the purpose of dual-frequency satellite transmission is to eliminate ionospheric errors, should nat the frequency ;| 
separation be wide? (as in NTS, as opposed to GPS) | 

i Author's Reply I 
Obviously a greater separation between frequencies allows the removal of ionospheric refraction and differential | 
delay effects more accurately, however, practical system constraints have dictated the GPS choice. j 

I i 
H.Soicher 1 

I was pleased to see that your TEC results for the geomagnetic anomaly indicate that the crests maximize in the | 
summer hemisphere. This agrees with our own Sao Paulo results, as well as from topside sounder results. I 

Author's Reply I 
Yes. Several examples of the type shown in the slide to which you refer have been noted. We are now in the | 
process of comparing the magnitude of the observed anomaly with accepted models such as the BENT and the I 
Ching-Chiu models. | 

Funding limitations have precluded data reduction of large numbers of passes of this type, but the raw data exists. i 

*>' 
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ABSTRACT 

M 

A real-time adaptive scheme developed by the authors for ionospheric range error 
correction in precision UHF radars appears capable of reducing this error to below 10 
ft. The scheme is based on the use of a model of the monthly median ionosphere con- 
structed from existing worldwide climatology (and capable of providing by itself a 
residual range error not larger than 35 ft) and on updating and correcting this model 
with real-time dual-frequency measurements (accurate in themselves to about 4 ft) of the 
columnar electron content. This is done for directions and at times for which targets 
of opportunity (such as satellites and target vehicles embedded in the ionosphere) be- 
come available.  The space-time cell in which the dual-frequency correction maintains 
its validity is so large (even when the sunspot number grows from low to high) that a 
single dual-frequency sample taken along a direction that cuts across the volume moni- 
tored by the radar as rarely as once every half hour still suffices.  This requires that 
the adopted ionospheric model, while the solar cycle progresses, correspondingly becomes 
more and more sophisticated in such features as its reproduction of horizontal gradients. 
When strong impulsive traveling ionospheric disturbances propagate through the volume 
covered by the radar, the size of this space-time cell reduces and more frequent dual- 
frequency probing may become necessary. 

1.     INTRODUCTION AND SUMMARY 

Precision radar systems require corrections for time or range errors caused by 
the ionosnhere, when that medium is crossed in all or in part by the propagation path. 
To first order such errors are directly proportional to the integrated electron content 
along the path to the target.  In real time these radar errors may be substantially 
reduced by predictions of the expected propagation effects using a model of the monthly 
median ionosphere constructed from existing worldwide climatologies.  Such median cor- 
rections are shown to have a residual day-to-day r.m.s. variability about the median on 
the order of 20-25 percent of the median value. 

I 
For instance, the expected worst median case (daytime, equinox, sunspot maximum) 

for range errors experienced by an L-band radar at mid-latitudes are shown in Table 1. 

Table 1 
Worst Case Monthly Median Uncorrected Range Errors (ft) at 1235 MHz 

and Their Variability (1 Sigma) 

Target 
Altitude (km) 

Radar Elevation 

C 6 20° 90* 

Range 
Error (ft) Sigma 

Range 
Error (ft) Sigma 

Range 
Error (ft) Sigma 

1000 

400 

300 

147 

107 

57 

30 

20 

11 

102 

74 

40 

20 

16 

8 

47 

34 

18 

9 

7 

4 

(*) This research was supported by the U.S. 
F19628-76-C-0094 to Raytheon Company. 

Air Force, in part under Contract 



By use of such a model, a goal of 35 ft for the 1-slgma residual range error can 
be achieved at L-band even during expected worst median conditions.  In precision radar 
systems more stringent requirements exist and the ionospheric induced error must be 
typically reduced to a few feet. 

To satisfy such requirements, a real time adaptive scheme has been developed 
consisting of a model of the median ionosphere for the particular radar coverage region 
(derived from more complicated models of worldwide climatology) and of a set of algo- 
rithms to provide error corrections for targets at specified coordinates, which together 
attempt only to deliver an r.m.s, error on the order of 25% of the expected median cor- 
rection at that location. This estimate is then specified by a dual-frequency disper- 
sive probing of the ionosphere in the target area by the radar itself, using satellites 

h of opportunity or even target vehicles embedded in the ionosphere. 

The dual-frequency measurement, with accuracy on the order of 4 feet, is used to 
derive a normalization factor for the median ionospheric model in the surveillance 
volume, dependent on the radar range, elevation and altitude of the radar target. 

f' The interval between the model's adaptive updatings by the dual-frequency probing 
depends on the space and time characteristics of the ionosphere. 

ä At times of low sunspot number, a 10-ft range error specification can be met at 
55 mid-latitude by using a spherically symmetric monthly median ionospheric model, stored 
|{' in the radar processor memory and adapted with dual-frequency measurements made at half 
ft hourly intervals. This correction is effective even in the presence of a strong Travel- 
r ing Ionospheric Disturbance (TID). 

I*: At times of high sunspot number, the radar algorithms must consider realistic 
i horizontal gradients modeled by tne median ionosphere.  The adaptive dual-frequency 
I updating is still sufficient even at these times to meet the 10-ft range error. 

V During sporadic disturbed periods, such as when impulsive TIDs, generated in 
f auroral substorms, pass over narrow regions of the radar coverage volume, the space-time 
i,j cell over which the 10-ft specification can be met by a single normalization will shrink 

■ i!; in both space and time, therefore more frequent (in time and space) dual-frequency 
probing may become necessary. 

I 2.    COMPUTER SIMULATION OF IONOSPHERIC RANGE ERROR CORRECTION PROCEDURE (ADAPTIVE 
APPROftCH) 

Figure 1 provides the simplified block diagram of the computer simulation of the 
range error correction procedure. 

Block (2) "Stored Ionospheric Model" is a median model with realistic horizontal 
gradients, climatologically adjusted to the month and the hour under investigation.  The 
adjustments are provided by Block (1). 

Block (3) "Simulated Radar Data" has been constructed with a ray tracing program 
that computes the apparent range (group path range) for directions and geometric ranges 
of interest in the volume covered by the radar.  In these computations several iono- 
spheric models have been adopted to treat the cases listed in 'nable 2. 

The "spherically symmetric median" model has been obtained from the model in 
Block (2) by arbitrarily setting to zero the horizontal gradients. 

The "spherically symmetric anomalous" model has been obtained from the model in 
Block (2) by moving its fJP, and Fj^hnax ^a avaV  from median values.  In the other two 
models (both with horizontal gradients) similar la and 2a alterations have been applied. 

In Block (4) the "adaptive model updating" is done based on simulated ionospheric 
measurements, with the pulse pair (double frequency) method applied only once on a 
satellite of opportunity. More precisely, the "stored ionospheric model" is adaptively 
updated by resetting to zero the ionosphere-induced range error (by multiplicative cor- 
rection) at the point in the three-dimensional space that corresponds to the position of 
the observed satellite and by extrapolating this correction (with the same multiplica- 
tive factor) to all other predictions of ionospheric range errors everywhere else in the 
volume under observation. For instance, let's assume the following situations 

a) The real-time sampling of the ionosphere by the pulse pair method indicates 
that at 0.6° above horizon and for a satellite down range distance of 3200 km 
the ionospheric range error is +40 ft. 



Table 2 

Cases Used In Evaluating Range Error Correction Procedure 

MODELS  USED  IB  SIMUUVTING 
DUAL-PREOUENCY RADAR 

MEASUREMENTS 
OF THE   IONOSPHERE 

RADAR PROPAGATION PATH WHERE  PULSE MEASUREMEKT  IS  PERFORMED 

A)     RADAR-TO-SATELLITE 
PATH CROSSES VOLUME 
AT OBSERVATION TIME 

B)     RADRR-TO-SATELLITE 
PATH CROSSES VOLUME 
1/2 HOUR OUT OF TIME 

C)     RADAR-TO-SATELLITE 
PATH  40°  ABOVE 
HORIZON.     PASS 
OCCURS AT OBSERVA- 
TION TIME. 

D)      RSDAR-TO-SATELLITE 
PATH   40'   ABOVE 
HORIZON.     PASS            | 
OCCURS   1/2   HOUE 
OUT OF TIME. 

1.     SPHERICAU.Y SYMMETRIC  - 
MEDIAN 1A IB 1C ID 

2.     SPHEKICALLY SYMMETRIC  - 
ANOMALOUS 2A 2B 2C 2D                   1 

3.     MODEL WITH HORIZONTAL 
3A 3B 3C 3D                   | 

4.    MODEL WITH HORIZONTAL 
GRADIENTS,  2a PROM MEDIAN 4A 4B 4C 40 

HOTEt    THE 'STORED IONOSPHERIC MODEL"  IS A MEDIAN MODEL WITH BORIZOtTTAL GRADIENTS. 

b) The error prediction contained in the "stored ionospheric model" indicates 
for the same elevation and for a down range distance as above we have an 
error of +60 ft. 

c) We conclude that the "stored ionospheric model" is too dense and we multiply 
the table of all predicted ionospheric range errors by 0.67. 

d) We reset to zero (40 - 0.67 x 60 = 0) the error residual for the elevation 
and down range distance mentioned above and we adopt as the "updated estimate" 
of the ionospheric-induced errors in the entire radar volume a new table ob- 
tained from the old one with all the predictions multiplied by 0.67. 

e) From all radar-measured ranges (apparent ranges) we now subtract the "updated" 
estimate of the ionospheric error in order to obtain the estimate of the true 
geometric range.  In the computer simulation we use the same procedure to 
evaluate the range error residuals (difference between simulated pulse pair 
measurement of the ionospheric range error and the error prediction obtained 
from the updated ionospheric model) and we check whether these residuals are 
within the maximum allowed value (say, nominally a few feet). 

Figures 2 through 6 provide some examples of the calculations that we have per- 
formed.  Figure 2 is a Block (7) ionospheric error prediction printout computed with the 
"median model with realistic horizontal gradients" at an azimuth located at the center 
of the radar coverage volume for December 1980, Local Time 1200 Hours, and for the fre- 
quency of 1275 MHz. The numbers in Figure 2 represent the range errors due to the iono- 
sphere, when no correction procedure is adopted.  Figures 3 and 4 are two sets of Block 
(5) ionospheric error examples obtained from simulated radar data (Case 3A in Figure 3 
and Case 3B in Figure 4).  Figures 5 and 6 give the residual error after adaptive 
correction (Blocks 8 and 9 of Figure 1) for these two cases.  It can be concluded that 
one adaptive updating every half hour done on satellites of opportunity, located at such 
points that the propagation path crosses the radar coverage volume, suffices to provide 
acceptable range error residuals for an ionosphere at a peak of the solar flare activity 
(SSN ■ 100) and 10 away from median conditions. 

3.1 

MODEL'S SOFTWARE MECHANIZATION 

General 

; L 

The range correction model consists of three 16-element vectors [Allen, 1974]. 
Let's assume, as an example, a radar azimuth span from 308° to 3250T, an elevation angle 
span from 0.5° to 15°, and a height span from 0 to 1000 km.  Ionospheric range correc- 
tions (let's call them ^R) are required at each location in the volume. The value of 
AR is generated by multiplication of the three 16-element vectors producing 4,096 values 
of &RijK, with i, j, k indices representing 16-element matrices (i for height, j for 
elevation angle, and k for azimuth).  ARjik is generated by the following equation: 

AR ijk (H. E. Ak) C0(U) 

where 

H. 
i 

is a 16-eleinent vector which represents the variation in height referenced to 
1000 km at a constant elevation angle (0.5°) and constant azimuth (3190T); 



E.  is a 16-element vector which represents the variation in elevation angle 
referenced to 0.5° at a constant azimuth (319°) and constant height (1000 km); 

A  is a 16-element vector which represents the variation in azimuth referenced 
to 319 T at a constant height (1000 km) and constant elevation angle (0.5°); 

C  is a normalization constant which makes the largest value in the H. vector 
(which occurs at 1000 km) equal to 1; 1 

U  is a factor which updates the model either from a real time (every half hour) 
pulse pair measurement from a satellite within the radar coverage or from an 
ionospheric update service such as the Air Weather Service (AWS) Prediction 
Service. 

3.2   Height Vector 

At Sig0! (assumed to be boresite, AAz = 0) and 0.5° elevation angle the range 
corrections at a frequency of 1275 MHz are determined in 16 steps in height.  If we 
adopt a function I defined as 

I = K [(1 + h/R)' 1] 

it can be shown that 

I = K [(r/R)  + 2(r/R) sin E] 

where h = height of target above earth in kilometers, R is the radius of the earth in 
kilometers, K is the scaling constant such that I = 16 at h = 1000 km, r is the target 
range in kilometers, and E is the elevation angle.  As r and sin E are normally avail- 
able in a real time system, it is relatively straightforward to calculate I. Thus, 
storing the ionospheric corrections in I space reduces computational requirements. 
Table 3 shows the value of i, I and the corresponding height for 16 steps along an 0.5° 
elevation angle.  The constant K = 47.25.  Note that at h = 0 km, 1=0 and the iono- 
spheric correction is zero.  If in the calculation of I we have I = 5.4, the value of H 
at i = 5.4 is determined by linear interpolation between the value of H at i = 5 and 
i = 6. The constant Cg is equal to l/H^g and all values of H are divided by Hjc before 
entry into the H^ vector. 

Table 3 

Height Vector H. 

X * 
k 

5 

i I h (km) H.* 
l 

0 0 
1 1 67.05 
2 2 133.4 
3 3 199.1 
4 4 264.2 
5 5 328.6 
6 6 392.4 
7 7 455.6 
8 8 518.2 
9 9 580.2 

10 10 641.7 
11 11 702.7 
12 12 763.2 
13 13 823.1 
14 14 882.5 
15 15 941.5 
16 16 1000.0 

* 
1 i. generated by model. 

3.3 Elevation Vector 

The elevation vector E are arrayed in (sin E) space where Sin E = v cos E + 
w sin EQ (EQ is the tilt of the array from zenith).  The 16 elements of th-- vector are 
generated in equal increments of sin space from 0.5 (j = 1) to 15 (j = 16) degrees. 
Table 4 lists the element number "j", the elevation and sin E for the 16 elements. If 



the calculated sin E from the radar data falls between vector elements, linear interpo- 
lation between vector elements are used. 

Table 4 

Elevation Vector E. 

(j) Vector Element E sin E E.*  | 
1 

1 0.50 0.00873 
2 1.46 0.02540 
3 2.41 0,04207 
4 3.37 0.05875 
5 4.33 0.07542 
6 5.28 0.0?-209 
7 6.24 0.10876 
8 7.21 0.12544 
9 8.17 0.14211 

10 9.14 0.15878 
11 10". 11 0.17545 
12 11.08 0.19213 
13 12.05 0.20880 
14 13.03 0.22547 
15 14.01 0.24215 
16 15.00 0.25882 

* 
£. generated by model. 

3.4 Azimuth Vector 

The azimuth vector AK [Kahrilas, 1976] is arrayed in (Tan AAz) space where 

  u  
Tan t&z    = 

w cos E0 - v sin E0 

and 

n 
k 

i 

&Az = Az  - Az  (Az = 3190T) 

The 16-element azimuth vector is generated in equal steps of Tan AAz at 0.5° elevation 
angle (j = 1) and h = 1000 km (i = 16). Table 5 lists the 16 elements of the azimuthal 
vector including the element number "k", the true azimuth, the difference between true 
and boresite azimuth, and the tan AAz.  If the calculated Tan &Az from the radar data 
falls between vector elements, linear interpolation between vector elements is used. 

Table 5 

Azimuth Vector A„ 

K Az (0T) Mz (0) Tan AAz V     1 
1 324.6 -5.6 -0.09719 
2 323.4 -4.4 -0.07775 
3 322.3 -3.3 -0.05831 
4 321.3 -2.2 -0.03888 
5 320.1 -1.1 -0.01944 
6 319.0 0 0 
7 317.9 1.1 0.01944 
a 316.8 2.2 0.0388Ö 
9 315.7 3.3 0.05831 

10 314.6 4.4 0.07775 
11 313.4 5.6 0.09719 
12 312.3 6.7 0.11663 
13 311.3 7.7 0.13607 
14 310.2 8.8 0.15550 
15 3C9.1 9.9 0.17494 
16 308.0 11.0 0.19438 

* 

1        AI 
generated by mode 1 
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3.5   Update Procedure 

In our study we have considered two update procedures, one adaptive and one non- 
adaptive.  In both cases a single value multiplicatively updates the values of ARi.,^ for 
all i, j and k.  The first update procedure is based on the use of a pulse pair (dual 
frequency) measurement of the ionosphere by using a satellite of opportunity as the tar- 
get.  This update procedure must be repeated every half-hour. The second procedure is a 
non-adaptive update approach based on data provided by an ionospheric update service 
such as AWS.  If the dual-frequency measurement is not available or otherwise unaccept- 
able for whatever reason, the AWS update is used instead.  In addition, the AVS  update 
is used to ensure that the pulse pair (dual frequency) update does not generate unrea- 
sonable corrections. 

The update algorithm for the pulse pair (Upp) is 

Ab Upp  = 
AR. ,, 

i]k 

where 

Ab = 
(RL - V fH2 £L2 

2   2     2 
fOpV " fL > 

R^ is the apparent range to satellite at f 

R^ is the apparent ;:ange to satellite at f 

f  is the operaving frequency of the radar (1275 MHz) 

Ab is the ionospheric correction factor obtained directly from the pulse pair measure- 
ments and AR.  is the prediction of the model at that location. 

The Air Weather Service (AWS) provides an update UAWS on a three-hour basis. 
This number is used in the same manner as the number generated from the dual-frequency 
measurement except that it requires an operator-initiated action.  The update is defined 
as the ratio U   where 

AWc» 

AWS Predicted TEC 
AWS '"    ^     Median TEC 

where TEC is the vertical Total Electron Content.  The update UAWg is provided for 2l0
oW 

longitude and 630N latitude, which is in the example that we have chosen the "nominal 
ionospheric characteristic location" for the radar coverage. 

3.6   Software Structure for the Ionospheric Range Correction Procedure 

For each hour of the day (24 hours per day) seven computer cards form the set of 
inputs required by the model. The 24 sets of seven computer cards are valid for each 

I day of the month. Each new month requires a new set of cards. Figure 7 shows a listing 
i of the seven computer cards for April 1976 at 0000Z. The first card is a header card 

■, which specifies the month, year, hour (in universal time) and the constant CQ in feet. 
* The last 8 columns of each card (columns 73-80) contain the year, month, hour and card 

number with the header card, Card No. 00. The next two cards contain the height vector 
? Hi. The location of H^ for i » 1 to 16 is noted on Figure 7. In like manner cards 3 
5 and 4 contain the elevation vector Ej in sin space and cards 5 and 6 contain the azimuth 

vector A in tan space. 
K 

Figure 8 is a listing of the computer cards which provide the ionospheric range 
error model for the month of June 1976.  In addition to the deck of computer cards 
represented by Figure 8, a plot of range error versus down range and height above the 
earth is also provided. One such plot is provided for each hour, or a total of 24 plots 
for each month. 

4,    EXPERIMENTAL EVIDENCE ON CELL STRUCTURE SIZE 

The residual error after using the adaptive update of the model will have both a 
spatial and a temporal variability. Since the radar range error is directly related to 
the total electron content (TEC) encountered along the radar line of sight, that error 
can be estimated from measurements of TEC from archive sources. 

I 



4.1 Spatial Variability 

An example of the potential of this specification technique to remove spatial 
variability is shown in Figure 1.  Differential Doppler records taken at Millstone Hill, 
Mass. during 1972 using one of the TRANSIT satellites of the Navy Navigation Satellite 
System were reduced to equivalent vertical electron content (Nicholas Tomjanovich, pre- 
liminary data).  A standard Air Force prediction program, used to estimate the median 
value of TEC along the satellite path, and separate measurements of TEC from Hamilton, 
Mass. and from Goose Bay, Labrador, using Faraday rotation measurements of ATS-3 signals 
at the time of the pass, were compared with the observations.  There is a general fit of 
the latitude gradients along the path for both the median prediction and the two sets of 
observations. 

From the TRANSIT pass, the value of TEC at closest approach was used to scale the 
median prediction at this point, and this corrective factor was applied to the median 
prediction along the entire path.  The resultant normalized prediction has a spatial 
variability of less than 5 percent within a few degrees of the central scaling region. 
The maximum deviation increases with distance along the path, to the order of 10 percent 
at the extremes. This is a consistent daytime result (Figure 10) for a representative 
sample of five TRANSIT passes from five different months selected by computer to fall 
within ±0.5 degrees of longitude of the subionospheric point of the ATS-3 measurements 
made from Hamilton, Mass. 

These initial results for specification of the daytime ionosphere indicate that 
the proposed technique of adaptive modeling of the median range error by normalization 
to the central region of a satellite pass-track can produce a tenfold reduction of the 
variability expected from monthly median observations. 

The median range errors expected dur4.ng night hours are about a magnitude less 
than those expected during the day.  Although the day-to-day percentage variebility 
about the median is only slightly worse for night hours (30 percent) than for day hours 
(20 percent), sharply localized features in the ionosphere may make it just as necessary 
to use the adaptive model during the night. 

Figure il illustrates the significant local features which frequently occur in 
the night ionosphere.  The steep gradient of electron content found over small latitude 
intervals along the TRANSIT path is confirmed by the gradient measured simultaneously 
with the ATS-3 beacon at Hamilton, Mass. and at Goose Bay, Labrador.  The prediction of 
the monthly median has not be normalized to the observations.  The model predicts only 
a slight gradient at this time, but the absolute error at nighttime is of the same order 
as the absolute daytime error using the scaled median prediction. We have not had 
sufficient data to determine whether scaling at nighttime will improve the prediction. 
If the observed gradients are a consistent nighttime feature, then scaling could intro- 
duce new errors and an improvement in prediction would have to result from improved 
modeling of these features. 

4.2 Temporal Variability 

In parallel with the spatial variability, the temporal variability, using a 
similar scheme for scaling the median prediction, is being examined.  The values of TEC, 
as determined from measurements of ATS-3 signals taken at Hamilton, Mass. in 15-minute 
intervals for the year 1972, have been used for the local observations in the initial 
phase of this study.  "'he effectiveness of the median 10-day prediction was examined by 
comparing the standard deviation of the observations from the monthly mean of the ob- 

h servations with the standard deviation of the observations from the median prediction. 
The error is equivalent in both cases, one of the indications that the observed mean is 

3 being successfully modeled. 
s 

To simulate adaptive updating of a model ionosphere, the ATS-3 measurements in 
< TEC units and the median prediction of TEC were used to determine a scaling factor at 

each hourly observation. The resultant scaling factor was then used to scale the pre- 
i diction at 15-minute intervals for the succeeding 12 hours.  The monthly mean of this 
r scaled prediction was determined, and the standard deviation of the observations from 

the new prediction was calculated.  Figure 12 shows the error, in TEC units, for the 
hourly-based 12-hour predictions for 2-hour intervals for the month of September 1972, 

' with the error from the monthly moan of the observations and the median prediction.  It 
j is apparent that throughout most of the day and nighttime hours a local measurement will 

improve the median prediction for several hours, with reductions in error of 50K or 
more atill possible two or three hours after normalizing the model. A constraint in 

I this scheme occurs in the pre-dawn period when the error for a prediction based on any 
measurement. Including one taken in the period near sunrise, rapidly exceeds the error 
using a median prediction.  Except for this brief period, the error using a scaled 

*■, 

fi 

f 



prediction is usually less than, and does not exceed, the median prediction error even 
12 hours after normalization. 

The potential effectiveness of this technique depends on the time interval be- 
tween local TEC measurements.  Figures 13 and 14 summarize the results of predictions 
based on 30-minute and 2-hour observations respectively, for the year 1972.  The dashed 
lines approximate sunrise and sunset, the contours are the rms percent error.  To con- 
sistently reduce the rms error to less than 5% for most of the daytime, measurements 
woul . have to be made in intervals no greater than 30 minutes.  The error rarely exceeds 
10% at any time other than the period near sunrise, but even at these times, the abso- 
lute error does not exceed the maximum daytime error. 

For a prediction based on a 2-hour observation, there is still a significant 
reduction in error.  The rms error is less than 15% for most of the daytime hours and 
near sunrise it exceeds the median prediction error, but for most of the year it is less 
than the 20 to 25% expected rms error using a median climatology. 

The comparison of the TRANSTT passes with the scaled median prediction has shown 
that a reduction in error to 5 percent is possible in daytime, within a few degrees 
latitude of the normalization point. This is equivalent to the daytime reduction in rms 
error using 30-minute observations to scale the median prediction. The daytime error in 
spatial variation increases to about 10% over 15° latitude, which is comparable to the 
10% rms error in daytime using a median prediction scaled with hourly observations. 
Initial indications are that spatial and temporal variations are comparable in magnitude 
when considered on a mean basis.  Also, since the TRANSIT passes are effectively north- 
south, and the temporal variations can hi  considered east-west, it appears that direc- 
tion is not a primary consideration in determining variation on a mean basis. 

5. COMCLUSIONS 

The problem of correcting the range errors induced by the propagation in the 
ionosphere of electromagnetic waves used by navigation and positioning systems is 
acutely felt by numerous communities of investigators and users. 

The dispersivity of the ionosphere is of substantial help in solving this prob- 
lem, when dual-frequency observations are feasible and practical. Models of the iono- 
sphere are also of some use when only single-frequency observations are available. 

When possible, an adaptive combination of dual-frequency measurements and models 
based on climatology represents a solution with relevant practical advantages.  Time 
commitment of the radar to perform ionospheric measurements can be reduced to a minimum 
so that most of the radar time can be devoted to its fundamental mission cf target ob- 
servation. A stored model of the ionosphere provides the basic data for continuous 
range error correction.  The dual-frequency observations update the model, possibly and 
preferably performing this function at times th^t are not at premium (wnen no important 
targets are in sight).  Our research has shown that residual range errors of a few ieet 
are attainable by performing dual-frequency model updating, only once every half-hour 
or so. 

An approach of adaptive model updating such as the one described in this paper 
appears to these authors to show a good potential not only for the correction of iono- 
spheric errors, but for the correction as well of all sorts of propagation errors.  This 
is especially true for cases in which the podel of the medium would not be able to pro- 
vide by itself alone the required accuracy, while the radar itself could not devote any 
sizeable portion of its operation time to medium sampling. 
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Figure 1 Ionospheric Error Correction Simulation - Simplified Flow Chart. 
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Figure 2 Stored Ionospheric Model (Median Model for Ionospheric Range Errors, LT 1200. 
Dec-ember 1980, Including Realistic Horizontal Gradients). 
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Figure 3 Simulated Radar Data (Ionospheric Range Error) for Case 3A (see Table 1), 
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Figure 5 Residual Ionospheric Range Errors for Case 3A (see Table 1) After Adaptive 
Correction (by simulation of radar dual-frequency measurements). 
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Figure 6 Residual Ionospheric Range Errors for Case 3B (see Table 1) After Adaptive 
Correction (by simulation of radar dual-frequency measurements). 
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ABSTRACT 

Radio signals from geostationary satellites are observed to scintillate in amplitude and phase 
as the result of traversing the ionosphere. These scintillations affect the operation of radio systems at 
very high and ultra high frequencies. 

The radio beacon on board the geostationary satellite ATS6 emits phase coherent signals on fre- 
quencies near 40, 140 and 360 MHz and observations of the beacon {amplitude and phase) were made at Boulder 
from June 1974 to May 1975. A particularly interesting phenomenon was observed characterized by the follow- 
ing features: 

(1) An almost total fade out of the amplitudes of the 40, 140 and 360 MHz signals. 

(2) Asymmetric Fresnel-type fading of the signals on both sides of the dee? fades, with periods 
of the order of i sec. 

(3) A distinctive modulation of the diffraction (fading) pattern. 

The peculiar diffraction patterns have been simulated by the use of cylindrical lenses in the 
ionosphere which give Gaussian distributions of phase advance. To produce the observed modulations and deep 
phases the lenses must have cross sections with radii of the order of 100 m and intense core densities. 
The core of the lens may be overdense for the 40 MHz signal. 

The asymmetric fading pattern may be caused by one of two effects: 

(a) An asymmetric cross section. 

(b) A cylinder expanding in time. 

To examine the effects of the lens on gigahertz frequencies fading patterns have been calculated 
for radio frequencies of 720, 1440 and 2880 MHz using appropriate scaling rules. 

Calculations have also been made with a focussing (positive) lens on 40 MHz and 140 MHz. 

1. INTRODUCTION 

The amplitude and phase fluctuations of radio signals passing through the ionosphere imposes limi- 
tations on the available bandwidth. These fluctuations are produced by ionospheric irregularities which 
modify the shape of the wavefront. When the deformation of the wavefront is small the ionosphere can be 
treated as a weak diffraction screen. When the phase variation across the wavefront exceeds about one ra- 
dian the ionosphere can no longer be treated as a weak diffraction screen and the mathematical analysis in 
this case becomes extremely complicated, especially in the general case of an irregular screen. The present 
paper deals with a strongly diffracting ionospheric irregularity- 

In recent years many instances have been reported of regular (or quasi-periodic) amplitude fluctu- 
ations produced by isolated ionospheric plasma blobs or lenses. For example. Singleton (1964) has investi- 
gated the focussing of radio-star signals while Ireland and Freddy (1967), Elkins and Slack (1969) and Slack 
(1972) observed quasi-periodic fading of radio signals from both orbiting and geostationary satellites. 
These authors have explained the fading phenomenon as the interference of refracted signals. Titheridge 
(1971) has used the Kirchoff integral to calculate the diffraction pattern on the ground, caused by cylin- 
drical lenses that produce Gaussian distributions of phase across the wavefront. 

In the work reported here we discuss a particular feature sometimes observed with the quasi- 
periodic fading, namely the modulation of the amplitude pattern. We shall shew that sue', modulated pat- 
terns can be produced by small scale (less than one Fresnel radius) irregularities. A review of small 
scale structure of the ionosphere has recently been published by Pope and Rufenach (1975) with special em- 
phasis on the effects on the scintillation of SHF waves. We shall calculate appropriate diffraction pat- 
terns for some super-high frequencies in section 4. 

»This -vork was carried out while the author held the H. C. Webster Fellowship, Department of Physics, 
University of Queensland, St. Lucia, Qld., Australia, 4067. 



2. THE ATS6 RADIO BEACON EXPERIMENT 

The particular observation to be discussed here is illustrated in Figure 1 which contains the ampli- 
tude records of 40, 140 and 360 KHz  signals emitted by the ATS6 geostationary satellite (0oN, 94°W) and re- 
ceived at Boulder, Colorado. Further details of the radio experiment have been published elsewhere (see 
Davies et al., 1975 3,b). The recorded signals are circularly polarized and, therefore, free of Faraday 
rotation.  The quasi-periodic pattc^..j are characterized by a deep central minimum and a somewhat asymmetric 
pattern in which the fading frequency increases away from the centre.  The event shown in Figure 1 is rather 
unusual in that there is almost a complete fade-out even on 360 MHz. The presence of the modulated envel- 
opps can be seen in other published records as for example Ireland and Preddy (1967, Fig. 1(d)), Kelleher 
auJ Martin (1975, Fig. 1), and Slack (1972, Fig. 1) but they have not been emphasized.  A simulation of some 
of these recordo has recently been published by Herron (1976).  The particular event considered here has 
also been studied by Pope and Rufenach (1975). 

3. LENS MODELS 

In our studies of the modulation of the fading pattern we have used an extension of the classical 
Cornu spiral (see Jenkins and White, 1957, Chapter 18).  In particular, in their Figure 18V (Av = 0.5), 
Jenkins and White show that a modulated diffraction pattern is produced by a very narrow opaque strip. It is 
important to realize that, whereas the regular (unmodulated) fading is produced by the interference of two 
signals, three signals are required to produce the modulation. 

The cylindrical lens used in the present study is shown in Figure 2 and produces a Gaussian distri- 
bution of phase $  across the emergent wavefront, i.e. 

,2 

exp 
(R - R ) 

2a 
(1) 

where (t is the phase advance for the wave passing through the centre of the lens located at R from the 
perpendicular from the observing point P to the incident wavefront. R is the distance along the emerging 
wavefront and a is the size of the lens. R, R and a are measured in terms of the radius of the first 
Fresnel zone (see eg. 3). Provided there are no discontinuities in the emergent wavefront there will be an 
odd number of rays arriving at P. To fit the observations the unrefracted ray (1) dominates except near 
the centre of the pattern. Modulation of the pattern is the result of phase differences between rays (2) 
and (3). 

In the case of the cylindrical lens the in-phase and quadrature amplitude components X and Y are 
obtained from the modified Fresnel integrals: 

IT     2 - R    + *    exp 
2 o m dR (a) 

/ 

TT      2 , - R    + 4>o exp l-^l 
(2) 

dR (b) 

Hence, the amplitude A is given by /X' + Y' 

The integration of equation (2) was carried out by computer. To relate the parameters $< <? aid R 
to ionospheric and radio parameters, we note that : 

-vs (3) 

where S is distance along the wavefront, ' is the distance from the ionosphere to the ground and X is the radio 
wavelength.  Thus in scaling from one radio frequency f to another we have, since o is in the same units as R, 

o * /i (4) 

Furthermore, when the refractive index u of the lens is close to unity and the effect of the earth's mag- 

netic field on p is negligible 

I - V "  1/f 

. *0 *  1/f (5) 

This latter assumption gets progressively poorer as the frequency decreases but should hold on 
140 MHz and 360 MHz. The distance S must be related to the time t by allowing the lens to move with veloc- 

ity u making 

S = ut cos 9 (6) 

where 0 is the elevation of the ray at O. 

t- 

Thus a test of the usefulness of the prerent models is to scale o and if according to equations 
(4) and (5) respectively, determine an appropriate value for u and see whether the resulting amplitude pat- 

terns simulate those in Figure 1. 



The calculation involves some trial and error. First of all, the phase difference between rays 
(2) and (3) at a point P just far enough away from 0 (Fig. 2) to allow three rays is found by drawing the 
corresponding modified Cornu spiral (Fig. 3). R - 2 is about the right value for a wide range of a and 
$ .  In Figure 3, it is easy to recognize the th?ee geometrical rays as points of inflexion and measure the 

pftase difference between rays (2) and (3). 

To match the diffraction pattern at 140 MHz, this phase difference has to be about 6: this re- 

quires that a  should be of the order 0.3. 

The next requirement was that the amplitude at 0 (Fig. 2) be small. Amplitude at 0 as a function 
of 0 and $    is plotted in Figure 4 and it is seen that again a has to be of the order of 0.3.  Suitable values 

of $ are near -3 radians repeating at approximately 6 radian intervals. 

It is rather odd that the amplitude is reduced greatly only for a close to 0.3 (except for much 
larger lenses). It seems to be because the waves which pass through the centre of such a lens are of the 
same amplitude as the waves diffracted round its edges and if the direct and diffracted waves are out of 

phase a deep minimum occurs. 

The total change in the phase difference between ray (1) and either (2) or (3) as the observing 

point is moved from 0 to large distance gives a rough  idea of the total number of fades. 

Much larger lenses cause defocussincj and reduced amplitude but the phase change through the centre 

of larger lenses requires an unacceptable amount of ionization, nor do the diffraction patterns resemble the 
observations. Since deep minima are required at all three frequencies, our choice was therefore limited. 
Finally, the velocity u is chosen to give the best match between the calculated and observed diffraction 

patterns. 

During the observations, the receiver output is filtered by a CR filter (T = 1 sec.) to increase 
the signal/noise ratio. We have calculated diffraction patterns with and without similar filtering.  Our 

filtered diffraction patterns do not reproduce the higher frequency fading which is present. 

The values finally arrived at were: 

a360 = 0-4 

ai40 = 0-25 

^360 

^140 

^40 

-15.6 

-40 

-140 

The observed time separations of the first few peaks following the central minimum (obtained from 
magnetic tape recordings at 1 sec intervals) are matched to the calculated positions of the peaks.  The dis- 
tance separations obtained from our calculations depend on the distance d from lens to receiver. Taking in- 
to account the obliquity of the raypath (= 45"') we have d - 140 km and = 420 km for lens heights of 100 km 
and 300 km respectively. The corresponding values of u (m sec ') are given below: 

u (m sec ) 

f (MHz) 

For          For 
d = 140 km     d - 420 km 

140 50            86 

360 51            89 

I 

Thus, the values of the velocities obtained from observations at the two frequencies are in good 

agreement. 

Figures 5(a), (b) and (c) give filtered amplitude versus time patterns for cylindrical lenses for 
conditions representing 40 MHz, 140 MHz and 360 MHz respectively.  Included in Figures 5(b) and 5(c) are the 
1 sec data points. Figures 6(a), (b) and (c) are the corresponding unfiltered amplitude patterns.  The 
effect of filtering is particularly noticeable on the higher radio frequencies and on the wings of the pat- 

terns.  In Figure 6 an average value of u " 50 m sec I has been used. 

One of the remarkable features of the diffraction pattern is that the width of the central minimum 
is much greater than the width of the cylindrical Gaussian lens. The width of the lens (corresponding to O) 
is equal to 97 m (if the lens is E-region height) or 168 m (at F-region height), whereas the distance along 
the ground from the centre of the diffraction pattern to the first maximum is 1100 m (E-region) or 1900 m 
(F-region). our model then represents a very small, very intense lens in the ionosphere. Figure 5(c) shows 
that the calculated and observed amplitudes are in remarkably good agreement with details such as the small 
subsidiary peak near the middle of the central minimum and the modulation envelope being reproduced.  The 
agreement on 140 MHz (Pig. 5(b)) is quite reasonable, though the phase of the modulation is not correct. The 

agreement on 40 MHz is poor. 

£ 
* 
*► 

4. EXTENSION TO HIGHER FREQUENCIES 

With the introduction of super high frequencies for satellite-to-ground communications it was ex- 

pected that scintillation effects caused by the ionosphere would be eliminated.  Such was not to be the case. 
Christiansen (1971) observed scintillations of signals from the lunar ALSEP transmitter received at Ascension 



Island on 2278 MHz. Somewhat similar scintillations on frequencies near 4 GHz and 6 GHz of signals from 
the geostationary satellite INTELSAT have been observed by Craft and Westerlund (1972). It is, therefore, 
of interest to extend the amplitude calculations using the above lens to higher frt aencies to see whether 
significant scintillations are possible.  This has been done using the scalirt- rules given in equations (4) 
and (5) for frequencies of 720 MHz, 1440 MH2 and 2880 MHz for which: 

?• 

*   ..,     = -7.8 a720    =0-57 

*14« = -4-0 ai440 =  0-8 

^2880 = -2-0 ^O = i-14 

The amplitude versus time (or distance) patterns are shown in figures 7(a), (b) and (c). Here the RC filter- 
ing has been eliminated. On 720 MHz the minimum signal is 0.27 of the undisturbed value (1.414) and the 
maximum is 2.0 timer the undisturbed value. On 1440 MHz the minimum and maximum values are 0.58 and 1.50 
times the undisturbed value. The minimum and maximum values on 2880 MHz are 0.82 and 1.125 respectively. 
With parameters appropriate to a frequency of 6 GHz the minimum and maximum values are 0.94 and 1.03 re- 
spectively of the undisturbed value.  The patterns are still larger on the ground than is the size of the 
lens, e.g. 570 m on 720 MHz, 370 m on 1440 MHz and 367 m on 2880 MHz for d = 140 km. The corresponding 
values for d = 420 km are 990 m, 640 m and 636 m compared with the lens radius of 97 m. 

5. POSITIVE LENSES 

In the foregoing models the phase shift $    has been negative corresponding to an increased elec- 
tron density and, therefore, a defocussing lens.  It is quite possible that focussing lenses, with electron 
densities b;low the ambient values, can exist.  Indeed focussing of the signals can be seen in Figure 1 marked 
B, where the peak amplitude is about 2.2 times the undisturbed value on 40 MHz and 1.13 times the undis- 
turced value on 140 MHz. The change in amplitude on 360 MHz while noticeable is not measurable. Some cal- 
culated patterns for frequencies of 40 MHz and 140 MHz are given in Figures 8(a) and 7(b). Here again there 
is no RC filtering. With a positive lens there is a limit to the phase shift since the electi*  lensity 
cannot be negative: for example for a background plasma frequency of 8 MHz the maximum value of ij) on 
40 MHz is 17 radians and on 140 MHz it is 5 radians. 

6. DISCUSSION 

The cylindrical Gaussian model gives the required modulation of the diffraction pattern provided 
that the maximum phase shift is sufficiently large and that the width (a) is sufficiently small. On the 
assumption that the cross section of the cylinder was circular and that the refractive index is near unity 
for the 140 MHz signal and neglecting the background ionization, the maximum electron density in the lens 
is about 2.4 x 10  el m 3 corresponding to a plasma frequency of about 43 MHz. This being the case the 
core of the lens would be overdense to the 40 MHz signal.  It is, therefore, not surprising that the fading 
pattern for a = C.i5, $ c -140 radians does not correspond in detail with the 40 MHz record of Figure 1. 

The asymmetric patterns could be produced by cylindrical lenses with an unsyrametrical cror? section. 
Alternatively, it may be the result of temporal changes, e.g. the expansion of the lens. The latter idea, 
together with the intense plasma concentration, suggests a meteor trail. However, from data presented by 
Sugar (1964), we find that the probability of observing a trail with the required concentration is about one 
in 107 days. Furthermore, with diffusion coefficients of 1 m2/sec to 140 tn /sec in the height range 85 to 
115 km the ionized column could not last for the several minutes required to explain the fading bhown in 
Figure 1. Hence a meteor-trail source is unlikely. Another possible cause is the ionized trail produced by 
re-entry of a satellite into the earth's atmosphere. 

From our data, it is not possible to determine the height of the lens. We must, however, rule 
out certain man-made objects: the low velocity rules out aircraft, the modulatian of the fading and the 
asymmetry of the patterns rules out balloons. We cannot however makfc a choice between E- and F-regions 
of the ionosphere. The lens is certainly elongated: we attempted to model a spherical lens but failed to 

; %■ reproduce the required depth of modulation. The cylinder need not have circular cross section, but rather 
could be in the form of a sheet. On the grounds that small intense blobs of ionization are required to ex- 
plain some of the radio observations of sporadic E, we fivour an E-region origin. The phase shifts required 
may rule out a lens above F-region. The ray path to the satellite was not tangent to the geomagnetic lines 

t. anywhere so that a weak perturbation over a long path through the magnetosphere (Booker, 1975) is unlikely 
^ to provide an explanation. 

*■ Hajkowicz (1974) has pointed out the quasi-periodic scintillations may be closely linked with an 
interference effect of waves simultaneously transmitted by two satellites moving within the beamwidth of the 

■1 receiving antenna. This could not be the cause of the scintillations reported here since these occur on all 
" three carrier frequencies and, as far as we know, no other satellite transmits simultaneously on these pre- 
i eise frequencies. 
y 

7.       CONCLUSION 
t 

The observation requires an Ionospheric lens approximately 100 m across, but elongated in one di- 
{. rection to explain the diffracted pattern. Such a lens can produce appreciable amplitude fluctuations on 
*» frequencies above 1 GHz. Lenses caused by a deficiency of electrons also produce diffraction patterns. Thus 
n a single ionospheric irregularity can produce several maxima an-3 minima in the amplit-ide pattern observed on 
. the ground. 

r 
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ATS6    RBE  Amplitude Irregularities, Boulder,  1-2   July 1974 
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Fig. 1   Amplitude variations of radio signals from the ATS6 radio beacon. Note the modulations or the 
fading patterns marked A and the amplitude enhancements marked B. 
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Fig. 3   Examples of modified Cornu spirals caused by cylindrical Gaussian lenses. 
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DISCUSSION 

J.Röttger, Max-Planck-Institut für Aeronomie, D-3411 Katlenbuig-Lindau 3, F.R.G. 
Is there any idea on the origin of these over dense drifting radio lenses? 

Author's Reply 
We have no explanation of the cause of this irregularity. Meteor trails have been ruled out. The Space Data Center 
of NASA/Goddard have told me that there was no reentry of a space vehicle at this time and place. It may be of 
interest to note that ATS-6 observations at Lindau, West Germany, showed a similar but less intense pattern on 
May 12, 1976 near 1836 UT i.e., the phenomenon occurs at other places at other times. 
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LOU ANGLE EFFECTS ON UHF AND UHF PROPAGATION DUE 

TO IONOSPHERE AND TROPOSPHERE 

(Revlcu) 

G.K. Hartmann 

Max-Planck-Inatltut für ABranomie - IfL 
D 3M1 Katlenburg-Llndau 3, P.O. Box 80 

FRG 

ABSTRACT 

A lltirature aurvty la attempted for lou angle effects an UHF and UHF propagation due to Ionosphe- 
re and troposphere. Hein emphaala la given to effects which occur for satellite elevation anqles 
of leas than 30° degrees. The moat Important effect is due to scintillation. In many cases It was 
not poaalble to find out the exact elevation angle ir.der uhlch the reported scintillation occurred. 
Thus ue reatrlcted ourselves to those cases uhere it was unambiguously clear that the observed 
effects occurred below 30° and aa far as passible to relevant already existing revleu papers. 

Propagation of electromagnetic waves through sn inhomogeneous ionosphere and troposphere usually 
reaulta in variations or fluctuations in the amplitude, phase, and angle of arrival of the weves 
as received at tht grcund. These fluctuation* are collectively known as sclntillstions. It is 
quite clear that these scintillations affect "Radio Navigation and Positioning Systems". 

In addition to the general aspecta of low angle effecta as an example a apeciflc effect that occurs 
very often la discussed in mere detail. It la the effect that is due to the antenna beamuidth and 
due tc small changes of the medium within that 3 dB cone. 

A. INTRODUCTION 

The literature on acintlllation    ow very extensive and a complete review is impossible in the 
space and time available. (Aarona, ., Whitney, H.E., Allen, R.S., 1971; Aarone, 3., 1973; 
Hartmann, G.K., 1975; Hartmann, G.K., 1972; Uernik, U.A., Llu, C.H., Youakim, M.Y., Veh, K.C., 
1973). 
Thus ue will only emphasize those effects whicii occurr for elevation angles less than 30 degreea. 
Propagation of electromagnetic waves through an inhomogeneous ionosphere and troposphere ususlly 
resulta in variations or fluctuations In the amplitude, phase, and angle of arrival of the waves 
as received at the ground. Theee fluctuations were formerly collectively known es scintillations. 
However, since several years the word scintillation is used In a closer sense to describe a phe- 
nomen whereby radio signals experience random fading in amplitude end phase after propagating 
through a tranamlealon medium. Since all types of amplitude and phase fluctuations csn affect 
"Radio Navigation and Positioning Syateme" we will use the word scintillation in its earlier broa- 
der meaning. (A6AR0, 1970; AGARD, 1971; Crane, R.K., 1976). 

8. SCINTILLATIONS 

Scintillation occurrence and aclntlllation intensity depend upon frequency, location, propagation 
path geometry, geophysical conditions, receiving equipment characteristics, - such like the recei- 
ving antenna beamwldth, the receiver reeolution and etability, and the data acqulaitlon facili- 
ties -, and the meaaure uaed to describe scintillation. This causes many problems by compering 

' data fro« different aourcea. (Fremouw, E.J., 197<»). 

J Since amplitude measurements require in general only e feirly simple end inexpensive equipment, 
J roughly 85 % nf the now available aclntlllation data ware obtained by amplitude measurements. 
|j This le the raason that fairly often, for the sake of brevity, the terminus technicus "scintilla- 
K tion" la axclualvely related to meeaured amplitude fluctuatlona. Phaee measurements, strictly 

speaking relative phase ■eaauremente, require a more eophietlceted end e much more expeneive 
i equlpMnt. Tharefore only approximately 10 % of the available scintillation data were obtained 
«, by phase mcaaurementa. (Hartmann, G.K., 1972). Angle-of-arrival maesuremente require a still more 
* complicated equipment, aapecially an extremely eccurete entennaeyatem. Therefore only about 5 % 
y of the data were obtained by angle-of-errlval measurements. 

$ C LOW ANGLE EFFECTS 

., C. 1 Baneral aaoaeta 
^ The length of a aatalllte to ground radio link increeoea with decreeslng elevetion angle of the 
i satellite. This gives rlaa to various problems that can be almost completely neglected if the 
jf- satellite la obaerveble under high elevation anglae. Beeidea grazing angle end diffraction effects 

in the ionoaphere and tropoephere we have to consider thoee which ere due tc refraction and due 
v to the antenna beamwldths. These fairly "normal" effecta will be briefly discussed using the oO- 
t ftervatlon of the geoatationary US aetellite ATS-6 aa an example. 

The ATS-6 geoatationary aatalllte uaa launched on 30 May 197<I and waa positioned for about 12 
[.. mcrttha at %0 U before It waa moved to ?S0 E where ATS-6 waa positioned for another 12 months. 

During this period the aatalllte uaa obaerveble from Europe. The eignala of the ATS-6 Redio 
Beacon Experiment (RBE) where monitored from the field site Gillersheim (51.65° N end 10.13» E, 

. about 7 km dtatank from the main institute at Lindau) of the Max-Planck-InsUtut for Aerononie, 
T Lindau. FRS. ATS-6 uaa poaitloned at 35° E, 36 000 km above the eurfaca of the Earth. Ita topo- 
fi centric coordlnatae ulth reapect to the receiving eite Lindau were azimuth: 30° from south to- 
I-, werde aaat, elevation: 28°. The line of eight between Ars-6 and Gillersheim intereected between 
gf- 50° and dO0 gaogr. latitude the ionoaphere In altitudee between 100 km end 1000 km end had e 

t 



relevant length of 16DD km. Thus the results (Oegenhcrdt, Ul., Hartmann, G.H., 1976) - from an 
Ionospheric and trnpoapherlc point of vley - uiere due to medium latitudes, due to the fact that 
In our case geographic and geomagnetic coordinates are nearly Identical. Ionospheric and tropo- 
apherlc lou angle effects yere reported (Degenhardt, Id., Hartmann, G.K., 1976). 
Figure 1 shows the geometry using a Short Backfire (SBF) antenna ylth a beamyldth of - 15° for ob- 
serving the ATS-6 RBE signals at Glllershelm. The 3 dB cone of the SBF antenna Is displayed, de- 
fined by LI P-\  P2. The effect due to refraction In the Ionosphere Implies that no rays originating 
from the upper shaded area (RA-,) will be received ylthln the 3 dB beamyldth and that all rays ori- 
ginating from the loyer shaded area will be received within the 3 dB beamyldth. Refractions due 
to the troposphere can be treated similarly. Figure 2 shoys the same geometry however with more 
details however disregarding refraction effects i.e. assuming straight line propagetion. The sig- 
nal at the receiving antenna is to a first approximation the vector sum of all rays incident on 
the plane - defined by P-i and P2 - of figure 1. Amplitude and phase of the received signal remain 
constant - assuming the transmitter and receiver characteristics remain constant - as long as the 
medium within the 3 dB cone remains constant. However this is neither a true statement for the 
ionosphere nor for the troposphere. Even if there are only weak changea within the cone that does 
not significantly affect the amplitude of each single ray they affect in any case the phase of the 
rays and this may lead - due to the vector summing of the rays at the receiving antenna - to fair- 
ly strong amplitude and phase changes of the resulting signal. It is obvious how dependent they 
are from the antenna beamyldth. Thus they are different using antennas yith different beamyidtha. 
Effects of this nature were observed with ATS-S RBE signals (Degenhardt, U., Hartmann, G.K., 1976). 
Using a aimple model the magnitude of the Just mentioned phase variations will be calculated. 
Fig. 3 shows a portion of the volume within the 3 dB cone of the antenna, displayed in fig. 1. 
For the sake of simplicity it is assumed to be plane. However, more rigorous calculations of cyn- 
drically or conically shaped Intersections lead to the same results. The geometry of figure 3 was 
used to derive the following formula (Degenhardt, U., Hartmann, G.K., 1976). 

Tyo rays traversing a medium with a refractive index n arrive at A and C yhere they penetrate into 
a medium with refractive index n<] and nz  having a thickness D. At D* and E they leave the medium 
end start again traversing a medlun with a refractive index n. 
the thickness D they have a phase difference A 0 given by: 

A0 zTf D[. 
sin oC sin Pi sin oc sin fS. 

cos cos h 

After having left the medium with 

(1) 

yhere 

3in ^ 

.in /!, 

sin <x- 

sin oO 

f: signal frequency [Hz] 

c: velocity of the light [m/aec] 

D: layer thickness [m] 

1 

»■■■ 

Using signal frequencies of 40 MHz ( X 0 ■ 7.5 m), UD MHz ( >- 0 - 2.1<» m), and 360 MHz CV 0 - 
0.63 m) we get at 360 MHz a phase difference ^ 0 for the troposphere that is 9 times larger that 
at UQ  MHz and 2.6 times larger than at 140 MHz for a given angle of incidence and a given layer 
thickness D. Refraction effects In the Ionosphere ahoy an apposite frequency behaviour. 

-1 ät^f      (f « signal frequency). 
die can see that A 0 for the troposphere la proportional to the frequency f and to the layer thick- 
ness 0 and furthermore depends on oC , ^ and ßz- 
Fig. U  shows JA0I for the troposphere In degrees aa a function of the angle of Incldenccat calcu- 
lated for f • 360 MHz ( X - 0.633 m), a iayer-thlcknesa 0 (8000 m), and 

(x) n 

(o) n 

,000005, 

,000295, 

1.000010 

1.000300 

The calculation was carried out for tropospherlc conditions and for anglesoC between 0 and 80 . 
The angles between 80° and 90° were skipped alnce In this domain the grazing angle effects start 
to be much stronger than the effects described by equation (1). 

The more the frequency f increases and the longer the path through the trope-sphere gets the more 
also the effecta of the water vapour In the Btmoaphere have to be considered (Hartmann, G.K., 
Oberländer, H., 1976). This Is especially true for frequencies higher than 109 Hz. 

Fig. 5 ahows a good approximation of the effect of the phase shift A 0 of the two raya on the re- 
sulting normalized signal amplitude Ar disregarding reflection and absorption effects. Be F the 
area of the volume - layer with thickness 0 - Intersected from the atmosphere by the antenna bem, 
then we define two areas FA-) and FAg which represent the regions where refractive Index is n^ and 
"2- 
Ue get F - FA-i * FA2 and n^ * 02-    The resulting signal smplltuds Ar Is now dependent from the 
phase shift A 0 and the ratio of two areas FA^/FAj. 
It la quite obvious that for FA^/FAg ■ 1 - I.e. the signal amplitude of the ray passing through 
the portion of the volume with refractive Index n1 is Identical with thftt passing through the re- 
gion with n^ - and for Aß •> 180° the resulting signal amplitude Is zero, life see that at low tla- 
vatlon angles already weak refractive Index variations can causa fairly äraatlc amplitude change* 
which are due to phaas changes along ths ray path of the two raya. The calculations can easily be 
carried out for mars than two rays, however this would not yield new Informations unless we know 
more about the layer thickness 0 and ths refractive Index characteristics within ths antsnns bsa« 
volum«. 
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C. 2 Resulta 

1) Since many of the data which yere recorded ulth signals from orbiting - non geostationary - 
satellites are not directly given as a function of elevation angle, it is not possible to 
calculate the percentage of data that ia due to elevation angles less than 30°. 

2) At 137 MHz scintillation uith fades in excess of 6 dB occurs on zenith paths for less than 
2D %  of the time near the geomagnetic equator, less than 2 X of the time in the auroral re- 
gions, and less than 0.1 %  of the time at middle latitudes. (Crane, R.K., 1976). Houever, 
this latter figure may increase by several orders of magnitude if ue consider those mid lati- 
tude regions where often the troposphere exhibits irregular structures and if simultaneously 
ue only consider elevation angles less than 30 degress. (Tyagi, 1975). 

3) The effect of the three major and different ionospheric scintillation areas - a) Equatorisl 
regions, b) Middle latitude regions, end c) High latitude regions - are getting leas prominent 
with increasing frequency. (Aarona, J., Whitney, H.E., Allen, R.S., 1971; Golden, T.S., 1970; 
Hartmann, G.K., 1972). For elevation angles less than 30° ue have to conaider additional 
effects that are due to irregularities in the troposphere and which increase with frequency 
and decreasing elevation angle. (Badillo, U.L., 1970; Barrett, L., Hartmann, G.K., l,eo, R.L., 
liteiss, til., Zuick, R., 1975; Degenhardt, W. Hartmann, G.K., 1976; Fengler, C, 1976). Especially 
in many mid latitude regions these effects can be much larger and more frequent than the above 
mentioned ionnspharic effects. (Tyagi, 1975). 

4) Almost all now available model calcülutions, describing the influence of the lower atmosphere 
on UHF and UHF waves are very useful in cases of a "normal, mean" behaviour of the atmosphere. 
(Flueas, H.U., Eckl, U., 1975; AGARD, 196S). However, they do not take into account scintilla- 
tion effects caused by gradients and/or irregularities in the troposphere which are the actual 
limiting factors for radio navigation systems. (Fengler, C, 1976; Hartmann, G.K., 1969). 

5) The number of scintillation events at mid latitude regions increases drastically for the whole 
WF  and UHF frequency range if the elevation decreases below 30°. No clear statements about 
the seasonal and daytime behaviour of the scintillation occurrence and the scintillation 
intenaity for these cases are possible till now. 

6) The data available thus far for these low elevation angles seem to be insufficient even for 
more detailed morphological studies like those which were carried out for higher elevation 
angle acintillationa caused in the ionosphere and which yielded a fairly good overall picture - 
of the main irregularity regions of the ionoaphere. 

7) More detailed investigations of low angle scintillations require a better cooperation between 
scientists uhone  field Is ionosphere physics, troposphere physics and hydrosphere physics, 
e.g. Commissions F snd G of UR5I. 

8) Some general discussions on the usefulness of such scintillation data in geophysics rather 
than for only the most important application purposes in the design of radio navlgatione 
syatems are lacking. (Mendlllo, M., editor, 197C). This should be considered in the context 
with the information analysis centers (XACs), which start to investigate some general data 
evaluation problems, e.g. C0DATA founded in 1975 an Advisory Panel on tb.i  GeoaciencBB consi- 
sting of seven individuals from different disciplines. 

9) It is evident that scintillation is a  fact of life for a number of communlcBtlon or radio navi- 
gation systems - like radar ■• that have to operate through vhs auroral or equatorial Ionosphe- 
re. Considering elevation sngles of less than 30° for the incident rays ue have to extend this 
statement also to all those mid latitude regions were often the troposphere exhibits irregular 
structures. Spsce diversity or time diversity coding schemes are required to mitigate the 
effects of scintillation. Usirg the weak scintillation model, the paramsters for the design of 
diversity systems can be determinpd if the height, axial ratio, snd, for time diversity sch*- 
mes, the drift velocity are known. Adequate statistical data are only available for scintilla- 
tion Intensity. Adequste atstistical oata for tht design of diversity systems are still 
lacking and await either further experimäntation or better models for the production and <nove- 
ment of the irregularities. Thus it seems to be difficult in the moment to move much beyond 
morphological studies, which are just the first step in the course of more rigorous attempts 
to interpret the geophysical phenc^ena and to obtain more reliable models for the prediction 
nf scintillation effects especisllv for elevbtion sngles less than 30°. For better geophysical 
interpretations alao a higher number of standardized transmitting and receiving systems end 
evaluation methods is required. 
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DISCUSSION 

J.S.Belrose 
With regard to the deep minimum at 45° elevation angle in your calculated phase data, is this a Brewster angle 
effect for an assumed vertically polarized down coming wave? 

Author's Reply 
We only applied Snell's law which is valid for both polarizations. Thus, we do not have to worry about Brewster 
angle phenomena which has to be considered only in cases of reflection. 

H.Soicher, US Army Electronics Command, Fort Monmouth, NJ 07703, USA 
Are you aware of time or space diversity schemes that have been used to offset the effects of scintillations? 

Author's Reply 
We know of some schemes. 1 doubt whether simple and inexpensive schemes can be developed for low elevation, 
or for strong polar and equatorial scintillations. 

JLVarons, Air Force Geophysics Lab., Bedford, Mass., USA 
CRC studies are in progress at 1° of elevation on the AN1K satellite (4 and 6 GHz) on space diversity gains. 

Author's Reply 
Studies of this nature should be supported as much as possible. 

J.M.Goodman, Space Systems Division, Naval Research Laboratory, Washington D.C., USA 
Your paper indicates that tropospheric scintillation is an important factor below 30° elevation and can also be 
important at UHF and above. Low elevation studies at NRL using microwave frequencies show periodicities in 
angle-of-arrival (in the vertical) which are attributed to buoyancy oscillations in the atmospheric boundary layer. 
Your study makes me more confident in the NRL microwave studies results, and you are certainly correct in 
pointing out this very important potential limitation to which too little attention has been given. 

Author's Reply 
It is good to get additional support for an idea of tropospheric low angle effects which was, till now, subject of 
strong controversies. 

f! 
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A REVIEW OF LF/VLF RifflIO NAVIGATIOH SYSTEI6 AMD SO?E 
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SUMMARY 

A review is given of the important radio navigational aids that have lieen developed in the LP/VLP 
bands sjnoe the 1940s' Attention is paid to the operational requirement that could be met by this type 
of aid and the effects that the propagation characteristics of the radio waves at these frequencies have 
on the performance of the aids. This paper is not intended to be a comprehensive review but mainly to 
set the scene to specialist papers in the sessions on "LP/VLP systems". 

1. IHTRODUCTION 

The LF/VLF radio navigational aids that are currently in use or will be in operation in the near 
future are situated either in the 10-14 kHz VLP band or between the low frequencies (LP) 70 and 130 kHz. 
The LP band came into use for radio navigation just after the end of World War II with the introduction 
of the British Decca system. The US Loran system, developed during World War II, and operating at a 
frequency of about 2 MHz, was in the 1950s developed for use at LP and eventually came into being in the 
late 1950s as a pulsed system operating at 100 kHz and using a bandwidth of +10 kHz. The HP version of 
Loran has become known as Loran-A while that operating at 100 kHz is known as  Loran-C. 

In the late 1940s and the 1950s a number of other radio navigational aids were conceived and 
various tests undertaken. Among systems proposed during these times were the British Delrac and Deotra 
systems, operating in the LP and VIP bands respectively. Plight tests of the Dectra system were performed 
in the 1960s. The 1960s saw the steady development of the Omega system and the expansion of Decoa and 
Loran-C on a world wide basis. Omega uses frequencies in the internationally assigned frequency band of 
10-14 kHz set apart for navigational use, but proposals and indeed systems have been made utilising 
transmissions from VLP communications and frequency standard transmitters in the band 14-3° kHz. Note 
should also be made that the USSR are developing a VLP navigation system on a similar basis to Omega and 
also operate two Loran-0 chains that are compatible with the US system (Ref 1). A variant of Loran-C 
for tactical military use was also developed at this time and is known as Loran-B (Ref 2). 

Nearly all the above mentioned systems operate as hyperbolic navigational aids, a term used to 
represent the geometry made by the measurement of phase or time difference of the received signals. 
Omega and Decoa are examples of phase comparison systems while Loran measures the difference in time of 
arrival of radiated pulses of energy. In this paper I would like to review the principle features of 
these systems and the role that radio wave propagation plays in determining the accuracy and reliability 
of these systems. 

Before doing this, however, attention will be paid to the requirements of users of these types 
of systems to give a perspective on the role of LF/VLF radio navigation systems. 

2. OPERATIONAL REQUIREMENTS 

LP/VLF radio navigational aids, because of their ability to be used at distances greater than line 
of sight, have applications ranging from use on a world wide basis to that in harbour entrance zones; 
large high speed aircraft to small fishing ships with a spectrum of accuracy and environmental requirement. 

For maritime usera one can differentiate between three categories of requirements: oceanic, 
coastal/confluence zones and harbour areas. For oceanic or high Beas operation it is currently estimated 
(Ref 3) that position accuracy is in the range 2-5 nm and that improved accuracy to 1-2 nm would be 
desirable though not essential. For coastal/confluence zones which cover areas where the distance from 
the coast is up to 50 nm or to the acge of continental shelf a general guide to the requirement is a 
repeatable rms accuracy of 0.25 J™» though in certain areas a more stringent requirement will exist. 
Harbour and harbour entrance areas requires the highest degree of accuracy to avoid collisions and 
stranding. Accuracies in this case are now possibly limited by the size of the vessels. 

Turning to aviation users (Ref 4) on« may similarly define requirements aooording to categories; 
oceanic and area navigation (RNAV). This latter category can be subdivided into en route, terminal and 
approach. Taking as our example of oceanic routes the North Atlantic area, current lateral separation of 
aircraft flying in the same direction and ct the same height is nominally 120 n miles, whioh is reflected 
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in a 10 nm nns accuracy in position determination for the aircraft navigation system. Studies of future 
traffic in this area points to a need for an increased navigation accuracy and a reasonable goal for 
future requirements is an accuracy of the order 1-2 nm (itf). 

Norwood (Ref 4) in his paper on the development of air navigation system requirements gives the 
following as the rms crosstraok errors in nm (metres) applicahle to RNAV systems. 

Present Future 

En route 1.5 (3000) 0.25 (500) 

Terminal 1.0 (2000) 0.10 (200) 

Approach 0.5 (1000) 0.05 (100) 

Other papers (Refs 5f 6) S^ve  somewhat different figures, especially for the future requirements, 
but the above accuracy figures for present requirements are typical, with improvements for future 
requirements varying by a factor of 2 or more. 

Summarizing it is evident that there are varying requirements in accuracies of the position of 
airborne and marine vehicles that are used on long or relatively long distance journeys. These range from 
some 10 nm for long range commercial aircraft down to something of the order of 100 metres or less for 
harbour or airport approaches, or fishing vessels. In stating these performance figures, this usually 
applies to the system as a whole, so that the errors that can be allowed for propagation variations must 
be somewhat less than these overall figures. 

3.   LP/VLP SYSTEMS 

3.1  Decoa (70-130 kHz) 

I 

i 

Decoa is an LP continuous wave hyperbolic system which is in current commercial use and over the 
past 30 years some 50 Decoa chains have been installed throughout the world. Deoca is basically a high 
accuracy, short to medium range aid intended for coastal and land navigation. A Decca chain consists of a 
master station and two or three slave stations, situated about 100 to 200 km from the master station. The 
master and slave stations radiate on different frequencies, normally near to 70, 85, 113 and 126 kHz, but 
having a fixed relationship to one another; the phase of the signal radiated by the slave stations being 
referenced to that received from the master station. A receiver converts the different received frequencies 
to a common frequency for phase comparison and a lattice of hyperbolae are formed with the master and each 
slave as focii in turn. 

The Decca system accuracy predictions are based on some 30 years data gtthering from operational 
systems. Daytime accuracies are limited by signal to noise considerations, the signal being essentially 
ground wave only. At night time, with the disappearance of the D region, the skywave signal becomes 
marked and performance consequently degrades since the phase comparison system cannot differentiate sky- 
wave from ground wave. Accuracies better than 0.05 nm (rme) out to ranges of 100 to 150 nm are achieved 
during daytime, the accuracy degrading with distance from the transmitting stations. At night-time this 
degrades by about a factor of 5 (Ref 7)« 

Ambiguity resolution is achieved by momentarily interrupting the regular chain transmissions, so 
that combinations of frequencies can be radiated from a given transmitter. This then enables a coarse 
hyperbolic pattern to be set up to identify the correct lane. 

Prom a propagation point of view it is worth noting that one is comparing the propagation delay on 
different frequencies over differing paths. 

3.2  Dectra 

i ■ 

Dectra is an area coverage navigation and operating on the 70 kHz frequencies associated with 
Decca. Its aim is to permit close lateral track separations to be flown on transoceanic routes such as 
those across the North Atlantic. In the system that has been tested a pair of master-slave stations was 
located in Newfoundland and another pair in UK. In contrast to the Deoca system both the master and slave 
radiate the same frequency thus minimising the dispersion characteristics of the propagation which in 
this system is mainly by skywave. These transmissions give a tracking pattern. The master station at 
the other end of the oceanic route radiates a frequency close to that of the other pair, and this 
difference frnquenoy generates a hyperbolic ranging pattern with focii at either end of the oceanic chain. 

Good accuracy has been claimed for this system from both airborne and maritime trials that have taken 
place in the 1960s, typical values being 2.5 to 5 nm (iff) over a large area of the North Atlantic. (Ref 6) 

: t 
^ 

* 
* 
k 

3.3  Loran-C 

Loran-C is a high accuracy, long range pulsed ground wave radio navigation system with an operating 
frequency of 100 kHz. It has been developed from Loran-A and has been in operation for some 20 years. 
While being a hyperbolic system like Decca and als' employing master and slave stations which radiate 
a signal synchronised to the master transmission, j+ differs fundamentally in employing only one carrier 
frequency and relies on differential time delay as opposed to phase measurements to give the hyperbolic 
lines of position. Its great virtue is that due to the different propagation delay cf skywave and ground- 
wave, the Loran-C system is able to obtain navigation information from only the groundwave component of 
the transmitted signal which (l) propagates to ranges in excess of 1000 nm and (2) has highly stable 
propagation characteristics. 

^ÄIEEE' 



At present there are nine chains in operation, which cover a substantial part of the Northern 
hemisphere,    'ftrpical accuracy figures (Hef 6) are 50 m (rms) at 200 run,  increasing in a linear fashion 
to some 200 m at 1000 ran ranges. 

i 3.4 LorarH) | 

Lorant) is a development of Loran-C for tactical military use (Ref 2). It is compatible with 
Loran-C and is no different in basic principle. In achieving tactiw.1 mobility, the radiated power 
from Loran-D is significantly less; however due to the propagation properties of LP groundwave a 500 mn 
Loran system only needs one hundredth of the radiated power of a 1000 nm system. Another advantage accrues 
in virtue of the greater difference in time delay between the ground and skywave. This allows the 
sampling of the groundwave at a later time in the received pulse a'l hence at a higher signal level. Other- 
wise from a propagation viewpoint there is no difference between the two systems Loran-C and D. 

Loran-D has basically achieved the objectives of the Cytao System, the predecessor of Loran-O. 

3.5 Omega 

Omega is a world-wide radio navigational aid (Ref 9)» using frequencies in the 10-14 kHz band, 
which should be fully operational in the late 1970s. A pair of transmitting stations provides the 
navigator with a family of hyperbolic lines-of-position (lop), and eigjit transmitting stations with 
5000-6000 nm baselines will give a global coverage. The eight transmiiters radiate the various 
frequencies in a time division multiplex format. All transmitters will be phase synchronised and repeat 
their individual radiated format every 10 seconds. 

The 10.2, 11-J-and 13.6 kHz transmissions are the basic navigation frequencies; other radiated 
frequencies, unique to each transmitter, may be used for navigation by distance measurement based on a 
cycle counting technique. 

The 10.2 kHz transmissions generate lops which have ambiguities spaced by 15 km on the baseline 
joirrng two transmitters; for marine use, where the vessel is slow moving, the resolution of these 15 km 
ambiguities can be achieved by dead reckoning means. However if necessary, the 13.6 kHz transmissions 
could be utilised in conjunction with the 10.2 kHz transmissions to give ambiguous lops separated by 
some 45 km on the baseline. Similarly the 10.2 kHz and 11-J- kHz transmissions can give ambiguous lops 
separated by 135km. 

The exact position of these lops on a chart, relative to known geographic coordinates are governed 
^ by the value of the propagation velocity, v, that is used for the appropriate frequency. For 10.2 kHz, 
.,, the standard value used is given by o/v = 0.9974 where 0 is the velocity of propagation in free space 
;? (299792.5 n/e).    This velocity of propagation is a function of many geophysical parameters such as 
' ground conductivity, direction of propagation, effective height of ionospheric reflection, which cause 
'■ the lops to vary about the charted values, temporally and spatially. Corrections can be applied to 
(minimise these variations and these effects are discussed in a paper by Swanson at this Conference (Ref 10) . 

In assessing the accuracy that is possible using Omega, attention must be paid to the way it is 
used. Three ways in which Omega may be used are (l) using only a single frequency, (2) using a difference 
frequency, and (3) using it in the differential mode. 

In using a single frequency an accuracy in the rarwce 0.5 to 2.0 nm may be achieved. This is probably 
I the simplest use of the system but suffers from the possibility of lane ambiguity and the necessity to 

use 'skywave corrections' (SWC). When use is made of the difference frequency techniques, lane 
I identification problem are eased, and SWCs are not so necessary if one can accept the degraded accuracy 

which will be in the range 1-5 nm. The third techrduqe called 'Differential Omega' will give a much 
improved accuracy in the range 0.25-^.5 nm, but needs the creation of a system of monitor stations. 
These monitor stations situated within say 100-200 miles of the user can be used to correct the Omega 

,.* measurements at the user, since phase variations due to propagation are highly correlated over these 
5 separation distances  (Ref 11). 

R 4.   PROPAGATION CHARACTERISTICS OF LP/VLP 
it' 

4.1  Introduction 

f' A considerable literature has been published dealing with both the theoretical and experimental 
5 aspects of VLP and LP propagation, especially over the past twenty five years. In discussing propagation 
■S' at these frequencies it is desirable at the VLP end of the frequency scale to talk in terms of waveguide 
5 modes, while at the LF end of the spectrum to consider propagation as the summation of a series of wave- 
$ hops. These terms have arisen from a theoretical approach to the subject, but we must note that Johler 

(Ref 12) has developed a theory which covers the frequency range from VLP to LP which considers 
.y propagation in terms of spherical wave functions. This approach has the virtue that with the use of high 
u speed computers, it is a more viable approach, economically, to producing propagation data, theoretically, 
1 at these frequencies. 
\ 
i 4.2  LP Propagation 

'' In the wavehop theory, (Ref 13) the full wave solution for propagation between a spherical earth and 
f a concentric ionosphere can be expanded into a series of complex integrals. If these integrals are 

replacfil by their saddle-point approximations the series can be identified as the ray hop series of 
gpometri i optics, and thus these integrals are called wave—hops. The saddle point approximation is 
l.itdequate near and beyond the caustic and in this area the wavehops can be evaluated by numerical 
integration or by summing a resiaue series. Berry and Chisman (Ref 13) represent the series in the form: 

I. 

i 
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where Eo is the groundwave and R^ is the ionospheric reflection coefficient! computed for any model of 
the ionosphere that is desired. The path integral Ij takes into account ground conductivity, path length, 
reflection height and earth curvature. 

An indication of the propagation characteristics of LP signals can be obtained from this theory 
if one computes the signal level as a function of distance, up to say 2000 km, for both day and night 
conditions. Under daytime conditions the propagation is very stable, with a stable interference pattern. 
At the lower frequencies, the skywave becomes important at distances of the order of 500 km, but even so 
the skywave shows good stability in both phase and amplitude. This has been bourne out by experimental 
results en frequencies in the range 45 to 80 kHz  (Ref 14). 

Under night time conditions, the skywave component is much stronger, due to the disappearance of 
the ionospheric D region, and strong interference between ground and skywave occurs at ranges starting 
from arouno. 200 km from the transmitter. Under these conditions the most severe interference takes place 
in the range 200 to 1000 km where signal strength patterns can show fades of up to 40 dB. Beyond a 1000 km 
range, the propagation tends to stabilise. Again these results are confirmed by experimental values, 
(Ref 14) but at LP frequencies there is a lack of experimental data, compared with V1F,  to substantiate 
theory. 

4.3  VLP Propagation 

At VLP frequencies for long range propagation the earth behaves like a good electrical conductor 
with a reflection coefficient approaching +1 while the ionosphere has a reflection coefficient approach- 
ing -1. It is convenient thus to treat the earxh and the ionosphere as the two boundaries of a spherical 
waveguide and to consider propagation to great distances in terms of waveguide modes  (Ref 15,16). For 
each mode there are three parameters which govern the characteristics of the mode, ie the attenuation 1 
rate, « dB/Wn, the phase velocity of the mode, usually quoted relative to the velocity of light, v/c, and 
the excitation factor A which is approximately the ratio of the power launched into the earth ionosphere 
waveguide to that launched into a flat waveguide with perfectly conducting boundaries. 

Prom the experimental and theoretical considerations of VLP propagation the lower frequency band 
of 10-14 kHz has definite advantages over the higher frequencies for navigational purposes. The main 
advantage is that due to the frequency dependence of the attenuation and excitation factors of the 
modes, the second mode perturbing effects are much smaller in this lower frequency band. ; 

• 
At frequencies below 10 kHz the attenuation rates increase rapidly to hi^i values. This coupled with 

the economics of designing efficient ground transmitting aerials at this end of the band effectively puts 
a lower limit of about 8 kHz to the optimum band for navigation use. 

These considerations together with the maxim of using as low a frequency as possible for lane 
resolution has led to the OMEGA World—Wide Navigational System choosing its lowest frequency of 
transmission as 10.2 kHz. 

Propagation effects as they affect the Omega system will be discussed in detail by Swanson 
(Ref 10), but since the higher VLP frequencies of 14-30 kHz have been proposed for navigational uses, 
it is relevant to note briefly some differences in propagation characteristics between these frequencies. 

Of particular importance for navigational purposes is the overall stability of propagation. This 
stability is demonstrated by the consistent diurnal pattern of the phase delay of VLP transmission 
observed at a distant point. At 10.2 kHz, the daytime, nig^it-time and transitional dawn/dusk periods 
give a vairation in stability of about 2 to 1, with no evidence of cycle slipping. However at frequencies 
somewhat above 16 kHz, at long ranges, the transitional dawi^dusk period is noted for the phenomena of 
cycle slippage, due to the low attenuation of hi^ier order mode propagation under night conditions 
(Ref 14). 

This strong miltimode nature of propagation at the higher frequencies will also mean that lare 
resolution techniques will be more unreliable than at the Omega frequencies at night, and also that non- 
reciprocal propagation effects and anomalies in position fixing due to the proximity of transmitters will 

4. he enhanced. Thus particular care will have to be used in choosing the appropriate transmissions at 
q> these higher frequencies. 

?* 5.   CONCLUDING REMARKS 
& 
■r The paper has attempted to give an overview of LP and VLP radio navigational systems as they have 

developed since the end of World War II. Indications have been given of the accuracy that can be obttdned 
"^ from these aids together with the underlying principles of operation of the systems. Attention has also 
I" been drawn to the requirements of navigators who look to this type of ravigational aid to satisfy their 
i,. needs. It is seen that to a large degree the aids are complementary. Finally a brief discussion is given 
y of the propagation characteristics that govern LP and VU1 transmissions and their relevance to the 
!'"■ performance of the navigation systems. 
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DISCUSSION 

A.Biggs 
Katsafrakis at SRI made phase measurements over the Antarctic ice pack - and Guy etc made phase measure- 
ments over Greenland - and we made them over the floating Arctic ice pack. How do you reconcile the phase 
change over Greenland? With respect to the floating ice pack, do you expect any observable changes in propaga- 
tion parameters with the thin (5-10 meters) Arctic ice pack? 

Author's Reply 
There is definitely a change in the phase velocity of propagation of VLF radio waves as the waves cross from a 
sea or land mass to an ice-cap area. This has been predicted by theory and confirmed by experimental measure- 
ments. In order for this change in phase velocity to be of a significant magnitude, the depth of the ice must be 
comparable to the skin depth, at these frequencies, of ice. Under these considerations, the ice cap of Greenland, 
which is some 3000 meters thick, greatly affects VLF propagation, while the Arctic ice pack has little effect. 

ft 
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Effecta of Irregular Media on Navigation 
:J and Positioning Systems—Full Wave Solutions* 
i E. Bahar 

Electrical Engineering Department, University of Nebraska 
\ Lincoln, Nebraska 68588 

ABSTRACT 
The steady state magnitude and phase of radio waves are affected by the medium through which they 

propagate.  Since these effects are frequency dependent, pulsed signals will undergo distortions and 
;•; delays that depend on the medium of propagation. Thus when CW radio signals are used for navigation 

(Omega System), it is necessary to determine the deviations in the phase of received signals (phase 
kj anomalies) due to medium effects. Similarly, when pulsed signals are used for navigation (Loran C 
f system), it is necessary to determine the signal delays due to medium effects. 
-' Radio wavt propagation over several irregular propagation paths is examined in detail. The phase 
t anomalies, the delays and the distortions for pulsed radio signals transmitted across hills or valleys 

on the earth's surface are determined using a full wave approach. 
1.  INTRODUCTION 

• When the medium of propagation is represented reasonably well by simple models such as horizontal 
or concentric spherical or cylindrical dielectric layers it is possible to use standard separable solutions 

' to the propagation problem to determine the corresponding phase anomalies and pulse delays. 
As the demands on the navigation systems become more stringent, it is necessary to obtain mot« 

accurate predictions of the received signals. Thus for many relevant propagation problems It Is i.ot 
' sufficient to use such idealized models of the propagation medium. More realistic models of the piopaga- 
t tion medium consist of irregular boundaries and stratified media with layers of nonuniform thickness and 
L varying electromagnetic parameters. For these models it is not possible to obtain separable solutions to 
•i, the propagation problem. In thesj cases the fields are expanded in terms of complete sets of basis 
t- functions that reflect the local features of the medium, and Maxwell's equations are transformed into 
r.i coupled sets of first-order differential equations for the complex wave amplitudes. Thus, the fields at 

the surface of the earth are expressed completely as a superposition of vertically and horizontally 
polarized surface waves, lateral waves and radiation fields. 

S- In this work propagation over irregular models of the earth's crust is examined for LORAN C pulse 
eiccltations. Expressions for the envelope of the transient response and the effects of the ground 
parameters on the pulse delays and the phase anomalies are determined. 

2. FORMULATION OF THE PROBLEM 
The scattering of vertically polarized waves by a one dimenslonally rough surface is considered here 

i in detail. The Interface between two semi-infinite media of complex permittivity e and permeability y Is 
'■' given by h(x) (Fig. 1). Thus 

V: reo , y > h(x)     ryo 

I e " eR " iei " eK - ^»r    < h, , ' y " "^ 
" The vertically polarized waves are excited by a magnetic line source Jm (analogous to the electric line 
)•' current J) and to obtain the steady state solutions an exp(lait) time dependence is assumed. 

Using a full wave approach, the fields are expressed lr terms of generalized Fourier transforms that 
are suitable for the treatment of rough surface scattering. Thus fBahar 1972a) the magnetic field 
component H is expressed as 

H^x.y) - H^x.y) + H^x.y) + H8(x,y) - j:H(x.u>i//(u,y> 

•  J Ho(x,y)ij»o(u,y)duo + J H^x.yW^u.y^ + Hg(x,y)*g(x,y) (2.2.) 
o o 

where the field transforms are 

^ f jl Vx.u) -  Hz(x,y)Z(u.y)VB(u,y)dy , ■ - 0,1 or s (2.2b) 

k ' L ' 
and H , H. and H ar« the radiation field, the lateral wave and the surface wave terms respectively. 

\ The corresponding basis function« arc 

| f[Mp(iuoy) + Roh(u)exp(-luoy)]/[2»Zo(u)]   , y > h(x) 

8 e on       o I  «tp^u^y-lOexpdu^TjOO/^irZ^r,        y < h(x) (2.3.) 

{Mp -iuo(y-h) «tp(-lu1h)T1(u)/[21TZ1(u)]l^ y > h(x) 

[«pC-iUjy) + »^«Oexpdu^l/^OOr. y < h(x) (2.3b) 

|. *Thi« work was supported by the U.S. Any Research Office, under Grant No. DAHC04-74-G-0074. 
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and 

where 

{exp[-luo8(y-h)], y^ 

exp[iul8(y-h)] , y < 

exp[-lu_(y-h)]. y>h(x) 

h(x) 

[* (u.h)]2 - 2lu /Z (u )[l-(e /e.)2] - -2ia)e /n(l-l/e2) 
"^ s    J     08 o s    o 1        o      r 

and n Is the refractive Index 

The transverse wave Impedance Is 

Z(u,y) - ß/ue 

where 

and k0 i " (i)(u0,e0 i)    is the wave number. 
The reflection coefficients referred to the surface y » 0 are 

Roh(u) - Ro(u)exp(i2uoh). Rlh(u) - R1(u)exp(-i2u1h) 

and the Fresnel reflection and transmission coefficients (referred to the boundary y - h) are 

n' - eJc   - e 1   o       r 
is 

r ß/ue   - Z (u) loo ,   y > h(x) 

/we - \ 
[ß/ülEj^ -  Z1(u) .   y •■ h(x) 

' ■ <1 - <s ■ lm(ß) < 0 

R0(u) R^u) - (uoEl - uieo)/(u6ei + ulEo) and To>1(u) - 1 + Ro^(u) 

For the surface wave 1/R (u ) ■ 0, thus 

u £, + u, e "0, Im(u ,) < 0 
os 1   Is o 0,1 

Thus assuming principal square roots 

ß " kov/S- ' uo and u 

su 

where 

fl+e 
Is 

k E 
o r 

'1+e 

Ey(x,y) - EE(x,y)Z(u.y)*(u,y) 

OS 

Ef.(x,y) -    E„(x,y)y (u,y)dy, m - 0.1 

(2.3c) 

(2.3d) 

(2.4) 

(2.5) 

(2.6) 

(2.7a) 

(2.7b) 

(2.8a) 

(2.8b) 

(2.9a) 

(2.9b) 

For the full wave analysis to the problem, the fields are subjected to the exact boundary 
conditions at the interface y - h(x). Thus (Bahar 1972b) 

Hr(x.h
T) - H^x.h ) 

and 

[Ey(x,h
+) - Ey(x,h-)] g - ^ [^ H8(x.h

+) - ^ yx.h-)] 

The differential equations for the transverse field components E and H are 

-»V3* ■ ilk2H.+ ^2H«/^y2, + J» 
-3H /3x - iue E 

s      y 

(2.10a) 

(2.10b) 

(2.11a) 

(2.lib) 

On substituting the field transforms (2.2) and (2.9) into (2.11), subject to the boundary conditions 
(2.10), Maxwell's equations are converted into generalized telegraphist's equations for the field 
transforms. Due to the irregularities of the boundary y « h(x), the first order differential equations 
for the field transforms are coupled. Thus tUe Incident radiation fields are scattered at the Irregular 
boundary In non-specular directions and converted into surface and lateral waves. Similarly, the 
Incident surface and lateral waves are coupled into the other full wave components of the field. 

The dual problem of scattering of horlsontally polarised waves can be analysed in a similar 
■anner by replacing the magnetic line source with an electric line source and interchanging the electric 
with the magnetic fields and the dielectric coefficients with the magnetic permeability. The more 
general case of scattering by two dlnensionally rough surface, where effects of depolarization are 
important, can also be solved using the full wave approach (Bahar 1974). When it Is necessary to 
account for the earth curvature effects, either Irregular cylindrical or spherical models of the earth 
can be used (Bahar 1975, 1976). 
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3.  STEADY STATE FULL WAVE SOLUTIONS FOR THE SCATTERED FIELDS 
For a line source at a large distance from the nonunlform boundary, the scattered radiation field 

Is given ly (Bahar 1972b) 

H^U.y) - |H8p|eXp[-lko(po+p)l(-^\F(cf>c
i)I(e

f,Ci,h,L) (3.1a) 

where |H__| IS the magnitude of the specularly reflected field for a flat perfectly conducting surface at ap 
the carrier frequency u 

|H I -Kk  LCi/2Trr) (o p)*5 - IH
1
^^  LCi/(2k p)*5 1 sp1      OC   O   0 0       01  OC  0    ocK (3.1b) 

The magnitude of the unperturbed Incident wave at the origin Is |HQ|; P0 " (x0+y ) , p» (x +y ) 
are the distances from the source and field point to the origin (see Fig. 1) and koc ■ «(.(UoEo) is 
the free space wave number at the carrier frequency. 

f i    "Xcr&oX1-1^ 
F^.C1)   - ■■ 0    1  i 0-0 - r 

and 
[cX/nllC^f/nlLcV] 

L 

C(Cf,Ci,h,L) - -± J exp|l(cW)koh + l(S^)koxfdx 

(3.1c) 

(3.Id) 

-L 

where C and S are the cosine and sine of the angle of Incidence, - _„   -  ^  ..   .   - 
are the cosine and sine of the scattering angle 6^. The corresponding expressions for the medium y < h 
are denoted by symbols with subscript 1 instead of 0. Thus 

In the medium y > h and C and S 

and 

The Intrinsic impedance Is 

e: 

o,l 

l.f 
0,1 

k . C1'* - k . 
0,1  0,1    0,1 

cos 6 

k , S1^ 
0,1  Ojl 0,1 

In - /iTTi" 
0   o o 

l.f 
0,1 

,l,f 
0,1 

(3.2a) 

(3.2b) 

(3.3) 

and the nonunlform boundary Is given by 

y - h(x). - L 1 x £ L (3.4) 

when medium 1 (y < h) Is highly conducting and the fields In the region y < h are of no practical 
Interest, It Is convenient to analyze the problem by characterizing the Interface y • h(x) by an 
approximate surface Impedance for waves of grazing Incidence (Bahar 1972c) 

« ■ 

6 

W1* /er (3.5) 

The full wave solutions for the scattered radiation fields (3.1) satisfy the reciprocity relationships 
is electromagnetic theory. 

The scattered radiation fields (3.1) vanish near the boundary eo -»■ y . This agrees with the 
empirically well known result that for any surface, regardless of roughness, a scattered radiation field 
will not exist at the surface except for grazing incidence (Beckmann and Spizzichino, 1963). However, 
due to surface irregularities, the incident radiation fields excited by line sources at large distances, 
are coupled into guided surface waves and lateral waves (see Fig. 2). The scattered surface waves and 
lateral waves could therefore be the predominant contributions to the total field near Irregular 
boundaries. 

The scattered surface waves due to line sources at large distances from the boundary is (Bahar 1972b). 

where 

and 

H'„(x.y) ■ |H^|exp[-lk p 1 f ^)  4ik LF(C ,Ci)I(C..C1.h,L) , exp[-i(ß x + u y)]  (3.6a) 

P(Ci,C
1) - (cJcuVsoi)/(C^-K:J/n)n(l+l/er) 

KC^cSh.L) - ^i I  expUuS» + Kß^fiVjdx 
-L 

(3.6b) 

(3.6c) 

This solution for the scattered surface wave is also consistent with reciprocity relationships. For 
highly conducting media 1, the surface Impedance concept (3.5) can be used to characterize the 
boundary y • h(x) to obtain approximate expressions for the scattered surface wave. 

The scattered lateral waves due to line sources at large distances from the boundary is (Bahar 1972b) 

Hj0(x.y) - iHjlwp^ik^jexp^K^L^Lp)] 
1    {2i-Ac) 

2"(VV 
172 F«:

8
,^) . KC^C1.»»,!) (3.7a) 
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where 

and 

FCC^C1)  -  (ncfc6 + sV)/«;1 + C^/n)n3/2e, 
1 O 0 0 o i r (3.7b) 

KC^.cSh.L) - ^ Uxp[lu^h + l(ß6-ßi)x]dx (3.7c) 

In which X    Is the free space wavelength at the carrier frequency u 

ß6 - k S6 - k-S* - k, - k n, u6 - k C6 - k   /-n2, u!? - knC* - 0 00 11 1 00 00 o 1 11 

The lateral waves are of practical significance only for low loss medium 1 where 

(3.7d) 

Thus 

n - n'-ln" - S   - sin S - 8^(6'- ±6") » sin 61- 16" cos 6' 

u y + ß x = k L, + k,!, oJ o 6        11 

(3.8) 

(3.9«) 

and the distances L. and L. are (Fig.  2) 

L. - y/cos d' and L   - x-y tan 6' (3.9b) 

where 6' is the critical angle for total Internal reflection. This solution for the scattered lateral 
wave Is consistent with reciprocity relationships. The lateral wave contribution cannot be derived if 
the approximate surface impedance concept (3.5) is used. 

When the line source is near the boundary h(x)  It excites surface waves and lateral waves in addition 
to the radiation term.  In this case it is also necessary to consider the coupling between the lateral 
waves and the surface wave   at the irregular boundary. The surface wave generated at the Irregular 
boundary h(x) by an incident lateral wave is 

KiuelkX .        . 
H'(x.y) r S—rrz- exp[-i(u\ -B0x )]exP[-i(u    y+ß   x)] 

*• /»-ilr JU _ iJ'z ooo os     os (2Tr)'sr-ik1xo]- 

•F(C8,Cu)I1(uB,uu,h,L) 

where 

F(Cg.CS) -  [C* + l][er/(l-ei
2)]3/2 

(3.10a) 

(3.10b) 

5 

B 

i 

I 

I(Cg,C
6.h,L) - ■£   [ exp[-iuVi(66-ßt)x]d» 

-L 

and for -x » L the amplitude of the unperturbed lateral wave at the origin is 

-Kiwe. 
H^o.o) 

(l-er)2(2ir)
,[-lk1xo] 

372 «p[-l(u*yo-ß
6xo)] 

(3.10c) 

(3.10d) 

This solution for the coupling between the surface wave and the incident lateral wave by irregular 
surfaces is also consistent with reciprocity relationship« in electrooagnetic theory. 

It should also be pointed out that If the exact boundary conditions (2.10) at the Irregular surface 
are replaced by the approximate Kirchoff type boundary conditions (Beckmann 1963), both the surface wave 
and lateral wave contributions vanish. 

4. FULL WAVE SOLUTIONS FOR TRANSIENT EXCITATIONS 

To obtain the full wave solutions for transient excitations, analytical and numerical Fourier 
techniques are employed. For arbitrary time varying excitations the instantaneous expression for the 
magnetic line source Ja is 

J (r.t) - Re f (t)6(x-x)6(y-y )a 
a 8      o     o s 

(4.1«) 

where for convenience the excitation function f (t) is taken to be complex. The Fourier transform 
of f (t) is 

B 1» 

F(w) - F[fg(t)] - j f>(t)exp(-lut)dt 

-1» 

The transfer function H (u) for the scattered fields satisfies the relationship 

H (u) - H*(-u) 

(4.1b) 

(4.2) 

where * Is the symbol for the complex conjugate. However, in general F(u) 4  F*(-<D) since f^t) Is complex. 

»I'-M»,-.««;;n, -rv^m 



The transient response can be shown to be given by 

h(7.t) - Re F_111 ((,))*(<»>] " K« 2J  HE(iii)F(w)exp(lu)t)dw 

Re hB(r,t) (4.3) 

In this work LOKAN C pulse excitations are considered in detail. This pulse can be represented as a sum 
of three damped sinusoids (Johler and Horowitz, 1973). 

£g(t) - ^ Aj exp(-rjt)u(t) (4.4a) 

in which u(t) is the unit step function 

Thus 

A1 - 1/2 r - c + iw. (1),    "   Ü) 1       c- 

A2 - -1/4 r2 - c + iü)2 u, » u)   + 2u 2       c         p 

A3 - -1/4 r3 - C + ^3 W- " M    - 2w 3       c         p 

F(w) - Z A./(•+?) 

and the envelope is 

f (t) - lexp(-ct)sin w t exp(-iii) t) 
8 p O 

f(t) - lfg(t)|8ln wot 

jf (t)| • exp(-ct)sin tut 

(4.4b) 

(4.4c) 

(4.4d) 

(«..4e) 

In general for disslpatlve media the transfer functions H (w) are non-analytic. In these cases the 

transient response h (r,t) is expressed as follows: 

where 

hg(t) - h^t) + b^M 

\M " 2ii ih] H(1)(-rj)H
(2)(..-rJ)«tp[.(t-To)]A1 d./(s+rj) 

-1« 

I hE(t)exp(-lwot) 

3    t00 

hH(t) ' äfe «Ül J   [Hl(»)-H(1)(-rj)H(2)(*>-rj)exp(-sTo)]exp(st)Aj ds/(8+rj3 

(4.5a) 

-1» 

H^-Fj) - Ha)(-rj)H
<2)(i,-rj)exp(-sTo) 

s—r. 

and s > iu. For the scattered radiation fields (3.1) we set |B i - 1 and 

Ha)(8) - F^'.C1) 

where 

*W<:-V - H I «'[• )   0   0   v[    0   0   (|.r *** <^J>T d« (?) 

T - lül((cW)h + (s'-sbx]/vo .»-00 00J      0 •♦1" 

and 

T   - ti« (PA+P)/v„ 
0     »»1-   0 0 

vn - muty 
O 0  0 

(4.5b) 

(4.5c) 

(4.5d) 

(4.6a) 

(4.6b) 

(4.6c) 

(4.6d) 

(4.6«) 

Thus T is the tlae It takes a specularly reflected wav.» from a flat perfectly conducting surface to 

reach the observation point. 

In (4.5a) the ten \M  i* due solely to the residues of the polea of the excitation transfer 
function F(s) and h-d) Is due to the singularities of B (•). Thus for nondlsslpatlve aedla ^(t) ♦ o 
and |h (t)| (4.5b) is the envelope of the transient response. In general however, the envelope of the 

total response hj(t) can be regarded as the superposition of jh^COJ on the function M h-Ct). Thus 

KjM  - U hjjCt) * jh^t)! (4.7) 
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Since,In this work,non-specular    scattering is considered,  in general, T0 is not the arrival time of 
the earliest signal at the observation point.    The earliest signal at the observation point arrives at 
time 

T.  - T    - A        o 

where T„ is the largest value of T in (4.6c). Thus if 
n 

M 

dT/dx 0 for -L < x < L 

(4.8a) 

(4.8b) 

, for T(x ) > T. 
m 1 

LT, « Aim 
1 s*i» 

s^s1 
o   o 

L/v . for T > T(x ) 
o      l    m 

(4.8c) 

and if (4.8b) is not satisfied TM - T^ It is convenient in this work to employ a transformation in 

time t' - t - T . To this end the integrands in (4.5b) and (4.5c) are multiplied by exp(sTA) and 
t' - o, (t - T.) corresponds to the time of arrival of the earliest signal at the observation point. 

The time it takes the signal scattered at the stationary point x > xD to reach the observer is 
T- - T0 - T(xm) and in general T >^ T^. The signal scattered at the stationary point x - x,,, (the 

largest scattered signal) is not necessarily the earliest signal to arrive at the observation point. 

For the scattered surface wave at x ■ L, y - 0 (3.6) we set |Hg{4kocL - 1 and 

»(1>(.> {tT'^ 
C^ + (S    -S1)* o        y oa    o' exp(8+r )Tdx 

exp[-i68L]        exP[-T8rJ 

J 

J (s) 

(4.9a) 

(4.9b) 

where 
lim    [cfh + (S„a~sbxl/v 
g^i« l-0 os   o   J/ 

(4.9c) 

and T la the time it takes tne surface wave to travel the distance L. 
s 

T - tin S L/v 
8  **!- 08  0 

(4.9d) 

Thus for the scattered surface wave 

T   - T    + iü«    p /v (4.9e) 

I 

i 

and T    (arrival tim* of earliest signal) la given by (4.8) with S   replaced by Sos   in (4.8c). 
Similarly for rhe scittered lateral waves at x ■ i and y - 0,(3.7} we set 

|Hj|(2L/\c)/2irai/Xc)
3/2- I and 

B(1)(S) - F^.cM'- 

H(2>(. 

where 

11» 

and T   Is the tlaa It takes the lateral wave to travel the distance L 

lim   S0L/v 
•*1-   0     c 

Thus 
T   - T, + «■   Qfv 

and TA Is (1V«D by (4.8) with S* replaced by S* 

(4.10a) 

(4.10b) 

(4.10c) 

(4.10d) 

(4.l0e) 
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For a surface wave at x ■ L and y " 0 generated at the Irregular boundary by an Incident lateral 
wave (3.10) we set Kio k L/Zitftl-ii   x )3'2-l and 

c oc       oc o 

.(1) (8) ./_c\    F(c8,c6)/(S*) 

L 
H^Cs-Fj) 

C^h + (S5-S    )Jt| o        v o   oe    \ exp(8+rjTdx  /-i 
^ 3 ("c 

• ^M, expKr
J] 

(4.Ua) 

(4.11b) 

where 

T - Him -IC^ + (S6-.«!    )x|/v 
^.ia>\ o o    os    I    o 

and T Is given by (4.9d). Thus In this case 

T   = T   + Him 
o        s s-»-: 

rc6h+(s6-s )2 L o o    os   J 

■n P y -ZS xl 
ia>L

o o 0 0J 

and TA is given by (4.8) with (S^-S
1) replaced by (S -S6) in (4.8c) 

(4.11c) 

(4.lid) 

The term h^(t) in (4.5) which is attributed to the singularities of the transfer function H (w) is 

significant only at the leading edge of the response. However, any distortion of the leading edge of the 
pulse due to medium effects could result in an effective delay in arrival time of the radio signal. 

The Instantaneous phase i(i(t) of the transient response is given by the phase of the complex response 
h (t). Thus 

.(.(t) - arc tan[lm{f8(t)}/Re{fs(t)}] (4.12a) 

* 
l'.^ 

.■?; 

For the undlstorted LORAN C pulse $(1) = - u t. However, in general the phase deviation (or phase anomaly) 
for the transient response 

Ai)i(t) - (Mt) + ID t (4.12b) 

does not vanish. Very rapid variations in A(j)(t) occur at the leading edge of the transient response. 
Thus examination of the terms hH(t) and h$(t)  is useful to ietermlne medium effects on pulse delays. 

5.  ILLUSTRATIVE EXAMPLES 

fr:  the illustrative examples presented in this section the carrier frequency f - 10 H , f - f /40 

and c • 10 f . The Irregular boundary between the two media is given by 

h(x) - hniax[l + cos(7rx/L)]/2 -L < x < L (5.1) 

where 2L ■ 10X , k  h   - 2. The free space wavelength at f is X  »3.10 meters, 
oc  oc max r 0     c    oc 

In Fig. 3 the Instantaneous, specularly scattered radiation field is plotted as a function of 
t' • t - tA where '.A is the arrival time of the earliest response (4.8). Medium l(y < h) is assumed to be 

highly cor^ucting er - 100 - i 10 (^Jc ^and ej - 9^ - 80°. The envelopes of the scattered field and the 

undlstorted LORAN C pulse are also given in Fig. 3. For convenience both have been normalized to unity at 

their respective peaks. Along the time axis the symbol x is marked three times. The first is at time 

t- 
t 

f3 

xl M T(XJ > 0 
IB  — 

(5.2) 

Thus T .is the difference in the time of arrival of the earliest response and the time of arrival of the 
response from the stationary point where dx/dx • 0 (4.8b). The second x symbol appears at the time 

T , - T . + 1.5/f 
x2   xl      o (5.3) 

where T . occurs 3 half periods after T ,. The third zero crossing of the received signal is usually used 

to mark the arrival time of the LORAN C pulse. The third symbol Indicates the time T , when the undlstorted 

LORAN C pulse peaks. For the case studied in Fig. 3, the p.tlse scattered in the specular direction undergoes 

very little distortion and T , " 0. 

In Fig. 4, the specularly scattered radiation field is plotted for the case e •?II - i-^j . The rest 

of the data is as in Fig. 3. Here, too, the envelope of the scattered pulse undergoes very little 

distortion, however since the Fresnel reflection riefficient is not squal to unity a. in the previous 

example, there is a marked shift in the third zero crossing. In Figs. 4b and 4r, the phase anomaly AW), 

(4.12b) and Re hH(t),(4.5) are plotted at functions of time for the case considered in Figs. 4. 

uXA^.jjesstis^SMZ'^^iuJ'm 
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The 2IT change In A(#) which occurs at time T /2 - 1/2 f - 2.10 sec when the envelope (4.4e) of the 

LORAM pulse vanishes, can be Ignored. Thus, the effects of finite ground conductivity on the response 
are significant only near the leading edge of the pulse. In Figures Sa, 5b and 5c the non-specularly 
scattered radiation field Is considered. For this case e_ " 10(1 - 1 ^c_ ) el . go0 and Qi  - 50.8°. 

f I: (j) o 
This value of 6 corresponds to the direction where the scattered field is at a minimum. In Fig. 5a in 

which the scattered instantaneous response and envelope are plotted, we note that the pulse is distorted 

and that T^ > 0. Furthermore in Fig. 5b, the undulations in phase anomaly result from the fact that near 

the direction of a minima (9 - 50.8°) the scattered fields undergo distructive Interference. In Fig. 5c, 
Re hjj(t) is significant only near the leading edge of the pulse. 

In Figures 6a and 6b, the scattered surface wave due to the Incident radiation field is considered. 

For the case considered e - 10(1 - 1 3 ) and 61 * 90° grazing incidence. For S1 ■*  90°, the coupling 
r M       o o 

between the incident radiation field and the surface wave is largest in the example considered. In 
Fig. 6a the instantaneous response and the envelope of the scattered surface wave are plotted. Here 
T ., > 0, this results in the small shift In the envelope of the response with respect to the envelope 

of the unperturbed LORAN C pulse. Fig. 6b also indicates that the Re Kit)  is negligible beyond the 
leading edge of the pulse. 

In Figures 7a and 7b, the scattered lateral wave due to the incident radiation field is considered. 
For the case considered here, e, - 1 - 0.5/(1 - 0.1 1 JÖ and S1 - 70°. At the angle e1 - 70°, the r «c     o o 
coupling between the lateral wave and the incident radiation field is maximum. In Fig. 7a, the leading 

edge of the pulse is shown to be very distorted and T  > 0. For the lateral wave, which propagates 

parallel to the boundary in medluu 1 (y < 0), the term Re hH(t),(Flg. 7b) is not Insignificant beyond 
the leading edge of the pulse. This term is due to the singularities of the transfer function Hz(s) (4.5). 

In Fig. 8, the scattered surface wave response due to an Incident lateral wave is plotted as a 

function of time. For this case e - 1 - 0.5/(1 - 0.1 i Jii),  since the wave parameter ft (2.6) is not the 
1 uc 

same for the surface and the lateral waves, here too, T 1 > 0 and there is a shift In the enveloped of 

the response with respect to the unperturbed LORAN C envelope. 

6.  CONCLUDING REMARKS 

Analytical and numerical solutions for low frequency radio waves propagation over rough, finite 
conducting surfaces are presented. These solutions are based upon a full wave approach to the problem. 
Thus consideration is not only given to non-specular scattering of the radiation fields, but also to 
coupling between the radiation fields, the lateral and the surface waves. For the case of scattering 
in the specular direction, the time of arrival of the response from the stationary points of the 
irregular surface is determined by T(X )(4.8b). Furthermore since the time of arrival of the LORAN C 
pulse is usually considered to be the third zero crossing, the phase of the reflection coefficient and 

therefore the ground permittivity determines the effective time of arrival of the pulse. For non- 
specular scattering, the leading edge of the pulse .ould be considerably distorted and T. r 0 (4.8c), 
adding to the inaccuracy in determining the effective arrival time of the LORAN C pulse. Whea the 

conductivity of medium 1 (y < h(x)) is low, the contributions from the scattered lateral waves and 
surface waves may be significant, particularly if the surface wave and lateral wave contributions 
arrive at approximately the same time. These contributions are significant only when the transmitter 
or receiver are near the Irregular boundary. 

7. REFERENCES 

BAHAR, E.,   (1972a),"Generalized Fourier Transforms for Stratified Media," Canadian Journr.l of Physics, 
Vol.  50, No.  24, pp. 3123-3131. 

BAHAR, E.,  (1972b),"Radio Wave Propagation in Stratified Media with NOL    iform Boundaries and Varying 
Electromagnetic Parameters, Full Wave Analysis," Canadian Journal of Physics, Vol.  50, No.  24, pp. 3132-3142. 

BAHAR, E.,  (1972c),  "Radio Wave Propagation Over a Rough Variable Impedance Boundary Part  I-Full Wave 
Analysis," IEEE Transactions on Antennas and Propagation, Vol. AP-20, No.  3, pp.  36 -368. 

BAHAR,  E.,  (1974),  "Depolarization in Nonuniform Multllayerari Structures," Journal of Mathematical Physics, 
Vol.  IS, Ho.  2, pp.  202-208. 

BAHAR, E.,  (1975), "Propagation In Inegular Multllayered Cylindrical Structures of Finite Conductivitv- 
FuU Wave Solutions," Canadian Journal of Fhysics, Vol.  33, No.  11, pp.  1088-1096. 

BAHAR, S.,   (1976),  "Electromagnetic Waves in Irregular Multllayered Spheroidal Structures of Finite 
Conductivity-Full Wave Solutions," Radio Science, Vol.  11, No. 2, pp.  137-147. 

BECKMANN,  P.  aad A.  SPIZZICHINO,   (1963),  "The Scattering <-<f  Electromagnetic Waves from Rough Surfaces," 
McMillan Co., Hew York. 

JOHLEX,  J. R.  and S.  HOROWITZ,   (1973),     Propagation of Loran Ground and  Ionospheric Wave Pulses,    Office 
of Telecomnunlcatlons Report  73-20,   Superintendent of Documents,  U.   S.  Government Printing Office, 
Washington, D.  C.    20402. 



^STr^^sgp^s^miT^^^^fA^ 

Jm(Xo.yJ 

Fig. 1. The scattered radiation fields due to Incident plane waves over rough surfaces. 
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Fig. 2. The scattered surface waves and lateral waves due to Incident plane waves 
over rough surfaces. 
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Fig.  4.    The scattered radiation field for e    - 3(1 - i — ) and 9    - 6    - 80°. 
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(a) The instantaneous response and the envelopes. 
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(b) The phase anomaly A($}. 
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Flg. 5. The scattered radiation field for er - 10(1 - 1 -^ ), 6^ - 80° and r - 50.8° 

(a) The Instantaneous response and the envelopes. 
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Fig. 5. The scattered radiation field for e   - 10(1 - 1 — ), 6   - 80Q and 9   - 50.8° r bi o o 

(b) The phase anomaly A(0). 
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(4) The Instantaneou* rasponse and the envelope*. 
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DISCUSSION 

Dr Langenberg 
I did not really understand how you came froiu your steady-state solution to the direct trans, ent response. Was it by 
means of a Fourier-transform or did you separate the contribution of the singularities of the transfer function as for 
example, the SEM (Singularity Expansion Method) does? 

Author's reply 
As I pointed out in my talk, the transient response (the product of the excitation transform and the steady state 
transform function) was split into two parts. The first term contains the singularities (poles) of the excitation trans- 
form only. The second term contains all the singularities (poles and branch points) of the transfer function. 

The transient response due to the first term contains exp(—iwct) as a factor (a;c is the carrier frequency). It can 
be calculated readily by analytical methods. The second term is in general far more difficult to calculate analytically 
(particularly due to the branch points). These terms are readily calculated using Fast Fourier Transform Techniques. 
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ABSTRACT 

An attempt to determine Loran-C propagation limitations from measured data is re- 
lated to the prediction model against which the data are analyzed.  Inadequate models 
have resulted in analysis problems and reported misleading results. After measuring and 
analyzing Loran-C data throughout the world over a period of 20 years, it has become 
possible to recognize these analysis problems.  Until the modeling limitations are com- 
pletely understood and resolved, the subject of the propagation limitations of Loran-C 
cannot be adequately summarized. 

Some examples of real versus apparent propagation type errors are presented to show 
the problems associated with certain analysis techniques.  Also, an example of an un- 
founded assumption is used to show how errors in basic assumptions can affect the evalua- 
tion of the entire system's capability. 

I. INTRODUCTION 

A simplified and often used solution to the modeling problem is to empirically fit 
a purely mathematical prediction to the measured data and analyze the results statisti- 
cally. Unfortunately, reasonable physical restraints are often not included in the 
model, and the results lack uniqueness.  Thus, the nonunique statistical solution can 
yield results considerably different from a solution obtained when physical restraints 
are imposed.  This can be illustrated by using perfect data (i.e., data that yields zero 
errors) as input to an empirical model fitting technique.  Subsequent statistical analysis 
with up to 0.2 ys of random noise superimposed on the input data produces apparent propa- 
gation errors in excess of ± 10 ys.  This clearly illustrates the need for physical re- 
straints. 

Nonrigorous or speculative prediction models resulting from misinterpretation of 
measured propagation effects may also result in a nonuniqueness problem. Over highly 
irregular and nonhomogeneous surfaces, the secondary phase correction is more variable 
than over smooth homogeneous terrain. An increase in variability also occurs in the 
pulse amplitude and envelope (i.e., envelope to cycle discrepancy or ECD); therefore, it 
has been assumed that if you were to measure one parameter you could predict the second 
at all locations.  In the case of the secondary phase correction related to ECD, the com- 
plete theoretical analysis shows that a unique relation exists at any single point, but 
the relation changes with location so that no unique and singular relation exists. 
Rigorous mathematical theory shows that over smooth homogeneous surfaces the primary 
factor affecting the secondary phase correction ij the surface impedance, whereas the 
primary factor affecting the. ECD is the earth's curviture and not the surface impedance. 

II. PHILOSOPHY OF PREDICTION AND RANDOMNESS OF MEASÜF.ED DATA 

Loran-C prediction philosophy is based on very simple straightforward concepts, 
even though the rigorous mathematical solutions become quite complex. To a first approx- 
imation, a radio signal travels at the speed of light in a vacuum.  The actual earth's 
surface with its irregularities and nonhomogeneities change the velocity of propagation 
by a small but important correction factor. 

In the case of the Loran-C radio navigation system, one is always interested in the 
arrival time of the signal as denoted by the phase of the signal. Since the surface con- 
ditions always slow down the signal, the phase can be defined as the primary phase (based 
on the speed of light in normal atmosphere) and the secondary phase correction. 

It takes all of the mathematical rigor of Maxwell's equations to predict this rela- 
tively small secondary phase correction. Figure 1 compares the magnitude of the primary 
phase vith the secondary phase correction. Even though this calculation was made over 
some of the most rugged terrain in the United States, it is still impossible to see the 
secondary phase correction after it has been added to the primary phase delay. 

It is quite obvious from this example that the very large and extremely predictable 
primary phase should be removed before the secondary phase correction propagation effects 
are studied. An attempt to model measured data without removing the primary phase may 
lead to a "numerical swamping" effect. Examples of this will be shown later in ehe ap- 
plications portion of this paper. 

The secondary phase correction portion of the propagation theory is the limiting 
factor in loran prediction capability.  If the surface terrain and surface impedances 
are known for all points between the transmitter and the receiver, the secondary phase 
correction can be accurately predicted. However, for any given point within a service 
area or along a given path, the secondary phase correction may appear to be quite random 
(see fig. 1). 
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The apparent randomness of the secondary phase correction is completely analogous 
to the random number generator in a computer. Empirical fitting of any number of random 
samples from a computer random number generator will not allow one to predict additional 
future samples. However, if one knows the seed and formula for generating the random 
numbers, any or all of the random numbers can be determined exactly.  This is exactly 
the same situation with the extremely complex secondary phase corrections of the Loran 
system. Hence, the use of a least squares fitting to a number of Loran-C measurements 
as an attempt to predict additional measurements is fraught with disaster. All that can 
be achieved is detection of the systematic portion of the propagation. But this could 
have been predicted from the simple and well proven homogeneous smooth earth theory, with- 
out the need for any measurements! 

Now, as with the seed and formula in the random number generator, if one accounts 
for the path parameters from transmitter to receiver and utilizes a mathematically rig- 
orous solution, the secondary phase variations can be predicted. So that, an apparently 
random phenomena, as seen from the measurement point of view, is not random at all as 
seen from the prediction point of view. 

Attempts to explain the random phenomena in the measurements by least square fitting 
techniques may be further aggravated by numerical swamping. This phenomenon becomes a 
problem when improper mathematical procedures are used.  In the Loran-C case, this can 
occur when the primary wave is not considered separately from the secondary phase cor- 
rection; that is, when the great numerical value in its entirety, as shown in figure 1, 
is adjusted by a least square fitting of measured data. As can be seen from figure 1, 
the random secondary phase correction can not even be visually detected in the total phase 
that includes primary phase plus secondary phase correction. Examples of this numerical 
swamping problem will be presented in the next section. 

III.  EXAMPLES OF REAL VERSUS APPARENT PROPAGATION ERRORS 

The phase of the low frequency radio signal can be expressed as 

(u/c) nad + (1) 

where u = 2irf, c is the velocity of light in a vacuum, na is the surface refractive index, 
d is the distance from the transmitter, and the 4 is the secondary phase correction (in 
radians) (Saused by finite impedance and refractive index changes on either side of the 
irregular surface boundary along which the signal propagates. The first term in this 
equation is the primary wave, and all of the factors are simple well-known parameters. 
As can be seen from figure 1, this term in the equation is by far the largest. 
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figure I.    Prvnary phase and aeaondary phase oorreation computed /Vom eoaled 
tamn« and ■mpedanoe data for the Master to Monitor path in Nevada 
and California, including Death Valley. 

Although the second term of the equation is more than an order of magnitude less 
than the first or primary term,  it is by far the most complex  (Johler,  1971).    When the 
actual Irregularity of the surface is taken into account and the surface  impedance &, a 
all points along the path is conaldered,  the following formulas may be obtained. 
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ds|A,   (2) 

n/an pri' (3) 

pri exp{-ik1ro)/rc (4) 

0' and A = {'s if Q is where 0 and Q are spatial positions to be calculated and r = r.+r, 
above S. and 1 if Q is on S.}.  Also, the r0, r , r,, and 3r2/3n ^re

uall functions of a, 
distance between the transmitter and scatter point under consideration is r«.  The dis- 

s the distance 
ion simulator expressed 

The 

tance from the transmitter to another scatter point is r,, and r, i 
between the two scatter points.  In other words, in this propagatio 
as an integral equation, the terrain is introduced by r., r,, r-, and arj/Bn; whereas 
ground surface impedance is introduced as A-(Q) and A-(ö). The secondary phase corre 

is then represented by the argument of W, 
correction 

W = |W| exp{-i[arg W]} (5) 

or 

W = |W| exp{-i((()c)} (6) 

Finally, in the case of the Loran-C system, the time difference between the arrival time 
of a signal from a secondary station with a fixed emission delay (ED) and the master sta- 
tion is measured.  That is. 

TD, («/O  nadA + *secondary -  («/O  nadM - 4mater + EDA 
(7) 

where the phase corrections over the path from the master transmitter subtract from the 
phase corrections over the path from the secondary transmitter. This is a very complex 
theory, and many attempts have been made to avoid it or to ignore it in favor of more 
simplifing data analysis techniques. 

In such an attempt to statistically fit corrections to data measurements, Pearce and 
Walker (1974) used the following formula: 

TD(P) (ED + o) + e(Ds - DM) + e(9s,6M) (8) 

where e(eg,6M) is to account for seawater paths at bearing angle 6 from the secondary and 
master transmitters to the field points. Using this analysis and 61 data points in a 
100 km square, they determined for the Master and Secondary Z path an a  - -0.19, B - 
3.339 and an RMS deviation for the set > 0.33. For a 30-data point sub set of these data 
in a 60 km square, they found a - -4.11, 6 ■ 3.349, and the RMS deviation for the set - 
0.25. In this particular case, the Secondary-Z transmitter was approximately 1000 km; 
whereas, the Master station was approximately 600 km. Therefore, the 0.01 change in B 
between these two solutions times the 
change in a. 

)g - DM of 400 km yields approximately 4 ys or the 

Although a solution of this nature is a valid empirical technique, and could be used 
to predict points within the area where data is already available, it has no physical 
significance. The large a numbers of several microseconds are frequently interpreted as 
Loran associated errors, but in reality are only a result of the mathematical analysis. 
This type of solution and the next example are indicative of numerical swamping. 

i ■ 

«ft 

■$ 

In a separate attempt to statistically analyze Loran-C data, measurements made in 
Alabama and Florida, Wieder and Washburn (1970) used a least squares fitting technique. 
Nine locations «rare measured in Alabama and five locations were measured in Florida in 
this experiment. They first assigned 

ATDA ■ EjOg. e2DM + e4 

ATDB - £3DSB - c20M + E5 (9) 

They then minimized the quantity 

*'   X   WAi(ATDAi " ElDSAi +e2DMi " ^  + i-1 'Bi (&TD, Bi - C-.D, 3"SBi + e,D, 2^1 - ec)* (10) 

Here again the small e's multiplied by the large D's produced large microsecond corrections 
that were offset by e. and c,.    The results of all of their analysis showed e4 and e, 
values ranging fron -7.5 to +15.8 us. 

f 
h 
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In an attempt to understand the reason for these large c's, a separate experiment 
was performed.  TD values were chosen for each location so that all of the e's were a 
flat zero as analyzed by the computer.  Subsequently, the random number generator in the 
computer was used to add or subtract errors from each of the TD numbers used in the 
analysis. When the random errors introduced into the TD values had peak values of ± 0.2 
MS, the e. and c^  values exceeded ± 10 ys.  In other words, by introducing purely random 
noise between 0 and ± 0,2 us into the psuedo measured data, the e's produced by the best 
mathematical least squares fit exceeded fifty times the maximum random error introduced. 
This is an excellent example of numerical swamping in data analysis. As was pointed out 
by Doherty (1972), many of these problems could be avoided by introducing the physical 
restraints of the propagation theory. 

A further example of a real versus an apparent propagation error occurs in the area 
of ECD (Envelope to Cycle Discrepancy).  The rigorous theoretical method for predicting 
a point on the envelope of a Loran-C pulse involves evaluating equations (l)-(6) as a 
function of frequency. A complete analysis of these equations over irregular inhomogen- 
eous ground (Johler and Horowitz, 1974) showed that both the phase and the envelope 
variability increased when the terrain became more rugged.  However, the analysis showed 
there was no simple unique relation between the phase and the envelope. Again the apparent 
randomness could be predicted by knowing the input parameters, but could not be predicted 
from measurements alone. 

This recent analysis, as well as an earlier one (Johler, 1963), showed that over a 
smooth homogeneous terrain the ECD is practically independent of impedance and is pri- 
marily dependent on geometry.  This is true because the ECD is primarily related to the 
earth's curvature through the lapse rate of the refractive inde.t.  In the case of the 
secondary phase correction, the opposite is true—the impedance effect is significant and 
the earth's curvature effect becomes secondary. 

Irregardless of these and other studies, observations that both the phase and envelope 
became more variable over irregular terrain, aad the desire for a simple solution prompted 
Fehlner and McCarty (1974) to propose the following relationship: 

D/C = TP + A/B(ECD)  . (il) 

This relation implied that the secondary phase correction could be made by merely multi- 
plying A/B (constants to be determined) times the measured ECD and algebraically adding 
this to the speed of light velocity. They stated "Thus, it is apparent that, so long as 
the dispersiveness of the medium is constant, the ratio of A to B is predicted to be con- 
stant." Their major justification for this scheme was based on the effect of HF signals 
passing through the ionosphere.  In this respect, there appears to be no theoretical 
justification for comparing the dispersion of low frequency ground waves with high fre- 
quency waves passing through the ionosphere. 

The Fehlner and McCarty proposed simplified relation assumed that the ECD was a pri- 
mary function of impedance over smooth homogeneous terrain and not primarily a function 
of distance.  It also assumed that over irregular inhomogeneous terrain there was a unique 
relation between t' i  phase and the envelope. 

The rigorous solution of equations (1) - (6), as pointed out nbove, showed that their 
simplifying assumptions were not true.  In spite of this, experimental money was spent In 
an attempt to prove these naive simplifying assumptions to be true. 

IV. CONCLUSIONS 

Theory based upon the solution of Maxwell's equations is singularly unique In this 
low frequency propagation field. Complete solutions of these theoretical equations have 
been rigorously derived mathematically and implemented or digital computers. Therefore, 
there is no longer reason for using a prediction model with less sophistication or rigor. 

5 This author maintains that the best use of measurements is to validate and improve 
the theoretical predictions. A fairly common viewpoint is that measurements alone are 
the complete and ultimate test and evaluation of the system. This viewpoint may act-naxly 

h prove harmful to the system in that it hinders Improvements and exaggerates measux«imert 
* errors. This viewpoint also limits the progress that, can be made toward separating the 

various sources of measurement errors. 
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DISCUSSION 

H.Soicher, US Army Electronics Command, Fort Monmouth, NJ 07703, USA 
(1) With LORAN-C what accuracy may one expect in mountainous regions? 

(2) It seems that in order to improve accuracy one must have detailed mapping of terrain and conductivities in the 
very area which includes tiie transmitter and the receiver. Is this feasible? Is it practical? 

Author's Reply 
(1) We ff M that with the proper values for the input data, we can predict to 50 nano-seconds over mountainous 

or smooth terrain. 

(2) Yes, the detailed terrain and conductivity information is required and we feel it is feasible and practical. 
Reference Burch, L.B., Donerty, R.H., and Johler, J.R., 1976, LORAN Calibration by Prediction, Navigation, 
Journal of the Institute of Navigation, Vol.23, No.3. (Fall Issue) 

T.BJones, Physics Department, University of Leicester, UK 
The LORAN Calibration by prediction methods described by Mr Doherty was most interesting. When will this 
method become operational and be generally available? 

Author's Reply 
I cannot say when this system will be fully implemented. The work that we were doing was abruptly terminated 
June 14,1976, even though there were no technical difficulties and th  entire program was well within a few months 
of successful completion. This occurred even though the program was actually a culmination of many years of our 
previous research work and the entire idea of calibration by prediction originated with us. 

We have been isolated from any continuing work on this technique. 
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PREDICTION OF GROUND WAVE PROPAGATION TIME ANOMALIES IN THE LORAN-C 
SIGNAL TRANSMISSIONS OVER LAND 

J. Ralph Johler 
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ABSTRACT 

The ultimate accuracy to which Loran-C can be predicted is dependent firstly upon 
the repeatability of the loran chain grid including the measuring equipment and secondly 
upon the predictability.  Prediction of the signal propagation time to full accuracy over 
land or over seawater involving land masses in the propagation paths to each of the 
transmitters requires special considerations.  This is true both on the ground and aloft 
in aircraft.  We have found that such propagation time may be anomalous.  This means that 
spatial perturbations of the signal propagation time will, without more advanced and 
sophisticated theory, limit the prediction accuracy of the loran coordinates (time dif- 
ferences) .  This limitation arrises from the physical nature of the ground and its effect 
on wave propagation—land is nonhomogeneous and irregular.  Thus, classical ground wave 
theory used in the past, although helpful in removing gross propagation errors in loran, 
fails to take into account with sufficient accuracy propagation errors observable on 
modern loran receivers.  We therefore wish to emphasize that a more sophisticated theory 
is required to fully exploit loran receiver and chain precision. 

Fortunately, ground wave propagation theory has reached the state of development such 
that nonhomogeneous and irregular ground in the propagation paths can be taken into ac- 
count.  Previously, when great spatial perturbations of the order of several microseconds 
were observed, we have called the signal propagation anomalous.  It is argued in this 
paper that such anomalous propagation is a unique function of the geographic location of 
the propagation path and requires the introduction of terrain, soil and basement rock 
electrical properties and features along the propagation path.  Such detail is readily 
introduced into the modern solution of the ground wave propagation problem using an inte- 
gral equation and modern advanced computer data handling capabilities. We believe that 
loran coordinates can be predicted from geographic coordinates with an accuracy of 50 ns 
using such a technique. 

t'f 1.   INTRODUCTION 

I The recent applications of Loran-C positioning techniques over the land areas of the 
p earth and the concomittant development of loran receivers with a resolution of the order 
yj of nanoseconds has led to the identification of ground wave pulse propagation time 

anomalies. We have demonstrated such anomalies theoretically and we have observed them 
in measurements (JOHLER and HOROWITZ, 1975; DOHERTY, 1975). These anomalies affect the 
loran time difference coordinates because they are spatially dependent and appear as a 

| spatial perturbation of the secondary phase correction, t , or the correction in micro- 
seconds of the pulse cycle propagation time relative to tne propagation tiine at the speed 
I of light, c. 

A loran coordinate or time difference (y) is given in microseconds by: 

, y = io6 na(ds - dm)/c + tc(ds) - tc(dm) + cs , (1) 

j| where d and ä    are geodesic distances to a secondary and a master transmitter respectively, 
. and Cs ?s a constant independent of spatial positions (latitude, longitude and altitude) 

of the loran receiver. The quantity, n is the index of refraction of air at the ground 
level, n = 1.000338.  The quantity t or secondary phase correction (JOHLER, 1956) is 

jr the spacially dependent correction of the pulse cycle time. Thus, t , is quite compli- 
J; cated but nevertheless must be considered in a forthright manner using propagation theory 
^ if nanosecond prediction accuracy is to be achieved for loran. Actually it is the phase 
j of the rigorous propagation function, W (JOHLER, 1971) for the ground wava: 

W(O) = {1 + (-ik/4Tr) / W(Q) exp(-ikr) [x(Q) + (ikr_) "1 Or,/<m) J 
S ^     ü 

^ • r^rj^)'1 dS} A  . (2) 

Here, A = 's if Q is above S and A = 1 if Q is on S. The quantity r = r. + r, - r«, where 
ro is the distance from the transmitter to the observer, 0; r. is the distance from the 
transmitter to the scatter point, Q, on the integration surface, S, and r- is the dis- 

| tance from the scatter point Q to 0.  k is the wave number in air, k » 2irfi f/c; 9r2/3n 
4 is the normal derivative to the surface at Q. Thus, if the surface is smooth and spheri- 
p cal, 3r2/3n =0. x(Q) is the spatially dependent complex impedance at a particular point, 
'i Q, normalized to the impedance of space, Z- = 377 ohms. Thus, the secondary phase cor- 
* rection, t , in microseconds, can be found; 



tc = 10° arg(W Fi)/(1) , (3) 

where the angular frequency is u radians per second. The function, F., depends upon the 
nature of the receiving antenna and represents the induction field of the transmitting 
antenna. Two types of antennas are used with loran receivers: the "whip" antenna, that 
is sensitive to the vertical electric, E , field, and the "loop" antenna, that is sensi- 
tive to the horizontal magnetic, H., field. Thus, we shall differentiate the factors 
F. and F. respectively. At great distance from the transmitting antenna, F. = 1 and xx 

F. im 'V Thus, 

Fie = UD"1(-2 cose) + D^Oaa' sin2e)] 

+ iLD-^kaa" sin2e + 2k"1 cosS) + D-4 (-Saa'k*1 sin2e)]} (ik)-1 (4) 

and 

Fim = (u0ü)D)"
1(ka, sin6)(l + (ikD)-1] (5) 

where 

= a + h 

(a')2 + a2 2 aa' cose 

6 = A/a.    , 

and where a is the radius of a spherical earth, and h is the altitude of the observer 
above the spherical earth. As the distance, d, to the transmitter becomes small, and 
assuming h = 0, then cose - 1, sine ~ d/a, and D ~ d, then we find 

and 

F.  = 1 + (ikd)"1 + vikd)-2 
le 

Fim= C1 t1 + (ikd)"1] 

(6) 

(7) 

Here Z = uc = 377 ohms, the impedance of space.  Of course one can calculate the com- 
plete complex vertical electric, E , and horizontal magnetic, H,, fields guaranteed by 
Maxwell's equations: 

and 

Er = F.e WC 

H. = F.  WC  , 
<f        im 

(8) 

(9) 

where C = (4w)  1 i  y c and Z = E /H*. The quantity l^i  has dimensions of ampere-meters 
and represents the antenna current moment. The antenna is assumed to be a dipole; i.e., 
it has a uniform current distribution over its length. Non-uniform current distributions 
are a comparatively simple extension of the theory (JOHLER, 1971). 

In this paper we use specialized solutions of equation (2) to demonstrate, as a com- 
puter simulated propagation mechanism, various types of anomalous propagation of importance 
to Loran-C signal propagation time. 

2.  THEORETICAL CONSIDERATIONS 

The general form of the integral equation (2) can be made tractable and suitable for 
computer programming by reduction of the integral to a one dimensional Integration and 
transforming the integral equation into a set of algebraic equations (JOHLER and BERRY, 
1967): 

i:1 
WCdj)   =  1  - Bj     I     {pk W(d)l)[F1(dj,djl)   xCd^)   + f2(dj'din} 

BjPj W(dj)[P1(dj,dj)   xCdj)   +F2(dj,d:.)]     , 

where 

(10) 

Bj,l "  (ro/dj,l)(k/4lT)     exp(iw/4)     , (11) 



F1 =  luj/Id^Cd^ - dj)]}^ exp(-ikr)     , 

F2 =  [1 +   (ikrj)"1]   F1     . 

(12) 

(13) 

The quantity p. is the Gaussian weight used in the quadrature.  The distances d. and d. 
are geodesic distances along a radial from the transmitter.  It is clear that the solu- 
tion (10) is the set of points that represents the field along d..  The terrain and ground 
impedance data enter equation (10) through 3r,/3n and x respectively.  For convenience 
in the numerical procedure, the solution can Be obtained by projecting the integration 
surface into a plane containing the distance 

The calculation of x(d. ,) should be obtained from comparatively rigorous solutions 
of the boundary conditions 3'  at the surface of the ground.  Thus, some account should 
be taken of sjil conductivity and thickness, bedrock conductivity and water table level, 
if such data are available for the particular land area under consideration.  Solutions 
of this type are well documented in the literature and the following formula was obtained 
from JOHLER and HARPER (1962) as specialized to a three layer model boundary condition: 

x(djJl) = Z/Zo = [(1 - T)/(l + T)] cos (14) 

where Z is defined in a cartesian u,v,w coordinate system as. 

z = Ev/Hu (15) 

and at the surface of which the impedance is calculated in the u-v plane.  The angle of 
incidence of the wave, <|), may be complex or real, but is not critical.  In fact, Z is al- 
most independent of if.  The quantity T is calculated from the boundary conditions. 
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where a10 = a 

sin ((1/6. + 6,2 

2 a,. = sin ii>/6 '44 

-cos iji; a 20 '12 13 x21 '34 a35 " ~a56 -1; a23 = -a22 

i,- = exp(-ik w.i1!,) ; a-- = exp(ik w. 6.) ; a.- a22 a32; a43 " a23 a33! 

2 + 62 ; a.5 = -a44; a54 = exp(-ik w262); a55 = exp(ik w262); a64 
--■'-""  ■ '  - ••  - -   .!_,...»-  sj_n ^ v;here q = 1, 2, 3, re 

a44 a54; 

sin 41/63 + «3 •65 - "45 -55' "66 " ""  ^'"3 ' "3 ' ^ = eq -i0q(Eow) 

fers to the three layer model of the ground starting with the top layer.  The dielectric 
constant of each layer is e , and a is the conductivity in mhos/m of the q-th layer. 
The thickness of each layer"in meters is given by w .  The solution of equation (16) is 
straightforward algebra and it obviously can be extended to any number of layers if the 
geological and soil data for such stratification becomes available.  The reduction of the 
multilayer matrix problem has been discussed by Johler (1967) and it is quite tractable 
on computers. Thus, for purposes of this paper, we identify the top layer of soil with 
q = 1.  The second layer is then q = 2.  Finally, the bedrock is identified as q » 3. 

We shall introduce, for purposes of demonstrating anomalous propagation, a distortion 
of the smooth spherical ground in the form of a mathematical hill: 

J 

ft 

f(dj,*) H exp[-9(d M äm)2/h2] (17) 

This is a ridge of maximum height, H, and a width, b, on each side of the hill crest em- 
Pl 

3.  PROPAGATION ANOMALIES 

placed at a distance, d , from the transmitter 

We shall now consider a smooth, homogeneous propagation path and compare it with a 
similar propagation path in which the ground has become nonhomogeneous and an irregularity 
in the form of a Gaussian hill given by equation (17).  The maximum height, H, is 1 km, 
and the width, b, is 8 km on each side of the crest that has been emplaced at a distance, 
d , equal to 100 km from the transmitter. As some additional physical realism for «he 



anomaly, we shall introduce a coast line at 125 km such that the ground conductivity 
changes from land, o = 0.005 mhos/m, to seawater, a « 5 mhos/m.  The resultant secondary 
phase correction for smooth, homogeneous land and irregular, nonhomogeneous ground is de- 
picted in figure 1.  The receiver is assumed to be located on the surface of the ground. 
The propagation time relative to the propagation time at the speed of light is shown in 
microseconds as a function of distance from the transmitter. The curve that increases 
monotonically with distance represents the smooth, homogeneous case.  It is clear that 
the ground anomaly that we have simulated on the computer with the theory of electromag- 
netic wave propagation not only produces a disturbance of the phase in the immediate 
vicinity of the irregularity in the ground, but also at distances greater than 75 km at 
sea! Since the total phase at 100 km is approximately 210 radians or 334 ps, the per- 
turbation of the secondary phase correction depicted in figure 1 is 0.3 percent of the 
total phase.  However, such anomalous phase perturbations are significant if nanosecond 
predictability and calibration accuracy as proposed by BURCH, DOHERTY, and JOHLER (1976) 
is to be accomplished.  Thus, to correct the loran signal propagation time to the speed 
of light with nanosecond precision, it is necessary to introduce soil and geological 
structure together with terrain along each propagation path involved in the generation of 
loran coordinates.  This means that we must introduce soil conductivity, thickness, and 
the terrain elevations into the electromagnetic wave propagation simulator to get a unique 
propagation time for each propagation path. 

5 

1.6    - 

m 
•a 
§ 
o « 
n 
0 
b 

Ü « u 

« 

5 

U 

■s 
g 
o 
9 

0.8 ._ 

100 

Distance,  Kilometers 

200 

Figure I.    Sp.aondary phase oovreotion as a function of distance from the tranemitter 
depicting the effect of a kill at 100 km and a seawater expanse at distances 
greater than IZS hn.    Also given is the secondary phase correction aver 
smooth homogeneous land. 

•i 

If one employs aircraft outfitted with loran receivers, the three dimensional nature 
of the problem is depicted in figure 2.  Here we have assumed the ground to be homogeneous 
with an impedance of 0.03336 exp(i0.7756) corresponding to a conductivity of 0.005 mhos/m, 
assuming homogeneous or nonstratified ground.  The altitude of the aircraft, h, is assumed 
to be 0.3 and 10 km. A hill is introduced at 85 km distance from the transmitter with a 
maximum height, H, of 0, 0.5, and 1 km.  The width, b, is assumed to be 8 km each side of 
the crest- eraplaced at d . We have assumed vertical electric polarization sensitivity of 
the receiving antenna and hence the induction field given by equation (4) is evident at 
short distances from ths transmitter. More important, the secondary phase correction 
manifests the influence of the induction field to even greater distance as the aircraft 
altitude is increased.  Thus, at 10 km altitude, the induction field is important to dis- 
tances as great as 100 km, if nanosecond precision is a requirement for loran navigation. 
This also means that we must apply a different secondary phase correction to a receiver 
with a loop antenna as compared with a receiver with a vertical whip antenna at distances 
as great as 100 km and altitudes of 10 km. 

Ü 

The effect of the 0.5 km hill and tha 1 km hill also propagates to the aircraft alti- 
tudes of 3 and 10 km in significant amounts.  In fact the perturbation becomes decorrelated 
with the precise Anomaly (hill) on the ground as the altitude is increased. Thus, to ob- 
tain nanoseconc prediction accuracy, it is necessary to take account of the ground 
anomalies irregaxdless of the aircraft altitude. 
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Figia'J 2. Illuetrating the effect on the eecondary phase correction of a hill in the propagation 
path of maximum height, H, equal to 0, 0.5, and I hn at 85 km from the transmitter and 
a width of 8 hn each aide of the crest. The ground is homogeneous with a conductivity 
of 0.005 mhos/m.    The effect of the induction field at shorter distance is also shown. 
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In figure 3, the same ground irregularity as figure 2 has been employed, but the 
additional complication of a coast line has been introduced. Thus, at distances greater 
than 100 km, we have introduced seawater. Furthermore, we have introduced some geologi- 
cal structure into the region of the hill between 75 and 100 km. The impedance, x, given 
by equation (14) has been introduced as an inhomogeneity in the form of a three layer 
model. The soil thickness is assumed to be 20 m and is composed of two layers each 10 m 
in thickness with a soil conductivity of 0.001 mhos/m for the top layer and 0.005 mhos/m 
for the second layer. The geological basement rock is assumed to be poorly conducting, 
with a value of 0.00001 mhos/m. This results in an impedance at the surface of the 
ground of 0.04590 exp(i0.54242). The resultant spatial perturbation propagates to alti- 
tudes of 10 km or greater and to distances at sea greater than several hundred kilometers. 
Thus, if we wish to calibrate and predict our navigation system with nanosecond preci- 
sion, we must introduce the technology of oropagatlon over nonhomogeneous irregular 
ground described in this paper and in the papers of JOHLER and HOROWITZ (1975) , DOHERTV 
(1975), and BURCH, DOHERTY, and JOHLER (1976), where we have given great detail for 
implementation of this concept on a wide geographical basis. 

In figure 4 an anomaly inducing patch of ground is imbedded in an average smooth 
spherical ground of a = 0.005 mhos.'m conductivity. The ground anomaly could be a poorly 
conducting granite rock protruding a maximum of 500 m above the countryside and extending 
over the distance shown. The classical change in phase with altitude near 150 km is de- 
picted as a small phase advance followed by a phase retardation at altitudes above 2500 
m.  The phase-altitude signature is traced at 2 km intervals through the perturbation 
caused by the anomaly. Notice that the phase advance relative to the surface value 
increases until the altitude-phase signature shows a great advance followed by a retarda- 
tion. Finally, long after the cause of the anomalous propagation is past, the phase 
change with altitude (at 200 km) comprises a large phase advance followed by a small 
phase retardation with altitude—the opposite of the signature exhibited before the wave 
passed the anomaly. Thus, there is a certain permanent effect on the propagated wave at 
great distances from the cause of the perturbation. 

1 I 
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4. CONCLUSIONS 

It Is concluded from the rigorous theory of propagation and from measurement that 
anomalous propagation not only exists, but is important to loran operation on ground wave 
if nanosecond precision is to be obtained in the use of Loran-C for navigation.,  It is 
further concluded that such propagation anomalies are significant not only en the ground 
in the immediate vicinity of the anomaly, but also aloft and at great distance from the 
anomaly.  It is also concluded that the type of antenna used by aircraft navigating on 
loran must be considered as to its effect on the secondary phase correction at shorter 
distance from the transmitter.  It is also noted that the type of antenna is significant 
to even greater distance as the altitude of the aircraft is increased. 

It has also been demonstrated that the perturbations from a localized anomaly may 
propagate to great distances from the anomaly producing a permanent change in the ground 
wave propagation phase with distance.  This manifests itself in the secondary phase cor- 
rection employed in loran to correct the signal propagation time to the speed of light 
and it is quite predictable. 
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DISCUSSION 

J.Aarons, Air Force Geophysics Lab, Bedford, Mass., USA 
What validation of the computer studies exists? 

Author's reply 
I refer you to my reference: Doherty, R.H., 1975, Spatial and Temporal Electrical Properties Derived from LF 
Pulse Ground Wave Propagation Measurements, AGARD-CP-144 (The Hague, Netherlands, March 1974) which has 
reported vahdation of the technique. This work comprises our initial and very limited validation of the general 
concept given in the Paper: Burch, Z.B., Doherty, R.H., and Johler, J.R., 1976, LORAN Calibration by Prediction, 
Navigation, Journal of the Institute of Navigation 23, No.3 (Fall Issue), 

The comprehensive validation of our concept was terminated June 14,1976 for non-technical reasons. 

HJ.Albrecht. FGAN 
Commenting on the predominance of tropospheric refractive index or of other effects upon LF propagation, such as 
electrical ground parameters, attention is drawn to the fact that the changes of the refractive index gradient and its 
extreme conditions can only be analyzed with difficulty for the accuracies required for standard transmissions. In 
this respect, information given with so-called weather-map accuracy may not be adequate unless it can be supple- 
mented using data gathered by balloon-borne refractometers or, at least, radiosonde measurements of refractive index 
elements, throughout the relevant altitude region and along the propagation path of interest. Such more precise data 
should be taken for each test period. 

i 



LOIIAN C/D COORDIKATE PREDICTICW DEPENDENCE ON GROUND ELECTRICAL PROPERTIES 

S, Horowitz 
Ionospheric Radio Physics Branch 
Electromagnetic Sciences Division 
L G HANSCCM AFB MA 01731, USA 

and 

J.R. Johler 
CRPL, Inc. 

Boulder, CO, USA 

SUMMARY 

Radio navigation using IF ground wave propagation has now been a successful endeavour throughout 
the world In the form of the Lorvn C/D system. The use of ground wave to the exclusion of the skywave 
to distances of thousands of kilometers permits orders of magnitude greater navigation accuracy than Is 
possible with ordinary radio systems. As both military and civilian requirements for even greater navi- 
gation precision are set forth, it becomes appropriate to Inquire about the ultimate accuracy and pre- 
cision Imposed by nature on such a navigation system. With the current Improved Loran C/D receiver 
Instrumentation, the error due to the pulse propagation through the medium is emerging as one of yreat 
Importance. The need to understand and reduce these propagation errors to the minimum Is becoming 
Increasingly Important, xhus, the prediction accuracy of the system depends on the knowledge of the 
propagation characteristics of the medium. 

The time of arrival of a loran pulse depends on the electrical properties of the earth's surface 
over which these signals propagate. These electrical properties include the impedance or conductivity of 
the ground, the roughness or terrain variations of the surface, the refractive Index of the a-mosphere at 
the surface, and the lapse rate or rate of change of refractive Index with altitude above the surface. 
Spatial variations of the transmitted loran signal are primarily Influenced by the nonhomogeneous surface 
impedance and by variations in the terrain. Temporal effects may be produced by time changes on these 
spatial features but are more easily Influenced by the surface refractive index and the lapse rate of the 
refractive index of the earth's atmosphere, which are known to change dlurnally and with changing 

|| weather conditions. 

V, Loran groundwa/e time of arrival calculations have been made In the presence of Irregular and non- 
'*; homogeneous ground. The irregularities are represented by elevation data as a function of range from the 

ground transmitters to the receiver. The conductivity along this path transformed into a surface Impe- 
dance accounts for the nonhomogeneltles as seen by the propagating loran pulse. This paper describes the 
results of such calculations. The ultimate limitation in the reduction of the propagation error as a 

! function of quality of data for different types of land paths will be illustrated. 

j 1.     INTR0DUGTI01' 

I A computer program package for predictions of Loran C/D grid time difference coordinates over 
| land or in the vicinity of land masses Is under development. The basic technique has been described by 
\ Johler (1971) and Johler and Horowitz (1974) for predicting the hyperbolic Loran time difference reading. 
\ This  time difference measured at a fixed receiver Is expressed a«: 
4 

k TD -2d8 + tc(da) + ED-5dB + tc(<5m) 

t - where n    " atmospheric index of refraction ■ 1.000338. 
«T: 

■N c    ■ velocity of light - 2,997925 x 108 meters/second. 
t 
S, dg ■ length of geodetic path from slave transmitter to receiver. 

■ -, dm - length of geodetic path from master transmitter to receiver. 

i tc ■ time correction or secondary phase factor'for propagation over a given path length. 

ED " •mission delay In mlcroceconds. 

t 

I 

The distance from the transmitter to the receiver can be easily calcula;.«] with an accuracy 
depending on the precision of the given latitude and longitude of these stations. From this, the free 
space or primary wave delay can be calculated with great accuracy. Emission delays to remove line 
ambiguities are set experimentally for a fixed time dlfl ;rence reading at ti.e ground area monitor 
receiver. These can be calibrated to + 10 nanoseconds. 



The time correction for propagation over • path length, tc, expressed In microseconds, accounts 
for the disturbing Influence of the earth. Depending on the electrical properties of the earth, tc can 
have values of up to 10 microseconds at 500 kn and thus becomes the largest contributor to the grid pre- 
diction error budget over land. Therefore, the calculation of the time correction due to variation of 
signal propagation velocity from uniform speed that occurs In free space Is of primary Importance In 
determining the accuracy of toran grid predictions. 

i 2.    GROUND ELECTRICAL CHARACTERISTICS 

The electrical properties of the ground that effect the propagation of these 100 kHs pulses are 
)' terrain elevation, conductivity, dielectric constant and relative permeability. The terrain elevation 
i^ data Is derived from topographic maps vhlch are digitized and stored In the form of a large -aettlx. A 
V similar matrix Is generated for the soil and bedrock characteristics. For practical purposes and avall- 
I; ability of data, this matrix has been Initially designed for a 30-second arc grid or a 0.5 nautical mile 
^ spacing of data points. The optimum grid Increment Is still to be selected. For Loran C/D frequencies, 

an average dielectric value of IS over land and 80 over seawater Is assumed. The relative permeability 
can normally be regraded as unity. The Integral equation for calculation of the secondary phase or time 

j, correction factor requires an Input of the surface Impedance and terrain elevation. The effective value 
of ground Impedance Is determined not only by the nature and depth of the soil but also Its moisture 
content, geological structure, depth of wave penetration, temperature and frequency. Therefore, a three 

* layer ground model has been proposed with a top layer called the unsaturated soli, a layer of wet or 
saturated boll and an underlying strata of bedrock to determine the local surface Impedance from Johler 

< and Harper (1962). 

i Temporal fluctuations have also been found to be significant by Doherty (1974). Both temperature 
^ and seasonal effects appear to be present In most recorded Loran data, but the magnitudes of the varla- 
''r tlons are highly dependent on the location of Khe receiver. At present, there Is no generally accepted 
I' model which accurately predicts Loran temporal variations and none of the existing grid prediction pro- 
:;: grains include temporal modelling. Loran monitor stations control the temporal drifts by varying the 

emission delays resulting in relatively stable time differences only in the area of the monitor. To 
.; implement weather effects into the grl«'. prediction algorithm would require an extensive meteorological 
*• capability. 

3.    TIME CORRECTION CALCULATIONS 

a. Soil 

f: Tables 1 «id 2 are derived from calculations of ground Impedance for representative ground 
('4 saturated and unsaturated soils with a bedrock conductivity of 0.005 and 0.00001 mhos per meter respect- 
l'. ively.    The effect on the complex Impedance of varying the unsaturated soil in conductivity and depth 
/; are illustrated.    The conductivity of the top layer is varied from 5 to 0.0001 mhos per meter and the 
U soil depth Is varied from zero to 20 meters.    The conductivity of the second layer is  fixed at 0.005 
I! mhos/meter.    The amplitude of the impedance undergoes a large change as the depth of the top soil 
R Increases and the conductivity decreases.    This is due to the increase wave penetration depth as the 
\\ conductivity is decreased.    Over land there Is a ten-to-one (from .02 to .2) variation in impedance 

amplitude In going from good to poor soil.   Tables 3 and 4 Illustrate the corresponding phase changes of 
the complex Impedance. 

I Figure 1 shows the resulting change in the secondary phase factor for a variation of the ground 
impedance.   A soil conductivity cf. 0.005 mhos/meters translates from the above tables Into an impedance 

. with an amplitude of 0.03335 and a phase of 0.77651 radians.    The calculated time correction factor for a 
180 kilometer path Is indicated by curve A.    If the conductivity along the path is altered, that Is 
reduced by a factor of 10 or to 0.0005 mhos per meter with a corresponding amplitude and phase of 0.04864 
and 1.02041 midway «long the path, the secondary phase factor is shown by curve C.    Increasing the con- 

; ductlvity by 10 to C.05 mhos per meter results in a time correction of 250 nanoseconds.    Calculations of 
w secondary phase factor over a typical ground path are shown In Figure 2.    Over a 200 km path changes in 
J ground conductivity of 30 and 60 percent «ill require time corrections of 60 and 100 nanoseconds 

respectively,    Unforcunately, crnductlvity Is usually known to within a factor greater than three and 
therefore time of arrival (TOA) measurements will have large differences from the computed TQA.   To 
reduce these errors, more accurate data on ground conductivity is required and techniques developed to 
refine predictions as measured time difference values at known geographic locations bacooe available. 
Figure 3 illustrates (Che conversion of soil and rock data into surface Impedance.    Current effort Is on 

\. the modification and updating of the look up table. 

^ b*    Terrain Elevation 

" The model chosen to determine the effect of an elevation perturbation on the secondary phase 
factor is ground ulth « soil conductivity of 0.005 mhos per meter as in the case above.    A hill with a 

< base of 20 km is placed nt 90 kn in the 200 fas path and the height of the hill Is Increaned from 250 
■■* meters to 500 meters.   The results of the calculation are shown in Figure 4.    In the vicinity of the 
- hill, a perturbation fron smooth earth is encountered even for hills as small as 250 SMters.   After pas- 
jS sing the hill and continuing on the geodetic path, the secondary phase factor attempts to recover to the 

smooth value.   At a distance of 100 km from the hill, the difference between the two curves la negli- 
gible.   A 500 meter hill produces a much larger secondary phase factor perturbation In the area of the 

. hill and at a dlstanr« of 100 ka from the hill, the time correction is 25 nanoseconds above the previous 
scooth value.   Figure 5 illustrates the variation of secondary phase factor for an InhosMgeneous irregu- 

!.. lar path.   At a dlstaace of 130 km the contribution of a 1.5 km perturbation in terrain, «111 produce a 
'i 100 nanosecond delay. 
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Calculations 

Utilizing the techniques described In Johler and HoroultE (1974), and available maps to deter- 
mine elevation, soil type, soil depth and subsurface rock structure over a Loran-covared area, time 
differences have been conputed, without the aid of measured time differences at kncwn geographic coordi- 
nates. The mean discrepancy between the calculated and measured Loran time difference for ground 
geographic coordinates Is between 250 and 300 nanoseconds. This figure appears larg« especially «hen one 
considers that In a time difference system like Loran, If there Is a correlation between the ground cou- 
ductlvlty In the two paths, there will be a cancellation In the error contributed by each TOA resulting 
la an improved time difference reading. The large discrepancy only emphasises the need for more accurate 
data on ground conductivity If 50 to 100 nanosecond prediction accuracy Is to be obtained. 

4. CONCLUSIONS 

* 

A goal of + 50 nanosecond prediction along each Loran propagation path has been recommended as 
feasible by the Institute for Teleconmunlcatlons Services (1975). In order to achieve accuracy, avail- 
able ground conductivity data must be Improved. Elklns (1976) is developing a technique to update the 
ground conductivities as measured time difference data at known locations become available. 

In the area of hills of 250 meters or greater in elevation, the secondary phase factor undergoes a 
significant fluctuation. At large distances from the hill the effect becomes negligible for terrain per- 
turbations of 250 meters or less. However, for larger terrain perturbations, the effects are significant 
to great ranges and therefore all terrain variations must be included in the secondary phase factor cal- 
culation. Fortunately, much of this data is accurate and not too difficult to obtain. 

It is also recommended that some form of temporal-compensation be Included la the modelling 
algorithm for the Loran grid prediction computer program to increase Its accuracy. 

A tool no« exists where the Loran C/D prediction accuracy dependence on the variation of ground 
electrical properties can be studied in great detail. It is planned to exploit this technique by a 
series of calculations so that the detail propagation limitations of this system can be determined. 
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TABLES 
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1. Variation of ground impedance amplitude for a three layei model with a variable depth and 
conductivity for the top unsaturated soil and a constant conductivity for the saturated (.005 mhos/meter) 
layer and bedrock (.005 mhos/meter). 

2. Variation of ground impedance amplitude for a three layer model with a variable depth and 
conductivity for the top unsaturated soil and a constant conductivity for the saturated (.005 mhos/meter) 
layer and bedrock (.00001 mhos/meter). 

3. Variation of ground impedance phase for a three layer model with a variable depth and conduc- 
tivity for the top unsaturated soil a.ia a constant conductivity for the saturated (.005 mhos/meter) 
layer and bedrock (.005 mhos/meter). 

4. Variation of ground Impedance phase for a three layer uodel with a variable depth and conduc- 
tivity for the top unsaturated soil and a constant conductivity ftr the saturated (.005 mhos/meter) 
layer and bedrock (.00001 mhos/meter). 

FIGURES 

1. Effect of change in ground conductivity at 75 km from uniform 0.005 (A) to 0.05 (B) ami 
0.0005  (C) mhos/otter on secondary phase factor, 

2. Change in secondary phase factor from ambient path (A) for t 30X (B) and fßt (C) increase in 
ground conductivity. 

3. Data base of ground electrical properties. 

4. Effect of change in terrain elevation from smooth earth  (A) to 250 meter hill  (B) and 500 
meter hill (C) on secondary phase factor.    Conductivity is assumed at 0.005 mhos/meter over path. 

5. Variation of secondary phase factor for an inhomogeneous Irregular path. 
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TABLE 1 

Variation of Ground Impedance Amplitude for a Three Layer Model with a Variable Depth and Conductivity 
for the Top Unsaturaied Soil and a Constant Conductivity for the Saturated (.005 mhos/meter) Layer 

and Bedrock (.005 mhos/meter) 

GROUNU  IKPEOAMCE 
«^EIUENC»     ~     Hi.     KILOHERTZ 
tNUU   m   INÜIULNUE     ~   8C.      CEMcES 
TOTAL   SOIL   CEPIH     =   20.     HETE0S 

ELECTRICAL CONSTANTS 

UNSATURATEO   SOIL SATURATED SOIL            B^ DROCK 
CONDUCT I«:"» (NHOS/HETERI •            VARIABLE .30500 .00530 
OULECIRIC  CONSTANT     » 15. 15. 15. IScAMATER   - 
HACiiETIC  PERMEABILITY  = 1. 1. 1. 

AMPLITUDE -  OHMS  RELATIVE   TO   FREE SPACE   -1377 OHMS)   -   - - 
«ATWATEO       SATURATED 
191      nrnTu               Gnri      ncnru  iikic-BViiBiV'rrs    r/iTi ^A.mnn 1 1 >iTTw 

ME.ERS METERS .C1000 .00500 
t wtvn tew    .> u A b. 

.00200 .00103 .00:53               .08320 .00310 

o.ooo 20.000 .03335 .03335 .03335 .03335 .03335 .03335 .03335 
.230 19.800 .C33C5 •33335 .03353 .03360 .03363 .03 365 .03365 
.".OC 19.600 •C3276 .03335 .03372 .03391. .03390 .03391. .33395 
.603 t9.<iOC .032'.7 .03335 .33390 .331.38 .031.18 .031.21. .1)3^26 
.900 19.2CC .Cä2H .03335 .031.08 .031.33 .331.1.6 .331.51. .031.55 

I.000 19.COO .03190 .43335 .03'.26 .031.59 .031.71. .031.31. .031.85 
1.230 14.608 .03162 .03335 .OJWS .031.93 .03502 .03511. .03516 
l.'.OO 19.600 .03135 .53335 .331.63 .3350: .03530 .0351.1. .3351.7 
1.630 13.1.00 .03159 .03335 .MVaJ .03533 .03559 . C 3 v 7 i •03378 
1.80C 19.200 .03081 .03335 .03501 .03559 .03539 .," JbC6 .C3309 
2.00C 19.000 .03356 .03335 .03519 ,0?'S3 .33617 .03637 .0361.1 
<..ooc 16.000 .02825 .03335 .03707 .038*3 .03511. .03957 .33955 
6.CC! III.COO .026<.9 .03335 .03896 .01.110 .01.223 .01.292 .01.303 
8.000 12.000 .C2>19 .03335 .O'.CSO .01.390 .01.51.1 .Ci.637 .01.653 

19.00C 10.Ü0C .^■.2? .03335 .01.Z5S .C".651 .01.861. .1.1.991 .05312 
12.000 8.000 .02367 .03335 .0<.Ii27 .01.920 .05190 .05352 .06393 
Ki.OOC 6.003 .02333 .03335 .Qhiti» .05181. .05519 •05719 .05751. 
16.050 <>.ooo .02311 .03339 .01.729 .051.1.3 .059*7 .06091 .06135 
It.000 2.000 .02301t .03335 .0<>860 .95693 .06175 .061.66 .06520 
20.000 .000 .02305 .03335 .0'.97/ .05933 .06501 .0681.5 •06911 

TABLE 2 

Variation of Ground Impedance Amplitude for a Three Layer Model with a Variable Depth and Conductivity 
for the Top Unsaturated Soil and a Constant Conductivity for the Saturated (.005 mhos/meter) Layer 

and Bedrock (.00001 mhos/meter) 

GROUND   IMPEOAHCE 
^UQUENCY     =      130.      KILOHERTZ 
»HOLE  OF   INCIOENCL    •  80.     DEGREES 
'OTAL  SJ)1L  DEPTH     •  20.     METERS 

ELECTRICAL CONSTANTS 

CONOUCTIVIT«  IHHOS/METERI 
DIELECTRIC CONSTANT • 
MAGNETIC PtRHEABILIT» • 

UNSATURATED  SOIL SATURATED  SOIL BEDROCK 
VARIABLE .00500 .;oooi 

15. 15. 15. 

1. 1. 1. 
IScANATE« — (0. IS USEDI 

AMPLITUDE - OHHS RELATIVE TO FREE SPACE -1377  OHMSI - - 

UNSATURATEO 
SOIL   DEPTH 

PETERS 

SATUSATEO 
SOIL   DEPTH 

MEIERS 

is.rcn    pnTi CONOUCTIVIT» 
•ootoo 

IMHOS/HETERI 
.00050 .01300 .00500             .00200 .00020 ,00310 

0.000 20.000 .02995 .02996 ■02996 .02996 .02996 .02996 ,12996 
.200 19.833 .C29D7 .32996 .33311. .113320 .03:23 .33:25 .33:25 
.1.30 19.600 .32538 .02'>96 .03332 .0301,1. .0335] .03351. .33356 
.600 19.1.00 .02913 .C2',96 .03350 .33368 .33.78 .33:91. ...3:86 
.800 19.200 .32582 .02°9b .03368 .03093 .03106 .03115 .03117 

1.300 19.303 .C2«55 .02995 .33396 .03118 .03135 .3311.5 .3311.8 
1.20C 19.BOO .32829 .02^95 .03135 .0311.3 ..3153 .03:77 .03183 
1.1.00 19.tOO .02633 .02995 .33121. .03169 .03193 .,.32:8 .33313 
1.603 11.1.03 .CJ?77 .C2:'95 .0311.3 .03195 .03222 .0321.1 .032-5 
1. 900 19.230 .32753 .32195 .33)62 .C322J .33252 .33273 .:3279 
2.330 18.C03 .32729 .32195 .03181 .0321.9 .33283 .03336 .03312 
1..380 16.000 .32515 .C299o .33379 .33529 .33610 .33601. .C3ü7' 
6.00C 11.. 303 .32351. .B2',95 ,03588 .33S1.2 .03995 .01.390 .01.137 
8.000 12.C0C .02236 .029 95 .03808 .01.192 .01.1.18 .ti.572 .01.319 

10.000 10.000 .32155 .0259» .01.338 .31.590 .01.935 .35176 .35253 
12.030 8.300 .02105 .32996 .31,281 ,05056 .05575 .35953 .36,93 
11..C30 6.£03 .32377 ,32996 ,01,51.6 ,05625 .061.17 .07030 .07256 
16.000 ■•.000 .02067 .02996 .01.81.2 ,06362 .07618 .08682 .39:33 
18.000 2.000 .02070 .02996 •05191 .07393 .0951.1 .11637 .12565 
20.000 • 000 .02081 .02996 •05628 .08991 .13197 ,185*6 .211.75 

inY^t M^iiw' Y ,, ^^m^ 



TABLE 3 

Variation of Ground Impedance Phase for 2k Three Layer Model with a Variable Depth and Conductivity for 
the Top Unsaturated Soil and a Constant Conductivity for the Saturated (.005 mhos/meter) Layer and 

Bedrock (.005 mhos/meter) 

tSOUNO IMPEDANCE 
FUEQUcNCY  =  130.  KILOHERTZ 
«NGLE Of   INCIOtnCE  * «0.  DEGREES 
TOTAL SOIL DEPTH  • 20.  HErERS 

ELECTRICAL CONSTANTS 

CONDUCTIVIT»  (NHOS/HETERI 
DIELECTRIC CONSTANT « 
MAGNETIC PtRHEABILITY ■ 

TURATE0   SOIL SATURATED  SOIL BEDROCK 
VARIABLE .C050B .0050 

15. IS. 15 
1. 1. 1 

(SEAMATER — «0. IS USED* 

- - PHASE. RADIANS - - - 

; !» 

UNSATURATED 
SOIL   DEPTH 

SATURATES 
SOIL   DEPTH ■•••UN 

HETERS H-ZTEkj .01000 00500 

o.:co 20.003 .77651 77651 
.200 19,933 ,76795 77651 
.no 19,600 .7599» 77t51 
.600 19.«.OB ,75217 77651 
. 8tG 19.203 .7l.i(9'i 77651 

1,030 19,003 .73813 77651 
1.230 18,900 ,73172 77651 
1,<>00 19.600 .72570 77651 
1,630 19.".03 .72306 77651 
1.900 19.230 .711.78 77651 
2.003 19.C00 .73996 77651 
i.,000 16.C00 ,67737 77651 
6.000 I'.-COO ,66!>0<, 77651 
9.000 12,000 ,6731,3 77651 

1C.0C0 13.tOC .69719 77651 
12,000 9.000 .701.71 77651 
H.OOC 6.C00 .72291 77651 
16,O0C «.coo .73951 77651 
19,000 2,000 .75371 77651 
20.000 .000 .76500 77651 

ED   SOIL f 
00230 

:ONOUCTIVIIY 
.00100 

(HHOS/MET 
.00050 

ERI""—— 
.00020 .00310 

77551 .77651 .77551 .77651 .77651 
79172 .7931.1. .791.27 .781.52 .781.56 
78679 .79023 .79195 .79256 .7921.7 
79171. .79686 .79931 .80336 .83:23 
79655 .9C335 .93651 .80692 .90791, 
9tl25 .9i:S70 .81377 .91553 ,91532 
90592 .11590 .92079 .82289 ,82266 
»1025 .82197 .82755 .83:12 ,92997 
811.59 .*2 791 .831.39 .83722 ,93595 
81991 ,93371 .81.397 .81.1.18 ,81.393 
82290 ,83939 .61.71.1. .95100 ,85372 
85791 ,88931. .93525 .91265 ,91255 
98331 ,9291.5 .95217 .96375 ,951.27 
90065 ,9581.7 .99335 1.C0623 1,33771. 
91131. ,99081. 1.02C".l l.Cl.161 l,0l.<, <,6 
91653 ,99577 1.01.1.1.5 1,37111 1,07561 
91721. 1.00725 1.06316 1.C9570 1,10213 
911.39 1.01311 1,07731 1.11615 1,121.77 
90 67 3 1.01501. 1.0975* 1.13305 1,11.1,12 
«O'JS 1.01363 1.091.37 1.11.593 1.16066 

TABLE 4 

Variation of Ground In pedance Phase for a Fhree Layer Model with a Variable Depth and Conductivity for 
the Top Unsaturated Soil and a Constant Conductivity for the Saturated (.005 mhos/meter) Layer and 

Bedrock (.OOOOl mhos/meter) 

GROUND   IMPEDANCE 
fREQUENCV     =     130,     KILOHERTZ 
ANGLE  OF   INCIDENCE     *   60,     DEGREES 
TOTAL  SOIL DEPTH    .   20.     HETERS 

ELECTK.l;At CONSTANTS 

CONDUCTIVITY     CHHOS/HETERI 
DIELECTRIC CONSTANT    » 
MAGNETIC   PERMEABILITY   • 

UNSATURATED  SOIL SATURATED  SOIL BEDROCK 
VARIABLE .00503 .03001 

15. 15. 15. (SEAMATER " an. IS USED) 
1. 1. 1, 

-   PHASE.   RADIANS 

A 

UNSATURATED 
SOIL   0!PTM 

SATURATED 
SOIL   DEPTH ■ ••••••IINCAT URATED  SOIL CONDUCTIVITY (MM0S7METERI ■"••"••Unii*l 

METERS METERS .01000 ,00500 .00200 .03100 .00350 ,00020 .C031C 

0.330 2-3,tat .51973 ,51973 .51873 .51973 .51973 ,51873 .51973 
.230 19.933 .51335 ,51973 .52233 ,52339 .52359 .52371. .52359 
.1.33 19.603 .50939 .52513 .52725 .52925 .52965 .52921. 
.600 19.••03 .533'!: .52810 .5312 5 .5327.' .53315 .53271 
.830 19.200 .i.9i61 .53C93 .53505 .53 73 3 .53759 .53619 

1.000 19.C03 .1,9579 .53352 .53973 .51.139 .51.191 .51.1:8 
1.233 19.903 .1.9233 .53615 ,51,217 .5lir>03 .51.595 .51.^.99 
1.1.30 19.633 .1.9922 .53857 ,51.51.6 .51.872 .51.971 ,61.973 
1.5:0 I a. i.c: .1.861,1. .51,393 ,51.959 .55226 .55337 .65221. 
1.833 18.203 .1,9398 ,51.296 ,55151. .55563 .55686 .5556, 
2.333 19.COO .1,9183 ,51,1.95 ,551.33 .65591 .56316 .55977 
1..030 16.300 .1.7510 .55773 ,57337 .59117 .59355 .56110 
6.030 t<..C0C .1.9983 .55837 .57721 .58719 .69C31. .5b7„8 
9.300 12.COO .51659 .51.912 .56677 .57761. .59119 .57733 

13.03C 13.CC? .51.957 .52790 .51.21.2 .55253 .55591 .55162 
12.000 6.003 .5861.0 .1.9803 .50396 .51108 ,5131.1 .53173 
14.CCC 6.C3C .62268 .1.5921 .1.5066 .1,5161. .1.511.5 .1,1.623 
16,000 1..000 ,65591, .1.1169 .36157 .37166 .35617 .J6:3 7 
18,030 2.000 .68734 .35601 .29579 .26793 .25170 .2<.311 
20,000 .0(0 .71375 .29351 .141.22 .11675 .0t<.96 .07660 

L^ 
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Fig. 1    Effect of change in ground conductivity at 75 km from uniform 0.005 (A) to 0.05 (B) and 
0.0005 (C) mhos/meter on secondary phase factor 

SO.O 90*0 120.0 ISO.O 180.0 810-0 
DISTANCE  (KMJ 

Fig. 2   Change in secondary phase factor from ambient path (A) for a 30% (B) and 60% (C) 
increase in ground conductivity 
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( TERRAIN  j- 
LOOK   UP 

TABLE 

COMPUTER 
DISC 

I 
GROUND  STRUCTURE 
ANALYSIS  TO   GENERATE 
SURFACE   IMPEDANCE 

ELEVATION,  AMPLITUDE 
PHASE 

Fig.3   Data base of ground electrical properties 
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Fig.4   Effect of change in terrain elevation from smooth earth (A) to 250 meter hill (B) and 500 meter hill (C) 
on secondary phase factor. Conductivity is assumed at 0.005 mhos/meter over path 
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.0 30.0 120.0 ISCO 
OISTflNCt   (Kr, 

0-10 km, . 001 Mhos/meter; 10-60 km, Seawater 

60-100 km,. 01 Mhos/meter; 100-160 km, . 05 Mhos/meter 

160-210 km, . »1 Mhos/meter 

A = Smooth,   B • OSkm        C ■ L km     D ■ 15 km Hill 

- 

BO.O 210.0 

Fig.5    Variation of secondary phase factor for an inhomogeneous irregular path 
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DISCUSSION 

A.Shuval. National Committee for Space Research, Radio Observatory, P.O.B. 4655, Haifa, Israel 
What is the resolution of the grid of points entered into the computer program? 

Author's Reply 
Elevation, rock age, soil type and depth are digitized for a thirty arc second grid. 
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IOH06FHERIC BfirKTS OH LOBAH-C IH POLAH RE&IOHS 

T H Larsen and E V Tnrane 
Norvegian Defence Research Sstablishaent 

Kjeller, Norway 

SUMttRY 

Loran-C is a radio navigation system using pulsed signals at 100 kHz. Interference between ground 
wave and waves reflected from the ionosphere can reduce the accuracy of this system. The reflecting pro- 
perties of the ionosphere are variable, and irregular disturbances affecting these properties are parti- 
cularly frequent in polar regions. The paper describes computations of amplitude and time delay of a 
100 kHz radio wave that is reflected frcm different ionospheric models. These models simulate day and night 
conditions and conditions during a severe ionospheric disturbance. The computations are made using a "full 
wave solution" and indicate at which distances from a Loran-C transmitter the skywave can interfere with 
the ground wave (time delay <30 us between groundvave and skywave pulses). For undisturbed nighttime con- 
ditions interference should never occur, whereas for propagation over land during moderately and severely 
disturbed conditions interference may occur beyond distances of ^SOO and '600 km, respectively. For propa- 
gation over sea the corresponding distances are *ll>00 and *800 km. 

1. IHTRODUCTI0M 

1,1,   The principle of Loran-C navigation 

Loran-C is a very accurate navigation system using pulsed radio signals with a carrier frequency 
of 100 kHz. A chain of stations may consist of a "master" and two or more "slaves" and may cover a geo- 
graphical region with a radius of up to 2000 km. An example is the existing chain in the North Atlantic 
with a master station at Fwjiy Islands and slaves at Jan Mayen, Iceland and North-Norway. The pulses trans- 
mitted from the stations in a chain are synchronized with a great precision and the user determines his 
position by measuring the time delay between signals received from different stations. Accuracies of posi- 
tion determination of 150 m up to distances of l800 km are quoted as typical in the literature (Potts, 
1972). Each station transmits pulses in a coded pattern that ensures correct identification and prevents 
interference. We shall briefly discuss the principle of operation and a few important sources of error. 

Figure 1 shows schematically the propagation of a Loran-C pulse from transmitter to receiver. The 
received signal will consist of a pulse that has travelled along the earth's surface and signals reflected 
one or more times from the ionosphere. At frequencies near 100 kHz the ionosphere is normally a good ref- 
lector, and we shall investigate under which conditions ground wave and skywave may interfere. 

Figure 2 shows the transmitted and received pulses in more detail. The transmitted pulse is 250 ME 
wide, it has steep leading edge and reaches maximum amplitude after TO ys. In the receiver the time of re- 
ception is measured at the zero crossing after the third swing, that is 30 ys after the start of the pulse. 
This time can be measured with an accuracy of 0.1 ys. The effect of noise is minimized through a phase co- 
herent detection of the signal. In Figure 2 two skywaves are indicated arriving after one and two reflec- 
tions from the upper atmosphere. 

It is obvious that interference can only occur if the time delay between ground wave and skywave is 
less than 30 us, and if the skywave has sufficient signal strength. 

Our task is therefore to calculate the propagation velocity of the ground wave and the path length 
and reflection coefficient of the skywave. 

2. GROUND WAVE PROPAGATION 

Away trcn the near field at the transmitting antenna the ground wave will mainly be a surface wave 
whose velocity and attenuation depend« upon the properties of the earth's surface. Computations of phase 
velocity and attenuation for low frequency waves over surfaces with different conductivities are available 
in the literature (Watts, 1967i Wait and Howe, 1956). 

For a 100 kHz wave propagating over sea with conductivity a * k mho mT , the phase velocity 1000 km 
away from the transmitter is v ■ 0.9995 e, where c is the free space velocity of light. The attenuation is 
A : 10 dB in addition to the spatial attenuation. For soil with relatively poor conductivity o« 10"3 mho m-1, 
the corresponding numbers are v ■ 0.9977 c and A ■ 26 dB. The computations are valid for homogeneous earth 
with a «Booth surface. Rough terrain with varying conductivity may change these parameters, and poorly con- 
ducting soil dispersion may cause distortion of the pulse shape, but such effects have been neglected in 
the present work. 

3. THE REFLECTING PROPERTIES OF THE IONOSPHERE 

A 100 kHz radio wave (free »pace wavelength ■ 3 km) will be reflected from the lowest part of the 
ionosphere, the D-region, and for our purposes it is important to find an accurate method to determine the 
reflection coefficient and effective reflection height for a particular ionospheric situation and propa- 
gation path. The ionospheric properties that affect the radio wave, such as the electron density and colli- 
sion frequency, can change significantly within a 3 km height interval in the D-region, and we cannot 
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therefore directly apply the principles of geometric optics to the propagation problem. We have instead 
used a "full wave" integration nethod developed by Pitteway (1965) and adapted by Bain and May (1967) to 
find reflection coefficient and height of reflection as a funs-tion of distance from the transoitter for 
selected ionospheric models. The method allows the specification of a plane, horizontally stratified ionos- 
phere with arbitrary height variations of the electron density and collision frequency, penetrated by the 
earth's magnetic field, at an arbitrary dip angle. The complex wave fields and reflection coefficients of 
a plane wave incident upon the model ionosphere are then computed for different angles of incidence. The 
stationary phase principle is then used to find the angle of incidence corresponding to a particular dis- 
tance along a curved earth from transmitter to receiver. Once this angle of incidence (I) is determined, 
a triangulation height is found (Piggott, Pitteway and Thrane, 1965) which may be used as an effective ref- 
lection height heff (see Figure 1). 

The lower ionosphere has a systematic diurnal and seasonal variation. In addition, rapid and irregu- 
lar variations may occur. These are most pronounced and frequent in polar regions, and may often disturb 
radio communications. We have chosen three different ionospheric models as a basis for our computations. 
One represents undisturbed nighttime conditions, one a weakly disturbed day and one a severe disturbance. 
The electron density profiles are shown in Figure 3. They have all been determined experimentally. The night- 
time profile was measured by Smith et al (1966) using a ground based wave interaction technique, the others 
have been measured by sounding rockets in North Norway during an auroral disturbance 5 February 1969 and a 
Solar Proton Event on 25 February 1969 (Haug, 19T2). The collision frequency vy has been specified using 
the relation Vy ■ ß-lO^ p (Thrane, 1968), where p is the standard atmosphere pressure in Nm~2 for the appro- 
priate season and latitude (CIRA, 1972). 

The effective reflection heights resulting from our computations are indicated in Figure 3. They 
represent values obtained for a distance of 300 km from the transmitter and vary very slowly beyond this 
distance. We note that the reflection height is about 80 km at night, about 55-60 km during weakly distur- 
bed daytime and may be well below 50 km during a severe disturbance. The reflection coefficients will nor- 
mally increase with increasing distance. Beyond 300 km from the transmitter typical values for the three 
models are |R| = 0.5 (undisturbed night), |R| 

r 0.005 (weakly disturbed day) and |H| = 0.2 (severely dis- 
turbed day). The night model gives strong reflection because the electron densities at night are small be- 
low the reflection level. In a severe disturbance the wave may be reflected in a strong gradient of elec- 
tron density at the very bottom of the D-region. Its path through the absorbing region caused by the dis- 
turbance may therefore be short. The net result is a strong reflection even though the electron density is 
large. 

4.     INTERFERENCE BETWEKM GROUND WAVE AND SKYWAVE 

Based on the method and data we have discussed, we may now estimate the time delay of the skywave 
relative to the ground wave. Figures U and 5 show time delay At in microseconds as a function of distance 
from a transmitter for different effective ionospheric heights. The geometrical horizon for 1-hop-trans- , 
mission is indicated on the figures. Transmission over sea and over land with conductivity 0 ■ 10"' mho m 
are chosen as examples. We note from Figure 1* that for propagation over sea the time delay will never be 
less than 30 us for effective ionospheric heights greater than about 55 km. For propagation over land the 
corresponding height limit is 68 km. We also note that a very small change in ionospheric height may cause 
a large change in the distance at which interference can occur. For undisturbed nighttime conditions, inter- 
ference should never occur. 

The next step is to consider the relative amplitudes of ground wave and skywave. The correct proce- 
dure would be to compute the amplitudes of both waves near the ssmpling point (the 3rd swing in the ground 
wave pulse) as a function of time delay, and then use an experimentally determined criterion for when inter- 
ference becomes a problem. In this preliminary study we have chosen an approximate method. Close to the 
transmitter the ground wave is, of course, stronger than the skywave. However, the smplitude of the sky- 
wave will decrease more slowly with distance than the amplitude of the ground wave, because the ionosphere 
becomes a more efficient reflector at oblique incidence. We have therefore, for each ionospheric model, 
and for two ground conductivities, computed the distance at which skywave and ground wave pulses have equal 
amplitudes. We then assume that if a) the time delay between ground wave and skywave is less than 30 ws and 
b) the skywave is stronger than the ground wave, then interference may occur. Table 1 shows the results. 
For each ionospheric model and for each type of ground, the largest distance listed indicates the radius of 
the zone near the transmitter that should be free from interference. Although our estimates are approximate, 
we feel that they nevertheless give interesting information. 

Ground conductivities of about 10  mho m  are typical for North Norway, but rough «id mountainous 
terrain nay cause effective values smaller than this. In the zone where the ground wave dominates and inter- 
ference cannot occur, the accuracy of the Loran-C system will be better than 0.5 us corresponding to 150 m 
in position. In the zone where skywave and ground wave can interfere it is »ore difficult to estimate the 
uncertainties, but it seems clear that problems can arise. If, for example, the skywave at the sampling 
point has the same amplitude as the ground wave, but arrives in antiphase, the error in the time determi- 
nation may correspond to several cycles. 

At greater distances the skywave will dominate and the system accuracy will depend upon the stabi- 
lity of the ionosphere. At 2000 km a height change of 10 km in the ionosphere may give a change of 20 us in 
time delay corresponding to a position error of 6 km. 

Experience shows that at low and middle latitudes the ionosphere is normally very stable. Phase sta- 
bility of ±1 us during daytime and from tk  us to ±8 us at night have been reported for skywave out to 
3000 km from the transmitter (Doherty, 1963: Shapiro, 1966). There is little data available in the litera- 
ture froca polar regions. However, our calculations indicate that we must expect considerably poorer accu- 
racy during ionospheric disturbances in and north of the auroral zone, where the propagation paths fron 
the different Loran-C stations to the user may suffer disturbances in various degrees. If we assume that 
a 30 km height depression of the ionosphere represents an extreme disturbance, the uncertainty in the 
position is estimated to reach 10-15 km. 
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5.     COHCmSIOH 

In certain geographic areta where the Loran C availability is reduced, effects like the ones dis- 
cussed may contribute to a deterioration of the accuracy of the position fixes. For a geometry like the 
one shovn in Figure 6 reception at 7adajif is at times marginal. Figures 7 and & give examples of Loran C 
pulses (integrated over 12 min) received at Vads^. The variability of the amplitude of the skyvave as well 
as the arrival time w.r.t. the groundwave are noticeable. 
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Table 1. 

The table gives the distances for which the propagation time delay between the groundwave and 
skywave equals 30 psj the computations are made for three ionospheric electron density profiles 
and two values of ground conductivity. Also given are the distances for which the groundwave 
and skywave have equal amplitude. 

SEA (a ■ 4 mho m'1) LANDia-IB^Mkam'M 

CONDITIONS 
EFFECTIVE 
REFLECTION 
HEIGHT 

DISTANCE WHERE 

At» 30M« 

DISTANCE WHERE 
EJ.   «E 

DISTANCE WHERE 
At • 3B fit 

DISTANCE WHERE 
E»k«.-Erw 

UNDISTURBED 
NIGHT 13 km ao «BBkm oe IN fan 

WEAKLY DIS- 
TURBED DAY SB km UBBkm 1080 km ISO km SBBkm 

SEVERELY DIS- 
| TURBEO DAY SB km 778 km BSBkm SBBkm 3SBkm            1 

Figure 1. Schematic representation of groundwave and skywave propagation between sender (S) and receiver 
(R). The effective ionospheric reflecting heights (keff) is indicated. (Dimensions are not 
drawn to proper scale.) 
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LORAN-C PULSE SIGNAL + NOISE +SKYWAVES 

v 

Figure 2. Schenatie iUustration of a LORAH C pulse (left). The received signal + noise + skywave is also 
illustrated (right). 

ELECTRON OENSITV Im-3) 

Figur« 3. Ionospheric electron density height profiles for the cases considered in this study. The coa- 
putad effective reflection height is narked on each profile. 
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600 800 KM) 1200 MOO 

DISTANCE ALONG CURVED EARTH, km 
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Figure k.   Difference in propagation time (in vs) between groundvave and skywave vs propagated distance 
along the Earth for various values of the effective reflection height. Propagation above sea. 

PROPAGATION OVER LAND 
o = 10"3 mho m"1 

«00 «90 «00 »00 1300 MOD 

DISTANCE ALONG CURVED EARTH, km 

1600 WOO 2000 

Figure 5. Difference in propagation tine (in us) between groundvave and skyvave vs propagated distance 
along the Earth for various values of the effective reflection heigtit. Propagation above poorly 
conducting land. 
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Figure 6t   Map shoving the positions of the LORAH C transmitters at Eide (Faraoe Islands), Sandur (Iceland), 
BjS (Norway) and Jan Mayen (Norway). The signals were received at VadsfS, North Norway. 
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Figure 8. LORAN C pulses (integrated over 12 adn) fron the Jan Mayen transmitter received in Vads^ on 
23 Deo 75. 
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PROPAGATION EFFECTS ON OMEGA 

by 

E. R. Swanson 
Naval Electronics Laboratory Center 

San Diego, CA 92152 USA 

ABSTRACT 

Broad attention is devoted to propagational effects on OMEGA. Primary emphasis is placed on experimental observations and empir- 
ical synthesis but with supporting reference to waveguide propagation theory. After a bref discussion of the history and background of 
OMEGA, a sketch of engineering and operational considerations is presented. Special propagational effects including Sudden Phase 
Anomalies (SPA's) associated with Suddei Ionospheric Disturbances (SID's) and Polar Cap Absorptions (PCA's) are defined. Normal 
propagational conditions are emphasized especially typical repeatability and typical diurnal behavior. Factors effecting the prediction 
of phase are summarized including characteristif velocity and phase variation with excitation of the waveguide mode, ground conductiv- 
ity over a propagation path, variations with geomagnetic dip angle and path azimuth, effects of the aural zone and polar cap regions, 
and solar cycle variation of velocity. Temporal variations are also addressed including variation with solar zenith angle and anomalous 
changes at sunrise and sui.set. The zenith angle effect is shown to explain seasonal variations as well as most diuma! change. General 
propagational considerations are shown to represent the received OMEGA phase over 95% of the time. A few percent of the time, how- 
ever, phase is shown to be abnormally perturbed due to SPA's on sunlit paths or PCA's on arctic paths. Note is made of the importance 
of single mode propagation by the same dominant mode throughout the day. Coverage limitations for various individual station arising 
from complicated modal structure is noted. 

1. OMEGA 

Omega is a very low frequency (VLF) navigation system operating in the internationally allocated navigation band between 10 
and 14 kHz. Eight stations, seven permanent, presently provide nearly global coverage. Global coverage from eight permanent stations 
is expected toward the end of the decade. In marine navigation. Omega normally is used as a single frequency hyperbolic system although 
several frequencies are available and the system can be used in liie range-range mode. 

The present stations are in essentially continuous 24-hour operation. At some sites this has been true for over ten years less inci- 
dental outages and major outages for facility improvement to the present 10 kW radiated power at the system base frequency of 10.2 kHz. 
Thousands of receivers have been constructed most being sold commercially. The U. S. Navy is installing Omega on all ships capable of 
independent operation except some. The U. S. Military Airlift Command is presently acquiring nearly one thousand receivers for some 
of its aircraft. Writing six years ago on the then existing four station developmental system, S. S. D. Jones noted: ".. . (Omega) is 
already the most widely deployed ground-based navigation aid in the world by a very substantial margin" (Jones, 1970). 

1.1.      Hiitory 

Omega itself may be considered the oldest VLF navigation system. However, the system has evolved considerably from its earher 
forms. In 1947 J. A. Pierce first proposed a hyperbolic navigation system based on pha^-uifference techniques rather than time differ- 
ences. In particular, a system operating in the vicinity of 50 kHz with a sine wave modulation of 200 Hz was suggested. An experimental 
system of this type was constructed by the Navy Electronics Laboratory and called Radux. Subsequently, in 1955, it was suggested that 
the Radux information from the LF Signal be combined with a separate VLF transmission near 10 kHz. This system was called Radux- 
Omega and initial 10.2 kHz transmissions were made in 1955. Later the LF transmissions were discontinued and ranges were expanded 
to a single frequency Omega system and, later, a multifrequency Omega system. Omega can thus trace a twenty-nine year evolutionary 
history and has included transmissions at the system base frequency for twenty years. 

Modern transmissions using the stations in Norway, Trinidad, Hawaii, and Forestport, New York began in 1966. Previously, sta- 
tions were used in a conventional slave-master configuration. Modern transmissions sre derived from a bank of cesium frequency stand- 
ards at each station and each station is controlled as a source of standard signals. Tlw modern arrangement is especially practical for a 
global system in that the navigator can pair stations in any convenient way to obtain useful hyperbolic geometry and signals. The modern 
configuration has also proved more reliable than older arrangements. 

1.2 Implementation 

Practical implementation of Omega requires work in three broad areas: station design and construction; receiver design, manu- 
facture and installation; and propagational theory development and implementation leading to either practical models for incorporation 
in automatic receivers or charts and tables for use manually. Work L; all three areas has been proceeding concurrently for a number of 
years. However, it is the station construction schedule which has received the most attention. Rather apparently, crude navigation may 
be attempted with crude receivers and poor propagational knowledge; no navigation can be attempted without signals. 

Anticipated stations sitings are shown in figure 1. Also shown is a station in Trinidad which was part of an earlier four station 
network and will continue to transmit ai least through the end of calendar year 1976. All stations shown are presently constructed 
except the station m the South Pacific. The stations are given in Table 1 according to !?tter designation, location, antenna type and 
operating agency (modified from Tables 1 and 11 of Herbert and Nolan, 1975). The nominal radiated power of ail s'ations is 10 kW at 
10.2 kHz except for Trinidad which radiates less than 1 kW. At the present time there is no firm date for commencement of construc- 
tion of the South Pacific station but past experience has indicated about thirty months is required from final sites selection to c.i-air 
(Herbert and Nolan, 1975). 

Eventual system management has been described by Herbert and Nolan (1975). Omega stations not on U. S. soil will be operated 
by host nation agencies who will be responsible for maintaining the Omega signal without interruption and in phase with the world-wide 
Omega Navigation System. These agencies were lifted in Table I. 
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TABLE I 
TRANSMITTING STATIONS 

STATION LOCATION ANTENNA TYPE OPERATING AGENCY 

A Bratland, Norway Valley Span Norwegian Telecommunications 
Administration 

B Liberia Grounded Tower Dept. of Commerce, Industry, 
and Transportation 

C Haiku, Hawaii Valley Span U. S. Coast Guard 

D La Moure, North 
Dakota, USA 

Insulated Tower U. S. Coast Guard 

E La Reunion Isl, 
Indian Ocean 

Grounded Tower French Navy 

F Golfo Nuevo, 
Argentina 

Insulated Tower Argentina Navy 

G 
(Permanem) 

South Pacific (Grounded Tower proposed) - 

G 
(Temporary) 

Trinidad Valley Span U. S. Coast Guard 

H Tsushima Island, 
Japan 

Insulated Tower Japanese Maritime Safety 
Agency 

1.3      Format 

Basic Omega signals consist of very low frequency 10.2 kHz continuous wave pulses transmitted sequentially from each station. 
Since the transmissions are time shared, a commutator is required to separate each station within the 10-second commutation pattern 
shown in Fig. 2. The commutation scheme is unambiguous and is synchronized in a known relationship to International Time as usually 
transmitted. However, the Omega commutation pattern is no longer simply related to regularly broadcast time pulses as was once the 
case when UT-2 was broadcast. The commutation pattern was originally defined to commence beginning at 0000 hours and repeat every 
10 seconds. Present standard time transmissions employ "leap" seconds which are used typically once or twice per year. For Omega to 
follow leap seconds would require each user to jump his commutator whenever leap seconds were introduced to standard time. This is 
operationally inconvenient. Worse, it is potentially dangerous in the event some user does not get informed of the forthcoming time 
change. A one second change is sufficiently close to a one segment misalignment that it is possible for a receiver to appear to be tracking 
satisfactorily but actually be tracking on different pairs of signals. The inconvenience during set-up of having off-sets between Omega 
and International Time must be weighed against the inconvenience and incipient hazard of having occasional leap seconds. 

A hyperbolic Omega receiver measures the phase of two or more Omega stations against a reference generated from an internal 
oscillator. The internal oscillator permits storage of the phase information so that the relative phases of the different stations can be 
intercompared. Readout is the phase difference in centicycles between selected stations and ordinarily is recorded continuously on strip 
chart recorders. Since the comparisons are all between signals of the same frequency, no internal ambiguity can arise within the receiver 
due to divider jumps. Further, a hyperbolic Omega receiver has no intrinsic specification for absolute radio frequency phase shift since 
shifts common to all stations will be removed in the hyperbolic differencing. The system does, however, have an inherent physical am- 
biguity. Since adjacent carrier cycles cannot be distinguished, the measured phase of each canier is inherently ambiguous by one cycle. 
Hyperbolic phase differences on a baseline between two stations are ambiguous by the hyperbolic spacing of one-half wavelength. 

Because of continuous operation, the navigational lane ambiguity problem inherent in a single frequency system generally is not 
troublesome to the navigator. However, additional frequencies are included in the full Omega format to permit reestablishment of lane 
should difficulties occur (Fig. 3). Additional frequencies included for lane identification are 13.6 and 11 1/3 kHz; they may be used 
independently in exactly the same manner as the 10.2 kHz transmissions. However, ambiguities in the 13.6 kHz lines-of-oosition will be 
coincident with those at 10.2 kHz only every 24 miles. Similarly, LOP's at 11 1/3 will only be coincident every 72 miles. Comparison 
of the coincidence of lines-of-position obtained at the various frequencies can thus serve to establish the proper lane of the 10.2 kHz 
carrier within the 72 mile ambiguity of the lowest beat frequency (Pierce et al, 1966; Swanson, 196S; Swanson and Hepperley, 1969; 
Burgess, 1969; Burgess and Walker, 1970). Several practical aspects of lane resolution should be emphasized;  1) lane is usujlly estab- 
lished in-port and maintained by continuous tracking; 2) in the event of single station outage using a four station receiver, no amhignity 
has occurred; 3) brief outages present no problem since lane is easily re-established by dead reckoning; 4) if a lane ambiguiiy arises, it is 
probably not on all LOP's therefore not all need be re-determined; 5) if not all lanes have been lost, lane can be reset by intersecting 
existing LOP's with only one external navigational LOP such as sun line, depth contour, radar-range, etc.; and 6) if coincidence of Ian« 
is not reasonably "close," navigation directly on the difference frequency is possible, or alternatively, stations may be paired Jiiefeiitiy 
to present less accurate fixing within unambiguous, more highly divergent lines-of-position. The latter options are particularly important. 
Omega lane resolution need never be forced. Lanes may be resolved selectively. If an ambiguity of 8 miles should develop on an LOP, it 
is still possible to use the 3.4 kHz beat position derived from 13.6 and 10.2 kHz to an unambiguous position accuracy of about two miles 
If, at some later time, coincidence improves, then the carrier lane identification can confidently be made (Swanson, 1971). 

Figure 4 also shows additional transmissions on unique frequencies indicated by f ], f2,.. . fg. These signals are presently trans- 
mitted by some but not all stations. They are useful for vlf navigation as described in section 2 and, coincidentally, are very useful for 
frequency dissemination. Seme stations presently transmit two unique frequencies sepafated by 250 Hz instead of the one shown. The 
250 Hz Omega difference frequency has been used successfully to identify canier cycles directly in specialized timing applications 
(Wilson et al, 1972; "M and Wardrip, 1974; Kugel, 1975 [contains bibliography]). Recently, implementation of a fourth commutated 
frequency at 11.050 kHz has been suggested by Swanson et al (1975), who reviewed the evolution and potential of the Omega format. 
Although transmissions at 10.2, 11 1/3, and 13.6 kHz are firm, additional format details are somewhat open and may be decided at an 
international meeting in the Fall of 1976. 
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1.4 Practical Navigation 

Omega is used primarily because, as Stringer (1970) observed at a recent meeting of the British Institute of Navigation, "It satis- 
fies the three R's - reliability, redundancy and range." The existing operational stations individually maintained an average 99.7% of the 
scheduled availability (99.4% total tiise availabilily) during the last period for which statistics have been computed (Vannicola, 1976). 
In an evaluation of one receiver, maüitainability could not be assessed since, in 20,000 hours of operation, the receiver did not fail. As 
previously noted, VLF signals propagate to great range so that Omega will provide redundancy. In many locations, all eight stations will 
be detectable although perhaps only five or six may be usable. A range limitatioa will often be due to a station interfering with itself by 
propagating around the world by both a short and long propagation path, e.g., repeatable signals from Trinidad are received in Hawaii at 
certain times by propagation 3/4 of the way around the world eastbound from Trinidad. 

Manual Omega navigation requires: antenna, antenna coupler, receiver (preferably with strip chart recorders), skywave correction 
tables, and hyperbolic charts (or lattice tables). Equipment has been built by numerous manufacturers. Available charts and tables are 
listed in the catalog of the U. S. Oceanographic Office. Once the equipment is installed, it must be properly checked out and synchro- 
nized to the commutation pattern. Checkout procedures can vary between equipments of various manufacturers. Synchronization with 
the commutation pattern is obtained by one of three methods:  1) look at (or listen to) the Omega signals and move the commutator 
into alignment; 2) knowing the relation between Omega and International Time, start the commutator from a standard 10-second pulse 
such as might be obtained from WWVB; or 3) knowing the strongest signal in the area, align the commutator until the correct segment 
corresponds. In practice the third alternative is the most commonly used although, because of anisotropy in signal propagation, a guess 
of the strongest signal expected in an unfamiliar area can be hazardous. Once commutation is properly established, phase tracks should 
settle within a few minutes and a fix may be taken. Knowing the actual position and working backwards, correct lane counts can be 
annotated on strip chart recorders and/or lane counters set. Before sailing, it is desirable to prepare hyperbolic skywave corrections for 
the station pairs to be used on the voyage. If the scale of available Omega charts is not satisfactory, lattice tables should be used to plot 
Omega lanes on the local charts. 

Underway, the fixing procedure is simply to read the various phase differences indicated by the receiver, add the respective sky- 
wave corrections, and plot the resulting LOP's on the chart. Fix reduction takes about two minutes. Of course, some reasonableness 
checks should be made prior to taking the fix. Commutation synchronization can be checked. If the receiver is equipped with a "no 
signal" light or with field strength indication, the navigator should assure himsilf that adequate signals are available. Also, strip hart 
records should be scanned to verify continuous tracking and lane count. Ironically, the high reliability and automatic tracking of Omega 
place an unusual premium on self-discipline in routinely performing reasonableness checks. If Omega were not reliable, the navigator 
would appreciate the obvious need for performing elementary checks. However, since a hundred fixes may be obtained without diffi- 
culty, it is human nature to assume there will never be any difficulty. 

There are automatic Omega receivers as well as manual. Automatic usually implies a receiver which can automatically synchronize 
itself DS well as read-out directly in latitude and longitude. Some receivers exist which have an automatic synchronization capability but 
which read-out hyperbolic phase differences rather than latitude and longitude. Most automatic equipment includes some approximation 
to the propagation model used to compute global phase differences. Most, but not all, automatic equipment is intended for aircraft use. 
A pioneering equipment was the AN/ARN-99 Omega receiver (Smith, 1971) of which the AN/SRN-17 multi-frequency receiver intended 
for surface application and the AN/BRN-7 receiver intended for submerged application are derivative. Another pioneering automatic 
receiver was the Canadian Marconi Corporation CMA-719 (Mactaggart, 1971). Numerous other manufacturers have recently produced 
equipment. Accuracy specifications for automatic receivere have been addressed by Sakran (1974). More recently airborne specifications 
have been addressed by Special Committee 126 of the Radio Technical Commission for Aeronautics (RTCA). Evaluations of various 
receivers have been carried out under the U. S. Air Force 2041 program. 

Over 53 manufacturers have constructed Omega receivers. 

1.5 Special Uses 

A number of specialized uses or forms of Omega have developed to exploit particular aspects of the system. Ordinarily, Omega 
accuracy will not be significantly influenced by poor signal to noise ratio. Usually signals will not be marginal and the primary accuracy 
limitation will be due to inherent day to day fluctuations in the transfer (or "mapping") function of the propagation medium itself 
(Swanson, 1970). 

Since errors will be ntroduccd by all segments of the long transmission paths to an area, it follows that two receivers in the same 
area will exhibit similar errors. This spatial correlation results in excellent rendezvous accuracy and also excellent accuracy for relative 
navigation such as might be n^ eded within a task force or for traffic control. Differential or micro-Omega are systems designed to upgrade 
nominal system accuracy in loi 'I areas through use of spatial correlation (Swanson et al, 1974a; Swanson etal, 1974b; Nard, 1974; 
Hastings and Comstock, 1975).  ">ifferential Oi.^ga concepts have been used for oceanographic survey. OPLE and PLACE were designed 
by NASA for tracking vehicles or traffic control (Laughlin ct al, 1965; Laughlin el at. 1967). They employ an on-board Omega trans- 
ponder and satellite relay to a central processing site. More recently work was conducted on the Global Rescue Alarm Net (GRAN) 
wherein it was envisaged that mariners and airmen could carry a small transponder which would telemeter the Omega format through a 
satellite to ground much as in OPLE and PLACE so that position of the unit needing rescue could be determined. Work has been described 
by Crawford and Rupp (1972). Although the GRAN program is not presently being pursued, it showed considerable technical promise. 

In addition to the spatial correlation features exploited by Rendezvousand Differential Omega, exploitation is made of the disper- 
sive correlation wherein fluctuations on one frequency are closely selected to those on a second over the same propagation path. 
Dispersive correlation significantly reduces the errors expected using beat frequency navigation or lane resolution. A special application 
called "Composite Omega" has been suggested by J. A. Pierce to take optimum advantage of dispersive correlation (Swanson, 1965; 
Pierce, 1968; Swanson, 1969; Papousck and Reder, 1973; Pierce, 1974; Brown and Van Allen, 1976). 

Auto-correlation of propagation variations is also significant being 8 to 10 hours for normal propagation conditions at night. 
However, diurnal prediction errors correlate over shorter periods and may become the dominant consideration in practical applications. 
Measurements by Wright (1969) indicate a potential for determining velocity to 1/3 kt when the propagation paths are either all dark or 
all sunlit. 
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Special use of Omega has also been made to track weather balloons. Use has been made of the multiple frequency transmissions 
for geophysical exploration. Timing applications using narrowly spaced difference frequencies were mentioned in section 1.3. Timing 
using carriers and usual difference frequencies have been described by Swanson and Kugcl (1972) while lead edge capability was further 
studied by Swanson and Adrian (1973). Accuracies of a few microseconds are possible using carrier phase measurements. 

2. VLF NAVIGATION 

VLF offers tremendous advantages for navigation: Coverage is excellent; reception is reliable. This is a characteristic of the fre- 
quency band and is not necessarily restricted to the particular navigational implementation we know as Omega (Litchford, 1971; 
Swanson and Robie, 1973). In addition to the generally favorable propagation characteristics, there is also a compatibility between 
bandwidth capabilities which can be practically engineered and the inherent bandwidth requirements as developed by Palmer (Swanson, 
1974). Considering the inherent capabilities of the frequency band and the considerable variety which can be employed in designing 
navigation systems, it may be at first surprising that there is not a great proliferation of vlf navigation systems. Cost, combined with the 
attempt to make the Omega format itself flexible, have served to restrict other approaches. However, there are two techniques which 
should be noted. 

h 

A 

Many vif communications stations throughout the world are stabilized to standard frequency. In the past, transmissions have 
been continuous wave with on-off keying. Presently, many U. S. Naval transmitters are being converted to minimum shift keying. For 
navigational purposes the change constitutes a complication but not an insurmountable difficulty. With simple carrier transmissions 
from three or more stations, the various signals can be received; then shifted in frequency to some common frequency and then paired 
and phase differenced (Palmer, 1972). Alternatively, they can be used in a range-range mode against a precision oscillator. Such systems 
must be initialized. They cannot refine an approximai: location as can Omega. In operation a navigation system using such signals is 
somewhat like an inertial system in that it is exactly co.-ect at the time and place of initialization and then deteriorates wi*h separation 
and elapsed time. However, the "error drift" is not unliir. 'ed as is true with inertial equipment. The error budget for such equipment 
has been discussed by Swanson and Dick (1975). A -"bsi   tial number of receivers employing this principle have been manufactured. 
Flight results from one particular equipment have L, .ribed by Tymczyszyn (1975). 

Beuker(l973) describes a vlf navigation system maintained by the USSR. The frequencies are 11.905, 12.649 and 14.881 kHz 
with stations located in the east, west, and center of the Soviet Union. Radiated power appears high: 50 to 100 kW. 

Although this paper addresses primarily Omega propagation, much of the material covered is applicable to any vlf navigational 
technique. However, there are significant differences in emphasis between propagational effects at the vlf communications frequencies, 
usually above 20 kHz, and those in the 10-14 kHz navigation band. 

3.        PROPAGATION AND THE MEDIUM 

The propagation characteristics which permit use of vlf at great range also introduce limitations on Omega. To a greater extent 
than at higher frequencies, the use of vlf assumes a reUance on nature to provide repeatable propagation. Repeatable propagation usually 
occurs but with some unwanted temporal and spatial complexity. Also, on occasion, irregular variations occur. 

One convenient analytical model for vlf radio propagation is that of a concentric spherical waveguide formed between the earth 
and the ionosphere. If only one propagation mode is supported by the waveguide, then there will be a simple relationship between phase 
and distance at long distances from a transmitter. Phase at any given point will be related to distance to the transmitter, ground condi- 
tions especially ground conductivity, and characteristics of the lower D-region of the ionosphere which forms the upper boundary of the 
waveguide. As the ionosphere is a magneto-plasma, propagation is anisotropic so that phase is not only a function of distance from a 
transmitter but also dependent on geophysical path details. 

The ionosphere undergoes regular predictable seasonal and diurnal changes as a function of the solar illumination. One practical 
problem is the prediction and removal of this unwanted temporal variation. 

A limitation is the occasional unpredictable variation caused by unpredictable variations in the geophysical environment. The 
two most important anomalous variations arc Sudden Phase Anomahes (SPA's) caused by Sudden Ionospheric Disturbances (SID's) and 
Polar Cap Absorptions (PCA's). These effects are related to solar flares. SPA's are caused by the X-ray flux impinging on the sunlit 
ionosphere thus anomalously reducing the width of the waveguide. PCA's result from flares which also emit ^'otons. The charged par- 
ticles are guided by the earth's magnetic field to the polar regions where they cause an anomalous reduction in the width of the wave- 
guide. Effects of SPA's and PCA's are discussed in section 4.2. Usual stable propagational characteristics will be discussed next. 

3.1       General Characteristics 

Characteristics of vlf propagation in general and Omega propagation in particular will now be developed by adopting specific 
propagation models as convenient. A subsequent section discusses the relationship of various propagation models. 

The concept of a spherical waveguide leads immediately to several valid conclusions. For example, energy will propagate around 
the world in all directions and may reinforce at the antipodal point from the transmitter. This phenomena has been observed and illus- 
trates the cxtrenvj range obtained at VLF. Also, since the lower ionosphere or "D-region" is controlling at VLF, one would expect a 
severe attenuation when the wavelength becomes comparable with the height of the guide at about 70 to 90 Km, i.e., a frequency of 
about 4 kHz. A severe increase in attenuation is observed as expected. Another generality, very important to navigation systems, is that 
if one mode should be dominant, then phase and amplitude should vary regularly as a function of distance from the transmitter without 
fluctuations due to interference between various modes. This condition may occur at any distance but in practice it is especially true for 
frequencies near 10 kHz at distances greater than about 1,000 Km. Note that the regularity is occurring at/ars? distances. This is just 
the oppos;te from the usual experience with say, Loran A, where the groundwave propagation at short distances is regular and multihop 
skywave can cause irregularities at longer distances. 

VLF propagation has been studied for many years. This is due not only to its practical use as the mainstay of fleet communica- 
tions for a half century but also because of the extreme repeatability of measurements. Although diumal variations occur, measurements 
over paths from 5,000 Km to 10,000 Km long typically show repeatability of about 1 dB in field strength while phase variations are 
measured in microseconus. Although detailed prediction of ULF fields is difficult, some notable success has been achieved (see figure 4). 
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The most accurate theoretical work is now being done using digital computers to solve the waveguide problem. However, expres- 
sions developed by J. R. Wait and others may provide some insight. For long paths where only one mode is dominant, the waveguide 
theory of the sharply bounded ionosphere yields 

£ = 
3X 10- ■MM* |asind/(J ^'dA (1) 

where 

Received field strength in jiV/m 
Height of the ionosphere 
Radiated power in kilowatts 
Wavelength 
Radius of the earth 
Path length (great circle distance) 

a' = Attenuation coefficient (Napiers/Mm); «dB/Mm: 

A = Excitation factor 
8.68 a' 

Note that the field strength decreases exponentially with distance modified by a "focusing" term, sin d/a, to take into account the con- 
vergence of the spherical field in the far half of the world. The excitation factor, A, accounts for the transfer of energy into the propa- 
gating mode. Expressions similar to equation 1, or similar equations employing a superposition of contributions from various modes, 
result from a number of ionospheric models. 

3.1.1    Theoretical Characteristics 

Wait and Spies (1964) made extensive computations to determine the theoretical characteristics of VLF propagation under a 
variety of conditions. From equation 1 and the associated discussion, it is apparent that the important parameters are: the propagating 
mode; characteristic attenuation; characteristic velocity; and characteristic excitation. Theoretical assumptions include mode, n; the 
effective ionospheric height, h; the effective ionospheric gradient, ß; the ground conductivity, 0«; and in the case of anisotropic models, 
the path orientation with respect to the magnetic field. Other assumptions, which include an ionospheric conductivity parameter related 
to the effective electron collision frequency, and the specific definitions of various terms are beyond the present scope (cf. Wait, 1970). 
For present purposes it is sufficient to note that the assumptions may be adequately reaUstic to suggest behavior, although detailed calcu- 
lations for specific propagation paths may differ significantly because of the sensitivity of many of the modal parameters to precise path 
characteristics. 

% 

Figure 5 shows computed attenuation rates as might apply over a seawater propagation path for various frequencies. The curve 
for h = 70 is approximately applicable during day while the curve for h = 90 kM approximates night.* Note that the minimum attenua- 
tion occurs around 16 kHz increasing slowly for higher frequencies but increasing more rapidly at lower frequencies because of the 
aforementioned cut-off when the waveguide height approaches one wavelength. While Figure 5 was for the first mode. Figure 6 shows 
the attenuation rate for the second mode. Note that at night at 10 kHz the attenuation rate of the second mode is 9 db/Mm compared 
with 1-1/2 dB/Mm for the first mode, but at 20 kHz it is only 3 dB/Mm compared with 1.7 dB/Mm. Figures 7 and 8 show the excitation 
factors for the two modes which indicate the relative ease with which propagation may be established. Excitation factors for night con- 
ditions at 10 and 20 kHz for the two modes are shown in the following table: 

Excitation Factors (dB) 

Mode 

1 
2 

Frequency 

10 kHz 20 kHz 

-1.0 -10 
+ 1.3 +2.5 

In both examples shown it is easier to excite the second mode than the first. However, at 10 kHz the difference is only 2.3 dß while at 
20 kHz it is 12.5 dB. These differences should be compared with differences in attenuation rates between modes for the respective fre- 
quencies. At 10 kHz the first mode will equal the second mode after 0.3 Mm while at 20 kHz equality will not occur for nearly 10 Mm. 
As a consequence, the interference pattern formed between the first and second modes is much less consequential at the lower VLF fre- 
quencies than in the upper portion of the frequency range. The spatial irregularities in isophase lines may be negligible at large distances 
at frequencies near 10 kHz but must be considered at almost any range for frequencies near 20 kHz propagating at night. (In practice, 
the situation is considerably more complicated due to radical variation of the propagation parameters with latitude and direction at night.) 

-1 

The previous conclusions have been based on the Isotropie model of Wait and Spies. Their results provide a useful starting point 
as an introduction to VLF propagation but it will now be worthwhile to make specific comparisons with more general theory and with 
observation. Pappert has developed a computer solution to the problem of propagation in the earth-ionosphere waveguide as noted in 
section 3.2.2. The formulation provides for quite general ionospheric electron density profiles, exponential variation of gyro frequency 
with height, magnetic dip angle, magnetic field strength, magnetic path orientation, and ground conductivity. Snyder and Pappert (1969) 
have performed numeric calculations for the specific propagation paths between San Diego and Hawaii. Results for both the Isotropie 
case and the anisotropic case were obtained. Since their formulation is different from that of Wait, they have a somewhat diferent defi- 
nition of height, i.e., h' instead of h, but the distinction is not significant here. It is important to note that they are computing for a 
different height but one which is also considered to be representative of propagation conditions at night. Further, their mode, numbering 
system is necessarily arbitrary. Attenuation rates and excitation factors for seven modes are shown in figures 9 through 12 for the Iso- 
tropie case and also for both propagation from Hawaii to San Diego and also San Diego to Hawaii. Note that the attenuation rates are 
generally less for propagation to the East. Table II gives the contributions to the mode sum from the first few modes for three separate 
cases;   1) The Isotropie model of Wait and Spies with h = 90 Km; 2) Full wave calculations from Snyder and Pappert for Isotropie propa- 
gation between San Diego and Hawaii with h' = 84 Km, and 3) Anisotropic calculations for propagation from San Diego to Hawaii. As 
mentioned previously, the Isotropie nighttime results from Wait and Spies show equality between contributions from the first and second 
modes at 1/3 Km for 10.2 kHz but at 10 Mm for 20 kHz. Modal constants for the Isotropie model with slightly lower effective ionospheric 

'More exact estimates are given in DCA Rept. 960-TP-74-S (1974) and DCA MEECN Rept. C650-TP-76-4 (1976). 
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TABLE II 
COMPARISON OF RELATIVE AMPLITUDES OF VARIOUS MODES 

Model 

Wait & Spies 
h = 90Km 

Snyder & 
Pappert 
SD-Hawaii 
Isotropie 
h' = 84 Km 

Snyder & 
Pappert 
SDto 
Hawaii 
h' = 84 Km 

Frequency 

10 kHz 

20 

10 

20 

10 

20 

Propagation Constants 

1.5 dB/Mm 

1 1.7 
2 3.0 

1,2 1.7 
3 12.0 

1,2 1.5 
3 3.7 

2 1.2 
1 2.2 
3 11.5 

2 1.7 
1 2.3 
3 3.7 

Re A 

-IdB 
1.3 

-10 
2.5 

0 
1.8 

-6.5 
2.5 

-18.5 
-2.0 

1.8 

-11.0 
-21.8 

3.0 

Relative Field Strength (dB) at 
1/3 Mm 1 Mm 10 Mm 

-1.5 
-1.6 

-10.6 
1.5 

-0.6 
-2.2 

-7.0 
1.3 

-18.9 
-2.7 
-2.0 

-11.6 
-22.6 

1.8 

-2.5 
-7.5 

-11.7 
-0.5 

-1.7 
-10.2 

-8.0 
-1.2 

-19.7 
-4.2 
-9.7 

-12.7 
-24.1 

-0.7 

-16 
-86.7 

-27 
-27.5 

-17 
-118.2 

-21.5 
-34.5 

-30.5 
-24.2 

-113.7 

-28.0 
-44.8 
-34.0 

ri 

reflection height as calculated by Snyder and Pappert are generally similar to those of Wait and Spies except that the second mode is 
attenuated somewhat more rapidly. The anisotropic modal constants are quite different. Mode 2 shows the lowest attenuation rate but 
is so weakly excited as to be suppressed even at 10 Mm at 10.2 kHz. At 10.2 kHz, mode 3 is nearly equal to mode 1 at 1/3 Mm but is 
rapidly dominated by the first mode at greater distances. At 20 kHz, mode 1 is suppressed at all distances but there is a change in domi- 
nance between modes 2 and 3. Indeed, propagation near 20 kHz is even more complex than indicated by Table II since more than the 
first three modes are important. Figure 13, from Snyder and Pappert, shows the phasor mode sum as a function of distance as obtained 
by summing a partial set of modes and summing the first seven modes. Propagation near the upper end of the vlf band is thus quite com- 
plex. Since the variations in amplitude with distance shown in figure 13 also imply irregular variation of phase with distance, propagation 
prediction for navigation using a frequency near 20 kHz would be considerably more difficult than prediction for a frequency near 
10 kHz. However, Figure 4 indicated the feasibility of such calculations. 

Phase velocities for the first mode are shown in Figure 14. Note that the velocity is lower at night. In practice, navigation using 
phase measurements places very stringent demands on knowledge and predictability of phase velocity. For example, an error of one part 
on lO'* in phase velocity would cause a position error of one-half mile at 5,000 miles. At this precision, curves such as those in Figure 14 
are not especially useful as many secondary factors can contribute to change the velocity significantly. For example. Figure 15 from 
Wait and Spies (1965) shows the theoretical variation of phase velocity with ground conductivity. Note both the miner differences 
occurring between sea water and normal ground with a conductivity near 10 mmho/M and the significant dependence of the velocity 
when the conductivity is exceptionally poor. Theoretical variation of velocity with ground conductivity for 10.2 and 13.6 kHz is shown 
in section 3.3 for both day and night conditions. 

A marked variation on attenuation rate by variations in ground conductivity also occurs. For example, at the Omega frequencies 
an attenuation rate of a few decibels per 1,000 Km might be considered typical for propagation over sea water or over typically conduct- 
ing land. However, over ice with ground conductivity 0.01 millimho/meter the attenuation would be on the order of 20 dB/1,000 Km. 

Perusal of figures 5 through 15 and of the hundreds of functions given in the references will provide a good qualitative and quan- 
titative introduction to VLF propagation. However, the reader is again cautioned that significant variations can occur with latitude and 
direction especially at night (see section 4.4). 

3.1.2    Experimental Observations 

The most important changes are the diumal variations of phase and ampütude. They are typically associated with ionospheric 
change related to variation of the solar zenith angle over the propagation path being studied. Two typical examples of diumal variation 
of amplitude are shown in Figures 16 and 17. Note that the field strength tends to be constant at night and decreases following the 
transit of the sunrise line over the propagation path to a lower value just after the entire path becomes sunlight and finally reaches a 
nominal value during the day. The decrease just after sunrise is very common for frequencies near 10 kHz and is typically about 4 dB 
and lasts for about an hour. Although the details of this particular sunrise decrease are not well understood, they presumably are related 
to both the dynamics of ionospheric dissociation and recombination rates leading to daytime equilibrium and another phenomena espe- 
cially important in the 20-30 kHz frequency range, viz: mode conversion caused by the sunrise line. Typical diumal variation of phase 
over a long west to east path at 10.2 kHz is shown in Figure 18. A constant or "flat" night is observed shifting into a slow variation or 
"curvature" during the day. Diumal phase variation at the Omega frequencies is discussed further in section 3.3. At higher frequencies 
within the VLF range phase tends to be somewhat less stable during the night but more stable in mid-day. Figure 19 shows that the 
diumal variation can be considerably more complex than is usually observed at lü.2 kHz. The "steps" during transitions are probably 
due to modal conversion at the terminator. A theory for the step phenomena has been proposed by Crombie (1964 li. 1966) and has 
had some success over long paths (Lynn, 1971 & 1973). However, if the results shown are close to those for a similar path treated by 
Pappert and Morfitt (1975), then a more complicated modal conversion model is necessary for this particular path. 

As previously mentioned and shown in Figures 16 and 17, field strength is typically repeatable to a standard deviation of about 
I dB from day to day at 10.2 kHz. Repeatability of phase is, however, one of the most useful properties of VLF. Phase variations 
occur due to ordinary random variations in the ionosphere or, usually to a much lesser extent, to variations in ground conductivity. 
Occasional larger variations occur. Already mentioned were sudden phase anomalies (SPA's) and polar cap absorptions (PCA's). Their 
effects will be discussed in section 4.2. Typical stabilities appropriate for single propagation paths of various lengths from about 4 Mm 
to 10 Mm are given in Table I. 
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TABLE 111 
STANDARD DEVIATIONS OF VLF SIGNALS 

(microseconds) 

Period 

Day- 
Night 
Transition 

Frequency 
10.2 kHz 13.6 kHz 

3 us 
5 
4 

2 tts 
4 
4 

The higher Very Low Frequencies tend to be more stable during the center portion of the day hut less stable at night. Typical naviga- 
tional effects on Omega are discussed in section 4.1. 

In all discussions of the repeatability of phase measurements it is very important to draw a distinction between day to day statis- 
tical scatter, or ''noise," and electromagnetic noise. Repeatability is limited by the stability of the transfer or "mapping" function 
affecting the signal after it leaves the transmitting antenna and until it is received at the receiver (Swanson, 1970). This type of repeata- 
bility is effected by random variations in the ionosphere or ground and will not improve by increasing the electromagnetic signal-to-noise 
ratio. Normally, the signal-to-noise ratio does not significantly affect repeatabihty except over exceptionally long paths and/or with 
unusually weak transmitters. 

Natural noise at VLF is primarily due to electromagnetic signals radiated from thunderstorm lightning. The total thunderstorm 
noise can be computed on a global basis from all "storm centers" (Maxwell and Stone, 1965). In addition, the noise is highly impulsive 
and proper receiver techniques may yield improvements on the order of 15 dB over what could be obtained if the noise were Gaussian 
(Swanson and Adrian, 1973). While the ambient noise is usually high, arctic areas aie typically quiet and reception of weak signals is 
common. These characteristics, as well as the wide variation in signal strength which may occur depending on propagation path length, 
combine to give stringent specifications for VLF receivers. 

A second area of low signal strength but adequate signal-to-noise ratio is underwater reception. VLF signals are unique in their 
ability to penetrate sea water to useful depths. At 10 kHz the attenuation rate is about 3 dB/meter which indicates reception at 50 
feet 8 Mm removed from a 10 Kw station. 

at VLF. 
Propagation blackouts, of the type sometimes experienced at higher frequencies, are rare to the point of being virtually unknown 

3.2       Approaches to VLF Propagation Prediction 

It will be convenient to identify various approaches to vlf propagation prediction and then elaborate and interrelate certain 
approaches. These methods can be categorized as: 

1. Complete 
2. Full Wave Waveguide 
3. Hop 
4. Traditional Mathematical 
5. Parametric 
6. Statistical 

A brief background on each of the methods follows. 

3.2.1 Complete 

The "complete" approach is that theoretically optimum method which has never been implemented. In principle, it should be 
possible to solve field equations directly in terms of specified boundary conditions at the surface of the earth and in the ionospheric 
magnetoplasma. In practice, of course, full boundary conditions at the earth boundary would have to reflect existing geographical fea- 
tures in detail (especially continental shapes and ground conductivity variations), while specification of the ionospheric boundary would 
require detailed information on electron and ion densities as affected by geographical position and the sunrise-sunset variation. Even if 
a full, complete formulation were possible, it is questionable whether present computers are of sufficient size to support solution. Cer- 
tainly, it is expected that the complete approach would be unnecessarily complex and uneconomical in practice. 

3.2.2 Full Wave Waveguide 

In simrlest form, the full wave waveguide approach considers a spatially homogeneous earth-ionosphere wave guide wherein the 
lower boundary is specified by a specific ground conductivity and the upper boundary by «.n arbitrary electron density profile. Correct 
differential equations for propagation are specified and the solution is worked out through appropriate algorithms within a large digital 
computer. The approach differs from the traditional in which problems in mathematical physics arc solved toward as nearly a closed 
form of solution as possible, and then computations, if any, are used simply to evaluate thi; solution. Many workers have used fuli wave 
solutions in conjunction with wave guide notions. Pappert, Gossard, and Rothmuller (1967), following Budden's formulation, were first 
to report the results of a program which fully allowed for earth curvature, ionospheric inhomogeneity, and anisotropy. Subsequent con- 
tributions on different aspects have been published by various investigators and a more general book was written by Galcjs (1972). 

'1 i' 

3.2.3    Hop 

The hop or ray approach to radio prediction has been traditional at If and above for many years. Extension to the vlf range is 
complex in that the wavelength becomes comparable with the height of the wave guide. Extension of hop theory to the very low fre- 
quencies has been primarily due to the work of Johler(1970) and Berry and Herman (1971). 



3.2.4 Traditional Mathematical 

Considerable work along traditional lines has been accomplished to obtain closed form solutions for vlf propagation within an 
idealized spherical earth-ionosphere wave guide. Variables include ground conductivity, exponentially varying electron density, and 
exponentially varying collision frequency. Magnetic field effects are accounted for in certain cases. Major work along these lines was 
conducted in the early 1960's, particularly by Wait (1970). Numerical results were published by Wait and Spies (1964) and Watt (1967). 
See also Galejs( 1972). 

3.2.5 Parametric 

• Parametric approaches Jo not intrinsically seek to relate observed radio quantities such as phase or amplitude to inherent geo- 
physical parameters such as electron density profiles. Instead, relevant propagation parameters such as attenuation, velocity, and excita- 
tion are assumed to be specified in terms of readily defined path characteristics such as orientation, latitude, ground conductivity, diurnal 
period, etc. 

Two parametric programs are of special importance because of their present widespread application; both are historically early 
developments. The Omega skywave correction program first became operational in its present format in March 1964. The program is 
restricted to phase prediction at specified Omega frequencies, but predicts phase 24 hours per day at all seasons. Variations were initially 
incorporated with orientation, ground conductivity, latitude, sunspot number, and diurnal period. The second program of major interest 
is the RCA-NRL program developed by Schwartz. This program was based on earlier work at higher frequencies, and computes amplitude 
for various frequencies within the vlf communications band. The vlf program originally included variations with frequency, diumal 
period, orientation, ground conductivity, zenith angle, and latitude. The first coverage predictions were published in 1965. 

^ Both the Omega skywave correction program and the RCA-NRL program have been extensively modified and refined since 
' inception. 

3.2.6 Statistical 

; Generally, vlf fields tend to be either quite stable and simply explained - e.g., at long range at navigational frequencies near 
midday - or extremely complex - e.g., at short range at communications frequencies at night. Perhaps because of this, a moderately 
complex statistical model tends to be either unnecessary or inadequate. Accordingly, the author knows of no generally applicable statis- 
tical models for vlf propagation, although most models, especially the parametric ones, may be statistical in that input parameters are 
determined statistically. 

One model of special application is the Force-Fit model for use with Omega data. This model has been extensively developed by 
i Kasper (1970) after initial feasibility studies at the Naval Electronics Laboratory Center (NELC). The model is especially interesting in 

that it operates in conjunction with the Omega skywave correction model. The parametric skywave correction model is first applied to 
! account for recognized spatial or diumal variations, and then an error field is developed for actual observations. Spatial correlation is 

'! then evaluated and smoothing conducted to whatever extent may be statistically justified. 

3.2.7 Comments and Prognosis 

The complete approach may be recognized as the "correct" approach in a fundamental if not practical sense. Other approaches 
must be compared with the complete approach, particularly as to assumptions of spatial homogeneity. 

t 

The full wave mode, hop, and traditional approaches all seek to determine propagation parameters such as attenuation rate, 
velocity, and excitation based on input such as electron density profiles, ground conductivity, magnetic field, orientation, and/or reflec- 

j tion coefficients. In the mode solutions, the propagation parameters are deduced for the various modes supported by the wave guide. 
i Evaluation of the true received field thus implies a summing of contributions from various modes. The hop or ray approach implies the 
1 summing of various rays. One mode may usually be expected to become dominant at long range, while one hop (or groundwave) may 

be expected to become dominant at short range; therefore, hop theory may offer some advantages in quicker convergence for shorter 
< paths or for fixed transmitter-receiver separation, while the wave guide approaches offer advantages for longer paths. However, the 
^ advantages of hop theory are more marked at If than vlf, and the method will not be considered further here. 

. The traditional mathematical approach to the sharply bounded wave guide solution, although refined to considerable elegance 
and sophistication, is obviously more limited than the computer approach: exponential ionospheric electron distributions are used in the 
traditional method, while the more advanced full wave methods can compute modal parameters for arbitrary electron density profiles 

^ and also incorporate the effects of ions. Because of the complex interrelationsliips accc jnted for in the general full wave formulation, 
f, large variations in propagation parameters can occasionally occur due to minor path changes. In one extreme case noted by Snyder 

(1968), a variation in path azimuth of 2° caused a variation in the excitation factor of Kl dB. 

In application, the full wave waveguide approaches require various geophysical data as input including path azimuth, magnetic 
field, ground conductivity, and electron density profile. Output are the propagational parameters for the modes supported under the 
input conditions. When applied to practical paths, two complications arise: (I) the required geophysical input, especially the electron 
density profile, may not be adequately known, and (2) conditions will vary along propagation paths, so some type of path segmenting 
must be employed. 

Extensive efforts to deduce electron density profiles have been conducted for many years. Most methods of deducing electron 
density profiles do not work well in the ionospheric D-region. The best data appear to be the result of vlf sounding. Vertical sounding 
was first conducted at vlf by NELC at Sentinel, Arizona in 1961 (Paulson et al, 1962). Subsequently, more extensive installations have 
been built by Hildebrand at Thule. Hawaii, and in the Mojave Desert. Shellman (1970), using the full wave solution as a subroutine, has 
developed and refined electron density profile determination from sounding data to obtain confidence limits on the results. Profiles 
have also been deduced manually by comparing full wave predictions based on various assumed profiles with observed flight data as 
shown, for example, in a recent MEECN a-port (1976). 

Variable propagation conditions along the path have been handled by Bickel using the WKB technique, which is valid provided 
the propagation parameter variation is slow. An application of full wave theory using an assumed electron density profile and the WKB 
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approximation is shown in figure 4 together with data later observed during flight measurements (Bickel et al, 1970). The agreement is 
excellent, although the calculations do not include allowance for ionospheric roughness. Gossard and Paulson (1964) have shown typical 
ionospheric fluctuations of 2 to 3 km at night. Ionospheric roughness is likely to cause increased relative attenuation of higher order 
modes. Recently theory has been extended to include mode conversion (Pappert and Shockey, 1974; Pappert and Shockey, 1975; 
Pappert and Morfitt, 1975). 

Parametric approaches have considerable economic advantages. Also, since the bulk of such programs is ordinarily devoted to 
bookkeeping and summing of the various functions as applied to path segments, the programs are inherently compatible with lite fuii 
wave solution. The full wave solution provides guidance on the separability of the variables and suggests appropriate functional iorms 
for the variations; the parametric program incorporates these and performs calculations over long paths. Parametric approaches work best 
when the range of variables which must be considered is least and when the effects of geophysical variations on the propagation param- 
eters can be separated. Although some sophistication can be economically incorporated into parametric programs to account for varia- 
tions which are not readily separated, close coupling of propagation parameters is likely to necessitate use of a full wave solution. 

In addition to economic advantages, parametric approaches offer a precision and sensitivity to output not readily obtained with a 
full wave program. To vary the result of a full wave program, the geophysical input must be changed - most likely the assumed electron 
density profile. Such changes of input may cause significant variations in phase and/or amplitude not only at the frequency of interest 
but at other frequencies as well. The difficulties in properly deducing profiles based on observations have already been mentioned. With 
a parametric approach, simpler methods of deducing the parameters are available (Swanson, 1971). 

The statistical approach has the disadvantage of not incorporating any physical variations no matter how well understood. Confi- 
dence in the results derives from huge quantities of data and the associated measurement statistics. The principal disadvantages of the 
statistical approach are overcome in the Omega Force-Fit technology by applying the approach to the error field developed after applica- 
tion of the Omega skywave correction parametric model. Ideally, the parametric model would not produce an error field, and, hence, 
further corrections would not be needed. In practice, predictions based on any physical model will exhibit errors due both to intrinsic 
model limitations and inaccuracy of the required input such as ground conductivity. The statistical approach allows removal of prevailing 
errors, at specific sites where sufficient data have been collected, without necessitating basic model changes. 

Present and fu.jre use of the various prediction approaches is difficult to assess. Clearly the "complete" approach is of only aca- 
demic interest. Traditional mathematical methods are infrequently applied to practical prediction but their importance should not be 
underestimated as it is often through such efforts that the fundamental nature of problems can be understood. Statistical adjustments 
to published Omega predictions are likely to remain in wide use as the principal means of removing known local biases. However, their 
importance may wane somewhat as automatic receivers come into widespread use and further improvements are made in global predic- 
tion theory. The global model for Omega phase prediction developed by the author and described further in section 3.3 is, in a sense, 
perhaps the most widely applied model. It is parametric and use is restricted to the prediction of Omega phase. It is used for production 
of voluminous propagation correction tables issued by the Hydrographie Certer of the U. S. Defense Mapping Agency. The model, or 
simplifications, have also been incorporated in various automatic Omega receivers. Because of calculation efficiency and ease of adjusting 
parameters for best accuracy, the method or extensions of the basic method can be expected to be in widespread use into the future. 
However, increased use of full wave or hop calculations may be anticipated to assess coverage areas wherein Omega can be used reliably 
with the model. A parametric computation for field strength at the vlf communications frequencies is extensively employed by the U. S. 
Naval Research Laboratory (NRL). The remaining prediction techniques are full wave mode and hop developments. 

There has been a significant proliferation of full wave mode and hop computer programs which can be used for determining 
Omega or vlf fields. Results of the various methods have been well cross checked. Various full field approaches have been intercornpared 
while results from more complex programs have also been compared, e.g., that of Johler with that of Berry and also the NELC program 
developed by Pappert with that developed by Berry (Morfitt, 1972). Choice of program thus depends on the sophistication available and 
the need for complexity, cost, and familiarity of specific workers with the various approaches. In practice, use patterns suggest that the 
latter consideration may be most important. Most full wave work in Europe, especially in the U. K., seems derivative from work by 
Pitteway (see Smith and Pitteway, 1974). Some work in the U. S., particularly at If and the communications band in the vlf range has 
used Johler's program using zonal harmonics. The U. S. Air Force is using the Wave Hop program by Berry for a number of calculations 
in the vlf and If ranges. The wave hop has also been used for limited Omega computations to determine fields at relatively short ranges 
(< 1000 Km). The U. S. Navy and U. S. Coast Guard make extensive use of full wave mode calculations based on the work of Pappert 
but highly refined by numerous workers. One progr .i, f special note is the Integrated Prediction Program (IPP) developed by Snyder 
and Ferguson (Ferguson, 1972). This program determines gi..,physical parameters, finds he modes, and computes the mode sum over a 
long great circle path over the earth. The advantage of such a soptus[i;ated program for practical applications is obvious. Current work 
is centered in two areas. Theoretical extensions to include mode convsrsion have already been noted. Since Pappert and Morfitt (1975) 
note that their most recent mode conversion model can be implemented with about the same ease as a WKB model, it seems likely that 
these techniques will receive wider practical application in the future. A second active area is that of insuring that a full set of modes is 
identified in the course of solution. 

3.3       Phase Prediction 

A paper presenting the theoretical formulation used for Omega phase prediction has been written by Swanson (1971). This work 
was expanded by Swanson and Brown (1972) into a document including not only the background and theoretical formulation of Omega 
phase prediction but also listing the FORTRAN program used in the production of Omega propagation prediction (or skywave correction) 
tables used with Omega. More recent program documentation has been written by Morris and Cha (1974). Considering the detailed 
documentation available, this paper will present but a superficial review. Principal attention will be directed at the factors effecting the 
spatial variation of phase. This section has been abstracted primarily from the aforementioned 1971 paper including some editorial revi- 
sion done in preparing a more recent paper (Swanson, 1975). 

3.3.1    Path Definition 

-t The first problem is to define the propagation path. It is mathematically easiest to consider a line path of no lateral extent. How- 
ever, Fermat's principle of least time indicates that deviations from the straight optical path will occur if propagational velocities are 
markedly different to one side of the optical path. Such asymmetry across the path could occur, for example, if the path paralleled a 
coastline or if the sunrise or sunset terminator were parallel to the propagation path. Calculations have been performed under idealized 
geometry assuming a nearby terminator, and the path deviations were found to be negligible. 
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Figure 20 shows the ray hop geometry for propagation from a transmitter to a receiver. Rays launched near the tangent plane 
suffer the fewest reflections and, hence, contribute maximum field strength at the receiver. Rays launched near the vertical contribute 
almost nothing at the receiver. The illustration suggests that ionospheric conditions directly over the transmitter or receiver are of little 
importance in determining the total field at great distance, and, hence, some regions of excitation (and de-excitation) should be treated 
separately. For ionospheric heights near 80 km, the geometry indicates that the excitation regions should extend inward from the ends 
of the path by somewhat less than 9° of arc on the earth's surface. 

The wave guide approach does not yield quite as simple a visualization of the relative influence of the path ends. However, calcu- 
lations have been conducted to determine the spatial extent of the first oblique Fresnel zone assuming various propagational parameters 
(Bradford, 1971). The midpoint of the two edges was typically 8° removed from the transmitter, while central zone (secular ray) calcula- 
tions were typically grouped near 5°. 

The spatial extent of the excitation region is best determined experimentally (Swanson and Bradford, 1971). A typical feature 
of a vlf phase recording is a marked variation at the beginning of sunrise. The time of occurrence of the sunrise onset was first determined 
for certain predominantly north-south paths near the equinox when path illumination would be occurring simultaneously. It was found 
that sunrise began when the zenith angle reached 98°. Using the deduced zenith angle to define the commencement of sunrise, ephemeral 
data were used to compute the time of the beginning of sunrise at the eastern end of various predominantly east-west paths. As expected, 
the computed times occurred significantly earlier than indicated by corresponding observations. Knowing path orientation and latitude, 
the time discrepancies were converted into the distance along path at which the effect could be assumed to take place. The effective path 
shortening is 6.1° at each end, which is in accord with both theoretical treatments. 

3.3.2    Segmenting 

Having deduced that the propagation path on a spherical earth can be approximated as a segment of the great circle between trans- 
mitter and receiver but shortened by regions of excitation and de-excitation at the ends, it is now necessary to develop a treatment for 
the central or midpath portion. Assuming a single mode model and slow variations of the propagation parameters, a simple path averaging 
technique, where phase shift is added from one path segment to another, will be appr.priate. Phase prediction over a long path then 
becomes the addition of excitation phase variations at the ends plus a summation of incremental phase shifts over each path segment in 
the central portion: 

^ - ^excitation + '''de-excitation ■2, s*i 
path 

(2) 

Phase shifts on excitation and de-excitation are developed based on respective local geophysical conditions at the path ends, whereas 
each incremental phase shift in the midpath is a function only of geophysical conditions prevailing over the path segment. The phase 
shift expected over an incremental midpath segment is a complicated function of various path and geophysical parameters Xj, X2,. .. , 
such as path orientation, magnetic field orientation and magnitude, ground conductivity, etc.; 

&V = Slf{Xh\2,X3...) (3) 

An alternate form of practical convenience is 

S^ = 6^[X1,f(X,,X2),X3,g(X3)X4),...l (4) 

where various geophysical functional relationships have been specified, i.e., certain terms have been arbitrarily coupled. Since one of the 
component dependencies of the arbitrarily coupled dependencies remains as an independent variable, equation 4 can retain the same 
complete generality of equation 3 if f and g are single-valued functions of their respective arguments. If forms of the functional relation- 
ships are chosen so that cross products in the generalized Taylor expansion drop, Equation 4 may be expanded to 

0 
-Hf'*' 

which is a linear equation of the form 

where 

K' 
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Substitution into equation 2 yields the phase over any given path 

^ = ^excitation + ^de-excitation + (K '   s xi (5) 

= KTX (6) 

where K and X represent K' and I X' redimensioned to incorporate representations for excitation and de-excitation. Phase differences 
may be computed by applying equation S to the component path segments and subtracting. K may be found by regression analysis of 
observed phase differencu. 
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3.3.3    Spatial and Temporal Partitioning 

Obviously, temporal and diurnal variations can be incorporated directly into the formulation presented. In practice, how- 
ever, it is more convenient to treat diurnal variation separately. Addressing a selection of data, all obtained when the associated 
propagation paths were dark, allows determination of the spatial variation at night without simultaneously addressing a wide range 
of diurnal conditions. Spatial variation during the day may be similarly determined after adjusting data to correspond to normal 
illumination over all component propagation paths simultaneously. Spatial predictions can thus be developed for extreme illumi- 
nation conditions. Phase predictions for conditions of intermediate illunination are obtained by proportioning the day and night 
predictions based on a diurnal function and the illunination conditions that have developed on each path segment. Spatial and 

„ diurnal variation are thus derived independently. 

*•■ 3.3.4    Spatial Variation 

The spatial theory for phase developed by the author, and widely used for global Omega propagation predictions, is a 
parametric theory. The art in the development is choosing a suitable form for the parametric forms, as used in equation (4), so 
that the cross products drop in the general Taylor expansion, leading to equation (6) which is the matrix linearization used to 
compute phase shift over each path segment. Detailed parametric forms and associated coefficients, as determined by both theo- 
retical considerations and regression analysis of Omega data, are given in the references, particularly Swanson, 1971. 

Velocity variation with ground conductivity is addressed by discrete coefficients representing velocity variation from sea 
water for each conductivity range used to represent a discrete conductivity grade. In both daytime and evening, the velocity shows 

>■ a rather slow monitonic decrease, with decreasing ground conductivity, down to a conductivity of 10"^ mho/m. Further decreasing 
U ground conductivity from 10"'* to I0~5 mho/m means a rapid increase in velocity is predicted. Three parameters are used to repre- 

sent phase shift upon excitation or de-excitation of earth-ionosphere waveguide. One term represents a nominal phase shift on ex- 
S. citation, which is always expected, while a second represents additional phase shift expected at various bearings. The second term 

is also sensitive to    omagnetic dip angle. A final excitation term allows for additional phase shift when the excitation occurs over 
regions of extremely low ground conductivity. There is a substantial variation of velocity with geomagnetic dip angle. Additionally, 

^ five parameters are used to represent a complex variation of velocity with both azimuth and geomagnetic dip angle. Auroral terms 
represent an abrupt increase in velocity for propagation under the auroral zone (beginning just above 60° absolute geomagnetic lati- 
tude and increasing to a maximum variation from nominal at about 66°). Anomalous velocity variation is also found to occur 
throughout the polar cap. Velocity variation with sunspot number is included in regression results. As previously noted, prediction 
coefficients for day and night conditions are developed separately. 

• 3.3.5    Diurnal Variation 

i A key element of the phase prediction theory used with Omega is the notation of a Diurnal Function (figure 21) (Swanson 
! and Bradford, 1971). This is defined to operate within the range 0 to 1 where 0 corresponds to idealized, normally illuminated 

A day conditions, and 1 represe^s stable night conditions. It may be thought of as an ionospheric forcing function defined by the 
|| solar zenith angle. Given sufficient time for the ionosphere to stabilize, the phase delay across any path segment, at any given time, 
[ can be determined from the diurnal function as follows: First, the solar zenith angle, cosine of the solar zenith angle, and diurnal 
'- function are determined for the path segment. Secondly, the phase delays expected during normally illuminated day or at night 

are computed from spatial theory.  Finally, the intermediate delay is computed by weighting illumination conditions by the 
diurnal function. Delay over a long path can be computed by summing incremental delays over the various path segments. 

In practice, there are dissociation and recombination rates associated with the ionosphere and, hence, the ionosphere 
possesses an effective time constant at any given height. As the solar zenith angle is usually changing, stable illumination condi- 

j tions rarely occur. More generally, the ionosphere approximates a system, with an effective time constant being forced by the 
J diurnal function. The effective time constant ranges from l/8th hour during the day to l-l/8th hours at night. During much of 
1 the 24-hour day, when the diurnal function is slowly varying, the historical influence in determining effective ionosphenc phase 

height is slight, and the diurnal function alone is a good predictor of relative, temporal phase variation. 

i At sunset, and especially at sunrise, anomalous phase changes occur. The abrupt phase shift at sunrise occurs with the first 
» incidence of weak light which has already passed through the lower layers of the atmosphere. Hence we speculatively envision a 

■ process such as photo-detachment. Anomalous transitional shifts are computed with the aid of "dump schedules." 

The diurnal function explains not only diurnal behavior near mid-day, but also seasonal variation. However, there is a 
slight relationship between the slope of the diurnal function at the zenith and the phase of the solar cycle as represented by the 

',■■ sunspot number. 

'k. 3.3.6    Prediction accuracy 

Spatial prediction biases of long-term averages from global prediction theory were evaluated by Swanson and Kugel (1972b), 
and found to be typically 3.2 cec, both day and night. At the time of the evaluation the existing data base heavily reflected obser- 
vations in North America, Hawaii, and Western Europe, based on transmissions from Hawaii; Forestport, New York; Panama; 

' Trinidad, the United Kingdom, and Norway. New data, not yet compiled and analyzed, will provide a better sampling of predic- 
tions over a wider range of geophysical conditions. Some, at least temporary, decrease in predictional accuracy should he expected 
for conditions substantially different from those used in determining prediction coefficients. One region of exceptionally large 
prediction errors is in prediction of the phase of the North Dakota signal in Furope and the Mediterranean (Swanson, 1976). Pre- 
diction errors of about 18 cec, or five standard deviations, are prevalent. It has been speculated that the biases may be due to propa- 

i gational effects of a stratified, irregular ground in central Canada. 

f" Predictional accuracy during transitions is difficult to assess. Whereas conditions are relatively stable during night or near 
mid-day so long-term averages can confidently be developed and readily associated with given illumination conditions, no similar 
situation exists during transitions. 

< One method of assessing predictional accuracy during transitions is to consider the rms variation of individual hourly phase 
* differences from those predicted. This technique then reflects not only predictional biases, but also day to day scatter. One such 
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analysis was conducted by Calvo and Bortz (1974) wlio noted a typical 24-liour rms discrepancy from predictions based on global theory 
of 12.5 centicycles (one mile on a baseline). (They also evaluated line-of-position rms discrepancy after application of the statistical force 
fit adjustments, and found an error on the order of Ü.6 nmi.) As typical repeatability of the phase of a signal over a long path was given in 
table II, and also determined by Swanson and Kugel (1972a) as on the order of 3-4 centicycles, one would expect an rms discrepancy on a 
typical hyperbolic line-of-position to be the root-sum-of-squares combination of predictability over both paths forming the hyperbolic 
pair combined with repeatabihty over the same paths, or about 7 cec either day or night. Predictions during transitions are not expected 
to be as poor as would be required to explain the difference in expectation in the rms computed by Calvo and Bortz over the 24-hour day. 
However, in either case, general rms accuracy is expected to be in the range 7 to 12,5 cec. Prediction biasis arc clearly less. 

4. NAVIGATIONAL PERFORMANCE 

For practical purposes it is convenient to divide consideration of performance into consideration of typical median navigational 
accuracy and blunders. 

Nominal repeatability is meant to include statistical variations through perhaps the 9Sth percentile, and is well represented by the 
standard deviation or circular error probable. It is directly applicable to typical operation and nominal wander about intended track. 
Blunders may be induced by the equipment, the operator, or sudden anomalous propagation conditions. Blunders relate primarily to navi- 
gational safety. They are best expressed as the probability of some specified large error, as might be associated with navigational disaster. 

4.1 Median Results 

Typical performance depends on navigational geometry, but fundamentally on signal properties, including measurability and pre- 
dictability, as weil as .epeatability. Signal-to-noise ratios are typically adequate to allow accurate, timely measurement. Many equipments 
have adequate accuracy. Typical predictability was discussed in section 3.3.6 whereas signal repeatabilities were given in table II. 

Owing to the rather recent advent of signals from eight stations on a worldwide basis, a modern evaluation of Omega accuracy on 
a global basis has not been done. As previously noted, there is a known serious bias in the prediction of North Dakota signals in Europe 
and the Mediterranean. Other biases may also be expected. If these biases can be removed, as was done with prodictional errors in the 
earlier developmental system, then an accuracy assessment of the earlier system geometry may be indicative of eventual accuracy. An 
evaluation to detetmine potential operational accuracy based on fixed site monitoring was conducted in 1969 (Swanson, 1969). Observa- 
tions were systematically sampled at various hours and various seasons at different sites so as to estimate year-round navigational accuracy. 
Results from sampling observations at San Diego, Cahfornia and Rome, New York over a 2-year period are shown in figure 22. Figure 23 
shows similar data for May 1969 from San Diego, New York, Miama, Bermuda, and Wales, Alaska. Results from both samplings indicate 
a circular error probable of one mile. This is the single most useful estimate of Omega accuracy, that is that applicable over a wide area 
24-hours per day. 

Accuracy may be better or worse than nominal for various special applications. Clearly for any specified local area or particular 
period, predictive accuracy should be at least no worse than nominal. Removal of prediction bias through extensive monitoring and 
"force fit" was already noted as useful especially for high or critical traffic areas. 

4.2 Disturbed Conditions 

Since the human and instrumental blunder modes can be addiessed through design changes or changes in procedures, the blunders 
of fundamental concern are those associated with propagation. Experimental verification of highly usual deviations is extremely difficult 
without a causative model, as there is high likelihood that extremely anomalous data variations are due to errors in the reduction rather 
than operation, e.g., recording of 38 in^lead of 83. Some care must also be given to the relation between predictability of various events 
and blunders. Events which are not now predictable may become predictable in the future. Even if predictable, blunders will occur if 
predictive methods are not implemented. An example is that of the effects of eclipse on vlf. This effect has been observed by various 
workers; subsequently predicted by Noonkester and Sailors (1971). Although the occurence of eclipse is highly predictable, no effort is 
made to incorporate such knowledge into practical prediction, and thus eclipses although rare, are an occasional source of significant error. 

Because of the aforementioned difficulty of confidently insuring against anomalous measurement or data processing errors, blun- 
ders are best addressed by discussing their geophysical causation. Nominal phase changes due to ordinary random geophysical variations 
are not associated with particular geophysical fluctuations, but are statistically noted in determining typical iicvigatioaal performance. 
Occasional severe variations are addressed through geophysical causation. By intent, this paper addresses primarily nominal propagation 
conditions, and is weak in the geophysical morphology of various events capable of producing significant errors. A companion paper by 
Larsen (1976) addresses morphology of errors in detail. However, two effects, SIDs and PCAs, are of sufficient importance that they 
must be noted here. Larsen (1976) presents the morphology and fundamental data base for determining the effects of SIDs and PC As. 
The fundamental data cited by Larsen Is valid for determining SID activity over long sunlit paths and PCA activity over long 
•ranspolar and transauroral paths near maximum solar activity.   It has been speculatively extrapolated by Swanson (1974) to 
more typical conditions (figure 24).  The renormalization of the function representing SIDs includes extrapolation In typical 
conditions rather than near-noon, 24-hour operation and allowance for nominal hyperbolic cancellatipn of phase advances. PCA 
renormalization is similar except that reduction over the 24-hour day is not applicable   PCA renormalization to nominal solar activil> is 
speculative since there is an insufficient data base near solar minimum. 

Figure 24 shows that about 2 percent of the time the nominal scatter expected from a normal statistical distribution will be ex- 
ceeded due to the effect of SIDs and PCAs. The difference is especially important when assessing the probability of some unusual event 
such as a navigational error greater than 5 miles. There is virtually no probability of an error greater than 5 miles from the normal distri- 
bution (an excursion of over 10 standard deviations). However, figure 24 shows that the probability of an error that large, or greater, due 
to an SID is 0.02 percent, and from a PCA, 0.2 percent. That is, a PCA could induce an error of that magnitude on one out of 500 
occasions. 

4.3 Anomalous Diurnal Phase Change 

Several cases may be defined when two or more waveguide propagation modes are present: I   a highly dominant mode with slight 
contribution from a second mode; II   two nearly equal modes with one remaining dominant; and III  a temporal or spatial change in 



modal dominance. For illustration, only two modes will be considered. In Case I with the competing mode very small, the ideal propaga- 
tion condition of a single dominant mode is closely approximated. There will be a slight nonlinearity in the variation of phase with distance 
wherein the error is quasi-sinusoidal, with a wavelength determined by the difference in the phase velocities of the two modes. Case II with 
the competing mode almost equal yields a phase error as a function of range which is basically similar to that developed in Case 1, only 
larger. That is, there is an irregularity in phase as a function of distance analogous to the Hollingsworth pattern observed in amplitude as 
a function of distance. The maximum phase deviation results from the resultant signal being pulled in quadrature from the dominant mode, 
and is thus 90° or 25 cec, corresponding in hyperbolic geometry to perhaps 2 nmi anomalous position variation. Gallenberger has computed 
anomalous phase variation for Cases 1 and II (Swanson, 1971b). The effect can usually be considered an incidental, although sometimes 
moderately large, source of error, but not a blunder mode. However, the effect may be of importance in lane resolution, and has been 
studied extensively by Burgess (1969) for this reason. Bickel (1970) has also made extensive measurements of Hollingsworth patterns to 
determine propagation parameters. It is Case III when the modal dominance changes that special care is needed. Diurnal changes of mode 
dominance may occur on numerous paths at the vlf communications frequencies, and can also occur at the Omega frequencies in the case 
of certain westbound equatorial or trans-equatorial paths. Signals which may undergo changes in modal dominance are best considered 
unusable, but can be used under special circumstances (Swanson, 1975a). 

When modal dominance changes between day and night, it is self-evident that at some time the two modes must be of equal ampli- 
tude. If the signals are in phase at equality, an arithmatic addition of field strength would occur and there would be no anomalous phase 
shift; if out of phase, the signals would cancel. Generally, some intermediate condition will prevail. Depending, in detail, on the relative 
phasing at equality, the spatial or diurnal transition may be normal or abnormal. In particular, a sunrise which might normally be associ- 
ated with a one cycle phase change may actually show no phase change, or a two-cycle variation. The navigauonal effect of this cycle 
slippage is an anomalous position displacement into an adjacent "8-mile" navigational lane without loss of phase tracking. 

Cycle slippage has been discussed by Swanson (1972) using the phasor sum from field contributions by two modes. Diurnal varia- 
tion of phase and amplitude are represented by the phasor loci shown in figure 25. 

Figure 2Sa corresponds to a first mode over a long path which experiences a or -cycle phase variation during a transition while the 
amplitude varies slightly. Figure 25b shows the corresponding second mode varying by two cycles while the amplitude would vary from 
very low during the day (but exaggerated in the illustration) to substantial at night. The reference cited shows the phasor sum for realistic 
parameters (figure 26). Two types of transitions are shown, depending on the relative phase between the two modes during the day. For 
a relative phasing of three radians, the transition tends to ramp, largely as expected, from a single mode alone, but with a marked minor 
anomaly in mid-transition, and some phase pulling from one cycle at night. For a relative phasing of two radians, however, there is an 
anomalous cycle slip where the transition gains an extra cycle. As can be seen from the accompanying phasor loci, whether or not the 
cycle slip occurs depends upon whether or not the "loop" in the composite locus encompasses the origin. This, in turn, is critically de- 
pendent on the absolute phasing between the two propagation modes during the day (or equivalently at night in this model). The absolute 
phasing over long paths is, however, variable as a result of nominal ionospheric changes. Thus, cycle slippage may or may not be a repeat- 
able feature from day to day. 

Although a severe fade will often accompany cycle slippage, the danger is that adequate signal may remain for continuous tracking. 
In this case a large positional error could occur without the user being aware. The best safeguard is respect of coverage restrictions to areas 
of single mode dominance. 

4.4      Coverage Limitations 

The importance of coverage considerations to avoid cycle slippage was mentioned in the preceding section. In addition, if some 
significant contribution is being made by other than the dominant mode, it is necessary to determine that the anomalous phase variation 
with distance be sufficiently small for the intended use. For example, carrier perturbations amounting to a mile or so can be accepted in 
normal track navigation, but not for lane resolution. Significant limits are imposed by self-interference wherein a signal propagated around 
the earth on the iong-path will interfere with that obtained over the short path. The aforementioned limitations all apply even though 
associated signals may of substantial amplitude and apparent phase stability. Another coverage restriction is that the signals present ade- 
quate signal-to-noise ratio for accurate, timely measurement. 

Omega coverage is only recently beginning to receive the attention the subject warrants. Although the full wave techniques neces- 
sary for assessment became available in the mid-1960s, the first scientifically documented full wave work was that of Sailors (1970) in 
1970. Most work has been within the last two years. Swanson and Dick (1975b) published a Umited assessment for North America and 
the North Atlantic. More recently, Swanson (1975c) examined coverage in India in considerable detail by computing both long and short 
path signals from all Omega transmitters, and thus contributing to the available inventory of computed Omega radials. The most substan- 
tial effort to determine Omega coverage was, however, thai of Bortz, Gupta, Scull and Morris (1974). They employed a modification of 
the Naval Hicctronic Laboratory Center (NHLC)-dovelopcd Integrated Prediction Program (IPP), described by Ferguson (1972), for the full 
wave computations. Supporting radials are given in a report by Gupta (1974). The work of Rom. et al included estimation of prevailing 
noise conditions, but is conservative in that no ullowancc was made for effective improvement in signal-to-noise ratio through nonlinear 
processing techniques, while an improvement of 15 dB may be expected. However, the results are comprehensive and are reproduced as 
figures 27 and 28. Note that signal coverage is given wothout addressing the influence of navigational geometry. 

5 CONCLUSIONS 

Omega propagation has been reviewed. Primary attention has been devoted to a summary of the Omega system and development 
of nominal propagation conditions based primarily on waveguide notions. Mechanisms for progatationally induced navigational blunders 
have been noted. However, detailed discussion of the morphology of propagational events has been avoided in this paper. A companion 
paper by Larsen describes these events in detail. 

BIBIIOGRAPHIC COMMENT 

Many review papers are developed through combining and revising past works. This is no exception. Some comment on founda- 
tion may be useful. This paper has a substantial resemblance tc Technical Note 2101 (Swanson and Brown. 1972) hut without the detailed 
attention to phase prediction. This is less due to direct abstraction from the note than lo common origins. Both are based heavily on up- 
dates of lectures given at the University of Michigan in 1967 and 1968, particularly the 1969 revision. Also extensive use was made of a 
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• paper on phase prediction (Swanson, 1971b) and a paper on Omega (Swanson, 1971c). An additional reference, not cited explicitly, is 
=■ Burgess and Jones, 1975, which is a review of LF and VLF propagation, and can profitably be read in conjunction with this work. No 
f attempt was made to make the references exhaustive. Rather, recent work by active authors has been cited, as well as certain funda- 
;• mental works. Finally, apology is given for extensive reference to work by Swanson. However, as Jr. J. R. Wait noted in an aside in a 

review paper of his at a meeting in Spaatind, 1 am most familiar with my own work. 
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sphere, dashed curves (from Snyder and Pappert, 1969), 
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radiated power versus distance for the SH path (from Snyder and 
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Figure 16. Plot of average field strength (A) and corresponding 
standard deviation (B) for 10.2 kHz signal recieved at Rome, N,Y. 
from Haiku, Hawaii, 24 October - 10 November 1962. 

A 

3 » 
' 

A    rJ 1 
5   '0 

* 
AV [^ vv 

^ 
i -J 

1 \ ~- ̂ y\ '\ t   1 
OEOD   omo    am    OKB 
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Figure 19. 19.8 kHz NPM (Hawaii) phase recorded in San Diego, 
9-12 July 1965 (from Bickel). 

Figure 20. Ray hop propagation modes. 
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Figure 23. Polar plot of Omega fix errors. Five site sampling. 
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, SUMMARY 

li 
The operation of OMEGA radionavigation system worUhlictecoverage may be locally improved as far as 

■J_' accuracy and reliability are concerned, by taking into account corrections by a fixed shore station called 
•; differential OMEGA station. 

; This paper describes telemetering format used in France and gives some experimental results obtined 
^ at the differential OMEGA stations of lie d'Yeu and Cap Couronne, on French coasts. 

I.    INTRODUCTION 

Differential OMEGA is a navigation system which can improve the accuracy of standard OMEGA with a 
*: coverage of about 300 nautical miles around an OMEGA differential station located on land. 

i) The principle of differential OMEGA is already described in other papers (BROGEN, K.W. and 
fi LUKEN, K.O.L., 1966 ; NARD, G., 1971 ; SWANSON, E.R. 1974) and is now well known : an OMEGA receiving 
j station placed on land compares theoretical values of OMEGA coordinates with observed values and broadcasts 
I observed corrections to sailors in a 100 to 300 nautical miles radius circle. 

V With the French coding system, the corrections are aiixomatically used by the receiver, so that the 
sailor only reads coordinates on the receiver. 

i II.   DESCRIPTION OF THE CODING FORMAT TESTED IN FRANCE 

II.1. General 

j The format developed in France for transmission of differential OMEGA corrections is based on the 
I following choices : 

h - phase corrections are transmitted for each single OMEGA station with no connection with corrections for 
4 other stations, in a sequence exactly superimposed to the transmission cycle of OMEGA stations. In other 
» words, the phase correction for a given OMEGA station is transmitted in the real time where this station 

transmits, 

- the phase reference is given by the local oscillator of the OMEGA receiver of the corrections 
transmitting station. The frequency stability of the local oscillator is the same as that of a standard 
receiver (i.e. around ID-7), 

- corrections are transmitted in an analog form, 

- the information modulates in phase a 20 Hz sub-carrier which also modulates a carrier frequency in 
phase, with a modulation index smaller than 0.6, 

- the carrier frequency is that of a maritime radiobeacon which transmits either on a continuous or 
sequential basis. 

To help understanding the reasons for these choices, some information will be given on the 
operation of correction transmission in paragraphs II.2 and II.3 hereafter. 
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II.2.  Description of the transmission format 

Figure 1 shows a block diagram of the operation of a differential OMEGA corrections transmitting 
station. This station is in three parts : 

- a modified OMEGA receiver for the reception of fundamental OMEGA signals, 

- a coder modulator which shifts the phases, of the signals received from the OMEGA coordinates computed 
for the correction transmitting station, applies the resulting phases to a 20 Hz sub-carrier and 
modulates the radiobeacon master oscillator with this sub-carrier, 

- the radiobeacon itselft. 

The OMEGA receiver successively receives the signals from the OMEGA stations. Assume, for instance, 
that stations A, B, D and G are correctly received, E, F and H are more or less weakly received and C 
is not received(l). 

After an amplification and reshaping of the 10.2 kHz signal before mixer Ml, the signal has the 
form shown in figure 2 (signal 1). 

The following notations will be used : 

- d    -    distance between OMEGA station A and the correction transmitting station S 

- dj.    = distance between station A and ship M 

- F 

- f 

M = distance between station S and ship M 

= OMEGA transmitting frequency (10.2 kHz) 

= transmitting frequency of the radiobeacon associated with the correction transmitting station 

- C. (t) = propagation speed of the resultant phase on A-S for time t 

- CM (t) = propagation speed of the resultant phase on A-M for time t 

- C SO 

■ft 

= theoretical phase propagation speed on A-S 

= phase of the signal from OMEGA station A during the i-th step of the signal processing 

= initial phase of OMEGA stations, the same for all stations 

= initial phase of the local oscillator i 

- equivalent notations for signals from stations B, C etc... 

A  B - k., k. etc... are integer numbers, positive, negative or null such that all phases be within (0 - +2Tr). 

"5 

The following conditions are considsred as being met : 

AB AB 
- phase propagation speeds Cs (t), Cs (t) etc... and CH (t), CM (t) etc... are constant during the 

duration of an OMEGA sequence (10 seconds), 

- the frequency stability of local oscillators used in OMEGA receivers of station S and of ship M is good 
enough for the ratio between the OMEGA frequency and the local oscillators frequency to be considered 
constant during an OMEGA sequence. 

Before mixer 1, the phase of the signal raceived from station A is : 

Likewise 

if i - 2 u F 
cnt) 

+ ^o + A ^t IT 

etc 

Such is the case in Western Mediterranean. This case is mentioned only for the sake of clarity ; 
the described format is adequate for any kind of reception of OMEGA stations around the earth. 



After mixer Ml, the sequential signal has the same form as that of signal 1 in figure 2 but its 
frequency is reduced to 1.2 kHz and the phase of the segments are : 

^ = ^ F 
c5

A (t) 
^ to  + fcL. +1^1* 

c5 vt) 

The demultiplecer separates the signals from the different OMEGA stations, selects several of 
them, 5 for instance (it is the number chosen for the two differential OMEGA stations presently in 
service in France) stores their respective phases with 5 identical phase control (h.     ^ tp 
which time constant is around 100 seconds. '      '' 

If the selected stations were A, B, D, E and G, then 

% '-*> %'-% T.^% < 

Then phase shifters flip —/We substract from these 5 phases, phases such that 

Atf, = i TT  F  ( 

Afa 

C Jo 

Av 

)  +   A k,lt 

iV^TT 

ikiT 
cl. 

r4 o 

The terms tlY, / A^fx. > ^f^.^fs actually are the fractionary part of the theoretical hyperbolic 
coordinates A - E, B - E, D-E, G-E, of station S as they can be obtained from the chart. 

It should be noted here that : 

- the values a^\ ~ Of s result from theoretical calculations and are therefore ■'ixed once when the station 
is commissioned but if the charting has been changed in the meantime, 

- the choice of the reference OMEGA station (E in the chosen example) is arbitrary and makes no difference 
between this station and the seven others. As will be seen in the description of the corrections 
receiver, the system could even work, be this station off the aiv. 

After the phase shifters, the phases on the storage channels are : 

</ -. 2ir F (JL . It + JL] + * V,? TT + *  -H *   . 

4? o ^  /   4? d? d|   % ä 
•  etc. 

I 

The multiplexer located after the phase shifters, controlled in synchronism with the deimaltiplcxer 
from the OMEGA format, sets the signals ifj, f^      etc... in a sequence according to a format identical 
to the OMEGA format ; the segments with no correction (C, F and H in the given example) are left vcid, 
and the 1.2 kHz si,tnal has the shape of signal 2 in figure 2. 

,« 



Mixer M2 brings the ^'snal frequency to 20 Hz. Phases on segments A, B, D, E and G are then as 
follows ; 

A 

fn ~- Hi +^P.i. +*■*!!" 

B B 
Vu   = fa' *yc>LX,    ■'•* ■"♦ "' etc=. 

The shape of the signal remains that of signal 2 in figure 2. This sequential signal, which 
frequency is 20 Hz, phase modulates the radiobeacon carrier with a modulation index of 0.8. The mathema- 
tical value of the signal transmitted by the radiobeacon is, during transmission of segment A : 

E    CoS   [   -Jirft   4   O.g   CcS  (UoTTt +tf*)+  Y ] 

then during segment B  : 

E c^s   [ 2ir|t  + eg   6>s ( he irt +%) + (\>j , etc_ 

II.3.  Description of corrections reception 

Block diagram 1 of figure 3 shows how corrections are received in the general situation. 

The phases received by the OMEGA receiver on ship M are : 

ifh   = airf "*■ "o ' etc... 

At the same time the corrections receiver will receive the following signal on the radiobeacon 
frequency f during segment A ; 

E cos [ -iTr^t t o.g tos(UoTt + %) + </] 

where iU  is different of U> because of the time of propagation between station S and ship M. 

Likewise on the following segments. 

The discriminator which follows reception circuits gives a 20 Hz sequential signal which shape is 
similar to that of signal 2 in figure 2 and wherea> has disappeared. 

The demultiplexer which follows the first phase discriminator, controlled by the OMEGA format, 
separates the segments and selects four of them. 

The control of the demultiplexer of the OMEGA receiver and of that of the corrections receiver 
are coupled so that the same stations are selected. Suppose for instance the operator chose to display 
couples A-D and B-G. Segment A, D, B and G are sent to four 20 Hz detectors which give phases ^fi/'^fif- 
C^ and (^ as voltages. These phases are substracted from those stored in the demultiplexer channels of 
the OMEGA receiver. 

Eventually, in the chosen example, the input of the first phasemeter of the OMEGA receiver 
receives 1.2 kHz signals which phases are : 

, ^    A   A . . A 

, O   ,00 „ i o 

where U>  is the phase introduced by the local oscillator of the ship's OMEGA receiver. 

A    ft 
The phasemeter then displays (U> — w       ), i.e : 

t?-<-<-<■**"-f: + i[Hs"-^ )^ 
df 

^foLj has disappeared.  Furthermore the substraction   ^tV ~  f       takes out terms   -2 || r ( M« -   fen 
and  ^ot ^ • » M C|0 

^^^^^Mi^M^imZ^M 



Then : 

*-5o    ,-.<o (t> 
) + ^ VT 

where the second and third terms are the differential OMEGA phase correction applied to the natural phase 
difference / ^A  /n D \ 

VTf, ~ ^n )' 

II.4.  Advantages of the chosen format 

II.4.1. Transmission of corrections for each single OMEGA station 

The very advantage to -transmit phase corrections for each single OMEGA station is that it makes 
possible for the mariner to choose the station couples he wants to use. 

The number of stations which can be received it a given location varies from 3 to 7, Practically 
reception trials performed by the French Navy in Western Mediterranean gave the following results : 

Station Name Reception quality Proportion of time 

Aldra A 5 on 5 24 h per day 

Liberia B 5 on 5 24 h per day 

Hawai C 0 on 5 

North Dakota D 1 to 3 on 5 24 h per day 

Reunion E 1 to 2 on 5 12 h per day 

Argentine F 2 to 3 on 5 18 h per day 

Trinidad G 4 on 5 24 h per day 

Japan H 1 to 4 on 5 18 h per day 

This table shows that 7 of the 8 stations are received but that only 3 (A, B, G) are permanently 
received correctly, the reception of the others being bad during part of the time. Furthermore stations 
F and H are most often alternatively received. 

The best choice of OMEGA stations in a given area then depends on the time, the season and there- 
fore it is necessary to transmit phase corrections for the highest possible number of stations; further- 
more the mariner is helped if he does not need to look in the sailing directions which stations are 
corrected in a given area and if his differential OMEGA receiver tells him automatically which segments 
are corrected and which are not. 

4 
n 

II.4.2. Analog transmission of signals 

The main advantage of «oalsg transmission for the correction Is that It Is then possible to 
design corrections receivers which are easily fitted to standard OMEGA receivers : the principle is showi 
on figure 2 (block diagram 2). In this type of receiver, the phase modulated 20 Hz signal, obtained after 
one single phase demodulation of the carrier, is directly applied to the local oscillator of the OMEGA 
receiver which it modulates in phase. The storage and display circuits directly use the OMEGA signals 
which are automritically corrected with the local oscillator changes ofphase which are proportional to 
the corrections to be applied to eath segment. 

II.4.3. Transmission by phase modulation of a sub-carrier which modulates the carrier in phase 

With identical coding, the chosen modulation gives a greater range than a system which would use 
a phase modulation of the amplitude modulation as most of the radiated energy Is In the carrier itself. 
It can be established that with the chosen modulation index (O.1}), 98 %  of the radiated energy is in the 
central component and the two first lateral componentb, the maximum frequency deviation being +16 Hz fron 
the central frequency. 

Furthermore, the transmission of the useful signal by phase modulation of a sub-carrier and not 
of the carrier itself, makes it possible to get rid of the influence of the length of the path of waves 
at frequency f between station S and ship H. Therefore the correction signals can be used either on the 
skywave or on the groundwave of the signal received from the corrections station. 

»siat^»!to.jviii!>,wti&.^» 
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II.U.4. Use of a radiobeacon signal as a carrier 

The advantage of using a radiobeacon signal as a carrier is obvious bee ise of the difficulty to 
get new frequencies for maritime radionavigation. 

It should be fine to use only radiobeacons working oontinuously to transmit differential OMEGA 
corrections, both becauseof the i T.D.'s which can reach 50 cecs in a few minutes and to simplify the 
design of corrections receivers as,  shvwn above in II.t. 2, 

Bui. th" correction rransmisslon format can be adapted to a sequential transmission of the 
carrier by havxng a 3 tco-msJ interval before the sequence of transmission of differential OMEGA. This 
interval makes it posjiM-v for the correction receiver to identify the transmitting stations. During this 
identification interval, ehe arrier is modulated in phase with a frequency of 13, 14, 15, 16, 17 or 
18 Hz. The corrections receiver is designed in such a way that it can recognize the low frequency phase 
modulation of the easier; the operator can then choose the nearest one in a group of radiobeacons which 
transmit the differential OMEGA corrections. 

Furthermore, the corrections are stored in the receiver during the lime interval wlich separates 
two consecutive transmissions of the same radiobeacon. 

III. RESULTS OF EXPERIMENTATIONS 

Now two OMEGA differential stations are operating in France : one at He d'Yeu, on the French 
Atlantic coast; the second at Cap Couronne, near Marseille^ on the Mediterrrar.ean coast. Figure 4 shows 
the locations of the stations and the expected ranges. 

III.l. Experiments carried out from lie d'Yeu 

Results of these experiments were described in other reports (NARD. G. , 1971, 197^ ^nd only the 
main results will be given here. 

III.l. 1. Readings "ecorded at a fixed point 

I 
Distance from 
the station 

6b % phase error 
(centicycles) 

Average accuracy gain 
compared to standard 
OMEGA corrected with 
USN00 omrecttes tables km     NautLoaL miles day         ni^ht 

30            16 1,3            1,5 8.0 

85            46 1.5            1.9 7.0 

111            60 1,6            2,1 6.7 

170            92 1,7            2,5 6.2 

370          200 2,3            3,5 4.6 

550          297 4,0             6,0 2.6 

These results show that : 

- the maximumrepeatability ip better than 1.5 centicycle on every LOP during 68 % of the time. The corres- 
pondant repeatability in position is better thanA3 nautical mile (530 m), 

- the diminution of space correlation increases with distance but the improvement of accuracy given by 
differential OMEGA is perceptible at more than 300 nautical miles from the correction transmitting 
station. 

Figure 5 shows the efficiency of differential OMEGA during an S.I.D., observed at fixed point. 

III.l.2. Readings taken at sea 

Comparisons have been made in 1972 on the Atlantic ocean betweer standard OMEGA (corrected by 
USN00 tables) and differential OMEGA, on a ship, with the help of a radiobeacon system (T0RAN). Several 
thousands of positions were noted and gave the following results at distances from the corrections 

'    ■■■ . ^ ^v:' dfe jj^aajyjjljjgjlllgljjgei iSSfi asBsiMPai 
 _._ __ __.._  . 
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transmitting station comprised between 110 and 160 nautical miles (200 and 300 km) : 

- 68 % phase error on pair A-B : 2.8 ce ,s 

- 68 % phase error on pair B-D : 2.15 cecs 

- 68 % resulting position error : 0.72 nautical mile (1340 m) with the OMEGA stations in operation 
before 1974. 

III.2. Results of experiments carried out from Cap Couronne station 

Experiments are now carried out from Cap Couronne station. Some results a^ already available. 

111.2.1. Repeatability 

Distance from 
the station Station 

bearing 
Pair« 
recorded 

Centicycles 

km Naudoal miles Day  Night 

111    60 

168     91 

286° 

254° 

A-B 
B-D 

A-B 
B-D 
A - G 

1 J.,5 
2 0 

1 2 
2 3 
1    2.5 

The number of fixed tbaervation staticns «as too small for the effect of distance from the correctton 
transmitting station to be evaluated but the results obtained do not much differ from results of III.1.1. 

III.2J2. Accuracy 

Differences observed between theoretical values and average readings during 48 h are the folJcwing: 

- at 60 nautical miles from the corrections transmitting station : 

2 cecs on pair A-B 
1 cec on pair B-D 

- at 90 nautical miles from the corrections transmitting station : 

2 cecs on pair A-B 
3 cecs on pair B-D 
2 cecs on pair A-G 

4 » n 

III. 2.3. Range as a function of radiated power 

The differential OMEGA station of Cap Couronne is associated with a maritime radiobeacon, the 
range of which is lass than 50 nautical miles at 50 microvolts/metre . Tests showed that differential 
OMEGA corrections were received at 91 nautical miles from the station, 24 hours per day and with a good 
signal to noisp ratio, with only sea path. In Ajaccio, situated 160 nautical miles from tne station and 
with a sea path the corrections are received 15 hours per day. It thdn can be said that the ranga of a 
differential OMEGA station associated with a maritime radiobeacon is more than twice the radiobeacon 
range at 50 microvolts/metrü. 

IV. CONCLUSION 

Presently available results proved the efficiency of a differential OMEGA system and its utility 
for mariners. Therefore, several countries have asked international bodies as CCIR, IHC0 and lALA to 
design an internationally agreed format as quickly as possible. 

BIBLIOGRAPHY 

- BR0DQEH, J.H., and LUKEN, K.O.L., "differential OMEGA", N.R.L. Memorandum (1966); 

- NARD, G. "Results of recent experiments with differential OMEGA", OMEGA symposium of the U.S. Institute 
of Navigation (1971) and the International Hydrographie Review (1973), 

- NARD, G., "Results of experiments and developments of differential OMEGA in France", OMEGA Symposium of 
the U.S. Institute of Navigation (1974), 

- SWANS0N, E.R. , "differential OMEGA Navigation for the U.S.coastal confluence region", N.E.L.C, (1974). 



16-8 

cn 
■z. o 
H- 
O 
UJ 
Q: 
Q: 
O 
U 
ÜJ 
Q c 

o 
O 
*-« 
(0 

in +-• 
(/3 w 

2 c 
t/> *-» 
Z •)--' 

< b 
nr 0) 
>- c 
tti u. 
Q W 
7* c 
o 
H u 
< 2J 

o 
Ü 

< S 
UJ LÜ 
O s 
IXJ o 
2 «-^ 

2 
< 
a: 
O 
z 
< o 
a: 
O 

2     ' 

i 

X 

« ö 
g; « 
C 

«X A 
e 
> 

'S u 
<   8 
o < 
UJ   UJ Ml 
S    UJ X 
o S .at 
c    O cs 

•s JV s 

c 

1,     j-JS- ».       S wl     ; J 



Signal 1 

Signal 2 

CHRONOGRAMME D'EMISSION D'UNE STATION OMEGA DIFFERENTIEL CONJUGufe 

A UN RADIOPHARE   SEQUENTIEL 

(Signal sequence when differential OMEGA station coupled with sequential radiobeacon 
earriir*A2   |(id•n,i!!?i,,?^$i«n,,) 

(radiobeacon) 

radiophare 

(porteuM^modulalion A2) 

[Sianal d'identification Trait long 

I (continuous) 

I 

Signal d'identifie^ion 

1 k 2 ilqucncts compltlat 
(huit Segments) 

OMEGA diffirtnti«! 

(medulatMMdoplKiM)0 

(fteemciolatio«) 

15 

20'Hi 
Sequence d identification 

40 

20 Hi 

(f= 12.13.14.15.16 oul7Ht) 

Figure 2 
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ENREGISTREMENTS OMEGA NATUREL ET OMEGA DIFfERENTIEl AU CAP LEUCATE A 91 M (160km) DE LA STATION 

DU CAP COURONNE. 8-10ocfobre 1976 
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DISCUSSION 

T.R.Larsen, Norwegian Defence Research Establishment, Kjeller, Norway 
These were interesting results. Axe there plans for more stations in France? 

Author's Reply 
French Lighthouse Authority intends to build two new stations: one in the Mediterranean Sea, and one in the 
Atlantic (in Brittany). The two new differential OMEGA stations will work with sequential radio beacons. If an 
international format is quickly obtained, other stations will be built in theiiear future with this format. 
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A COMPARISON OF THE CMmATgD AHD MEtSDRED   MLTTIME PHQPAOilTIOH 

CHARtCTERISTICS OF THE OMHQA TRINIDtD TRANSMISSIONS 

Q. Foley and T.B. Jones 
University of leicester, U.K. 

and 

B. Burgess 
Royal Aircraft Establishment 

Farnborough, U.E. 

SCMMART 

The variation of the phase <ind anplitude of a VLF wave as a function of distance from the transmitter 
can be calculated by mans of the waveguide mode analysis (Sudden, 1961} Wait, 1962). This procedure 
evaluates the transverse electric and magnetic modes of propagation in the spherical waveguide fomsd fay 
the earth as one wall and the ionosphere as the other. The conductivity of the earth between transmitter 
and receiver is known and for propagation over sea water,a very accurate value of tim conductivity is 
available. Considerably greater uncertainty existe regarding the conductivity of the ionospheric wall 
since this is dependent on the electron density and collision frequency height distribution. The electron 
density profile will vary according to the time of day, season and latitude and will also be sensitive to 
a wide range of geophysical disturbances. The accuracy of the calculated propagation characteristics of 
the Omega signals therefore depends critically on the validity of the model ionosphere adopted. 

During the summer of 1966 the phase and aaplitude of the 10.2 and 13.6 kHz transmissions from Omega 
Trinidad were measured in an aircraft flying radially away from, and then towards, the transmitter. Data 
were obtained during day-time for propagation in threo azimuthal directions E-W, W-E and S-N. 

The variations of the phase and amplitude of both frequencies has been calculated for the three 
azimuthal directions, using a number of D-region models. The calculated variations are eospared with the 
measured changes of phase and anplitude in order to assess the accuracy of the analysis procedure. Very 
close agreement is obtained between the measured and calculated values of both phase and amplitude «teen 
the ionospheric model employed is similar to that suggested by Desks (1966a). other D-reglon models yield 
calculated values which do not show the same degree of agreement srith those msaaured. This investigation 
has shown that it is possible to calculate accurately the phase and amplitude of both the 10.2 and 1J.6 
kHz transmission at any distance from the low latitude Omega Trinidad transmitter for daytime conditions. 

1. INTHOKICTION 

A comparison has been made bctwoen measurements of the phase and aoplitude of VIF waves as a function 
of distance from the transmitter and theoretical calculations of these parameters based on the waveguide 
mode theory. The measurements were recorded during aircraft flights near the Qstaga transmitter in 
Trinidad. The calculations were made with three separate electron density profiles in order to derive, by 
comparison between the calculations and measurements, infornation on tha ionospheric 0-region at this low 
latitude. In particular, an electron density profile was constructed from a mid-latitude profile by 
reducing the low-lying C-layer Ionisation, thereby slaulatlng the effect of the geomagnetio cut-off of 
the cosmic radiation. 

2. EXFEROOStiXU, RESULTS 

The phase and aiq>litude variation of a TLF signal as a function of distance may be oonvenJenUy 
measured by means of a phase tracking receiver earried aboard an aircraft. A eonprehensiv* set of flight 
measurements were made close to the Omega Trinidad transmitter by the Radio Department, Royal Aircraft 
Establishment, Farnborough, during August, 1966. Two day flights were made in which the aircraft flew 
radially away fron the transmitter is a magnetic east and west direction respectively. A further flight 
from Benaida to Barbados via Trinidad allowed propagation In a northerly (magnetic) direction to be studiei 
(Burgess, 1970). 

The field strengths at frequencies of 10.2 kHz and 13.6 kHz were recorded as a function of distance 
and in addition the differential phase delay between these two frequenoloa was also naaaured. Hie flight 
times were chosen so that the zenith angle of the sun at the receiver waa never greater than 20°, and, 
thus, throughout the observation periods, condlticws over the path corresponded to within 2 hours of the 
local noon. 

3. PHASE OBSERVATIONS 

Figures 1 to 3 show the measured time delay of the 10.2 kHz carrier relativ« to the 13.6 kEs oarrier 
(i.e. Tio.2~T13.6 B*c^ *8 ■ function of distance fro« tha transmitter in the three aslmuthftl directions. 

Figure 1 relates to two fUghts between Benuda Mid Trinidad where propagation IM apprtudaately 
towards magnetic north. The general agreement between the measurements taken on the two flights is quite 
good, nie data are considered to be representative of oeoditions within 2 hours of midday over tha path. 
The increases in the relative phase delay (or tins delay) at approadmately 200-300 km and 650-630 km fro« 
the transRitter are due to the destructive interference between the first two propagating nodes at 10.2 kSz. 



Similarly, the daoreases xa pnas« ow-ioy mi. IUBUOUU»., »• J»™-M>~ _■ .  ,,. .„  
int0rf«r«mce at 13.2 bHs. It may ba showa that to« scmsa of these phase delay variations are such that 
the Magnitude of the donlaaat (first) node exceeds that of the next largest (third) node at each tr iquenoy. 

The above renarics also apply to the phase delay variations neasored on flights in directions 
approximately magnetic east and nest of the transmitter} Figures 2 and 3, respectively. In comparing 
these results, it should be noted that the magnitude of the phase delay variations are greatest for 
propagation towards magnetic east and least for propagation towards magnetic west. This Is in agreement 
with waveguide mode theory which predicts that VLF propagation is generally non-reciprocal with respect 
to the earth's magnetic field. 

k.     AMPLITUDE 0B8ERUTI0NS 

For each of the aircraft flights detailed 1A section 2, the changes in signal strengths of the 
10.2 kHz and 13.6 kHz signals have been recorded as & function of distance frost the transmitter (that Is 
for propagation in the magnetically north, east and west directions). The 13.6 kHz data for the flight 
between Burmuda and Trinidad (841 propagation) Is reproduced is Figure U. A well-defined wlnlaum occurs 
at a distance of 300-1(00 km due to the destructive interference between the dominant quasl-TH modes. At 
600 km, the signal strength again decreases as the second position for destructive Interference Is 
approached. The results for propagation at 13.6 kHz in the W-E and E-W directions are reproduced In 
Figures 5 and 6, respectively, and show the same general features as for S-H propagation. It should be 
noted that for the W-E case, the decrease in signal level at the first and second minima are considerably 
greater than for the two other directions of propagation. 

Similar results have been obtained for the 10.2 kHz transmission and the signal strength variations 
for this frequency are shown In Figures ? to 9. Destructive Interference between dominant modes produces 
minima at distances of approximately 200-300 km and 800-1000 km from the transmitter. For E-W propagation, 
the minima are quite small and the second mlBlssa» at 900 km was only observed on the return flight. An 
anomalous decrease in signal level, extending for a range of about $0 km, was noted on the w-B path at a 
distance of about 350 km cm the outward path and at U20 km on the return flight. It «as not clear Ay 
this sudden drop in signal occurred or why the position is different on the outward and return parts of 
the flight. 

Little change occurs in either the dip angle or magnetic field Intensity over the E-W and W-E flight 
paths, but much larger changes in these parameters are present in the flight from Barbados to Trinidad 
(S-N propagation). Thus, any Inaccuracies that might arise from field variations will be accentuated lit 
the N-S results. 

5.  COKPAEISON WITH GALCOLATBD ÜKSOLTS 

nie variation of phase and amplitude as a function of distance from the transmitter has bean calcu- 
lated for frequencies of 10.2 kHz and 13.6 kHz by asans of the MODE cwputer program. 

UM Ionospheric models adopted for this study were those of Deaks (1966a) and Smith (1968), since 
these exhibit quite different features. The Deeks* profile represents etomr noon sunspot maxlmnm 
e^aditlona over southani England. Above about 70 km, however, the profile corresponds to measurements of 
the electron density at low latitudes reported by Thrane (1966) and Tan Blel (1966). A main feature of 
the Deaks* model is a pronounced maximal at 63 km, the so-oalled C-laysr, 'bought to arise from Ionisation 
by cosmic rays. The present experiments were conducted at low latitudes where the c-laysr mtxlwai might 
be considerably i-eduoed due to the geomagnetic cut-off of the Ionising cosmic radiation. In order to 
study the effect of reducing the low-lying Ionisation, a model has been constructed which is basically the 
Deaks' profile with the C-layer removed. This is narked as profile HI in Figure 10, while the Deeka' 
profile Is marked I. The aaith profile, marked 11 In Figure 10, represents conditions for a isnith angle 
of 15.2° in the southern hnaisphere. 

nie effective ooillsional frequency profile used in the calculation was derived from the CIBA mean 
atmosphere model by the methods suggested by Desks (1966b). 

The calculations, using MODE, were made for the same propagation diraotions as those tf the experi- 
aantal observations. The magMtlc dip and gyrofrequenoy were asswted coestant and equal to tfcs values «t 
the path mid-point. Althou^t no allowance MIS mads for the variation of the magnetio field along the path, 
this Is not expected to oe a major source of error, Blokel et al. 0970) have shown that the assumption 
a£ mid-point value of the field for the whole path produces little error except when propagation 1« in a 
Bouthsnüy direotion. In this study, no measureswnts were made for this dlreotlon of propagation. The 
values of the geomagnstic field parameter, and other relevant constants, are given la Uhle 1. 

The aircraft flight took place at a height of approximately 30,000 ft. Due account was taken of this 
situation by the use of the height gain factor of each propagating Mode. The height gain was ealeulated 
of each mode using the theory of Fappart et al. (1967) and preliMnary calculations showed the calculated 
field strength varlatioBs to be appreciably different at sero and 30,000 ft. 

Superiapoaed on Figures 1 to 3 are the ealeulated phase delay of the 10.2 kHs curler Dilative to 
the 13.6 kHs carrier as a function of distance from the trannltter in the three aaimuthal «UreotioBS 
using each of the three profiles in Figure 10. the total field strength was assmsd to be a sum of five 
waveguide modes, of «hich two (modes 2 and U) are qttasl-fE modes and relatively unexclted. It oan be seen 
that the peak-to-trough variation In the relativ« time delay is reproduced well by all three profiles 
except in the case of propagation towards magnetic west, la this latter case, the Deeks' model (profile 
11) underestimates the variations while, In the other two oases, this variation is overestimated. The 
positions of the maxima and minima of the phase delay as predicted by the models are, in general, about 



!>ü-iUÜ Km in error*     XnXB  auxerence;  nowsvorj   xa uuuuo   wm oonra no   i«v&v> unuiiin?»  WA« AVOIU-W» WWI»AA«VM W» 

the outward and ixsmrd flights. The greatest variation in phase delay of the carrier frequencies, and 
the greatest discrepancy between the measured and predicted results, are seen for propagation in the 
direction of magnetic west. This may be attributed in part to the greater effective reflection height 
and ionospheric penetration, for propagation in this direction (Snyder and Pappert, 1969). 

The fine structure variations in the phase delay measurements are not, in general, reproduced by the 
calculated results. This is because such fine detail is produced by the higher order modes. However, it 
should be noted that the most obvious feature, the cusp-like minima at 1|00 km fron the transmitter for 
westerly propagation, is predicted for the modified Cedes' profile (II). 

SuperiiJposed on Figures li to 6 are the calculated signal strength of the 13.6 kHz carrier as a 
function of distance from the source transmitter for propagation in magnetic north, east and west 
t'i.resjt.ions, respectively. Consistent wJth the tin» delay results, the peak-to-trough variations in the 
signal strength is predicted with acceptable accuracy by the mode thaoiy. The minima in the field 
strength at about liDO-SOO km, resulting from interference between the two dominant modes, is calculated 
to be about $0-100 km further from the transmitter than those observed experimentally. The use of the 
modified Desks' profile (II) is Justified by these results in that the depth of these minima are predicted 
with greater accuracy by this model. The depth determined using the basic Desks' model (I) is much less 
than was measured daring the flights, especially in the case of propagation towards magnetic east. 

Similar comments nay be mads for the predicted field strength calculations of the 10.2 kHz carrier 
as shown in Figures 7 to 9. The anomalous decrease in signal strength at about 1(00 km for easterly 
propagation is not reproduced for any of the three ionospheric electron density models. 

6.  CONCLUSIONS 

The measured amplitude and phase delay variations at distance of loss than 1,000 km fron the trans- 
mitter may be reproduced and tntexpreted by waveguide node theory. At greater distances, the least 
attenuated nude is likely to dominate and therefore the intexpretation of measured results is easier. 
The fine structure in the measured variations is not, in general, reproduced by the calculated results 
since such fine detail is produced by the higher order modes. 

The greatest discrepancy between measured and calculated variations is obtained for propagation 
towards magnetic west. This has been attributed to the greater degree of ionospheric penetration 
expected for this direction of propagation. The daytime calculated results oos^are well with the 
measured variations. 

Three distinct profiles have been used in the study of the daytime results. The oomparisona do not 
favour any one of the three profiles used in the study, although there is sons support for the use of a 
profile with a reduced C-layer electron density wuüam at these latitudes. 
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Fig.l   Comparison of measured and calculated phase delays between the 10.2 and 13.6 kHz transmissions 
from Omega Trinidad. S-N propt ition. Daytime (9 and 23 August 1966) 
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Fig.3   Comparison of measured and calculated phase delay between the 10.2 and 13.6 kHz transmission 
from Omega Trinidad. E-W propagation. Daytime(16 August 1966) 
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from Omega Trinidad. E-W propagation. Daytime(16 August 1966) 
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Fig.7   Comparison of the measured and calculated amplitude variations of the 10.2 kHz transmission 
from Omega Trinidad. S-N propagation. Daytime (9 and 23 August 1966) 
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from Omega Trinidad. E-W propagation. Daytime(16 August 1966) 
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DISCUSSION 

T.R.Larsen, Norwegian Defence Research Establishment, Kjeller, Norway 
The "revised" Decks N(h) profile seemed to predict the right amplitude for the phase for the Trinidad measure- 
ments. Can the offset be explained if you make a slight height change of the whole N(h) profile? 

Author's Reply 
We have not yet repeated the calculation for the profiles displaced in height. It is quite likely that such a displace- 
ment will affect the agreement between the experimental and calculated values, but until we have done the calcula- 
tions, I cannot give any indication of the magnitude of the changes involved. 

(Added reply to Author's by B.Burgess) The field strength measurements taken by mounting VLF transmissions are 
normally smoothly varying; the perturbations on the field strength measurements given in the paper we believe are a 
real phenomena. A possible explanation could be in the fact that the propagation paths monitoied on the flights in 
the West Indies, passed over a number of small islands, which could act as small perturbations in the lower wall of 
the earth-ionosphere waveguide; these physical perturbations excited evanescent modes of propagation. 

T.R.Latsen 
Can the fine structure, that was apparent on some of the phase records, be interpreted as time variations due to iono- 
spheric changes? 

Author's Reply 
It seems unlikely, because the experiments were carried out at times when the ionosphere was undisturbed, and geo- 
physical activity was low. There may be some transient phenomena which disturb the conductivity of the iono- 
sphere but it is difficult to envisage what these might be. There is a feasibility that changes in ground conductivity 
(e.g., small islands) may have an influence on the observations. 
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OHmk ACCURACY IN POLAH BEGIOHB DOBISG IQ^SPHHilv BISTOSBABCES 

T.R. Larsen 
Horveglan Defence Research Satabliahnont 

H-2007 Kjeller, Norway 

SUMMARY 

The paper presents some results of a study on OMEGA propagation variability at high latitudes. 
More than 300000 hourly phase difference values obtained between 1968 - 1970 for various OMEGA pairs and 
several observation sites have been analyzed. The statistics for signal variability at 10.2 kHz show typi- 
calUy an r.m.s. variability of 1» - 9 centicycles (cec) for the hourly standard deviations grouped into 
2U-hour periods on a monthly basis. Highest variability is obtained during winter months. 

Phase difference observations during solar X-ray flares have been analyzed. In 1966 such events 
were occurring during less Chan X% of the total observation time; mean duration of each erent was z53 min 
with a standard deviation of =30 min. Mean phase offset (at 10.2 kHz) was 23 (cec) with a standard deviation 
of 16 cec. These values refer to the OMEGA pair A-B received at Oslo (60oN); similar results were obtained 
for A-C received at Hy Alesund, Svalbard (790N). 

The effects of 13 solar proton events have been analyzed for the pair A-C received at Hy Alesund. 
The mean value of the phase offset (at 10.2 kHz) was 36 cec with a standard deviation of 11 cec. During the 
event which started on 2 November 1969 offset in excess of 60 cec was recorded during the initial hours of 
the event. 

1.1 

IBTRODUCTIOH 

Background 

Radio wave propagation in the Arctic is hampered by several types of ionospheric disturbances 
unique for these areas, such as auroral and solar proton events (SFE). In addition, effects from strato- 
spheric warnings, energetic electron precipitation and solar X-ray (SXR) flares may influence the radiowave 
propagation characteristics. 

For VU navigation systems the phase of the radio wave is often a critical parameter, whose stabi- 
lity and predictability contributes to the navigational accuracy of the system. The present study presents 

results of three years of monitoring 10.2 kHz OMEGA signals at several recording sites. 

Two such stations were operated by the Norwegian Defence Research Estfblishaent between 1966 and 
1970 near Oslo (::60oH) and at Haamerfest (:710N). The Hamnerfest station was moved to Troms^ (*70oN) in 
late 1969, cf Figure 1 which shows the geographical positions of sites referred to in this paper. Further- 
more, Ske Norwegian Institute of Cosmic Physics has operated a receiving station at Hy Alesund on Svalbard 
(S79°H). These data as well as data from recordings at Keflavik, Iceland (*6l*0N) end Hestmona (very close 
to Aldra), Norway (!!670H) have been incorporated in this study. (The data from Hy Alesund has been supplied 
by Prof A Egeland, whereas the latter set was made availuble through Mr E Swanson, Naval Electronics La'vora- 
tory Center, San Diego.) 

Table 1 lists the various recording sites and gives their distances (in km) from the OMEGA transmit- 
ters. 

1.2.   Observational arrangements 

At each recording site the phase difference at 10.2 kHz of selected pairs of OMEGA transmitters was 
monitored continuously on strip-chart paper. At Hestmona scae recordirgs were also made at 13.6 kHz. The 
phase difference values were read off from the charts at each hour and these data formed the basis for a 
subsequent statistical evaluation. 

1.3. The data set 

Tht data recording during times when solar proton evenst were occurring, have been excluded from the 
statistical study. These data, however, will be discussed separately. 

1.1».   Scope of this study 

In chapter 2 the results of an analysis of the OMEGA phase variability are presented. More than 
30C XJC hourly phase difference values are included in this study. In chapter 3 predicted OMEGA phase differ- 
e»'.'» values will be compared with the measured ones. Chapter it is devoted to effects from solar X-ray flares 
r u ONSQA propagation and the influence of solar proton evenst are likewise treated in chapter 5. Some con- 

.t'iasM are presented in a final chapter 6. 
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2.    OMEGA PHASE DIFFEREMCE VABIABILIW 

2.1.   Monthly statistics on phase difference variability 

The phase difference values obtained each hour for selected OMEGA station pairs have been averaged 
over a monthly basis for each hour of the day. The corresponding standard deviations have been calculated. 
The r.m.s. variation (in centicycles, cec) of these 2k monthly standard deviation values has been evaluated. 
Such results are tabulated in Table 2 which shows the data for the (MEGA pairs NORWAY minus TRINIDAS (A-B) 
and NORWAY minus HAWAII (A-C) at 10.2 kHz for the months of 1966 at five recording sites. Tables 3 end 1« 
show similar data for the years 1969 and 1970. 

The individual entries in these tables are, disregarding some exceptions, computed from approximate- 
ly 650 - 700 hourly phase values. The tables shows that generally there is rather good «greement between the 
results obtained at the various sites, although the r.m.s.-values for the pair A-C exhibit larger variations. 
There is a tendency for lover phase variability during ataamar months. 

Most r.m.s. values range between k  and 9 cec. Approximately, a measurement accuracy with a standard 
deviation of 10 cec on each of two lines of positions will translate into a positional fix accuracy of 
::1.8 km (cep) under favourable systems geometry. 

Table 3 gives similar data for the OMEGA pair NORWAY minus FORESTPORT (A-D) at the Oslo and Keflavik 
sites for the period 1968-70. The Forestport transmitter operated at low output signal levels, but reception 
was possible at the Oslo and Keflavik sites. 

2.2. Monthly statistics on phase difference variability for data grouped into periods of daytime, night- 
tine and the full 2l»-hours 

The standard deviations (in cec) of the signal variability against the monthly mean value were com- 
puted for each hour of the day. In Table 6 the r.m.s. variation of these standard deviations are shown when 
grouped into periods during which complete daytime or complete nighttime existed along the propagation path. 
The last entry gives the results for the complete 2lt-hour period. These data refer to CMEGA NORWAY minus 
TfilNIDAD (A-B) at 10.2 kHz in 1968, whereas Table 7 gives similar data for CMEGA NORWAY minus HAWAII (A-C). 

The relatively large r.m.s. values for daytime (cf Table 6) during fall and late winter should be 
treated vith some caution. Due to short days fewer hourly values were included when the r.m.s. values were 
computed. Low transmitter output power may also have resulted in erratic phase variations when reception was 
marginal. 

2.3.   Monthly statistics on phase difference variability as a function of frequency 

Most of the recordings were made at 10.2 kHz out at Hestaona, Norway data were also collected at 
13.6 kHz. The CMEGA pairs that were monitored were TRINIDAS minus NORWAY (B-A) and HAWAII minus NOPWAY (C-A). 
As Table 1 shows, the receiving site at Hestaona is very close to the Aldra transmitter (16 km away), The 
signal variability is therefore essentially due to the variations on the path from Hawaii to Hestaona which 
crosses the center of the polar cap and traverses the auroral zone twice. 

Table 6 shows the data for 13.6 kHz during the years 1967 - 1970, and Table 9 gives a comparison of 
results for 10.2 kHz and 13.6 kHz for the seme period. No significant difference is detected in the phase 
variability between 10.2 and 13.6 kHz. The data show a tendency for higher r.m.s. values during the March/ 
April and September/October months. Similar findings are reported by Martin (1972). 

3. OMEGA PHASE DIFFERENCE PREDICTABILITY 

3.1.   Monthly statistics on OMEGA predictability 

The received phase difference values have been adjusted by the "skywave corrections" according to the 
skyvave correction model of 1969 (Svanson, private eommunication). The r.m.s. variation between these adjus- 
ted values and the predicted values for the specific sites have been computed for each hour of the day on a 
monthly basis. Data obtained during periods of solar proton events (SPEs) have been excluded. The r.m.s. 
variation of these hourly r.m.s. values have been evaluated for each month. The results from four receiving 
sites for the OMEGA pair NORWAY minus HAWAII at 10.2 kHz are presented in Table 10 for the years 1966-70, 

Table 11 shows similar results for OMEGA NORWAY minus TRINIDAD during 1969« 

Discussion of these data is beyond the scope of this paper. It should, however, be noted that a 
better prediction model exists today in as much as the correction model of 1969 has been updated. 

1».    EFFECTS FROM SOLAR X-RAY FLARE EVENTS 0M OMEGA PHASE DIFFERENCE VAMJES 

k.l.       Results for solar X-ray (SXR) induced effects in 1966 

During solar X-ray flares the lover ionosphere en the daylit hemisphere of the Earth experiences 
abnormal ionization at VLF reflecting heights. The characteristics of such events will not be discussed at 
length here, but a sample recording for a flare on 8 July 1966 is shown in Figure 2, ic which the A-C phase 
difference at 10.2 kHz recorded at Ny Aletund is reproduced, typical for such SXR events on VLF is the 
rapid increase to maximum phase offset, followed by a much slower recovery (time is running towards left in 
Figure 2). The example shown resulted in "60 cec offset and total duration was '173 mit. This event was 
the largest (in phase offset and duration) detected during 1966 at Ny Alesund for the A-C pair. The X-ray 
flux in the 2 - 12 A band increased by a factor of 150 during peak disturbance (Solar Geophysical Data, 
IER-FB-293, Jan 1969). 
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tiaes during the disturbance, of Figure 3« Data for A-B and A-C were used aai the corresponding lane mm~ 
here are given. 

In Table 12 are ebown the mean duration and mean phase difference offset for SXB induced effects on 
OMEQA pairs A-B (received at Oslo) and A-C (received at Hy Alesund) during 1968. The corresponding standard 
deviations are also given. Only clearly identiiyable 8XR induced effects (offset > 5 cec) were included. 
Total duration of disturbed periods was *X% of total observation tine in 1968. 

Similar results using a much larger database (9 years) were obtained by Swanson (private communi- 
cation, 1976). 

In Figure k  is shown the phase difference offset vs number of flares in 1966 for the ssoe two QHEQA 
pairß. The really large flare effects (>50 cec) are occurring for about 101 of the flares. 

5.    EFFECTS FROM SOLAB FBOTOS EVEHTS ON OMKGA PHA8B DIFFZRBICE VALUES 

5,1.   Results for solar proton events during 1968-70 

Some typical effects on VLF phase and amplitude resulting fit» the ionization by energetic solar 
protons of the lover strata of the ionosphere at high latitudes (>55-600 geomagnetic) are illustrated in 
Figure 5. The corresponding propagation paths are shown in Figure 6. The records in Figure 3  show that such 
events moy last for several days, up to 10 - lU as a majdmum. The shaded area in the three phase records 
represent the offset from average variation; as can be noted the effects started a few hours after the 
solar flare, which in addition to hard X-rays also produced energetic protons responsible for the prolonged 
effect. 

Figure 3  also shows the raplitude of the transmitters monitored. Typically, the amplitude is not 
changed significantly at OMEGA frequencies during SFE events, except for paths crossing certain areas, e g 
the Greenland icecap. Thus for SPG to Trams;) (upper inset) reductions (>10 dB) are recorded. 

Figure 7 exhibits the phase deviation recorded during en SPE in February/March 1969 on selected 
OMEGA pairs at two observing sites. Phase offset in excess of 70 cec were observed for A-C recorded at 
Oslo. The horizontal lines give the approximate boundaries for the diurnal phase variations during undistur- 
bed conditions. Negligible effects are present on the A-B pair recorded at Oslo. This SFE event therefore 
did not produce significant ionospheric effects below ~6o0N geomagnetici note, however, that the path from 
Forestport to Oslo was affected. 

Figure 8 gives a comparison with derived phase difference offset for A-C recorded at Haamerfest and 
the solar proton fluxes (>10 MeV) for this event. A weak, but probably consistant tendency to slightly lower 
phase offsets at night is noticeable. This is due to the D-region chemistry which reduces the number of 
free electrons during nighttime (given constant production rate of ionpairs). The proton flux data are taken 
from Solar Geophysical Data (301/303 - Part II, Sept and Nov, 1969). 

Position accuracies are degraded during SPE events. As an example. Figure 9 shows the apparent move- 
ment of the receiving site at Ny Alesund during the initial hours of the SPE starting on 2 November 1969» 
This SFE was the largest during the recording period from 1966-70. Position errors up to 7-8 ka are appa- 
rent. 

Table 13 suntarizes the maximum phase offsets during SPEs for A-C recorded at Ny Alesund during 
1968-70. (The data do not cover all events during this period due to equipment failure etc.) A few of the 
periods listed cover the duration of several successive SPE disturbances. The median offset value, exclud- 
ing the event in January 1969, for the remaining 13 events listed in Table 13 equals 38 cec with a standard 
deviation of 11 cec. 
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As to the total duration of disturbances due to SFE effects no accurate analysis of these ONEGA data 
has been made. As an upper limit, however, we may take the time during which protons >10 MeV were present 
in the Earth's environment. Protons above these energies will penetrate to levels belov 63 - €3 km. From 
the data published in Solar Geophysical Data (issues in 1966-69) it is estimated that fluxes >10 MeV were 
present above background during -1500 hours in 1968, corresponding to about 17% of total time in that year. 
This is probably a too high estimate of duration of SPE activity on CME6A. Westerlund et al (1966) derived 
a value for the minimum detectable proton flux using VLF waves as a diagnostic tool of 0.5 protons/em's sr 
above 25 MeV. From the tables in Solar Geophysical Data protons >30 MeV with larger fluxes than 
0.9 protons/em^s sr were present during approximately 550 hours in 1968. This corresponds to =6$ of total 
time in 1968, during which the solar sunspot activity maximized. 

This value is in general agreement with Martin (1972) who found that SPE events disturbed OMEGA 
phase measurements during -3%  of the time for OMEGA paths to Wales, Alaska in 1969/70. 

6.     CQHCUJSIOH 

The phase measurements reported in this paper refers to signal transmissions from OMEGA stations in 
1968-70. During these times the radiated power was not that foreseen in the implemented OMEGA system. Un- 
favourable signal to noise ratios may therefore at times have caused erratic phase variation in addition 
to possible propagation effects. 

T*1» monthly values of OMEGA phase variability are less than 10 cec for most months between 1968-70. Typi- 
cal values are h-ty  cec, with lowest values during summer months. Approximately, a measurement accuracy 
vith a standard deviation of 10 cec on each of two lines of positions will translate into a positional fix 
accuracy of 1,8 km (cep) under favourable systems geometry. 

■■iiri.n- IMV-—■■---■'—- 



»giwgip.jg^^  wiifiiHWWPjjiy^j^PPPIPjP 
IM 

In 1968 tolar X-ray (SXR) tltu* effects on CMKJA had a wan duration of individual events of -55 sin 
with a standard deviation of *30 min. One 8XB event disturbed the OMRA phase aeacurwaent for ITS nin. Mean 
phase deviation «as found to he *?3 eec with a standard deviation of "16 and 11 cec, for two OMEQA pairs. 

llhe aaxiaua phase deviations observed during 1968-70 on A-C at Jty Alesuad during 13 solar proton 
events aaounted to 38 eec as wma for the msaciwai offset with a standard deviation of 11 cec. Maximm ob- 
served value was 60 cec. 
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Table 1    List of OMEGA recording stations used during this study. Distance between 
recording stations and the OMEGA transmitters are given (in km). 

- 
ONEGA STATIONS 

Recording sites A B C D 

Aldra Trinidad Haiku New York 

Oslo 600N 730 8022 10933 5768 

Hestnona 67ÜN 18 8233 10223 5889 

Keflavik 640N 1671 6653 9783 3983 

Trons0 700N 434 8530 9901 5706 

Hamerfest 7I0N 639 8715 9791 5826 

Ny Alesund 790N 1396 8493 8853 5239 

Table 2    MONTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 10.2 kHz FOR SEVERAL 
RECORDING SITES in 1968. 

The standard deviation of the observed phase difference values was computed for each hour of the day on a 
monthly basis. (Data recorded during solar proton events were excluded.) 

The table gives the r.m.s. variation (in cec) of these hourly standard deviations grouped into a 24-hour 
period for OMEGA pairs NORWAY minus TRINIDAD (A-B) and NORWAY minus HAWAII (A-C) 

! 

OiffiGA FAIR 
A-B (10,2 Mix) 1968 

Sites/Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Oslo 5.65 6.17 4.28 4.91 4.82 2.22 5.82 3.88 4.12 6.07 8.03 4.88 

Hestnona 6.24 8.21 6.85 5.19 5.13 5.79 4.28 4.94 5.09 9.49 8.02 6.35 

Keflavik a _ • 5.05 7.08 6.19 - 7.62 - 7.08 8.64 5.00 

Hamerieat 5.13 7.53 6.95 5.57 5.01 4.16 4.25 4.60 5.32 8.60 6.99 6.92 

Ny Alesund 5.71 7.19 6.79 6.32 5.60 6.05 7.33 6.50 6.15 5.70 7.56 6.79 

OMEGA PAIR 
A-C (10.2 kHt) 

Oslo 9.32 8.70 8.76 7.97 7.29 5.70 7.97 6.98 8.08 8.47 9.07 7.28 

Hestnona 9.99 8.39 8.52 11.47 4.58 4.68 4.73 5.17 6.71 7.13 9.80 6.76 

Keflavik No recordings 

Hammerfest 6.82 6.38 8.12 8.87 5.11 4.87 5.35 6.55 7.56 7.82 7.6? 7.88 

Ny Alesund 6.34 5.84 6.54 8.26 3.95 3.67 4.11 5.01 6.^7 5.40 5.6» 5.73 
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Table 3    MONfTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 10.2 kHz FOR SEVERAL 
RECORDING SITES IN 1969. 

The standard deviation of the observed phase difference values was computed for each hour of the day on i 
monthly basis. (Data recorded during solar proton events were excluded.) 

The table gives the r.m.s. variation (in cec) of these hourly standard deviations grouped into a 24-hour 
period for OMEGA pairs NORWAY minus TRINIDAD (A-B) and NORWAY minus HAWAII (A-C). 

OMEGA PAIR 
A-B (10.2 kHz) 1969 

Sites/Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Oslo 4.74 5.05 8.69 5.02 5.01 - 3.06 3.73 4.71 - - - 

Hestmona 5.79 7.16 8.62 6.14 7.00 5.73 4.03 5.05 5.28 9.17 7.91 6.44 

Keflavlk 5.00 5.28 6.94 4.54 4.71 3.89 2.86 4.36 4.01 5.29 7.38 5.56 

Hanmerfest 6.30 6.76 7.49 6.96 5.90 5.61 4.32 4.52 5.82 - - - 

Ny Alesund 6.75 6.54 6.90 4.59 5.34 6.20 6.52 6.52 - - - - 

OMEGA PAIR 
A-C (10.2 kHz) 

Oslo 7.63 6.27 11.29 8.47 8.50 - 5.76 6.02 7.19 - - - 

Hestnona 5.36 6.20 12.97 12.11 6.47 5.75 3.40 3.73 6.31 12.11 7.96 5.81 

Keflavlk No recordings 

Hanmerfest 7.47 7.32 10.83 5.74 5.95 5.74 3.67 - 10.42 - - - 

Ny Alesund 6.21 7.20 10.40 8.41 4.74 6.79 2.69 4.03 - - - - 

Table 4    MONTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 10.2 kHz FOR SEVERAL 
RECORDING SITES IN 1970. 

The standard deviation of the observed phase difference values was computed for each hour of the day on a 
monthly basis. (Data recorded during solar proton events were excluded.) 

The table gives the r.m.s. variations (in cec) of these hourly standard deviations grouped into a 24-hour 
period for OMEGA pain NORWAY minus TRINIDAD (A-B) and NORWAY minus HAWAII (A-C). 

• 

IÜ 

ONEGA PAIR 
A-B (10.2 kHz) 1970 

Sites/Month Jan reb Mar Apr Nay Jun Jul Aug Sep oct MOV MC 

Oslo 5.53 6.20 - - 4.36 S.S4 3.90 1.45 4.82 5.72 S.40 5.50 

Hestaon« 6.59 7.21 8.54 7.86 5.30 5.10 4.45 - 4.97 7.27 7.80 7.79 

Keflavlk 6.47 /.8l 6.67 7.41 - - - _ - - - - 

TroM# 11.60 8.95 - - 4.91 6.47 5.39 2.49 6.44 9.93 8.35 6.93 

My Alesund - 11.94 13.07 13.89 13.63 11.79 9.71 «.so 6.33 6.56 7.16 7.48 

OMEGA PAIR 
A-C (10.2 kHi) 

Oslo 7.89 6.79 - - 8.91 7.78 7.94 2.78 10.19 12.80 7.76 7.17 

Heataona 7.56 7.94 10.34 9.14 4.54 4.85 S.46 - 9.81 11.90 6.79 7.17 

Keflavlk No recordings 

Troaw« 14.27 11.16 - - 6.94 9.20 10.21 3.27 12.03 12.SS 7.78 io.se 

My Alesund - 8.65 18.17 10.37 6.26 S.6S 7.00 2.S4 5.52 9.13 7.12 8.09 
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Table 5    MONTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 10.2 kHz RECORDED AT OSLO, 
NORWAY AND KEFLAVIK, ICELAND DURING 1968-1970. 

The standard deviation of the observed phase difference values was computed for each hour of the day on a 
monthly basis. (Data recorded during solar proton events were excluded.) 

The table gives the r.m.s. variation (in cec) of these hourly standard deviations grouped into a 24-hour 
period for the OMEGA pairs NORWAY minus FORESTPORT (A-D). 

OMEGA PAIR 
A-D {10.2 kHi) 

OSLO SITE 

Year/Month Jan Fab   Mar   Apr   May Jun   Jul Aug Sap Oot Sov Dae 

1968 6.85  8.42  8.40  7.08  7.18  5.51  7.37  7.03  7.69  8.60 10.29  8.48 

1969 8.63  7.85  7.53  7.22  7.52    -   5.40  5.76  7.43    -     -     - 

1970 7.21  7.87    -     -   6.89  6.74  7.16  2.24  7.34  8.92  9.82  7.96 

OMEGA FAIR 
A-D   (10.2 kHi) KEFLAVIK SITE 

1968 - - - - 
1969 6.46 6.07 5.85 4.88      4.71 

1970 5.99 S.80 7.62 4.99 

3.17 

4.51  6.38 

6.30  6.84  5.59 

Table 6    MONTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 10.2 kHz FOR SEVERAL 
RECORDING SITES IN 1968. 

The standard deviation of the observed phase difference values are computed for each hour of the day on a 
monthly basis. (Data recorded during solar proton events were excluded.) 

The table gives the r.m.s. variation (in cec) of these hourly standard deviations grouped into daytime, night- 
time and 24-hour periods for the OMEGA pair NORWAY minus TRINIDAD (A-B). 

«OS* FAIR 
A-»  (10.2 Ml) 

Daytlna ..  1968 

Sltm/Nsnth Jan Fab Mar Apr May Jun Jul A«« Sap Oct NOV Dae 

Oalo • 4.97 2.70 2.31 5.59 2.64 2.19 6.01 7.46 • 
Hmtaona - 9.16 7.36 4.88 3.01 2.90 4.05 10.35 9.35 - 
Katlavtk - - - 6.6» - 7.1» . «.»0 . . 
BMMrfMt - 8.45 7.03 1.60 1.17 4.08 3.88 9.81 - - 
My AlMimd - - - 6.71 8.21 7.1» 7.48 - - - 

MUhtttna, 196« 

Oslo S.4I S.JJ 5.56 4.68 - . . 4.16 5.95 5.5« 
BMtBoaa S.«t 6.31 5.07 4.55 - - - 6.20 5.62 7.61 

Ratlavtk • - . 4.7» - - - • 4.97 

■amarfact 4.07 5.0« 5.62 4.94 - - - - 4.91 5.IS 
Hy Alaauad 4.4S 5.81 4.61 - - - - - 4.45 3.42 

24-boura, 1968 

Oalo S.65 «17 4.28 4.82 5.82 1.88 4.12 6.07 «.01 4.M 
Mataona f.24 8.21 6.85 S.13 4.2* 4.»4 5.0» ».4» «.02 6.15 
Radavlk - - - 7.08 - 7.62 - 7.0« «.«4 5.00 
■awvrfaat S.13 7.53 6.95 5.01 4.25 4.60 5.12 ».«0 «.»» «.»2 
«y Alcaaad i.71 7.1» 6.7» s.«e 7.31 6.50 6.15 5.70 7.5« «.7» 
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Table 7   MONTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 10.2 kHz FOR SEVERAL 
RECORDING SITES IN 1968. 

The standard deviation of the observed phase difference values was computed for each hour of the day on a 
monthly basis. (Data recorded during solar proton events were exluded.) 

The table gives the r.m.s. variation (in cec) of these hourly standard deviations grouped into daytime, night- 
time and 24-h'jur periods for the OMEGA pair NORWAY minus HAWAII (A-C). 

OMEGA PAIR 
A-C (10.2 kHz) 

Daytime, 1968 

Sites/Month Jan Feb Mar Apr May Jun Jul Aug Sep Oot Nov Dec 

Odo . - _ . 5.57 - 7.03 ■ _ _ _ _ 
Heatnona - • - 10.12 3.82 4.36 4.b7 4.69 - _ - - 
Hanmerfest - . - 9.46 4.94 4.68 5.19 6.58 - - - - 
Ny Alesund - - - - 3.43 3.64 3.69 4.64 - - - - 

Nighttime, 1968 

Clio 7.99 - - - - - - . - - 6.8« 6.37 

Hestmona 9.01 7,00 - - - - - - - - 6.31 5.52 

Hamarfest 7.95 - - - - - - - - - 8.00 7.47 

Ny Alesund 6.42 6.96 

24- ncurs. 1968 

4.61 S.91 

Oslo 9.32 8.70 8.76 7.97 7.29 5.70 7.97 6.98 8.08 8.47 9.07 7.28 

Hestnona 9.99 8.39 8.52 11.47 4.58 4.68 4.73 5.17 6.71 7.13 9.30 6.76 

Haaaazrfeat 6.82 6.38 8.12 8.87 5.11 4.87 5.35 6.55 7.56 7.62 7.67 7.88 

Ny Alesund 6.34 S.84 6.54 8.26 3.95 3.67 4.11 5.01 6.47 5.40 5.69 5.73 

Table 8   MONTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 13.6 kHz RECORDED AT 
HESTMONA. NORWAY DURING 1967-1970. 

The standard deviation of the observed phase difference values was computed for each hour of the day on a 
monthly basis. (Data recorded during solar proton events were excluded.) 

The table gives the r.m.s. variation (in cec) of these hourly standard deviations grouped into a 24-hour 
period for the OMEGA pairs TRINIDAD minus NORWAY (B-A) and HAWAII minus NORWAY (C-A). 

ONBSA PAIR 
B-A (13.C kiU) 

Year/itonth Jan Peb Mar Apr Nay Jun Jul Aug Sep Oct NOV Dec 

1967 - - - - 2.77 3.80 4.34 4.9« S.92 4.52 5.C0 «.58 

1968 5.S« 7.4S «.92 4.4S 3.9« 4.«4 4.35 4.48 S.CO 7.90 7.02 S.54 

19(9 4.97 «.02 7.54 5.19 5.«7 4.90 3.48 4.99 4.35 7.90 (.58 «.0« 

1970 C.44 6.SS 7.27 C.72 4.74 3.87 3.5« - 4.47 (.05 (.94 C.78 

OKBGA PAIR 
C-A (13.« Mil) 

19«7 .... 2.»0  5.71  4.23  4.23  7.14 13.20  «.10  8.37 

19(8 8.72  7.20  8.87 10.08 3.23  4.3S  4.41  4.30  5.41  (.««  «.It  (.7« 

19«9 4.78  5.1« 11.78 10.04 S.S3  4.50  2.(9  3.3«  4.97 11.«9  7.21  5.«3 

1970 7.02  7.80  •.•«  7.51    ._.-..-- 

^jtäm liwiiiiiiiiitiiiTMimiii 
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Table 9   MONTHLY STATISTICS ON OMEGA SIGNAL VARIABILITY AT 10.2 kHz and 13.6 kHz RECORDED 

AT HESTMONA. NORWAY DURING 1967-1970. 

The standard deviation of the observed phase difference values was computed for each hour of the day on a 
monthly basis. (Data recorded during solar proton events were excluded.) 

The table gives the r.m.s. variation (in cec) of these hourly standard deviations grouped into a 24-hour 
period for the OMEGA pair HAWAII minus NORWAY (C-A). 

ONB« »II 

C-A 13.6 kHz 

YMr/Nonth Jan r«b Mar Apr Hay Jun Jul hag Sep Oct Nov Dec 

1967 - - - 2.90 5.71 4.22 4.22 7.14 12.20 6.10 8.37 

1968 8.72 7.20 8.87 10.08 3.22 4.25 4.41 4.30 5.41 6.66 8.18 6.76 

1969 4.78 5.16 11.78 10.04 5.53 4.50 2.69 3.36 4.97 11.69 7.23 5.63 

1970 7.02 7.80 8.86 7.51 

10. 2 kHz 

1967 - - - - 4.15 7.71 4.66 4.97 7.63 13.56 8.«6 7.96 

1968 9.99 8.39 8.52 11.47 4.53 4.68 4.73 5.17 6.71 7.13 9.80 6.76 

1969 5.36 6.20 12.97 13.11 6.47 5.75 i.40 3.73 6.31 12.11 7.96 5.81 

1970 7.56 7.94 10.34 9.14 4.54 4.85 5.46 - 9.81 11.90 6.79 7.17 

ii 

Table 10   MONTHLY STATISTICS ON OMEGA PREDICTABILITY AT 10.2 kHz FOR SEVERAL RECORDING 
SITES DURING 1968-1970. 

The r.m.s. variation of the observed phase difference values from the predicted values for OMEGA station 
pairs were computed for each hour of the day on a monthly basis. (Data recorded during solar proton 
events were excluded and the sky wave correction model of 1969 was used.) 

The table gives the r.m.s. variation (in cec) of these hourly r.m.s. values grouped into a 24-hour period for 
the OMEGA pair NORWAY minus HAWAII (A-C). 

OMBGA PAIR:    A-C   (10.2 kHz) 1968 

Sites/Month Jan Fab Mar Apr Nay Jun Jul Auf 8«p oct Hov Dae 

Oslo 20.33 20.21 11.14 11.27 8.82 7.91 10.31 8.49 12.35 13.34 12.99 11.03 

HMtaona 14.00 14.16 14.96 17.36 8.10 9.82 13.18 10.39 7.17 13.39 8.83 7.78 

HaMMrfMt 19.75 19.01 9.10 9.16 7.44 9.35 7.70 10.23 13.52 12.32 16.41 15.33 

Hy AlMund 10.68 '•..32 10.70 11.13 4.65 

1969 

5.20 6.84 7.55 9.08 10.17 10.12 10.82 

Oslo 13.69 9.37 11.96 13.03 10.08 . 16.47 14.37 10.01 . . . 
HMtaona e.u 10.79 16.11 20.33 11.39 16.50 24.24 18.19 9.03 19.02 9.15 7.51 
HawMrfMt 15.99 10.7» 10.62 11.58 7.. 3 7.34 9.15 13.38 - - - - 
My AiMuml 12.49 9.18 11.36 17.46 6.02 

1970 

9.20 13.96 9.59 

Oslo 8.16 8.81 . . 9.79 10.35 12.18 11.18 12.37 14.05 10.37 11.49 

Hastaona 10.38 10.25 23.52 15.36 10.35 12.41 16.21 - 13.57 19.13 7.83 7.93 

Troas« 15.90 13.69 - - 8.34 9.87 11.38 6.77 12.13 16.55 12.56 16.23 
My Alasund - 9.75 29.30 11    'S 7.85 6.83 10.61 13.19 14.54 11.10 9.01 10.41 

HjHUIIIilMiiB -ffT"*' :"**'i' 
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Table 11    MONTHLY STATISTICS ON OMEGA PREDICTABILITY AT 10.2 kllz FOR SEVERAL RECORDING 
SITES DURING 1969. 

The rm.s. variation of the observed phase difference values and the predicted values for OMEGA station 
pairs were computed for each hour of the day on a monthly basis. (Data recorded during solar proton 
events were excluded and the sky wave correction model of 1969 was used.) 

The table gives the r.m.s. variation (in cec) of these hourly r.m.s. values grouped into a 24-hour period for 
the OMEGA pair NORWAY minus TRINIDAD (A-B). 

OMEGA PAIR:     A-B   (10.2 kHx) 

1969 

Sltas/Honth Jan Feb Mar Apr       May Jun Jul       Aug       Sep Oct Nov Dec 

Oslo 7.38 7.62 10.44 7.51 7.19           - 8.83 7.44 7.93 - - - 

HMtnona 6.96 14.95 12.27 13.38 17.23 10.90 5.75 8.56 11.15 12.50 10.58 8.09 

Keflavlk 8.71 11.33 8.90 6.44 12.28       9.35 7.82 6.51 6.63 9.67 8.76 6.76 

Haranerfast 12.50 14.12 14.42 18.47 16.78 12.87 7.72 8.61 11.60 - - - 

My AlMund 14.17 14.09 16.23 10.97 11.23 14.65 19.92 19.11 - - - - 

Table 12   Solar X-ray flare effects upon OMEGA propagation in 1968. The duration (in min) and maximum phase 
offset (in cec) have been evaluated for all SXR events evident in the OMEGA NORWAY minus TRINIDAD 
(recorded at Oslo) and OMEGA NORWAY minus HAWAII (recorded at Ny Alesund) data. The table 
gives the mean duration and offset as well as the corresponding standard deviations. 

SXR-EFFECTS ON OMEGA PROPMATiON AT 10.2 Mb IN 1988 

A-»          i 
OSLO 

Ä-C        j 
NY ALESUND 1 

1   MEAi 
1 DimAnoi (■*!) K SS           1 
1  ST0EV     (MM M 31            1 

1  MEAHniASE • 
1   OFFSfTttM) 23 22            1 
1  STBEVM 11 11            1 

mESEHCE OP SXR-iFFECTS IN IMS: 

<1% 

OF TOTAL OHERVATION UK 
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Table 13    Estimated maximum phase deviation during solar proton events for OMEGA PAIR A-C 
(10.2 kHz) recorded at Ny Alesund, Svalbard. 

Solar proton events 
(dates) 

Phase 
deviation 
(in cec) 

26 Apr - 28 Apr •68 25 

9 Jun mm 12 Jun n 35 

6 Jul - 30 Jul n 30 

26 Sep - 9 Oct M 45 

18 Nov - 21 Nov n 40 

3 Dec - 9 Dec n 30 

24 Jan - 27 Jan •69 >10 * 

25 Feb - 5 Mar it 50 

21 Mar - 23 Mar M 35 

30 Mar - 3 Apr n 45 

11 Apr - 17 Apr w 40 

13 May - 15 May H 20 

2 Nov - 10 Nov H 60 

5 Nov - 8 Nov '70 30 

It   No data for 24 and 25 January 1969 

i.^.    „ ,     ..i**.*iv**^<--  ■■■■ -  ■ °- ■mi MMHI—M^—HIUIMIIW i 



1 18-12 
^iPMiHiiiiiniiiH fmmmm 

70«N 

Figure 1.  Map shoving the positions of OMEGA recording sites at Oslo, Hestmona (AXdra), Keflavik, Troms^, 
Hamaerfest and Ny Aleaund. Lines of constant L-value are drawn for representative values. 

MMtawwM, nw., »•.*.    CMIT Ha. 4M4MS 

Figure 2.  Phase difference recording of OMEGA. NORWAY sinus HAWAII (10.S kHz) Bade at Sy Alesund on 8 July 
1966. This SXR flare disturbed the phase values for '175 ndn; aaxinuB phase offset s60 cec. 
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Figure 3.  OMEGA position fixes at Ny Alesund during the SXR flare on 8 July 1968. 

SXR-EFFECTS ON OMEGA 

A   PROPAGATION AT   10.2 kHz 
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Figure k,     OMEGA phase difference offset TB frequency of occurrence of SXB-effects in 1968 for two station 
pairs. 
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Figure 3.     VLF recordings at Troms^ during a solar proton event starting on 31 October 1968. Phase and 
amplitude curves are given for three VLF paths (of map in Figure 6). The shaded area represents 
the deviations from average phase variation. 

Figure 6.  Map snowing the propagation paths from HK (Seattle, USA) and the CMEGA transaitters Trinidad 
and Hawaii to Trom»0. The position of the auroral sone is indicated by the dashed curve. 



r~™m:-i-im™*.vMfi*rr* 'r™~-*r~™*rr*~*vv*K»*^t#w*Mm< '»W» Wiff.WI>llliW^WWigWW*»WWi*»W»i»ilim'WW^I>^^ 

I l*FEB|sFa|»Fa |»FEB |MFEB |0IMM |(ttMM|aM*ll|o*MM|«MM| 
aanattaiiB 

IMPM i»rw Inns \am \mm IMMM |«MM |MMM |MMM |«MM j 

TIME(UT) 

Figur« 7. HUM« difference variations for selected OMSOA pairs recorded at the Oslo and Hanmerfest sites 
during a solar proton event in February/March 1969« The pairs of dashed, horizontal lines mark 
the boundaries for nomal diurnal phase variations for the different OMEGA station combinatione. 
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OMfT SOLAR X-RAVS OMEGA   PHASE DEVIATION 

AT  HAMMERFEST, «(A-C) 

i  i  i .1  i  i  I   i  i  1  i  i  I  i f ■ ■  I  ■  i  )  i   i   I  i  i  |  i  i  I  .-i |.,i, i   I ,i   i |  .- 
11       14       11       14       11       14       11       14       11       14       11       14       11       14       11       24       12 

24/2             2S/2             IB/l           17/2             2t/l              1/3                 1/3                 3/3                4/3 
    FESRUARV   1US  1    MARS IM»     

24  12  24 
S/3 

Figure 6,  OMEGA phase difference offset for HORWAY minus HAWAII (10.2 kHz) received in Hammerfest during 
SPE in February/March 1969 (top) compared with fluxes of energetic solar protons (>10 MeV). 

A-B   ia0E 
65« 

Figure 9«  OMEGA position fixes at Ny Alesuad during the SFE on 2 Hovember 1969. 
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DISCUSSION 

wmr, 

E.R.Swansoit, Naval Electronics Laboratory Center, San Diego, CA 92152, USA 
The reference to me as a source of data is appreciated. However, I would like to clarify its meaning. I will admit to 
being associated with the monitoring program and take the blame for any errors in computation or editing, however, 
I did not personally make the measurements. 300,000 hours of data did nut measure themselves. Several 
Norwegians were responsible. HJMUse was in charge at Hestmona, while Dr Larsen was personally responsible for 
the monitoring at Oslo and Hammerfest (Tromso). 
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SHORT jAjjgE NAVIGATION REQHIREWEMTS FOR TRANSPORT SYSTEMS 

Louis H. Roberts 
George 6. Haroules 

U. S. Department of Transportation 
Transportation Systems Center 
Cambridge, Massachusetts 02142 

United States of America 

SUMMARY 

The Short Range Navigation Requirements for Transport Systems are presented. A brief discussion of 
the overall errors affecting the accuracy of radio navigations systems is discussed in terms of their 
impact on the requirement. Several scenarios typical of transport problens with their inherent accuracy 
requirements are also presented to emphasize the propagation problems that need to be satisfied as a 
function of frequency. A recently discovered principle of interferometry is submitted as a solution to 
solve the transport requirements. 

1.    INTRODUCTION 

The evaluation of methods for the generation, radiation and reception of radio waves has made 
practical their use for the purpose of navigation and position determination. Early techniques produced 
results cf limited accuracy. However with advances in radio techniques and technology have come improve- 
ments in 'he accuracy and reliability and extensions to the applicability of radio methods of distance 
measurement and position fixing. 

The measurement of distance by radio had its origin in the original experiments of Heinrich Hertz 
when he demonstrated that electromagnetic waves could be concentrated into beams by means of parabolic 
mirrors. The first practical applications of radio to distance measurement employed the principle of 
direction finding. In fact, the early history of position finding and distance measurement by radio Is 
the history of direction finding. From the direction finding measurement, the line of positiun of the 
receiver from the transmitter can be determined and drawn on a map. The intersection of two lines of 
position from two known separated transmitter locations gives a position fix. The distance of the receiver 
from each of the transmitters then can be determined by calculation or by scaling from a map. 

At the present time, radio techniques are used in such diverse requirements as marine and air navi- 
gation and guidance, aircraft terrain clearance and landing, collision avoidance of vehicles, surveying 
and geodesy, in meteorology for measurement of air mass movements, storm location and hurricane tracking, 
radio astronomy, and the precise determination of the location of people, places, things and events. Such 
a surveillance system of land vehicles is emerging as a new service called Automatic Vehicle Monitoring. 

The feasibility, range and accuracy of radio distance measurement depends ultimately on the propaga- 
tion characteristics of the radio waves which form the basis of the measurement. 

Since in a radio measurement, distance is determined by a measurement of time, it is necessary to 
know the velocity and the path of  the waves In order to determine the geometric distance. The propagation 
velocity and the path both are determined by the propagation characteristics of the medium. It is possible 
in general because of the complex structure of the atmosphere for radio waves to arrive at receiving loca- 
tion via more than one path. In discussing propagation characteristic«, it is convenient to divide them 
into the categories of ground wave, tropospheric and Ionospheric characteristics. To these must be added 
the characteristics of noise anc interference, since the amplitude of the signal which is required for a 
useful measurement depends on the noise level in the receiver. Those propagation errors which limit the 
performance in terms of the accuracy of a radio/navigation system may be classified as the propagation 
velocity error, the propagation path error and the propagation multipath error. The velocity error arises 
from the use of an incorrect value of velocity to convert the time measurement into distance. The path 
error is usually caused from the effects of atmospheric refraction and dispersion. The multipath error 
arises as the result of two radio waves of varying phase difference being varied in phase with respect to 
the reference wave. An example would be the contamination of ground waves by sky waves or noise. Another 
example is shown in Figures 1 and 2 in which energy arrives at the receiver via different paths. 

1.2.  Classes of Radio Navigation and Positioning Systems. 

Conventional radio systems used for distance measurement and position fixing can be classified Into 
three categories as follows; (1) Phase systems; (2) Pulse systems; and (3) Pulse and phased systems. 
Distance is determined correspondingly in terms of path phase, pulse delay or a combination of the two. 
Thus, a system which provides a position fix may be effected either by the measurement of two bearings, one 
distance and one bearing; or two distances. The last method can be further subdivided since either the 
distance may be measured directly Jr the sum or difference of two distances may be measured. Radio systems 
may be characterized by the types of signal used as well as by the principal application. 

Radio systems used for an angle only measurement do not perform a distance measurement but can be 
used to obtain a position fix. Such radio systems determine only a direction. If transmitter or receiver 
position is known, then this direction leads to a line of position. To obtain a position fix with such a 
system requires that at least two intersecting linM of position be measured. Such a fix requires a kaown 
baseline. The two types of angle only systems mostcononly used are radio direction finding and radio 
beacons. 

Table I presents a classification of systems under the categories of type of distance measurement, 
type of position fix, type of signal transmitted and primary application. 

■^^fca** - •iliiliiiiifiitHMl 



1.3. Nature of Accuracy of Radio Navigation Systens. 

The overall error of a radlonavlgatlon measuring system may be divided Into the following parts: 
(1) the propagation error; (2) the instrunentatlon error; end (3) the observation error. 

The first type of error Is external to the instrumentation of the navigation system while the last 
two types are Internal. For position fixing systems, these errors nay combine in different ways for 
different parts of the operating area. The propagation error for example, nay be a function of direction, 
distance and station configuration. 

The division of internal errors Into categories of Instrumental and observational Is not necessarily 
based on the function performed. For example, in some systens a given function is performed by a human 
observer while In other systens the sane function is performed by a part of the electronic equipment. In 
the former case an error in performing the function would be classed as an observational error while in the 
latter case. It would be classified as an instrumental error. 

Errors in radio navigation systens are also classed as systematic errors or random errors. A 
systematic error is one which obeys a definite law with respect to some cause; usually not known. An 
example is the use of an Incorrect value of velocity of propagation. Systematic errors are constant or 
of the sane sign fron one observation to the next. Random errors, on the other hand result fron chance 
variations in equipment or observation and nay be positive or negative with equal likelihood. Hence, the 
mean of a large number of observations will reduce the effect of random errors. The mean will not 
eliminate systematic errors however. 

System errors eventually can be detected and allowed for, even though the cause may not be known. 
Randon errors on the other hand Impose a limit on the reliability of the measurement. 

I.A. Errors in Position Fixing. 

The error of a position fix depends on the errors in the two position lines whose intersection 
determines the fix. The size and shape of the region of uncertainty surrounding a fix is different for 
different systems. Hence, the shape of the error contours varies with the type of systen. Radio Navi- 
gation Systens fall into the following categories: 

(1) Angle only or azimuth systens; (2) Rho-theta systens; (3) Range systens; and (4) Hyperbolic 
systens. 

Systems using nultilateratlon techniques or interferometric fall into the above categories or 
their combination. 

Table II shows the comparative characteristics of some of the more recent electronic positioning 
systems classified basically as hyperbolic systems. 

In general, the radial error of a position fix will Include both systen and random errors. By 
calibration systen errors can be eliminated. 

If the radial error is small compared to the distance from a station, the position line in the 
vicinity of the fix point nay be considered to be parallel. The situation then nay be represented as in 
Figure 3. 

In this figure, P represents the true position while F represents the fix position as detemlned 
by the intersection of the position lines L^ and 13. The parallelogram FF^pp^ defines the distance 
error through its major diagonal FF-Dg. 

Lines drawn through P parallel to hi  and L2 then define the errors of the position lines for this 
particular neasurenent which are E^ and £3. The angle of intersection of the position line is denoted 
by 9. An elementary derivation gives 

(1) DE " El + E2 + 2E1E2 Co8 e 

sin2 9 

This applies for a single neasurenent. For a large nudber of neasureaents n the mean square distance 
error will be 

(2) 

(3) 

d2 - I r DE
2 

n n sin 6 

2 

[ 5: E!2 + I E22 + 2 cos 9 I  b1E2) 

1  (o^/ + 02Z + 2RJ2 0j02 cos 9) 
2ft sin'9 

where a^  - the standard deviation of the error of position line Lj 

02 ■ the corresponding quantity for L2 

Rl2 ■ the correlation coefficient between the two errors 

1.5. Economy of Spectrun Use. 

Radio Frequencies are allocated in accordance with international treaty agreements expressed in 
the Radio Regulations of the International TelecoMMinications Union. Table III is a list of Radionaviga- 
tlon aids and their associated frequency bands that are used In Transport Systems. 
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1,6, Common Denominator Transport System Requirements. 

The common denominator requirements of short range navigation for transport systems namely high 
angular precision, precise range and high data rate are the performance requirements that are Imposed on 
a vehicle control system. In fact the req-lrements for navigation, position determination and surveillance 
systwn are functionally similar, frequently Identical and often not dependent on a specific vehicle type. 
This results as a consequence of the fact that all transport systems consist of terminals, vehicle ways 
interconnecting the terminals, vehicles which move on the vehicle ways and a control system to assure the 
efficient operation of the system. 

Efficiency Includes a broad spectrum of considerations. One Important consideration Is navigation 
of vehicles within the defined boundaries of the vehicle ways. Another Is the avoidance of collisions 

with other vehicles using a common vehicle way. Such functional requirements are common to all transport 
vehicle systems. Though the specific nature of the control system for each vehicle system is Influenced by 
restraints peculiar to each system, the parts of a transport vehicle control system are functionally quite 
similar.  In transport systems the prime emphasis Is on air and marine requirements. Aircraft and marine 
vehicles require a continuous availability of position information exclusive of the time of day, the 
visibility restrictions or adverse weather conditions. The safety of marine and air vehicles is predicated 
upon the availability and reliability of a stated or measured position as well as the prudent use of 
available navigation Information. However, there is ar< emerging requirement In supplying land users with 
navigational aids which have similar operational features to those used by marine and air. Land users 
also have the prime objective of taking the most efficient path from origin to destination with the 
avoidance of hazards and the prevention of confllction between vehicles. 

Table IV is a broad sunmiary of navigation requirements by operational area categories for air, 
marine and land. Those propagation anomalies are also identified in terms of the particular system 
being used. 

Tables V, VI, VII are the individual vehicle requirements for Air Navigation, Marine Navigation 
and Land Navigation. The navigation system requirements to satisfy the users needs are also Identified. 

Though the sensing of vehicle position in a transport system is a necessary input function of a 
control system, the required measurement accuracy is intimately Interrelated with time as a consequence 
of vehicle mobility and velocity. The velocity vector (speed and direction) of a vehicle can be obtained 
in delayed time from a quantized picture of the vehicle position with time. A time picture of the 
velocity vector includes knowledge of changes in vehicle speed and direction that is the acceleration 
vector. 

Therefore, it is clear that the precision to which vehicle velocity is known Is determined by 
both the accuracy of position measurements and the time between position measurements on position data 
renewal rate. 

It is from the above that the relatively simple and obvious conclusion that the knowledge of 
vehicle position is equally as Important to the effective control system of transport vehicles as 
Is position data renewal rates. 

Short range navigation requirements for transport systems require Inherent preH»lon pointing 
and ranging capabilities In order to satisfy a broad variety of navigation ap:locations. 

1.7. Vehicle Position Measurement 

The determination of vehicle position is just one functional part of a vehicle control system. 
It is, however, a very Important part. The common denominator nature of this function in three specific 

modes of operation can be described as surveillance, guidance, and collision avoidance. 

I 
*1 
hi. 

Surveillance! Vehicle surveillance refers to the measurement of the positions and motions of 
vehicles in a common fleet. Position measurements are performed from one or more fixed sites. A 
further requirement of surveillance is the Identification of each vehicle with its position and motion. 

One example of the surveillance function as used in this context is an air traffic control radar 
beacon capability. In i.ie skin track modes, the radar measures aircraft positions and motions relative 
to the fixed location of the radar. The radar, however, does not provide aircraft Identification. This 
is accomplished through simultaneous use of an air traffic control beacon system. 

The function of vehicle surveillance is to provide a vehicle fleet controller with the necessary 
information concerning vehicle positions and identifications needed to space and sequence the vehicle 
along the vehicle ways In an orderly, safe and efficient manner. 

Three specific surveillance mode applications of ground transport system requirements are Iden- 
tified and will be discussed to eap». Use the problem. They are: Vessel traffic surveillance; Airport 
ground traffic surveillance; Automatic vehicle monitoring. 

In the vessel traffic surveillance system application, the position« and motions of all tall 
ships In transit through a Harbor Lane are made available to a Vessel Traffic Controller. The system 
is fully automated. The introduction of this capability eliminates the need for marine radio reporting 
and significantly reduces radar surveillance and reporting requirements. An automated system of this 
type would qualify as the prime system for shipping traffic surveillance with radar as a redundant 
support system. Marine radar (voice communication) would be used only to Identify vessels of large 
hull size detected by radar, which are not equipped with the discrete address beacon ayatem.For a proposed 
apolication of the beacon to vessel traffic surveillance, the system configuration and anticipated per- 
formance is as follows: 
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Requirements and Assumptions 

A current objective Is to provide a Category II landing capability at Logan Airport, for which 
tue usable length of Runway 4R will be greater than the present 7,500 feet. An Important requirement is 
Introduction of a reliable means for detecting and reporting the presence of tall ships when located In 
or In the vicinity of the 4R approach zone. It would appear that the Implementation of a responsive 
Vessel Traffic System Is needed to solve this requirement. 

Figure IV Is a simplified functional block diagram depicting the Integration of a Vessel Traffic 
System with the Air Traffic Control System at the Logan Airport. Detection and reporting of tall ships 
Is predicated on voice communication by marine radio, radar surveillance and a ship-installed radio beacon 
system. A competitive solution to beacon system requirements is desired. 

Beacon Configuration 

Each tall vessel would be equipped with a beacon transmitter. All transmitters would operate on 
the same frequency. Each transmitter would Include a discrete address subsystem similar to the Bell Boy 
page system, shown in Figure V. The receiving array would be located on Governor's Island, as shown in 
Figure VI. This array would provide full coverage of the Harbor Lane in two contiguous 90° sectors. 

Beacons would be addressed by role call via the discrete address system which without modification 
can accommodate 100 ships every 20 seconds. 

Performance 

Ship positions are measured in azimuth angle and range, similar to a radar scope presentation. The 
azimuth angle accuracy Is 0.05° independent of range. The range accuracy is range dependent and varies 
from a minimum of 9m at the intersection of the centerline of the Harbor Lane with the centerllne of Runway 
4R to a maximum of 43m in the EAST DECISION ZONE and 82H In the WEST DECISION ZONE. 

Airport Ground Traffic Surveillance 

The application of radar and beacon to airport ground traffic surveillance differs in the nature 
of the functional requirement, but is identical to the vessel traffic surveillance configuration in terns 
of functional parts. Shipping traffic surveillance In the Boston Harbor Lane is performed for the purpose 
of alerting landing aircraft of tall ships penetrating or about to penetrate the approach zone clearance 
limits to Runway 4R. Airport ground traffic surveillance Is needed for the efficient control of aircraft 
ground traffic movement, under the conditions of poor visibility. At present, only the positions and 
notions of ground traffic are available,to the Ground Traffic Controller through observation of the ASDE 
Radar display. Lack of aircraft identification seriously impedes the release of prompt and effective 
ground traffic control advisories. During inclement weather, the present Airport Surface Detection 
Equipment (ASDE) is limited in performance at its maximum range because of its operational frequency 24GHz 
and severe clutter. 

Requirements and Assumption 

The Important parameters of an effective Ground Traffic Management System Include the identifica- 
tion, position and movement of each aircraft. For other than visual identification, a radio signal must 
be transmitted by each aircraft. This can be accomplished by either a discrete address beacon system 
operating on a roll-call basis or Interrogation of ground space in discrete segments. Either approach 
assumes availability of an aircraft installed beacon, 'xhe two techniques differ only in the method of 
interrogation. 

Systea Configuration 

Each aircraft is equipped with a beacon transmitter. All transmitters operate on the same fre- 
quency. Each transmitter includes a discrete address subsystem. The ground transmitter and receiving 
array is located on Governor's Island as shown in Figure VII. This array provides full coverage of the 
airport in two contiguous 90° sectors. 

Performance 

Aircraft positions are measured in azimuth angle and range, similar to a radar scope presentation. 
The azimuth angle accuracy is 0.05* Independent of range. The range accuracy Is range dependent and 
varies from 25 feet at a range of 500 feet to 40 feet at a range of 18,000 feet. 

Automatic Vehicle Monitoring 

Automatic Vehicle Monitoring (AVM) refers specifically to that class of electronic means used 
for ascertaining at any time at a central control point the location and status of individual vehicles 
in a fleet dispersed In an urban area. Typical fleets Include buses, police cars, ambulances, etc. 
Vehicle surveillance in this case allows prompt redirection and scheduling of fleet vehicles to meet 
unanticipated variations in the need for fleet functions. 

Requirements and Aasunptions 

An AVM system is an electronic means for ascertaining, at any tlae at a central control point, 
the location and statue of individual vehicles in a fleet dispersed 1.. an urban area. Desirable 
features include; 
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Coverage area typically 10 to IS miles In diameter; 
A minimum of 500 vehicles; 
A position update rate of at least once every 10 seconds; 
Vehicle position resolution of at least SO feet; 
Vehicle identification and position to be relayed to the central display point without vehicle 

operator assistance (automatic); 
Availability of a voice communication link with each vehicle; 
Availability of a visual and aural alert signal and data link (printout) for each vehicle; 

Vehicle Configuration 

Each vehicle would be equipped with a discrete address receiver modified to operate at a 50Hz call 
rate and equipped with data printout capability. Each vehicle would also be equipped with a Land Mobile 
transceiver, modified to transmit a 10 millisecond signal, on command from its receiver, (See Figure VIII) 

Three receiving terminals (Rx,R2,R3/R) would be disposed at the points of an equilateral triangle 
approximately 10 miles on each side.  (The exact triangular form and distances are not critical.) The 
monitoring station would be located at one of the three receiving stations. The receiver In each case 
would be a modified Land Mobile Band receiver, tuned to the frequency of the transmitted signal. Vehicles 
would be interrogated in roll-call sequence, via the discrete address system at a 50Hz rate. This system 
Is capable of transmitting messages within the address format. This allows the capability for data print- 
out at each vehicle as well as initiation of visual and aural signals, to alert the operator to shift to 
a voice channel for direct communication. 

Performance 

Based on a nominal separation distance between receiving terminals of 10 miles, and the proper 
sideband separation frequency of 20Hz, a 10 millisecond transmission period and a 0.1s phase measurement 
accuracy, the vehicle position/resolution capability of the system should be typically 20 feet In both 
the x and y map coordinates of the urban area. 

Guidance 

Guidance refers to those modes of operation in which each vehicle in a fleet is equipped with a 
receiver capable of detecting and processing signals to derive navigation input parameter values, such as 
the direction and distance to fixed points in a local framework of reference. The guidance function 
implies determination of the identification and position of one or more fixed reference points In a local 
reference framework. A magnetic compass is perhaps the simplest example of a guidance signal receiver 
and display system. 

Two specific guidance control system requirements of a transport system which are identified are 
channel navigation and railroad grade crossing control. 

Navigation of cargo shipping traffic through the narrow confines of the St. Lawrence Seaway during 
the winter months has been selected as the specific example of channel navigation. The system configura- 
tion and anticipated performance are as follows: 

Requirements and Assumptions 

All-weather navigation of cargo «hipping through narrow channelways requires improvement In 
present methods for generating radio guidance signals. Typical examples of this need are the several 
narrow channel sections located along the 108 mile extent of the St. Lawrence Seaway from Lake Ontario 
to the 45* parallel. 48.4 miles consist of six separate sections which are relatively narrow (500 feet 
or less). The two longest narrow sections are each 15 miles in length. The narrowest Is the Wiley 
Dondero Ship Channel near Hassena, New York, shown In Figure IX. 

A recent study of navigation guidance requirements for this part of the Seaway led to the conclu- 
sion that a position accuracy of *5 feet cross channel and *100 feet down channel was required. The 
cross channel requirement negates the efficacy of techniques such as L0RAH-C or radar, unless the latter 
is supported by installation of a large number of land-based reflectors at precisely known locations. 

Configuration 

Each ship would be equipped with a 4-channel receiver operating from a single oani-dlrectlonal 
receiving antenna. Two transmitting stations would be required for the Hiley Dondero Ship Channel; on« 
located at the Elsenhower Lock and a second approximately 5 to 6 miles north or south of the channel 
near the midpoint of the narrow section. Both stations would transmit in a two element IFI Guidance 
Mode. The transmitter at the Elsenhower Lock would illuminate front and back IS* sectors, as »hum in 
Figure X. Separation of these transmitting elements would be a nominal 1,500 feet. Tb* transmitter at 
Station B would Illuminate a single 120* sector covering the entire length of the narrow chiaael section. 
The nomlaal separation of transmitting elements at this site would be 250 feet. 

Performance 

The cross-channel position of the vessel is provided by the signal transmitted from Station A, 
which allows a measurement accuracy of 5 feet at a distance of Th miles. The down chaimel position of 
the ship Is obtained by processing the signal transmitted from Station R. The down channel position 
accuracy varies with the position of the ship along the channel and reaches a maximum of 35 feet at 
either extremity of the narrow section. 
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.allroad Croaglng 

The objective at a railroad grade crossing Is to prevent collisions between trains and automobiles. 
Within the context of this subject the associated technology does not usually fall in the category of 
collision avoidance. Collision avoidance modes, as used here, refer to avoidance of collisions between 
vehicles in a comoon fleet, and not between vehicles In two different fleets. The technology associated 
with collision avoidance of the latter type (typical of grade crossings) falls in the category of guidance. 

Most frequently the right of way at the intersection Is given to one fleet of vehicles, while vehi- 
cles in the other fleet assume responsibility to avoid collisions at the intersection. Vehicles charged 
with the responsibility to avoid collisions at an intersection must of course be Informed of the presence 
or anticipated presence at the intersection. This process involves some form of guidance signal transmission. 
Simple examples of conventional guidance signals at railroad crossings are flashing lights and barriers. 
Vjiual reception of these guidance signals alerts the motor vehicle driver to bring his vehicle to a stop 
-atil the flashing lights are extinguished and the barrier raised. Accidents at grade crossings persist, 
since all grade crossings are not equipped with these visual guidance signals, as a consequence of the 
mathematics of capital expenditure requirements and maintenance costs. 

In the grade crossing application of a guidance system, the motor vehicle receives a guidance signal 
from a transmitter located at the grade crossing, which, when appropriately coupled to the vehicle's speed 
control and'braking system, automatically brings the motor vehicle to a safe stop, prior to the intersection. 
The stop control signal is deactivated after the train passes the Intersection. Further discussion of the 
concept and the anticipated performance follows the initial discussion of requirements. 

Requirements and Assumptions 

Seduction of collisions and safeguarding of personnel and property at railroad grade crossings has 
been the subject of several investigations. A fundamental requirement is some means of coonunlcatlng with 
motor vehicles as they approach a grade crossing. The conventional method of flashing lights, barriers, 
etc. provides a form of visual connunication which, though effective, would require a substantial invest- 
ment in installation, maintenance and operation, if introduced at all grade crossings. Some form of radio 
coasninlcatlon with motor vehicles when approaching a grade crossing would appear to be more reliable and 
cost effective. Communication directly with the operator of a motor vehicle Introduces consideration of 
human factors, particularly operator reaction to the form of the alert signal. A reasonable alternative 
is direct radio comnunlcation with the speed control and braking mechanism of the motor vehicle. The 
efficacy of this form of solution would, of course, require that  all vehicles be equipped with the radio 
control system. This would require a gradual transition over a period of several years. A logical 
starting point would be introduction of these systems in fleet vehicles, such as school buses, public 
buses, trucks and ultimately automobiles. 

Configuration 

Each motor vehicle in a designated fleet would be equipped with a receiver, similar to the three 
element receiving bar shown in Figure 8. A transmitter would be located at each grade crossing, as shown 
in Figure 11. Each transmitter would include «'discrete address subsystem. Each train would also be 
equipped with a discrete address terminal manually programmed in the sequence of the address codes, corres- 
ponding to the grade crossings in their order of occurrence. The beacon address would be transmitted from 
the train, prior to reaching an Intersection. Fleet vehicles equipped with the receivers would immediately 
derive a range and range rate aaasurement relative to the intersection. These parameter values would be 
introduced into the speed control and braking system in a manner that would gradually bring the vehicle 
to a full atop at a pre-programmed distance fro« the intersection. 

The intersection beacon would be turned off by a signal transmitted from the train after passing 
the intersection. 

Performance 

The range resolution would be 26 feet at 500 feet, 7 feet at 2S0 fact and 1 foot at 100 feet. The 
data rate would be 20Hs. Velocity and deceleration parameters could be obtained directly from the vehicle- 
speedometer, or by the first time derivative of the remaining distance to the intersection. 

Collision Avoidance 

As indicated la the prior section, collision avoidance modes of application, within the context of 
this report, refer to methods for preventing collisions between vehicles in a common fleet. Rear-end 
collisions are among the most frequent type. Approximately one-third of all collisions are rear-end 
collisions, resulting in a "societal cost" estimated to be measured in billions of dollars annually. 

Two specific applications of a distance measurement capability to rear-end collision avoidance of 
vehicles in a common fleet have been Identified. These include Personal Rapid Transit and rail type 
vehicles, as well as automobiles. 

It la apparent that an effective rear-end collision avoidance system for automobiles requires that 
all vehicles be equipped with a cooperative control system. This capability could be gradually introduced 
into the fleet via new vehicles and the system become effective over a period of several years. Candidates 
for early Introduction without awaiting infusion through new fleet stock would be school buses and trucks. 

Ee^ulrssjent and Assumptions 

Vhe parameters which enter into maintaining a safe distance between vehicles are the relative 
distance, the closing rate (relative velocity) and the ground velocity of the vehicle to be controlled. 
The vehicle installed speedometer, of course, provides a continuous measure of ground speed. Uhat is needed 
is a device for measuring the distance and relative velocity between vehicles. 
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A device which provides a precise range measurement capability at a high data rate is the essential 
requirenent, since relative velocity can be obtained directly as a first tlae derivative of the measured 
distance between vehicles. 

System Configuration 

A field test configuration of a collision avoidance system is "hown In Figure 12, The transmitter 
with a single radiating element is top-mounted on one automobil« and the receiver with a three-element 
antenna is top-mounted on a second vehicle. In this test configuration, the automobile equipped with the 
transrltter is the "lead" vehicle and that equipped with the receiver is the "following" vehicle, The 
measurement of relative range and range rate between vehicles is displayed in the vehicle equipped with 
the receiver. 

Performance 

In the proposed configuration, shown in Figure 8, the receiver "bar" would be a nominal 2 meters 
in length to provide a sector angle coverage of *22.S* in the forward direction. At a range of 300 meters 
(1,000 feet) the range resolution is 9.5 meters (31 feet). The data rate is 20Hz, 

i.e. 
The range resolution improves as the square in reduction of relative distance between the vehicles 

at a distance of 100 meters (300 feet), the range resolution Is 1.06 meters (3,5 feet). 

Connient 

Collision avoidance effectiveness of any radio technique of this type is of course dependent of 
equipping all automobiles with the necessary transmitters and receivers. It Is not likely that this will 
occur in the near future; however, it is appropriate to investigate the problems and their technology now 
as an aid to future decisions. 

Spacing Control - Personal gagld Transit and Rail 

Requirement and Assumptions 

Future high performance personalized rapid transit (HPPRT) systems are predicated on the assumption 
that individual vehicles will carry four (4) to six (6) passengers. This allows the vehicles to be small 
in site and weight, leading to a concomitant small size and weight for the supporting guideway (an Important 
cost consideration). 

To meet high capacity requirements with a large number of low capacity vehicles, it is necessary 
that the vehicles move at nominal speeds of 20 to 40 mph between terminals at fraction of a second "head- 

ways". A one-half second headway at a speed of 20 mph is approximately IS feet, and 30 feet at 40 mph. 
Though thede "tailgating" distances and speeds can be accommodated by an automobile driver, the objective 
for an HPFRT system is to contiol the separation distance automatically, without operator assistance, 

This requirement is markedly similar to the relative range and range rate requirements associated 
with automobile rear-end collision avoidance. 

System Configuration 

A single tr-.ismltting antenna element would be top-aountcd at the rear of each vehicle, and a 
three-element receiving "bar" would be top-mounted at the front of each vehicle, as shown in Figure 13, 
The signal received at each vehicle would be introduced in the speed control loop for that vehicle. 

Performance 

For a receiving "bar" tv -»eters in length, the range resolution at a separation distance of 13 feet 
Ik second headway at 20 mph) wou J be 0.25 inch. The data rate would be 100Hz. At a vehicle spacing of 
30 feet, the relative range resolution would be slightly less than one inch at a data rate of 100Hz. 

Intermediate Frequency Interferometry 

The recently discovered principles of Intermediate Frequency Interferometry ellmiaate many of the 
restraints associated with conventional interferometry and allow opportunity to apply the Inherent pre- 
cision pointing and ranging capabilities of interferometry to a broad variety of navigation problems. 
There are no special components required for an IFI navigation sensor. In fact, component requirements 
are well within the demonstrated capabilities of present technology, at the level of coaaerdally avail- 
able units. 

An engineering design study of the applicability of IFI techniques to the navigation requirements 
of transportation systems reveals the co^etltlve nature of this technique when assessed with conventional 
techniques in areas of application requiring precision pointing and ranging over large aziouth angles at 
relatively short ranges. 

Intermediate frequency interferomtt-.ry techniques differ from carrier frequency mterferometrlc 
techniques in the method of transmitting phase related frequencies (sideband and carrier) from radiating 
elements located at eithir end of a coaaon baseline. In carrier frequency interferometry, one antenna 
radiates a carrier signal, while the other radiates a sideband signal. It, Intermediate frequency inter- 
ferometry, each antenna simultaneously transmits both a carrier and a sideband signal. The carrier 
frequencies are displaced to allow separate identification of the signals transmitted by each antenna. 
The modulation frequency, or difference frequency between the sideband and the carrier, however, is the 
same for each carrier and its corresponding sideband signal. 
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In the simplest configuration, transmitting antenna A and B are located at either end of a baseline. 
The nominal spacing between the antennas is one wavelength at the modulation frequency. At the receiver, 
the carrier and sideband signals transmitted by antenna A are heterodyned and filtered to derive the 
modulation frequency.  In a similar manner, the carrier and sideband signals transmitted by antenna B are 
heterodyned at the receiver to derive the modulation frequency. Though these two modulation frequencies 
derived by the heterodyning of their corresponding sideband and carrier signals are at the same frequency, 
their phase difference is directly related to the path length difference between the receiver and the 
antennas A and B located at either end of the transmitting baseline.  By the method of transmission and 
signal processitig, however, the path length difference Is measured In fiactlonal wavelengths at the 
modulation frequency, rather than at the carrier frequency as In carrier frequency interferometry. As a 
result, the transmitting antennas can be configured as completely separate apertures, physically located 
at either end of the baseline, a significantly less complex configuration than required by carrier fre- 
quency interferometry methods, wherein the total extent of the baseline is frequently occupied by a 
reflecting surface Illuminated by a complex multi-element feed structure. 

A functional block diagram of a simple two element intermediate frequency interferometrlc transmitter 
Is shown in Figure 14. The signal outputs of carrier frequency generators fc^, and fc2, are not necessari- 
ly phase related. Their frequency separation is determined by the ease with which they can be separately 
filtered and identified at the receiver.  Each carrier frequency is modulated by a signal derived from a 
common modulation frequency generator operating at a frequency fm. The output of each modulator is fil- 
tered to derive the original carrier frequency and one sideband. 

For the purpose of the discussion which follows, assume that the upper sideband has been selected 
in each case. The signal transmitted from antenna A will consist of carrier fcl and upper sideband 
fcl + fm. The signal transmitted from antenna B is carrier frequency fc2 

an,l upper sideband frequency 
fc2 + U- 

"or the purposes of explanation and with reference again to Figure 13, we will assume that the 
geometric relationship between the receiver location and the transmitting baseline is such that the 
distance from antenna A to the receiver is R, and from antenna B to the receiver Is R + 1. On arrival 
at the receiver the sideband signal Si transmitted from antenna A will have the form: 

cj 
+ U) t + m 

81 

(1) 

where: 

ci 
2nf 

ci 

-I 

u « 2nf 
m     m 

X  » wavelength of sideband (f, + f ) 
3i im 

On arrival at the receiver the carrier signal C. transmitted from antenna A will have the form: 

C. « cos u) t + 2nR (2) 

where: 
X  « wavelength of carrier, f 
ci C! 

Similarly, the sideband signal S, transmitted from antenna B will have the following frequency and 
phase relationship on arrival at the receiver: 

S- « cos + » t + 21R + 211 
c2   ml    —    X- s2     s2 J 

(3) 

where: 

(u - 2nf 
c2     C2 

X  « wavelength of sideband, f  + f 
S2 ' C2   m 

and the carrier signal C- the following frequency and phase relationships: 

where: 

C2 

C, " C06 

wavelength of carrier, f 

=2 
t + 2nR + 2114 

C2 C2 J 

(A) 

I- 
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The carrier and sideband signals transmitted by each antenna are separately heterodyne^ at the 
receiver to extract their difference or modulation frequency in each case. 



Tha heterodyning of sideband S^ with carrier C^ produces a modulation frequency and phase relationship Mj 
in the form: 

Mj^ » cos a t +  2nR  1 
m  

si Cl  J 

(5) 

In a similar manner the output frequency and phase relationship obtained by heterodyning sideband S« with 
its carrier C2 provides an output modulation frequency and phase relationship, M2 In the form: 

M» " cos u) t + anR,' 1   1 ^ 
'-  X 

s2   c2 
I—  —I 
\ s2    C2/ 

1 i + 2UU   I    - _1_ (6) 
82    c2 /. 

Since the modulation frequency or difference frequency between each carrier and Its corresponding 
sideband Is the same, and bears the same phase relationship to its carrier at time of transmission: 

1-1 
X    X 
81   ci 

(7) 

S2 C2 

where: 

wavelength of the modulation frequency (fm). 

Introducing equation 7 In equations 5 and 6, it Is apparent that the phase difference ♦ between 
the modulation frequency M^ and the modulation frequency M, Is: 

ifi » m (8) 
Xm 

Since the bearing angle 6 of the receiver relative to the normal to the transmitting baseline is 
given by: 

6 = sin' fn (9) 
d 

where: 
d Is the baseline length, then 

6 « sin 
.1 ,. 

,2nd 

(10) 

The Important feature to note Is the marked similarity In the form of equations 6 and 7 
in connection with the discussions of carrier frequency interferometry and equations 8, 9, and 10, res- 
pectively, as developed above in connection with Intermediate frequency inteiferometry.  In both cases, the 
path length difference I  between either end of the transmitting baseline and the receiver is obtained by 
a phase measurement which involves a determination of the path length difference I  in wavelengths.  In the 
case of carrier frequency Interferometry I  is measured in fractional wavelengths at the carrier frequency. 
However, in intermediate frequency Interferometry, the same path length difference J. le measured in 
fractional wavelengths at the modulation frequency.  Consequently, through the use of intermediate fre- 
quency interferometrlc techniques, measurement of the bearing angle is Independent of the carrier fre- 
quency of operation and depends only on the modulation frequency. This eases many of the design restraints 
experienced by methods based on carrier frequency interferometry. 

It is of further Interest to note the use of intermediate frequency interferometrlc principles in 
applications wherein the bearing angle of a transmitting point source Is measured by a two-element re- 
ceiving array. Though this application can be accommodated by carrier frequency interferometrlc techniques 
as a consequence of the spatial separation of the transmitted signal at the receiving site, carrier frequency 
interferometrlc techniques suffer the same receiving element spacing and angular ambiguity restraints 
experienced in the mode in which the paired antennas radiate signals to a remote receiver. Methods for 
overcoming these restraints in order to provide Improved angle sector coverage have the disadvantage that 
the antenna systems employed are complex and generally require critical proportioning of circuit constants 
be established and maintainer! between the elements of the racelving aperture if satisfactory operation is 
to be realized. 

The applicaLion of intermediate frequency interferometrlc principles to this receiving mode differs 
from carrier frequency Interferometrlc tpchnlques In the method of signal transmission.  In carrier fre- 
quency interferometry tb?. transmitting antenna radiates a single carrier frequency.  In intermediate 
frequency interferoiuetry t,<? transmitting antenna simultaneously radiates both a carrier and a sideband 
signal.  The receiving system in Hs simplest configuration for a single angle coordinate consirts of two 
receiving antennas, A and B, located at either end of a common baseline. Typical baseline separation 
distances arc of the order of one wavelength at the modulation frequency. 

The transmitter simultaneously radiates a carrier frequency fc and a phase related sideband fre- 

V 
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determined by the angle B of the transmitter relative to the normal to tin? baseline of the receiving 
antennas A and B.  If we assume that the transmitted signal travels over distance R from the transmitting 
antenna to receiving antenna A, and over distance R+ to receiving antenna B, then on arrival at receiving 
antenna A, the carrier signal C. will have the frequency and phase relationship: 



C. =icos u t + 2nR A   L       c  T" u c 

(11) 

where: 
u    « 2Ef c     c 

£ = carrier frequency 

X = carrier wavelength 

The sideband signal S. on arrival at antenna A will have the form: 

where: 

(M
C 
+ umH + ^- 

L a 

(12) 

2Hf 

£m - modulation frequency 

X    =  sideband wavelength 

In a similar manner the transmitted carrier and sideband signals on arrival at antenna B will have the 
frequency and phase relationships shown in equations 13 and 14 respectively. 

CB = cos I ioct + 2IIK. + 2M ' 

c    c -I 

(13) 

SB = cos (uc + iBm)t + 2I1R + m   (14) 

sJ 

The carrier and sideband signals received by each antenna, A and B, are separately heterodyned to 
extract their difference frequency. This difference frequency is of course the modulation frequency. 
Heterodyning of the carrier and sideband signals received at antenna A produces a modulation frequency M. 
with a frequency and phase relationship given by: 

t + 21» 1-1 r (15) 

ci -i 
In a similar manner the heterodyning of the carrier and sideband signals CR and SB received at antenna B 
provide a difference frequency or modulation frequency component with the frequency and phase relationship: 

ID t T 2nR i 1 (16) 

It is important to recall at this point the wavelength relationship: 

1-1-1 (17) 

where; 
X ■ modulation frequency wavelength 

Introducing this relationship in equations 15 and 16 it is apparent that the phase difff.rer.ee 
between the modulation frequency M^ and the modulation frequency Mg is: 

211 
X 

(18) 

If the separation distance between the two antennas A and B is d, then the bearing angle u the 
transmitter relative to the normal to the baseline between the two antennas A and B is given by: 

and hence: 

sin" ft 

6 - sin 
.1 

_2ndj 

(19) 

(20) 

If carrier frequency interferometrlc methods were used, a single carrier frequercy would be transmitted 
to receiving antennas A and B, and in this case the angle 6 would be given by: 

.1 
6 - sin [V-l (21) sin" UX 

[in 2nd 

where: 
X ■ carrier frequency wavelength 

since the phase difference aeasurenent corresponding to the path length difference I would be mad.: at the 
carrier frequency. 
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Here again «e reach the important conclusion that through the use of Intermediate frequency 
interferoaetric techniques, aeasureaent of the bearing angle is independent of the carrier frequency of 
operation and depends only on the aodulatlon'frequency. This allows a mich greater physical separation 
between the two antennas A and B, allowing completely separate antenna apertures for A and B, thereby 
leading to the several advantages previously described in connection with that node of operation wherein 
the paired antennas similtaneously radiate signals to a reaote receiver. 
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TABLE III.  FREQUENCY SPECTRUM OF RADIO NAVIGATION AIDS 

1  Radio Navigation Aid Frequency 

Omega 10-14  KHz 

Decca 80-120  KHz 

Loran C 90-110 KHz 

Non-Directional Beacons 

a) Aeronatical 200-285  KHz 
325-405  KHz 

b) Marine 285-325 KHz 

Loran A 1700-2000 KHz 

1LS 

a) Marker Beacons 75 MHz 

b) Localizer 108-112 !!Hz 

c) Glide Slope 328-335 MHz 

VOR 112-118 MHz 

DME 960-1215 MHz 

TACAN 960-1215 MHz 

MLS 5000-5250 MHz 

TABLE IV.  SUMMARY 0'; NAVIGATION REQUIREMENTS BY OPERATIONAL AREA 

i 

Navigation Area Requirement System Propagation Anomalies 

Air Operations Oceanic Surveillance 
Navigation 

Satellite 
VHP Communica- 
tion 

LORAN-Inertlal 
Nav. 

Scintillation and Fading 
Scintillation and Fading 

Scintillation & Fading,  Sky 
Clutter 

Wave 

Domestlt;  Enroute 
and Terminal 

Surveillance 
Navigation 

Radar, Communl 
tlons 

VOR-DME 

a- 
Clutter, Multlpath 

Approach and 
Landing 

Surveillance 
Navigation 
Guidance 

Radar 
VOR-DME 
ILS-MLS 

Multipath 

Multlpath 

Marine Operations Open  Sea Navigation Loran 

Coastal and 
Confluence 
Zone 

Navigation Loran 

Inland and 
Restricted 
Waters 

Navigation Loran Sky Wave 

Multipath 

Land Operations Automatic 
Vehicle 
Monitoring 

Navigation 

Position Location 

Lcran 

Line of  Sight 
Transmission by 
Radio 

Blockage 

Dispatch Communications VHF Comnunlcati ins RFI 
... 
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TABLE V.  VEHICLE REQUIREMENTS FOR AIR TRANSPORT SYSTEMS 

Vehicle Requirements System Requirements                              1 

DeterminaiTlon of flight direction 

Determination of flight velocity 

Determination of altitude 

Determination of present geographic referenced 
position 

Landing manoeuvres under poor visual conditions 

Avoid collision in air or ground mode 

Improve efficiency of Air Traffic Control System       | 

Accommodate future growth 

Provide reliable and economic operation by the user 

Complete volumetric coverage 

Transmissions should be 100% reliable and available 

Transmissions should be free from ambiguities          ] 

Transmissions and systems should provide maximum 
protection from blunders                         1 

System should be accessible to all users               1 

System should be compatible with all other systems in use 

System should be 99.9% accurate in its operational areas 

TABLE VI.  VEHICLE REQUIREMENTS FOR MARINE TRANSPORT SYSTEMS 

Vehicle Requirements System Requirements 

Determination of vessel direction 

Determination of vessel velocity 

! Determination of vessel position 

■  Determination of distance to go 

All weather position fixing 

Reduction of vessel collision during transit or docking 

Precise position fixing plus procedure and knowledge! 

Augmentation of visual aids                    1 

Proximity warning about hazards or vessels 

Addition of conmiunication with navigation 

Continuously available and highly reliable complete 
coverage                                   I 
Accuracy comparable to visual navigation aids 

HigjUgjgUgfrH^H 
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IN BEAM 
REFLECTION 

FIGURE  1.    GEOMETRY OF IN BEAM AND SPECULAR MULTIPATH 
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DIFFUSE MULTIPATH 

FIGURE  2.    GEOMETRY OF DIFFUSE MULTIPATH AND RADIATION BLOCKAGE 
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RESOLUTION 

FIGURE  7.     GEOMETRY OF AN AIRPORT GROUND TRAFFIC  SURVEILLANCE  SYSTEM 

RECEIVER 

FIGURE 8.  AUTOMOBILE RECEIVER 



FIGURE 9.  NAVIGATION CHARTS OF A TYPICAL NARROW MARINE CHANNEL 

STATION B 

FIGURE 10.    NAVIGATION SYSTEM CONFIGURATION GEOMETRY 
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FIGURE  11.     GRADE CROSSING CONTROL  SYSTEM  SCENARIO 

TRANSMITTER 

FIGURE   12.     AUTOMOBILE TRANSMITTER 
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FIGURE 13.  SPACING CONTROL GEOMETRY FOR PRT AND RAIL VEHICLES 
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FIGURE 14.  TWO ELEMENT INTERMEDIATE FREQUENCY INTERFERCMETRIC 
TRANSMITTER 
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DISCUSSION 

M.Goutelard 
Les syst^mes que vous mentionnez concemant la protection des passages i niveau et des Trains en g&ifral dans les 
syst^mes de traffic 4 vitesse elevee fait 6tat d'^metteurs places sur un v6hicule et de rtcepteurs places au sol ou sur 
d'autresv^hicules. Cette solution n'a pas €t6 retenue en France. Comment palliez-vous i une panne de Temetteur et 
quelles sont les precautions prises pour Writer les collisions? 

Author's Reply 
The system proposed for the protection of fleet vehicles like transport and school buses has not been tried. It is 
offered as a possible solution to prevent grade crossing collisions. It assumes that there is no institutional barrier to 
controlling the speed of highway vehicles as the train approaches a crossing - which of course is not true. In the 
US this procedure is viewed as an invasion of civil rights and therefore will not happen for a very long time. In the 
meantime we should continue to explore technological approaches in order to assure the implementation of the 
most cost effective and socially desirable system possible. Existing systems in the USA still use gates, flashing lights 
or simple signs for those crossings that are not by-passed. 
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LES BESOINS EN SYSTEMES OE NAVIGATION A GRANDE ET COURTE PORTEE 

POUR LES NAUIRES CIWILS ET MILITAIRES 

A.n. Raubartou 
Sarvlca Hydrographlqua at Octanographiqua da la narlne 

3, avanua Octave Gr^ard - Paria 
Franca 

RESUME 

II axlata actual lament an aarvica ou an pro Jet un grand notnbre de ayatämaa de radiolocali- 
aatlon h  la «er, faiaant souvant double amploi. L'analyaa dÄtaillöe dee beaoina fait apparaltra 
capandant una teile diveraittf qu'una aolution unique da compromia eat impoaaible. Si on pouvait 
n<gllgar la facteur coQt, un ayntbmm  tr&a aophiatiqutf, tel que. le proJet NAUSTAR andrlcain aatie- 
faltait aane doute la plupart dee beaoina. Si on prend en compta le facteur coöt, on aboutlt & 
pluaieure fanillea da aolution« de conproiais, an fonctlon da la portde at de la priclaion requiaaa, 
tvldaiMient antagonlatea. La prtfaant« tftude aeeaia de ddfinir caa famillea, et da montrer que mime 
h  l'intfrieur de chaoune d'ellea, le poida da cartalna beaoina epäolflquaa, at lea prdoeeupationa 
natlonalea« randant pau probable la conception d'un eystfema unique. Lea aysttaee exietante aont 
anauita claaatfs at analyada du point da vua de leur adaptation aux beaoina reconnue, pour Ice dif- 
ftfrantee catttgoriaa d'utiliaataura civlla at mllltaires, en a'attaehant & soulignar lea perfection- 
nenanta qui aaraient aouhaitablea h  court terne. 

1.     INTRODUCTION 

C'eat un lieu commun d'obaarvar qua, dapuia leur apparition 11 y a qualquea d^canniaa, lea 
ayat&maa de radionavigation k  I'uaage das naviras at/ou dee aäronafa, et plus gdntfralanant las aya- 
t&maa da radiolocaliaation h  I'uaaga da utfhiculaa tachniquaa plus späcialistfs, sa sent multiplies 
da fagon anarchlque et largement redondanta. 3a n'al pas I'intantlon d'analyaar lea causes da cette 
proliferation, dont lea principales - innovations techniques, particulacismes nationaux, concurren- 
ce entra firmas, ate... - sont d'aillaur« övidentea. 3a me contanta da eoullgnar, apr6a bian d'au- 
trae autaure, le grave inconvenient qui en results pour I'utilisateur, parfoia accuie &  dee choix 
difficilas, ou & une accumulation da materiel coOtaux, at lea diffioultäa qui reaultent de l'encom- 
brement du apactre radloeiactrique. Ces derniferes doivsnt raster toujoura presentes &  I'esprit ,& 
la veille de la prochalne conference da I'U.I.T. prevua pour 1979. 

Baaucoup da caa aystfemas, da conception dej& ancianne, ont ete developpea at mis an place 
aane que probablament une analyaa trfea aoignee aut la plcn technique du beaoin h  aatiafaire ait ete 
affaetuee, Ua rapreaantaient ce qux lea laboratoirea at I'lnduatrie da I'epoqua pouvaiant effrir j 

ä leur« parformancee, quels que aoiant lea crit&res envisages, reataiant trfes loin de l'ideal, at 
1 1'utiliaataur na pouvaiant que e'en contenter. L'appallation encore courente, ehe« lea usagars ma- 
il ritlmea, d^elda« radioeiectriquaa & la navigation", plutßt que de "ayatftmea da radionavigation", 
f traduit bian ca ceractira da methoda d'appoini, at non da precede autonome, qui laur etait reconnu 
* par lea navigataura. Lee syatimea plus recants ont ete generalement developpea dans la but axprba 
•1, da aatiafaire cartalna beaoina, mala aouvant defini etroitamant s eouvartura d'una cartalna region, 
js aatisfaction d'un certain type de nevlgation, ou d'una oerteine catigorle d'uaagers, ete... Eeono- 
» miquenent, pour employes la langaga dea geationnairaa induatrlala, leur promotion correspondalt 
5 aouvant fc Inoccupation d'un "creneau", parfoia * 1'alda d'un material apeclfiquement eongu pour un 
H usage different, et non revise dan« «on prlncipa. II convlent eujourd'hul d'axaminar ai una reponaa 
h approptiee plus globale, volra une reponaa h  1'ensemble de toua lee beaoina, na aerait pea poaaibla 
y aur une base plua rationnella, avae une economie de moyena, ou mime un «ystfeme unique de compromia. 

Coat la quaation & laquello jo vole eaaayer da repondra dans lea llgnea qui auivent, en preeioant 
'%. una foia pouc toutea qua Je mo place du aoul point do vue do 1'uoagar narltlmo, h  1'excluaion do 
!* touo los autraa utilisatouro poaaiblee do le radiolocaliaation (aeriana ou torraatra«) at aena m« 
| diaoimulor quo co point do vue reduit dan« una cartalna meaura la portea do mea conelualone. 

i 
r; 2.   BIM m SfliiaB 
t Pour eveluor lo boooin on tor««« do porfornoncee doe ayatfemoo dostinea h  lo aotif>f f .ca, 11 
1 faut faire choix d'un certain nombroo do critlrae. S'il »'«git da eonparor ontro oux p^aieure aye- 
P tfemoo, ou da fatro une analya« partielle aaaoz fine, cos critkree, qui aont an tth»  grand nombro, 

dolvont itro auignouoomont detailiea. Bale ou nivoau global ob cotto etude oo pl*ce, lea grandee 
eolutlona no pouvant Itro quo do compromia, 11 fetit au controlre rooter aasck «impla. C'eat pourquoi, 
dan« un promier tempo, aprfta un« analyaa aaaoz ditaUKa, Jo m'offotcor«! do d<finir un choix do 
«rltkroe «impleo at an petit nonbro qui aora utlliae dana la auito. Co choix n'aat evldammant pao 
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le arul possible, nl psut-ltre la mellleur, male 11 fournlt uns base de comparalson commode et ma- 
nlable. 

L'snaembla des crlt&res aera divisd en trols groupes t 

- crlt&res de caract^re technique at opäratiannel j 

- crlt&res de caractdre öconomique ; 

- ctlt^res späcifiquas du besoln militaira, 

2,1.   Cirit6re8 teehnlques et opäfationna^s 

2.1.1, Couvarture du avstfeme 

C'est-ä-dira ätendus de la zone gäographique dans laquslle le systäme eat capable de fournlr 
un posltlonnament. Cette notion eat en räalltä assez complexe pour diverses raisons t 

- la uouverture d'un ayat&ma sst aouvent fonction dee autres caractärlstiques, et notamment, pour 
les systfemes & base terrastre, de la precision da positionnement, soit pour des raisons radioälec- 
trlquss, soit pour des raisons gdom^triquea, aolt normalement pour uns combinalaon des deux. Car- 
taina syst&mas admettant un fonctionnanant an node dögradd (LORAN C eur onde de ciel, par exsmple), 
qui permet une extension notable da la couverture, avec una pröcisicn ^videmment beaucoup plus 
fälble. 

- la couverture d'un syst&me peut 8tre variable dans le temps, comme c'est le cas pour beaucoup da aya- 
thrnaa  hyperboliquas h  moyanna portöe soumis ä l'effet de nuit (perturbation par les ondes lonos- 
ph^riques). 

- snfin, bien entendu, 11 faut diatinguer la couverture "potentielle'' d'un syst&me et sa couverture 
"reelle" teile qu'ells eat däfinis, ä une öpoque donnöe, par les implantations axistantas. On jour- 
rait ddfinir la couverture potentielle comme la region qui seralt couvarte par l'enaemble maximal 
(et optimal) de stations qui pourralt 8tre affectivement Install^es, compte tenu, notamment, des 
contraintes d'ancombrement du spectre. 

Nous retiendrons, pour lea baaolns de cettv ätude, un paiamätre slmpllfl^ unique de couver- 
ture (pour les syst&maa 4 couverture non mondiale). 11 dicrira la zone dans laquelle la syst&me con- 
sidörö est capable de fournlr en tout temps un positionnement de precision voisine de as "precision 
typique annoncäe" teile qu'elle est däfinle cl-aprös. Etant donnö qua le besoin maritime est, de fa- 
con tr&a genörala, d'autant plua exigeant qua l'on eat proche des cStes, cette zone sera d^finls par 
la distance entre la c6te at sa llmite ext^rieure vars le large s C'est bian Ih  ce qua les marina 
entendent par la "portäe" d'un ayatfeme. 

2.1.2. Precision da poe^tlonnement 

C'aat 4galement un« notion complexe t 

- pour la plupart dsa ayatämea, alia eat variable dana I'sapacs, comme nous I'avons diJSi noti.  Pour 
un ayat&me donnä, eile peut e'ätablir & pluaiaura nivaaux, a'il existe des modes de fonctlonnement 
dägradds, ou dee modes d'utillsation diatincts comma pour NAVSTAR. Ella naut warier ds.ts le temps, 
par example par affat da nuit comma pour OCltGA. Ella eat enfin fonction d'autras caractdrlstiques 
du systäme, tellea qua sea performances dynamiquee relativament & la vitessa du vtShiculs, blen qua 
ce dernier aspect soit tout h  fait sac&ndaira dans le caa da la navigation maritime. 

- la notion da precision eat complexe en elle-mlma, du fait qu'elle doit n^caaaairamant s'exprimar 
en tarmes de probabllitds. Le peran&tre "äcart circulalra probable" (ECP) ou toute autra analogue, 
en donne une bonne meeur« dana le cas ou la loi da dispersion das «carts ne s'icarte pas trop gros- 
si&rement "lu modal« gausaien, at c'ast da cette fasjon que le precision eat courammant ddflnie, (Ob- 
sarvona dka h  prtfa«nt qu« 1'on ne seralt paa dana ce caa si l'on däcidait par exempla de canaiddrer 
une loi da probabilitd globale, tanatt compte d'un pourcantage d'arreur aur la comota das chanaux, 
dana un system« comportant una amblgurtd t 11 davient «lore impoaalbla de caracWriaer par un para- 
mfttro unique ttl qu« CCP la comportament d« 1'arreur. Ce point «et dvoquä plua loin). 

- 11 convient igalemant, du molns dans 1« cas dee ayatfcmaa pr<tandant & das performance« dleviss, da 
dlatinguer les diweraes notions racouvect«« par le mot "prdcislon" t precision relative (repeatabi- 
lity) ou fldälittf, caractirlaant 1'aptitud« du ayat&n« 6 donnar daa Indication« idantiques dana le 
iemp« (mala tfv«ntu«ll«n«nt bialaöea) an un« poaltinn donnie, «t pr4clalon absolu« (pr«dlctability}. 
La pt«mi6rf «at fonction d« la precision inatrum«ntal« (««naltivity) ou senslbiliti, et du niv*au 
d'«rreura allatolras, 1« aaconda inelut <galem«nt 1«« «rr«urs systimatlques da toute nature. L'una 
et 1'autra eont iilatinctes (n«l« tfvid«inn«nt 11«««) d« la pr«ci«ion dlffär«ntl«ll«, qui caracttfris« 
l'aptltud« du ay:it6me h  poeltionner aimultanäment deux utiliaateur« 1'un per rapport 6 1'autre. Catto 
deml^re notion n'eat paa lndiff<r«nt« «t peut conduir« &  d«« mod«« d'expleitatlon syeMmatiquaa, 
COMH« dans 1« can d« I'OMCGA difftfr«ntlal. 

Pour una analya« sinml«, no>>;e pouvon« noua contantar d« dicrir« 1« prtfcialon d'un syat&me par 
un param^tr« Jniqu« caracttfclsant l'äcart maximal d« poaitlonnsmant. C«ei suppoa« qua nou« n« titnona 
pas conpta d«« arrears gro««i6r«a <ventu«ll«« lit«« par «xwtpl« au !•«•> d'aabigulttf. O'autr« part 11 
convient d« eheisit un icart maximal correspondent it un haut nivaau da probabilit«, typlqu«m«nt 95 ? 
pour lea ayat&me« & faibl« pr<ci«lon «t 96 "1 ou plua pour l«e «y«t»»«« i grand« ou tt6» grand« prici- 
sion. Os« valaura Irfäriaurea, «i «11«« «ont «igniflcativ«« pour da« tschnicians (at correaoondent 
d'alllaur« k une parfalt« connalsaane« d« la rfpartttlon daa «carts ai la loi d« probability «at con- 
nu«) na la «ont paa riour I'uaagar courant qui ««tin« pouvotr •• fl«r d« fa^on quasi «baolua % la pri- 
clelon indlqui«. Nou« ne priciaarons oaa al ;«tt« prtfclaion eat absolu« ou ralativ« i pour da« «ystfe- 



mas 5 implantation fixe, ou bian en ef.at le poaitionnetnant abaolu eat de pau d'intdrtt, i'essan- 
tlel 6tant  da pouvoir retrouver une position döjä occup^s ou uns route döjä patcourua, ou bian il 
peut itre attaint h  partir du positionnament relatif par un Jeu de corrections convenabla, & con- 
dition que I'on dispose d'un champ de points d'dtalonnage appropriö. Enfin, pour tenir compte de 
la variability dans I'espace at dans le temps, nous com/iendrons que la valour indiqufie correspond 
Ji ia precision moyenne minimale assuröe en tout temps dans la zone de couvetture, dans des condi- 
tions normales d'utilieation, c'aat-ä-dire qui ne s'äcartent pea exagörSnent des conditions habi- 
tuelleroent rencontr^as, Comme on le voit le paramfttre ainsi döfini correspond & la precision röel- 
lement abtenue avec un tr&e haut niveau da fiabllitd. Nous I'appelerons "precision annonc^a" du sys- 
t&raa, 

2,1,3, Contenu informationnel 

3e regroupe sous ce titre un certain nonbre de caractärlstiques sacondairas pr^ciaant la na- 
ture de 1*information de positionnement fournie par un syst&me. II 8,agit pour I'esaential da la ti- 
ponse h  quatre questions t 

- La systems fournit-il une position seule, ou comporte-t-il une information complämentaira, notan- 
ment la vitesse absolue du mobile sur le fond ? Fournit-il une position h  deux ou trois dimensiona 
(nour mümoira, puisque cette information est sana Int^rSt pour le nivigateur maritime, bian qu'alla 
salt susceptible, peut-Stre, de faurnir un äläment de contröle de la qualiti du räsultat) ? 

- La röponse du Systeme est-elle continue (positionnement permanent), discontinue suivant un rythrae 
plus ou mains lent (positionnement recurrent), discontinue sur inte.iogation du mobile ? La räpon- 
se du sytöna ast-el1 e en temps I6B1  OU en temps tSiff6i6  ? 

- Le positionnement 'ournl comporte-t-il une ambigultö ? Ce point ast porticuli&rement important pour 
deux raisons ; la plupart des systämes hyperboliques comportent une ambigu£t6 rösiduelle qui ndcae- 
site, pour leur nisa en isuvre, une connaissanca approchäe de la position par un moyan extdriaur au 
syatäme, avec une precision qul est parfois assaz grande. D'autre part lea diapositifs ae "leva 
d'ambigultö" propres au syst&me, lorsqu'ils existent, outre qu'ils laiasent subslster l'ambigulttf 
r^slduelle mentlonnäe plus haut, sont susceptibles d'introduire une arreur de une ou plusiaurs uni- 
tes dans l'identiflcation des chenaux des divers ordres. Nous avona nägligä cette source d'arreur 
dans la ddfiniticn de la precision, admettant ainai qua la lavö d'ambiguCtd doit fonctionnar avec 
une adcuritd de 100 ;', 

- L'information fournie par la systems est-elle ou non redondants ? II est clair qu'un ayat&me four- 
nissant plus da daux lieux de position inddpendants procure da ce fait un moyen de verification da 
Xa position obtenua de nature h  accrottre considdrablement la fiabilitö at la precision. 

De ces quatre crit&res, Je ne retiendrai qua la second, qui Mt Important du fait qua cartel* 
ma  categories d'ueagars ne s'accomodant paa par example d'un positionnement recurrent, Lt caract6re 
de redondance, au niveau de notie analyse, n'a pas h  Itre examine ä part, mala asulemant * intervenir 
dans la note de fiabiliti gdnerale definio plus loin. II eat evident anfin qua le syatbrae ideal, dana 
toys les Jas, ne devrait comporter aucuna ambigulte reeiduella, Cependant un certain nivea>' ^'ambi- 
gulTte eat la plupart du tumps tolerable en pratique, an fonctinn notamraent da la piecia'   5«f:>->ndea t 
nar example un syat&me con^u pour positionnsr & 10 m pr6a a'accomodara normalement r- . ir^ftrne^iant 
d*une ambigulte da plusiaura millss, las usagars axigaant on tel niwaau da perfarmai vt« devunt -< 't^e- 
dar par aillaurs las moyens da aa placer sans srraur & cette precialon. Autremant d; *, j» s.-'->n.ait!* • 
qu'S clisque catdgsria de besoin ddfini en precision eat aaaocie un certain niveau d-inbl^aft« je i- 
ble qu'il eat inutile da preeiaar dsvantaga, 

•2.1.4. Partieularltes dlveraea 

3a claasa ici pour memoire un cartain nombre da raraeterletiquas aacondeitsa 'cnt •■■:■.-■■:*  qual- 
ques unea t 

- le •ystteo eat-il paaaif (l*installation da bord ne eomporta que daa recaptaurs) ou actif (la mo- 
bile doit dmettre) 7 

- dans le caa das syst&mas actife, quel ast le "niveau da aaturabillte" du systkna (c'aat-k-dire eon- 
bien admet-il d'lntarrogateuca mobiles an fonctiennanent simultane) ? 

- quelle sat la nature de la donne« brute fournie par le aystfcma (azlnuta, diatancae, diffetancaa da 
distances, etc.,.) ? Duel est le niveau de traitement requis (y comprls lea ealculs da eorractlon), 
du moins si ee traitement n'eat paa ayatematiquament integre au ayatlma, pour obtanir una donnde 
dirsctamant exploitable par 1'usager ? 

- qualles aont les diverses asrvitudos d'exploitation ? par example facillte da mlae en auvre et 
flexibilite d'emploi du material da bord, at la eas ieheant du material daa atationa fixea (pour 
\ae  ayat&mea "mobiles" a usage specialise) j robuatesee ginerala, facllite de reglaga, d^antretian 
et de depannage (diaponibilite at quellte du service apr&a vanta oi1 du aarvica da loeatiCM-antre- 
tien), etc... 

3e  ne retiendrai pas le detail da cea critferaa, mala saulamant le dernier, aoue forme d'una 
"note de quellte" globale attribude au eystfeme, avec troia nlvaaux t 

- Cxcallente > ^s*.eriel sdr et trfee robuate davant pouvoir Itra regie at utilise aana precaution par- 
ticulibre par du personnel sana competence apeeiale. 

- Donna    t naterial de bonne robuetasaa, dont la mlae an mivre peut exlger cartainaa precau- 
tions et l*antratien le eoneoure da personnel competent. 

- Couranta  i material aOr sous rdaerve da cartainaa eontraintea d'antfitonnemant, dont la mlae en 
■Mwta covncta at l*sntretlan exigent daa eompetancae partlcullbraa. 



2.1.5. Dl«nenlbUlt< ODig«tlono«ll» 

Las e«ract4tlatlqua« ragroupiaa aoua ea titra aont d'uri« iaportanca oapitala, pulaqu'allaa 
Mcrivant I'anvlronnamant da nlaa an «uvra d'un ayat^Ma, IndtfpandaMtant da aaa qualittfa intrlnabquaa: 

• qual aat la nlvaau da flabilittf du algnal tagu par la aobila, at notawrant ea algnal aat-11 cor- 
saetanant prottfgtf an tout taapa eontra laa bruita atneaphArlquaa, laa fluotuationa at parturba- 
tlona ionoapMriquaa ou tropoaphtfrlquaa, eontra laa interfdcancaa duaa k  I'ancoMbraaant du apaetra 
radiotflaotrlqua ou k aon propra fonctlonnaaant (rdflaxlona, pareoura nultlplaa, ate) ? Ca crltkre 
aat dvtdamant h  axamlnar an liaiaon avoc d'autraa (anbigultd, caractkra parnanant ou fctfquanea 
da rdcurranca. radondanca da I'infonlatlon, ate). Invaraaaant, dana la caa daa ayatänaa aobllaa, 
laa parturbatlona oauadaa par la ayatkaa na rlaquant-allatpaa d'an llmitar 1'utlliaatlon & car- 
talnaa pdriodaa ou 6 cartainae houraa, an fonetion da la r4gla»antation ? 

- la paraananea du fonctlonnaaant aat-alla eonvanablaaant aaaurda, eoapta tanu, Ih aneora, daa tfvan- 
tuallaa radondancaa 7 Un rtfaaau d'inroraatlon eoneornant laa dataa d'intorruption (pour antratlan) 
at laa dataa da raaiaa an aarvica (apr6a antratlan ou Incldant) ronctionna»t-ll da fagon aatiafai- 
aanta ? 

- la Syat&M a-t-il una durda da via garantia raiaonnabla ? La coHpatlbilltd daa nattfriala aneiana 
aat-alla aaaurda an caa da changamant aux apdeificationa ? 

Pour laa baaoin« da notra analyaa« Ja na ratlandral paa ca trolaitaa crit^ra, non parca qu'il 
aat aacondaira, aaia au contralra parca qu'il aat capital. Tout ayat&na qui n'offriralt pae una ga- 
rantia da durda auffiaanta aarait iMpropra h  aatiafalra un baaoin, qual qu'il aoit, at dauvrait itra 
rejatd. Laa autraa crit&raa aont raaaaitblda an una "nota da flabllitd" globale, k trola nivaaux : 

- Cxcallanta s ayatkaa offront un trka haut nlvaau oa flabllitd en toutaa cireonatencaa. 

- Bonne     : ayatkne nornalanent trka fiabla, aaia aujat k dee ddfauta paaaagara, ou k certainaa 
contraintea dana oartainaa zonaa. 

- Couranta   : syatkme de flabllitd parfoia incartaine, at/ou aoumia k daa contraintea d'utiliaa- 
tion blan ddfiniea. 

2.2.   Critkyfa dconowlauea 

La coOt d'un ayatkma, du point da vua de l'utiliaataur, revet deux aspects : 

2.2.1. CoOt du matdrial 

II a'aglt Ik du prix d'achat, d'amortiasamant at d'antretlen du matdrial da bord (at da la 
totalltd du matdrial dans la caa d'un syatkma mobile), ou du coOt do sa location. Un mime ayatkma, 
a'll admet pluaiaurs modes d'exploitation (normal, ddgradd, minimal) paut dvldemnant eomporter jiiu- 
sieura natdrials da coots dlffdranta. 

2.2.2. Redavancaa d'utlliaation 

Dusqu'k OB jour, tous las syatkmas en exploitetlon (autras qua las systkmas mobilaa, bian 
entendu) aont d'accks libra pour I'ansambla des utillsataurs, lea frala d'inatallatlon at da fonciloo 
nement des Infrastructures dtant k la charge daa gouvernaments ou da oartainaa autoritda locales 
telles que las ports. II n'est nullement garantl qua cette aituation aa parpdtusra, at 11 eat mlma 
paut-itre souhaltable aus le financement da certains systkmas soit assure, k I'avanir, par las 
usagera eux-mdmas, at.'molns en partia. Catta contribution prandrait alors la forme d'une redevanca 
d'utlllsation k aoqulttar aoua une forma ou aoua una autra par la ifdtenteur d'un dqulpement de bord. 

Nous retisndrons un critkre unique global da coOt, intdgrant laa deux composaRtea ci-dessua, 
et tradulaent la coot total du positlonnement au nlveau da I'utllisatrur, tel qu'il apparaltralt 
pat axempla dans le co-tpte d'sxploititlon d'un navira (at compranant done 1*  prtx da reviant d<< 
toutes lefc installations annexes daviint dventuellement oompldter le matdriel da radiolocallsatidn 
propramont dit). Trois niveaux ssulamant sent retenus pour cette analyse t 

floddrd      : Coöt na ddpasscnt pas 
lamunt axplolt^s. 

fa;on sensihls colui des »yaVma»  las mnins eoOtaux ectuel- 

- floyen      : Cofit pauvant d^paaser assez XarQemant ce''ji des aystknias actual les nolns cöQtsux. 

- Peu Sensible : CoOt ecceptable relativemant iXevi  ou trka dlsvd. 

2.3. Critkras sodcifioues mllltalrea 

En plus da tous las critkraa prdeddammant inumdrds, at qui caraetdrisant dvlderamant auaal 
bian laa beaolns do« novires mllltairde ou» caux das navirea civil«. I'utiliaatlon du positionnamant 
raoiodlaetrlque pour las opdratiens milltelre^ mit  mer itrpoaa an certain nombia d'dlaments de choix 
euopldmenteires. Pour une analyua sommaira, en p-iut lea ra^itner k trois eritkres prlrtcipaux • 

2.3.1. Dirponlbllltd du ayatkma en caa ds conMit 

Caci reeouvre la gerantic da forictionnament de 1'i-ifrestructure (protection das stations 



contra les coups da l'annami) at la rOalstanea du ayattea au broulllag«. Un tflö«ent Int^rasaant aat 
la risistanca au broulllaga "intalligant", capabla d,introMulra dana Im  poaitionnamant foutnl un 
bials non dfoalabla par l'utillaataur. 

2.3.2. DlacrHlon da l'uUUaatmn 

Calla-ci paut itra n<casaalra (ea qul axclut alora l'amplol da ayat&maa actifa), mcls co 
n'aat paa la caa syatteatlquamant pour toutaa laa utilisations nilitairaa. 

2.3.3. Carantia contra l'utlllaation par l'ativayaalre 

3.     REB»RQUES GENEROLES 

A l'alda daa crlt6raa ainpllfiis pr6c4damant dtfcrlta, et da l'tnformation h  la disposition 
da l'autaur, 11 aat alors posaibla da draaaat la tablaau ci-Jolnt, qui dtfcrit h  l'alda da caa cri- 
t6raa un cartaln nonbra dti'baaolna-typaa cerraapondant aux diffdrantaa eatdgorlaa d'utilisataura. 
Avant da paaaar h  l'axanan da ca tablaau, un cartaln noabra da raaacquaa aont & falra. 

3.1. Tout d'abord, las aourcsa utlllatfsa aont aasantlallanant fran;aisaa. Au dala das anquttaa 
■entionntfas an rtff^rancaa, at d'un cartaln noHbra d'tftudas partiallas non cittfaa, l'autaur * utilistf 
sa propra axptfrianca at las antratiana qu'll a au au cours daa anntfaa rtfeantas avac da noabraux rs- 
prtaantanta daa divarsas cafcfgorlef d'uaagara. II ast iaprobabla qua daa eonelualona slgnlficatlva- 
nant diffirantaa solant obtanuas & partir da ;«ouroas provanant d'autrsa paya qua la Franca. L'ana- 
lyaa das artlelaa da ravua at da eartainaa comunicatlsn" prtfaanttfas h  daa congrda da navigation n» 
fait an tout caa apparattra aucuna divarganca notabla. 

3.2. Laa valaura chlffrtfaa indiqutfaa dana eartainaa colonnaa du tablaau tlannant parfoia coMpia 
d'una divarganea aaaaz larga antra laa dlfftfrantaa riponaaa obtanuaa au coura daa anqultaa. Cala 
tiant parfoia aux diffiranoas intrinakquaa antra laa basolns da eattfgoriaa d'uaagara difftfranta ra- 

t grouptfa aur una atna ligna, e'aat«ft-dlra au earactftra assaz aynthtftiqua du tablaau : 11 n'tftait paa 
quaationa da dtftaillar, au ntvaau da eatta 4tuda, daa catigoriaa auaal spdclallstfaa, at da faibla 
affaetif, qua laa vadattaa da patroullla daa Oouanaa, laa navlraa baliaaurs daa Sarvieaa Raritiaas, 
las bataaux da aauvataga, ate Baia catta ineartituda aat tfgalaaent litfs ft la fornulatlon atae 
da laur baaoln par las difftfrants uaagara Intarrogtfa. qui n'ast paa toujours auaal claira qu'll 
aerait aouhaitabla, quallaa qua aolant laa prtfcautlona prlsaa. Par axanpla, 11 n'aat paa toujoura 

f- faclla da aavolr si la precision da poaitionnaaant indlquie corraapond & la precision idtfala 
| aouhalttfa, 6 la precision considirda, au aoina proviaolraaant, coama aatiafalaanta, ou aaulaaant h 
f: una prtfcialon minlmala raquieat an daaeaiua da laqualla un aysl&aa da poaitionnaaant n'apportarait 
,•} paa d'slds appriciabla. Saul, bian souvent, la contact diract avac laa usagsra paraat d'obtanir, 
ij sur os point daa rtfponsss nsttaa. 

R 3.3.   Un autra tlimmnt  qul paut ttra aource d'aablgultd tiant k  l'attltude daa uaagara via-ft-via 
^ da laur propra basoin. On paut laa claaaar an daux proupaa principaux da ca point da vua i d'una 

part caux qul, par vocation st par habituda IntallactueJla, ont laa aoyana at la volonttf da sa 
livrar h  una analysa objactiva da laur baaoln at savant la d<finir an taraaa claira, inddpandaamant 
des syst6ass sxistanta dont ila pauvant avoir l'axptfrlanca | d'autra part eaux qui n'ont pu ou au 

'■\ faire cette analyss st sa aontrant incapable de dtffinlr leur beaoln slnon en ee rtffärant aux per- 
formances dsa syst^aae qu'ila connaiasent. Sl l'on intarroge aana precaution, par axeapla, una popu- 

Y lation da plchaura habltu<s i frequenter une zone ob deux eyst&aee diffdrents coexletent en coneur- 
| renee, 11 y a das chances qus l'on obtianne une definition du ayatöne iddal qui aa raa^na h  citar, 
I crit&ra par crit6ra, las performaneae du mailleur de cas deux ayat6aea connus das uaagara. Caa der- 
1 niara, an outre, ont una granda difficult* h  ooneavoir an termea de probabilittfs, coams 11 conviant, 

la notion da precision, lea valeure qj'lls indlquant corraapondent, dana leur esprit, h  l'erreur 
W maximale da la position fournia per. la systdme avac una quaai-certitude. Cast la raison pour la- 
'4 quelle J'ai adopts, pour la definition da ca crit^ra, una indication d'öoart maximal probable cor- 
2 respondent ä une probabilite trfes eisvea. Avee une definition dlfferante, lea valeurs indiquees per 
f* les usagsrs da cette cetegorie n'auraiant pea eu de signification. 

On peut conaidetar qua la premiere categorle d'uaagara comprend lea "Technicians" das ope- 
K rations h  la msr (navirss ds recherche, de proapactlon, da leve, cabliare, glands pich»  "ecianti- 
« fjqus", stc.) et les militalras. La ssconde categorle comprend la plua granda partla des navigataura 
* pvoprament dlts, msrlns du oommsrcs, ds la pScha et de la plaieanoe, et c'eat bien entendu de 
< beaucoup la plus nombreuss. 

h m 3.4.   L'intarpretation du tablaeu eat Ja penaa assaz clalre. Lee treize llgnes horizontales de- 
finlssent autant de categories d'utilisatsurs, au plus exectement d'utllleetion, du poeitlonneaent 

"* radloeiectrlque, corraapondent, comme Ja l'al dej& indique plua haut, & un certain niveau de regrou- 
^ pement, pour les plus speclalisess. Lss deux prami&ree colonnes donnent la valeur dea param£tres 
| de couvartura et de precision : 11 s'agit an prlncipe dea valeure optlnalea Jugeas scuhaitablea per 
y las utillsataure, c^eat-Si-dira que pour cheque beeoin une amelioration da oaa performances eat Jugee 
-"'i sana interfit operationnel (meia bien entendu, dana bian dee caa, dea performances moindree aeralent 
V consideress comms dejä interessantes). La ttoiei^ma colonne Indique sl le poaitionnamant dolt Itra 
f.; contlnu, ou ai un positionnement recurrent ast Juge süffisant. Las deux aulvantas donnent pour uhe- 
,' cun des deuit critbrea ds quellte et de disponibilite le niveau minimal requis pour qua le systems 
f." coneidere solt considere comma aatisfaiaant (etant bien entendu que le eyetäme ideal davrelt preaque 
H toujoura Itra note "excellent" I). II en eat da mtme pour le elxl^me oolonne, 1'lndioetion de eoOt 
y: donnee correspondent ft la depenee maximale que l'utillaataur aet dispose ft ooneentir pour obtenir 
li les performaneae deorltee dene laa, oolonnaa preoedantee. 

miuMjmxji\.'^i^^si
,s^>i-Uim}jMu»}. rCTaEgaa&grs^ff 



3.5«   Una conclusion «o prdsenta dfts la pramlat axanan d'ensamble da co tableau t c'ast I'axteScnc 
divacsitd du basoin, qual qua soit la crit6re considdrd, mala particuliäremant an ca qui concatna 
couvatture at precision, la satisfaction globale de ces besolna aur la base d'un ayat^ma unique 
condulralt ä  un Jeu de »pöcificationBal contralgnant qua cette solution pacatt hot*  d'atteirtte. tt 
cependant, h  condition de laisaar de cStä le crit&ro de coöt pour ne cohsidtiter que lea critftres 
techniques et optfratlonnele, 11 eat clair qu'une teile solution n'est pas hors de povtfte. Le eystdme 
GPS des foTcss armdes amäticainee, actuellement en cours de däveloppement satiafait en prlncipe, dane 
sa version "protögöe" de grande precision, la quaai-totalitä des besoina exprimis, et pour bsaucoup 
d'entre eux blen au-dalk du «inleuns ntfceeeaira. U aatlafatt tfgeleaant lea besoina nilitalras, puis- 
qu'll a 6t6  coni;u expresaätnent dans ce but. rials en pratique, 11 n'en eat pas da mfina. En effet, 
d'une part, si le ayst&me GPS eat flnalement Impl4mer\i6,  la version de grande prdcialon ne sera pas 
disponible pour les usegers civile. O'autre part, at peur autant qua Je eols informd, lea conditions 
d'accfes des ueagare civil» ä la version "non prot^gds" de moindre precision, ne sent pas d^finies 
k  l,heure actuelle. II n'est pas certain que cet acc6s eoit possible h  tous. En tout ötet de cause 
la ptäcleion annoncäe (100 m)  est ir.suffisante pour couvrir certains besoins particuliers, assez »p<8- 
cialie^s il est vrai. Flaia surtout, ai I'on prend an compte le crit&ro dconomique, 11 semble blen qua 
I'on doive aboutlr & dee matdriele suffisammant sophlatiquds pour qua leur coOt eoit probibltlf aux 
yeux de certainee categories d'usegers, mSne en admettant que I'eccta au GPS na ooniports le palement 
d'aucune redevance. Dans ces conditions, 11 fatii constster que la aolution unique satlafaiaant en 
bloc I'eneemble dee beeoins n'est pas envisageable en pratique pour 1'avenir pr^viaible. 

L'examen plue dätaillä du tableau permet da dägager troie cat^garlea de besoina,qui corres- 
pondent t 

- ä un poeitionnement de fälble prdcieien mais da ttha  grande couverture pour lea besoina da la navi- 
gation oeäanique t  typiqwement, couverture nondiale et precision de 1'ordre da 3 »illes. Cependant 
lee beaolna actuele ou prtfviaiblee de csrtaines catdgorias d'utilisateurs spdclaliets sont beau- 
coup plue exigeants sur le prdcieion. 

- un poeitionnement de bonne precision Jusqu'ä one ^artaina distance dee cStee« pour las beeoins de 
l'attarrieeaga st de la navigation cSti&re courante, de le piche, et des activitös d'exploitation 
du pleteau continental. Cependant lee normee de precision ndceaaairee sont assez dlff^rentes d'une 
cetdgorle d'utillaeteure ft l'autre, bien que les plus nonbreuees eoient relativenent peu exigeantes, 
et la porttfe typique demandde, qul varia largemant sulvant la rdgion gdographique h  oouvrlr, est 
mal ddfinie. 

- un poeitionnement de trfee bonne precision, pour la navigation dana las zones difflcilea &  forte den- 
sitd de trafic, lee zonea dangerauaes pour las navires h  grand tirant d'eau, et le chenalege eux 
approchea das ports importanta. Ce besoin manifests une tendance h.  croftre en importance pour dee 
raisona en partie lidee au ddveloppement dee .nesures de rdglemsntstlon du trsfic. 

4.     ETUDE DU BESOIN 

Nous ellone exeminer de plue pt6s chacune de ces catdgorie.-i d'utillsation, en fanction dee 
classes de eystfemea aptee h  les satisfalrs. 

4,1,   Svstftmes ft couveyt'ire mondlale ou dtendue 

Pour la plupart des usagers pratiquant la navigation ocdanique courante, le beenin d'un sys- 
t'm.u  de poeitionnement au large n'est pas resaentl de fagon preesente, D'une part il eat vrai que la 
conduite du navire n'lmposs pas une grande prdcision, et la plupart dee commandants s'accomodant fort 
bien des proeddäa claaalquea de nevigetion, h  1'estime reoeltfe par observations aatronomlquea, D'eu- 
tre pert, pour dee raisona psychologiques, on observe souvent uns certelne rdtlcance ehes lee marina 
envers les sides radioälactriquee utilises dana lee zonea ob ila na sont pea vraiment Indispensables. 
Ils y voient, semble-t-ll, une menece sur la libertd traditlonnelle de la nevigetion en heute mer, et 
manifestent confusdment le crainta da voir un Jour le trefic maritime eoumia ä une rdglemantation 
contraignante sur le module du tijefic adrien, bien que cette hypothtae eit bien peu de chencee de se 
rdaliaar dane 1'avenir prduielble. Le fait que ce besoin eoit trfea faiblment reeeenti explique le 
niveau dlevd dee exlgencee fornuldee par les ueagare. Aucun ayat^me ne sera Jugd aetiefeieent e'il ne 
combine pea une dlaponibilltd dlsvds et une excellente quelitd, tout en reetent d'un coot moddrd. 

Deux catdgoriee de ayetftmee sont ft 1'heure ectuelle susceptlbles de eetiefeire ca besoin, les 
systftmes hyperboliquee ft trfte beess frdquence (VLF) du type OMEGA, et les systftmes ft satellites (NNSS, 
GPS ou tout autre). Les premiere, en l'dtet ectuel de le technique d'utillsation, comportant une ambl- 
guftd et le ndcaaeltd de corrections reletivement complexes, exigeent une documentetlon abondente, 
meis fousnlseent un positionnement continu, et pour un coOt normelement peu dlevd, Un eyetftme tel que 
IPIEGA, dont la prdcieion correepond bien eu niveau aouhaitd, eere pleinement eetiefeieent, reletive- 
ment ft la formulation du beeoin, el un eyetftme de celcul et d'applicatlon autometique dee correctione 
peut lui ttre edjoint, et el un diepoaltif simple de contrSle du levd d'embiguftd permet d'exploiter 
toute I'informetion du signal. Pour I'usagar courant, qui ne diapoee d'eucun eyetftme "intdgrd" impli- 
quant I'amplol d'un ordineteur de bord cepeble de prendre ces fonctions en eherge, lee dlepoaitifs 
correspondents devrelent bien entendu faire partie du rtfeepteur, tout en veillent ft reeter dene dee 
limites de coOt raleonnables. 

Lee ayetftmea ft eatallitee du type NNSS ne fournieeent qu'un poeitionnement recurrent, mele ce 
point n'eet pee reeeenti comme un inconvdnient. He exigent de toute fegon 1'emploi d'un ordineteur de 
bord, ou d'un proceeeeur epdcielied, qul peuvent dventuellement ttre utilisde pour intdgrer lee dldmante 
de l'eetime et fournir uhe poeition permanente. Du felt delsurcoOt plus dlevd, et bien que dee ina- 
tallatlone TRANSIT complfttee eoient ddeormaia offertee ft dee prix trfte raleonnables, lee eyetftmee ft 
eatallitee n'ont pee actuellement le feveur dee nevigateure. La nombre de rdcepteurs de bord eat ax- 



trimemnt fälble (l«ns la marina da coamerca francalaa. 

Si la baaoin courant aat convanablanant aatlafalt par laa ayatteaa WLF, 11 n'an aat paa 
da mime an ravancha pour ealul daa naviraa ap<cialiada (navicaa da rechercha octfanögraphlqua at 
gäophyalque, elbliaxa, naviraa da proepaction daa raaaourcaa sous-marina at blantfit nAvlras d'sxploi- 
tatlon an aau pcofonde, ate...), qul aont baaueoup plus axigaants aur la crltbra da pröclaion. En 
contrapartia, la crit6re da eoOt aat incomparablainant moins critiqua pour cas uaagara, qul sont äga- 
lamant dispoatfa h  accepter daa parformaneea da quality at da diaponlbllitä moins s^v^ras. Laa naviraa 
apäeiallaäe da catta catdgoria ont tendance h  a'lquipar da ayatfemes Intdgräa capable» d'ölaborar au- 
tofflatiquenient la poaitlon ä partir daa aystbrnaa octuellenant disponiblea et d'äquipaments autonomes, 
tels qua capteura cap-viteaae DU inartiels. La gamma da pr^ciaions indlquäa aur la tableau eat tr&a 
large, at corraapond aux bsaoins das diff^rentea opdrationa & la mar, extrapoläa pour l'avenir prö- 
viaibla. Lea syst^mes actuala n'an oouvrent qu'une pertie, et certaines opiSrationa na peuvant Stre 
uxdeutdee par laa seuls moyana du poeitionnamant radiodlactrique mala ndcaaaitent le recours ä daa 
proc^dda auxiliairea tale qua laa balltea aoouatiques mouilldas aur !o fond* II eat dvidant qua le 
vdrltable progröa asrait iel I'acc^a au GPS, dana aa veraion protdgäe de haute priciaion, ut ce ba- 
aoin aat Ja pensa I'une dee notivationa du döveloppement de ce ayat&ma. D'autraa ayat^mas congua aur 
daa specifications diffdeentes, tels qua GCOLE proposds par Centra National fran;ala d'Etudss 3pa- 
tialea (CNE5) pourraient dgalement apporter une solution au moina partielle. II an aat dgalement 
alnsi pour la LORAN C (dana daa rdglona gdographlquament limltdea, blan entendu) dans la meaure ou 
las techniques da traltement du aignal et lea indthodaa da oorractlon aont auaceptlblea d'amtfllorer encore 
la precision da ce aystäme. 

4.2.   Svat&mea h  movanne portde 

Comma noua l'avona ddjä conatatd, la divarsitd du besoln est ici baaueoup plua grande. Una 
analyaa simple permet da dlatinguar, pour le poaitlonnement radioälactrique, laa fonctiona suivantes t 

. atterriasaga at navigation cflti&ra, pour I'snaarable das navigateura civlls at milltsires da toutas 
p. catdgories. Le gain eh prdcialon, par rapport ä la navigation ocdanique, provlant dvidemmant de« 
ä. dangers de touts sorta qua doit affronter le navigateur dans lea petlta foods, at da 1*augmentation 
| parfola.conalddrabla de la denaitd du trafic. Laa moyena traditionnala, posltionnament optlqua aur 
|. amars terreatres, aur balisage flottant, sur baliaage lumlnaux, emploi du radar at du aondeur, 
I' continuant d'dtre utilisds at sont souvant conaldärds comma satlafaisanta.Lea radiophares at lea 
t stations radiogonomdtriquas sont toujours largamant utllisda pour 1'atterriasaga, rials ds plus sn 
I plus, dana lea zones h  forte denaltä da trafic h  tout le moins, la n^cassitd da syst&mes da posi- 
i tlonnement radiodlactriques plus prdcis at plus sOnest rsssentie. La portde indiqude eat relatlve- 
C ment faibla, ce qui indique blan que ce proeddd eat rassentl comma un aubatitut aux mdthodes optl- 
'i§ ques ou radar, st la prdciaion eat modesta. Hale laa performances de disponibllitd et de quelitd 
L axlgdea aont dlevdes, ce qui eat normal pour un poaitlonnement destind avant tout h  garantlr la 
i sdcurltd du navlrs. 

1 - navigation prdclae en zone aanaibla, II exists cependant un certain nombre de rdgions psu dloigndes 
■m das cfitea oCi lea normaa da prdciaion aouhaitdae aont plus strlctas que pour la navigation cfiti&re 
|j couranta t Ce aont an partlculler callea ou la densitd du trafic sat plua importanta an mime temps 
'■■. qua 1'envlronnement natural eat plua difficile s rdgime de la marda, das couranta, conditions mdtdo- 

rologlquas, profondaura faiblea dventuellement encombrdaa d'obstructions diversss, prdssnee d'ins- 
*' tallations off-shore, II convisnt da mantlonner lei le cas partlculler des tr&a grands naviraa, que 
;.j laur tirant d'aau contraint aouvent, en de tellsa zones, &  snprunter dee coulolra da navigation dont 

I 11s na psuvant s'dcsrter sane danger, Noua appalerona cas rdgiona "zonaa senaiblea", 1'axemple la 
plus caractdrlstiqus dtant aans doute actuallement la Her du Nord, La nature du baaoin a'y caractd- 
rlss par una exigence accrue en prdciaion, ainai qu'en flabilltd, avsc en contrapartia 1'acceptation 
d'un coöt plua dlevd, qul traduit I'inteneltd crolssante avac l.aquelle le baaoin aat raasenti. Hors 
de vue de terra, 11 n'exlate an effet aucune mdthoda claasique autre que la navigation astronomiqus, 

| En prdaenca d'un baliaage, ou pour ee tsnir &  1'dcart daa structures off-shore, on peut dvidemment 
Ü utiliser le radar, mala 11 ne conatltua un moyan de navigation proprement dit qu'aux approchee das 
2 cfites. On observe d'alllaura una tendence h  le conelddrer ddsormala surtout comma una elds antl- 
3 collision, le poaltionnament du navire devant 8tra obftenu per d'autrae moyene. 

fc - besoins particuliars da la plcha, Le beeoln tel qu'll eet ddfini aur le tableau aat formuld aasen- 
... tiellament par lea chalutlara. La fonction h  rempllr eat ici da pernettre i  1'usagar de retrouver 
> de fagon prdciss laa emplacemanta at lea routaa qu'll a ddj& pratlquda at o£i eon expdrienee lui 
r indique que son activltd sera fructuausa, at aurtout da ss tenir h  1'dcart dee accldanta da relief 
% et obattuction da toutas aortas suscsptiblea da ddtdrlorer eon matdrtel, dont 11 connatt la position 
'-S par sa propre expdrienee et celle de eea confrtrea. Caci conduit &  pratlquar una navigation aouvent 
! sxtrSmament prdciss, dans dss rdgions qul s'dtsndant normalement h  la totalltd das plateaux conti- 
|| nentaux, an attendant le ddveloppement du chalutaga par grande profondeur, Le besoln exprlmd est 

done asssz sdv^ra sur lee crit&res de couverture et de prdciaion, et e'eet semble-t-il en contre- 
■■i partle qu'll manifeste une exigence molndre dans la domalne de la dleponibilitd. La qualitd doit 
I« Stre excellente et le eoOt reater »oddrd, comma on pouvalt a'y attandre da la part d'uaagars syant 
. das moyena financiere limitds, dss bateaux aouvent fruatea at un personnel sans qualification par- 
f. tlcull&re, 

/^ - exploitation off-shore du plateau continental. Cee usagers indlquant pour lea crlt^rsa de couverture 
|< et da prdciaion daa valeura tout ä fait comparablea & celles daa ptcheurs, male laura exigences 
p., quant aux troia autraa crit&rea aont invarsdes, Una excellente disponibllltd eat Jugda ndcaeaaira, 

tandls qua lea moyena finsneiers et la qualification du personnel diaponible permettent d'accaptar 
t, une qualitd molndre et un coöt plua dlevd, 

P II axiate un assez grand nombre de aystfemas actuallamant exploitde, axpdrlmentda ou propoads, 
ii at capables de faire face & ce beeoln, pour la plupart dee ayatfemea h  ondaa entretenuea ou % impul- 
fl alons du type hypcrbolique. En ee qul concerne le navigation cfitifere courante et I'attarriaaage, un 

proeddd tel que I'OltEGA Olffdrentiel eet axtrtmamant addulaant dana son prlnclpa t ea prdcision aa- 

if 



copptäe räpond aux präocuppationa de la plupatt daa uaagars. La repartition spatiale da catte preci- 
sion oeut fitre ajuatöe de fagon loglque et efficace an fonction de la repartition gäographique du be- 
aoin par un choix Judlcieux daa sites daa atationa de compenaation au voiainage das zones sensibles. 
De plus l'öquipamont de bord reete d'un coöt modfirö et ae pröaente comme un simple complement h 1,6- 
quiosment destine ä la navigation oceanique. II deviant ainai possible de satiafaire an bloc lea be- 
aolns des navigateurs courants ^ grande et moyenne portäe, aur la base d'un syatbrna unique, st au plan 
mondial« avec uns grande äconomie de frequence. II eat evldemment Indispensable, pour attelndre ce 
but, que lea emlaalona de compenaation soient normallaeea, faute de quoi l'OFIEGA Differential perdralt 
l'essentlel de aon interfit. 3e croia-sauoir qu'un proceasus eat engage pour attelndre cet objectif, et 
Je formule le vou qu'il aboutlssa rapldement. 

Las beaolns plus specifiques de la piche au chalut mantionnes plua haut ne aont paa couvarta, 
en precision et en portee par l'OflEGA Differential. II an eat da mimm  pour d'autrea types de naviga- 
tion, tals qua celle des navirea ä grand tirant d'eau dana lea zones sensibles etenduea. II apparatt 
done inevitable de recourir, au moina localement, h  des ayst&mea plus performents, maia auaai aans 
doute plus coQteux. La panoplie existente est asaaz large (LORAN C, DECCA, TORAN, RANA P 17, pour ne 
citer que lea precedes generalement connua daa uaagers frangais). La problfeme n'est done paa technique 
(horrais le point deiicat h  resoudre de l'enoombrenant du spectre), maia tlent plutSt aux graves incon- 
venients de la proliferation. Las navigateurs, de toute evidence, n^dmettront qua des ayst&maa trfes 
normalises & forte implantation mondiale, tale qu'ila soient assures de pouvoir en beneflcier dans 
toutes las zones qu'ila peuvent avoir h  frequenter sana multiplier leurs equipementa. Le cas da la 
pSche hauturiöre est peut 8tra h  considörer &  part i Les zones frequentees par un ensemble d*uaagers 
dorne sont suffisamment llmlteas et stables pour qu'il soit possible d'envlsager daa syat&mea diffe- 
rents dana des regions dlfferentes. A tltre d'exemple, une region tall« que la Pier du Nord pourrait 
Stre couverte an OflEGÄ Differential et en LORAN C ; une region teile qua le Golfe de Gascogne et saa 
abords, an OtlEGA Differential et un syat&me apöcifiqua Oriente vera las besoina de la pdche, du feit 
que la navigation dee navires h  grand tirant d'eau n'y poae aueune contrainte particulibce. Bian an- 
tsndu cat exemple n'est donne que pour Illustrer (peut Itre improprement) les remarquea qui precedent, 
et ne pretend nullement döfinlr une solution ideale I 

On ne peut que aouhaiter, sans ae faire trop d'illuaiona, que soit recherchee par toua lae 
moyena appropries, une reduction de cette proliferation da ayat&mas diffärents. Parallftlemant, on da- 
vra garder h  l'eaprlt les contraintes trfea dlfferentes des diverses categories d'usagera en mati&re 
de coOt. II se trouve par axempls que ceux qui sont parmi las plus exigeants en matifere de portee et 
de precision, ainsi qu'en mati&re de qualite, lea plchaura hauturiers, den.andent des prix moderes. Le 
prix de revient da la localisation est une part importante du bilan d'axploitation d'un petit ou moyen 
chalutier, et les avantagea de la precision seront aoigneusement peads en regard de ce prix, La solu- 
tion de compromis dolt done Stre aoigneusement etudiöe, et la solution ideale, pour l'avenir lointain, 
ne sera nas simple. 

Les beaoina des activites de recherche, prospection et exploitation ae differenniant nettement 
des autres. Les deux premieres ont un caraetäre la plupart du tampa trbs localise et aaaentlellement 
transitolre. Sl l'on tient conpte du fait que lea organiamea InterBases, individuellemsnt ou en coope- 
ration, dlaposent en general de moyens financiera importanta, la solution logique reside dana l'utlll- 
sation de systfemes mobiles appropries, dont l'infraatructure peut Stre deplacee an fonction daa pro- 
gramnes de travail. Da tels systfenea peuvent Itra la propriete de laurs utilisataura ou utilises even- 
tuBllament en location. Quant aux besoina permanente das activites d'exploltation, ila na sa differen- 
cient pas notablement da ceux dea autraa navigateurs frequentant lea mfimas zones du plateau continen- 
tal, ainon peut-Stre par l'axigance d'une meillaure precision, pour certainea fonetiona tallaa qua la 
surveillance at l'entretien dea pipea ou autraa installations immergeaa non marquees en surface. 

4.3.   Svat&maa h  courts portee 

Ces aldea radioeiectriquea ont pour objet da parnettra une navigation ttha  preciaes dana un 
certain nombre de zonea, en general trbs locallseaa, OCJ las conditions sont particuli&rement diffici- 
las, du feit d'une forte concentration du trafic, et de la neceaslte, au moina pour las plua grande 
navirea, de se confiner & dea chenaux de navigation ou airea da maneuvre souvent etroita. Cea zonea 
sont eaaentiellament constitueas par certains "passages obliges" (detroits da faibla largeur, per 
exemple), certaina diapoaitifa da navigation reglamentea, qui vont davenir prochainamant obligatoiraa 
pour tous lea navires, dfes 1'entrea an vlguaur daa rbglea da la Convention da 1972, at bian antandu 
las chanaux d'acc&e, zones d'attanta at da moulllaga, etc, au voiainage dea porta importanta. Dana 
la tr&s granda majorite das caa, cea zonaa difficiles ae trouvent h  proximite immediate de terra, at 
elles aont frequemment soumiaae h  1'obligation da pilotage. Lea methodea traditionnallaa de naviga- 
tion optlque ou au aondaur y aont normalement pratiqueea. Capendant 1'augmentation constanta da la 
taille das navires, at lea prohllmea lies S leur mansuvrabilite at &  leur tirant d'eai', la aanaibili- 
sation oroisaantadas autoritea aux riaquas da pollution antrainee par lea aceldanta do r,ar, la aou- 
hait des navigateurs eux-mSma, rendent neceaaaira que soiant mis h  la diapoaition daa utagare daa mo- 
yena plua precia, plua disponibles at plua fiablea que ce qu'offre la tradition. 

Une granda diversite de syst&maa radioeiectriquea peut Itre envieagea. Lea ayatfemaa hyperboli- 
ques *; moyenne portee permettent souvent de satiafaire convenablement ce type de baaoin s utilises ä 
nourte dlatanea de leurs stations, ila procurant nortnalament une trfea bonne precision. U act quelque- 
foia possible d'amenager la reaaau da atationa on vua da couvrir convenablement une zone difficle, par 
exemple en faiaant cotneidar aenalblamant 1'axa d'un chanal important avec un lieu de position fourni 
par le eyet^me, et en a'arrangaant pour que 1'angla da racoupeinent dee liaux y aoit optimal. Mala, 
etant donne la proximite dea cltea, il eat egalamant poasibla da recourir k  daa ayatfemee fonctlonnant 
en tr&a haute frequence, dont la portea eat limitee fi 1'horizon. Da tela ayat&mae aont capablae dea 
performances exigeaa an mature de flabilite at qualite, at offrant une preciaion excallanta, aouvent 
au-dalä du baaoin. 



L'tfcuall «at lol eomi« pttoMmmmmnt  1* ptoliftfrstlon d« «ystiMiaa dlfftfranta auivant laa paya 
at laa rdgiona, ca qul eondulrait k aocuaular aur laa navlraa, an fonotion daa porta fttfquanttfa, daa 
inatallationa ooOtauaaa at dlaparataa. II aat diffloila d'iMglnav un tansda ptatiqua ciallata h  oa 
rlaqua. Capandant, dana la oaa partloullar daa lonaa da pllotaga, 11 faut aantlonnar una aelutlon 
alnpla at adduiaanta i aur la baaa d'un ayatfena da poaltlonnamnt ehoiai, tdallaar un «atdrlal ■oblla 
aufflaaaaant Idgar at oonpaot pour qua la pllota puiaaa anbarquar at ddbarquar avao lul. La navlra 
n'a plua d6a lora » aoqudrlr aueun Material, ni k aa fanlllarlaar avao aa aiaa an oauvra, tout an dla- 
poaant du poaitlonnamant auivant aon baaoln. Catta solution a dttf ratanua pour la eouvartura daa eha- 
naux d'aeefta au nouvaau tarmlnal pdtrollar du HAVRE, au Cap d'ANTIFER. 3a aoullgna qua dana la oaa du 
ehanalaga at da la aanoauvra, la contanu Infornationnal du ayattaa, dont Je n'ai paa ratanu la ddtail 
dana la dtfflnltion da noa erit6raa gdndraux, n'aat paa aana inportano« t an oontralra da la plupart 
das autras appllcationa, una indication an tamps rdal aur la vltaaaa abaolua du nobila, an plua da 
I'informatlon normals do position, aat ici d'un haut Intdrlt. Ca orit&ra paut parmattra da guidar un 
ehoix, dana la Masura ob pau da ayattaaa olaaalquaa sont ooncua pour fournir noraalaMant catta indi- 
cation. 

Laa autraa appllcationa du poaiticnnamant & courts portda, an dahora da la eouvartura apdei- 
fiqua das zonss difflcila, ont toutas un earaotkra taohnlqua s eartaina baaolna ■llltairaa, qui ss- 
ront sonmairamant axaminda plus loin, st caux daa opdratlona da lavd hydrographiqua ou da travaux 
publics msritimss. La satisfaction da ca baaoln ral6va aoit daa ayatbnaa fixaa axaainda ci-daaaua dana 
Is ess das ssrvicas portuairss (sntrstian du balisage, anttetien daa chanaux d'acc&a, stc.) soit ds 
syst&ffles mobiles dont tous Iss Ssrvicss Hydrographlquaa ont aujourd'hul une pratique couranta. 

4.4. Bssoin militsire 

3*dcarts ddlibdremsnt certains probl6mes tr&s partlculiare tele que par exemple la navigation 
des sousofflarins nucldaires, ou la mlse en oeuvre de 1'avlation emberqude centre dee objectife ter- 
restres. Ces cae spdclaux mis h  psrt. Is beeoin militalre ne diff&re pea substantisllsmsnt du besoin 
civil st on pout y reconnaftre en groe lee mimes catdgoriae. Las normss indlqudes pour Iss diffdrsnts 
crit^res sont cependsnt en gdndrel diffdrentes, en prdolelon et en couverture notamment. Le rdparti- 
tion das zones d'intdrlt mllitaira ne coincide paa entl&rement evec lee zones d'intdrlt pour la navi- 
gation comniarciale, bien que naturallement la protection de eee derni6rea, e'agiasant da navigation 
allide, ou leur attaqua, pour cellee ds 1'ennemi, leur oonffere ipee facto una Importance etratdgiqua. 
Par ailleurs Is crit^rs dcononique dolt Itre dana oe oaa considdrd comma pau sensible, lee ermdee de 
mer ayant pour vocation da ee donner lee moyene de faire face h leurs missions dana las conditione lee 
plue effleeces. Le besoin militalre eat par nature gouvernemental, oe qul signlfis que le coOt & oon- 
siddrer dana oe caa eat Is prlx global du systems, y comprls son infrastructure, le "eoQt de poeltioiv 
nement" au nivesu ds I'utlllsateur individual ayant pau da aignificetion. A ca propoa. Je eouligne 
simplemsnt, sane y inslster, le diffdrenee d'delairage du problbme, eulvant qu*on I'axanina dana un 
cadre multinational, au eein d'uns alliance teile que I'OTAN, ou que I'on envleaga una aclution ca- 
pable d'assurar une autonomie nationale, pour dee pays da la tailla das nations d'Europe, dont I'aira 
d'intdrSt atretdgique eet limltde, et qui n'ont paa k  leur diepoaition las poeeibllltde techniques 
dss Grands. 

Obssrvons uns fois ds plus qus la GPS, sous sa vareion protdgda da grande prdelelon, eatla- 
fait I'eneemble dee beecine militsirss, ee qul eet peu eurprenant puiaqu'il eat eoncu prdeieeMant dene 
ee but. II lee eatiafait mime bien au-dal& dee normee ndeaaeairea h  l^uaaga ■aritime, du fait qu'll 
doit auaei aatiefaira lee ueegera adriana, boaueoup plue exigeanta que lee marine auivant eartaina 
erit^ree (poeitionnement 3 0, psrformsncaa dynamiquas, etc.). Laa ayattaee autraa que la GPS eont h 
rdexamlnar du point de vue dee diffdrente erit6raa du tablaeu, at notamment da la prdclaion et de le 
couverture, et a examiner du point de vue dee oritKres epdeiflquee militaires. 

En ee qui eoncerne le poeitionnement k grande dietanea, 11 apparalt que le beeoin militalre 
eat plus sxigsant en prdclaion qua la beeoin civil, au meine dana eartainae zonaa at pour eartaina 
usages. Le systems ONEGA n'est pss süffisant pour y falra face, bien que eee parformaneae en matikra 
da prdolelon diffdrentielle puisssnt lul assurer une bonne efficeeltd pour oertalnaa applieationa 
(prdelelon de rendez-voua). O'autrea eolutione dolvent Itre envleegdee. L'une d'ella pourralt Itre 
une exteneion dee rdeeeux LORAN C aetuellement exiatenta, ai dee altee convenabloe peuvent Itre trou- 
vds ecus oontrSle ami. Lee proeddds de localisation par horloga ultraatable paralaeent dgalement eue- 
csptiblee h  terme d'offrlr une rdponss k  ee beeoin. Le poaitlonnement k moyenne portde ne felt paa 
apparattra da diffdrenee notable par rapport au besoin oivil, sinon eur lee oritkree epdeiflquement 
milltairee. 
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Pour le poeitionnement k eourte portde, 11 epperatt qu'en eue dee zanee d'intdrlt deonomique, 
on dolt envisagar la couverture prdciae de zonee d'intdrlt militeire : epproohee dee porte millteiree 
et dee baaes navalee, et de leure ehenaux d'aeeka, d'una part, epproohee dea aitee da ddgagement ou 
de repli duentuel, d'autra part. II aereit d'un haut Intdrlt que I'eneemble eolt oouvert k l'alde de 
eystkmee identlquee, afin da rendre poeeible I'emplol d'un metdrlel unique eur toue lee typee de ne- 
viree milltairee, euquel le pereonnel de miee en oeuvra at d'entretien eeralt bien antraind. Caoi 
conduit k conQevoir dee eyetkmee k implantation Idgkra, dont lee ehelnee fixaa oruvriraiant lee zonea 
d'intdrlt permanent, et dont dee ohatnae mobilae pourraient Itre inetalldae trfca rapldement an una 
rdglon queleonque du littoral, en fonotion dee beeoine opdretionnela (dragage ds mine, dtabllesement 
et mslntisn de cheneux de edcurltd, etc.). Le eritkre de diecrdtion n'eat pas critique pour une teile 
fonction, et on peut perfeitement em/ieeger dee eyetkmee VHF ou UHF k mesure de dletenee el leure 
performances ds portds et de eaturabllltd eont eonformee au beeoin. Iddalement, eee eyetkmee devralent 
Itre identlquee ou compatibles evec eeux qui eeeurent la couverture du beeoin oivll dene lee "zonee 
dlffiellee" d'eccke aux porte Importente, dtudide plue heut. 



4.5.   WvloiUur« d» Dl«l««ne« 

Nous avona dana laa paragraphaa pcioManta paaai an ravua I'aaaantlal daa baaolna daa diff«- 
rantea cattfgarlaa d>utlliaataura profaaalonnala da la radiolocaliaatlon maritiM. Catta ravua italt 
ntfcaaaaitanant aoninaita, at conduita mut  un plan gintfral, alora qu'll oonvlandralt, avant d'dtudiar 
la aolutlon approprUa h  l»un ou 1'autra typa da baaoin, da eonnaltra avant tout aa repartition gtfo- 
graphiqua, qua noua avona aaulamant tfvoqu4a, at I'affaotlf rdal da la population d'uaagara h  aarvlr, 
dont noua n* avona paa parK. Caci na vaut paa dlra qua lea aolutiona laa nalllauraa r<aidaraient dana 
daa choix rtfglonaux difftfranta, maia bian au contraira qua eetta etude rdglonala parmettralt da trou- 
var las solutions da conpromls applicables sur la base gdographiqua la plus large possible, avac las 
maillsuras chancea da aucc&s aupr&a das uaagara, at pour le meilleur profit des autorittfa reaponaablas 
ds la aöouritö da la navigation maritime. 

38 voudraia en guisa de concluaion, at preaqua pour mdmoira, dvoquer una catdgoria da naviga- 
teurs dont Ja n'ai pas parlä dana las pages qul pröeödent t II a'agit das plaisaneiars, dont la nombra 
sans cesss croissant ast atteatd an Franca, at oartainament dana laa autrea pays. Laa bateaux da gran- 
da croiai&re, utilisds par dss propridtaires fortunda, na aa diffdranoient pas das bttlmenta profas- 
sionnels de tallla comparable, et pour eux le crit^re de coOt eat souvent peu critique. Hale pour la 
plus grand nombre, eonstitud per las beteaux da croielfese modeataa, c'aet dvidemment ca orit&ra qui 
eat fundamental. La coOt das dquipamenta, h  1'heure aotualle, leur interdit pratiquement lUcc^a 6 la 
radlonavlgation, ai I'on excepts bien »Or I'emploi dee radiogonlom&traa et l'utilisation da ayat6mee 
tele qua la CONSUL. Cette catdgorie d'utilisataura mdrite aaaurement que aaa besoine eoient pris en 
oonsiddration. Le problbme set done poad, 11 n'est paa aimpla, et aa solution n'ast pas en vue. 
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DISCUSSION 

S.Horowitz, Ionospheric Radio Physics Branch, Electromagnetic Sciences Division, L G Hanscom AFB, MA 01731, USA 
In answer to the questions raised in the speaker's presentation, LORAN C Transmitters are in continuous operation 
with special effort to maintain pulse shape and reliability. The coding delays inserted into the slave transmitters 
assures that there is no ambiguity in the identification of the hyperbolic time difference line for a given network. 
As one moves into a different network or chain, the pulse group rate is changed to eliminate the ambiguity problem. 
LORAN C receivers are being manufactured which cost under $1000.00, are simple to use and highly reliable. There 
are anti-jam and ECCM provisions in the receivers and transmitters for military use. To achieve high accuracy the 
LORAN C utilizes only the first three cycles of the transmitted pulse (and the sixth cycle in LORAN D;. The 
remainder of the pulse has no useful function and unfortunately only serves as interference. 

E.R.Swanson, Naval Electronics Laboratory Center, San Diego, CA 92152, USA 
Thank you for an excellent paper. You properly noted that there are many different aspects of technical considera- 
tions. I wish to elaborate in the area of accuracy and reliability especially as related to safety. Nominal accuracy 
as specified at the 10 or at the 95% level is useful in evaluating typical error. Part of the reliability consideration 
should be the probability of blunders, i.e., gross deviations. Most systems have built-in blunder modes. For example, 
loss of the "to-from" indication on a VOR may yield an error of precisely 180°. There is a probability of this 
specific error occurring. Blunders may have a dominant effect in evaluating safety. They can be handled as the 
probability of errors of a certain size or greater. That is, they are represented by a probability not a distance such 
as a c.e.p. Often safety is of more importance than accuracy. We must not equate the two. Improved accuracy 
may be harmful to safety. 

Author's Reply 
Je partage absolument le point du vue du Dr Swanson. Le fait que les 6carts de position des supr&nes de radio- 
navigation ne suivent pas en general une loi normale rend necessair d'adjoindre a la donnde EC? un parametre 
suppl^mentaire caract&isant le risque d'erreur grossiere, si Ton veut 6tudier le probl^me d'une fa9on fine et 
complete. L'evaluation de la quality du Systeme de lever de doute (comme identification procedure) des systemes 
hyperboliques peut etre consid6r6 comme un aspect de cette n^cessitd de caracteriser les sources d'erreur grossi^res. 

M 
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SYLEDIS,  A RADIOPOSITIONING SYSTEM 

P.   LAURENT and G.  NARD 
SERCEL 

Av.   Bel Air - 44 Nantes-Carquefou 

FRANCE 

SUMMARY 

Radiopositioning systems usually implemented for accurate maritime surveys are based on 
phase comparison or on radar pulse techniques. They present several well known drawbacks such as 
ambiguity,  sensitivity to soil conductivity,  line of sight limited range. 

A pulse system has been developed,  named SYLEDIS, which does not rely on radar techniques. 
The use of compression of long pulses by correlation methods,  and of a carrier wave in the 420 - 450 MHz 
band, has resulted in a highly accurate system,  insensitive to soil conductivity,  exhibiting no ambiguity 
problem,  capable of ranges of 2 or 3 times the line of sight and not limited by obstacles of reasonable 
size. 

SYLEDIS is highly flexible and operates in range or hyperbolic modes. 

SYLEDIS equipment is fully operational,  in factory production and commercialized. 

1 - INTRODUCTION 

A tremendous expansion of maritime works has been observed during the last thirty years, 
covering many fields of activity : oil industry, harbour building and maintenance, hydrography,  e:c... 

The necessity of continuously and accurately knowing the instantaneous position of crafts involved in 
these operations has become more and more acute. 

At first, existing radionavigation aids,  such as D 2CCA, have been used. But these large fixed 
installations intended to cover definite areas are seldom available where needed ; and when available, 
their accuracy is generally too poor. 

It has thus been necessary to create positioning systems specially adapted for these applications. 
These radiolocation systems involve accuracies of one to a few tens meters and ranges seldom exceeding 
200 kilometers.  They must be easy to transport, to install, to operate and to service. 

2 - POSITIONING SYSTEMS 

A dosen of different systems presently meet these requirements.  From the technical point of 
view, to which the operational characteristics are tightly connected, the concerned radiolocation systems 
can be considered as roughly relevant of two categories : phase comparison systems »nd pulse systems. 



2. 1.   Phase comparison aygtems 

Phase comparison systems measure the travel time of waves from shore transmitters to the 
ships by comparing the phases of the incoming waves at the ship receiver. 

Phase comparison systems easily meet accuracy and range requirements,  but they display two 
major drawbacks : ambiguity and sensitivity to soil conductivity. 

Ambiguity results from the physical impossibility of determining a phase difference which would 
not be in the interval   0  - 2 IT ; a, value of the phase difference corresponds to a series of possible positions 
separated by intervals or "lanes". Ambiguity can be solved by lane counting.  But this method is ineffective 
in case of poor reception, or interference conditions ; besides it does not allow to enter an insert into the 
coordinate pattern,  coming from the high sea.  Lane identification can be carried out using the radioposi- 
tioning system itself,  but this implies the use of extra frequencies,  increasing the size,  weight and cost 
of the equipment. 

Phase comparison radiolocation systems generally operate in the 2 Megahertz band.   Propagation 
of these waves is highly dependant on soil conductivity. 

Heterogeneity of soil conductivity along the path of the waves causes distorsion of coordinate 
patterns,  requiring calibration and introduction of reading corrections.  Moreover,   climatic and meteoro- 
logic  variations  deteriorate repeatability.  One knows how difficult it is sometimes to select shore station 
location to achieve a favourable geometric configuration of the coordinate patterns,  while at the same time 
avoiding paths of the waves over heterogeneous soils. 

Yet, waves in the 2 MHz band are fairly insensitive to obstacles of reasonable size, and so range 
is not limited to line of sight. 

Poor conductivity of soil also causes high attenuation of the waves,  reducing the range and 
practically preventing the use of these systems over land,  for instance for airborne surveys. 

Skywave interference is often associated with this frequency band.  It must be pointed out that in 
fact it is not an acute problem for the ranges considered here,  as generally dangerous skywave interference 
only appears at night for distances above 200 kilometers. 

It might also be mentioned that designing sound direct range measuring systems in that frequency 
band encounters severe difficulties,  particularly if the system is intended to be multiparty.  But this point 
of view has lost much of its importance, as distances now involved necessitate introduction of cartographic 
projection corrections : lines of coordinates are neither circles nor hyperbolae, and circular coordinates 
are not relevant of the simple use of compasses for accurately plotting positions. 

Moreover,  progress in electronics allows to dispose on board even of small crafts of low cost 
specialized computers or computing circuits which transform circular or hyperbolic coordinates in real 
time so that positions are now directly displayed in X and Y,  UTM,  Lambert or geographical coordinates. 

Nevertheless,  it remains that coverage of rectilinear or convex coasts is much easier with a 
range system than with a hyperbolic system. 

2. 2.  Pulse systems 

Distances are determined with pulse systems, by measuring the travel time of a short wave pulse 
along these distances. 

Pulse systems are generally range systems involving an interrogator on the mobile vehicle and 
responder beacons on shore. Measured time corresponds to the travel of the pulse from the interrogator 
to the beacon and back. 

Pulse systems can be easily designed so that practically no bothersome ambiguity problem 
occurs. 

Accuracy and range of these system« are not dependant on soil conductivity as they operate in the 
microwave band. 

Pulse systems used for application considered here are based on radar techniques. 

In order to achieve the required accuracy,  pulses must be very narrow (.1 microsecond or so). 
This involves a large frequency spectrum, implying the use of microwaves for its full transmission. 
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ine energy required to achieve the wanted range is entirely contained in the narrow pulse which 
must be consequently of high amplitude.  Microwaves and high peak power techniques imply the use of 
such devices as klystrons and magnetrons involving frequent and costly maintenance operations, and do not 
allow to beneficiate of the high reliability and negligible maintenance associated with fully solid state 
technology. 

A major drawback of pulse systems using microwaves is their poor range,  limited to line of 
sight.   Transmission beyond the horizon can only be achieved by increasing the peak power,  leading thus 
to weight,  cost,  and complication of equipment incompatible with the applications considered here. 
Besides,  hills,  houses,  woods,  dykes,   ships are absolute obstacles for microwaves. 

3 - THE SYLEDIS SYSTEM 

It has thus been felt more and more necessary to dispose of a system that would not display the 
drawbacks of phase comparison and usual pulse systems, while meeting the range and accuracy 
requirements,  and which would also be of reasonable price,  easy to operate,  and reliable. 

SYLEDIS seems to be a sound answer to the problem. 

3. 1. Operation of SYLEDIS 

SYLEDIS makes use of compression of long coded pulses, by correlation techniques. A long pulse 
means here 2. 66 Qiilliseconds.   The energy is spread in the pulse, the peak power being thus kept 
relatively low : 20 watts.  The compression ratio   being 5. 000 the energy contained in the SYLEDIS long 
pulse would correspond for a classical system using . 5 micro-second pulses to a peak power of 100 kw. 

Due to the low peak power involved, SYLEDIS equipment is entirely solid state and requires no 
maintenance operation. 

Each 2. 66 ms. pulse is composed of 40 repetitions of a 127 bits pseudo-random code. Each bit 
has a duration of . 5 microsecond. Such a code is generated by a shift register with logic feedback. 

SYLEDIS makes also use of special time discrimination methods which highly increase the 
accuracy of distance determination, and the distance separation capability, that is the rejection of 
unwanted paths. 

Operation of SYLEDIS will be understood by reporting to figure 1. 

1. The interrogator at point A transmits a coded pulse generated by its code generator (code 1). 

2. The pulse is received at beacon B where code 1 is correlated with a code (2) generated by a 
code generator identical to code generator A.  Code (2) is synchronized with code (1). 

3. Code (2) is then transmitted by B, and received at A. 

4. At A,  code (2) received from B is correlated with a code (3) generated by a second generator 
of A.  Code (3) is synchronised with code (2). 

5. Time difference between the origins of codes (1) and (3) is measured : it is the time taken by 
the waves to travel from A to B and back to A.  If wave velocity is known the interrogator unit computes 
and displays distance A B . 

Ambiguity in the SYLEDIS system is determined by the duration of the elementary code, that is 
66 microseconds, or 10 kilometers. No problem results from this residual ambiguity in the practical 
daily use of SYLEDIS. 

3. 2. Organization of the system 

Transmission and reception are time-shared using the same frequency, each slot corresponding 
to one pulse. 

SYLEDIS can operate as a range or as a hyperbolic system. 

When operating as a range system, an interrogator is placed on the mobile vehicle, and 
responder beacons are set on shore. 

The cycle of transmission and reception is so arranged that one mobile interrogator can operate 
with 27 shore beacons. 



Four mobile interrogator* can operate aimultaneoualy, and in that case, the number of shore 
beacons is limited to 6. 

When operating in hyperbolic mode, the number of simultaneous user is not limited, as the mobile 
equipment is then purely passive. 

In a same installation, some users may operate in the range mode, while others operate in the 
hyperbolic mode. 

The cycle of transmission and reception slots in synchronized at each interrogator and beacon by 
a synchronising pulse which is sent at the beginning of each cycle either by one of the interrogator, or by 
one of the shore beacons in the case of hyperbolic operation. 

3. 3. Frequency 

The frequency spectrum of the pulse has a bandwidth of t 2 MH«. A relatively low frequency can 
so be used for the carrier wave. 

The 420 - 450 Megahertz band has been adopted.  This band is officially devoted to radiolocation. 

The carrier wave is   0 -''  phase modulated by the bits of the coded pulse. 

A complete SYLEDIS installation only requires one frequency. 

In the same area, up to eight chains can operate simultaneously, using frequencies differing only 
by 5 kilohertz. 

Adjacent SYLEDIS chains can be integrated in a single unit covering long distances along coasts, 
all operating on the same frequency. 

3.4.  Propagation - Range - Stability 

Propagation of waves in the concerned frequency band is now fairly known.  Results of investi- 
gation and experience have been gathered by K. A. NORTON in a publication of the Bureau of Standard, 
so that they are easy to use,  and allow prediction of transmission conditions,  and choice of antenna type 
and elevation. 

Ground wave plays the leading part at short distance, while propagation by tropospheric scatter 
is preponderant at high ranges. 

Near the horizon, attenuation is proportional first to     then to    .   Then diffusion in 
D6 D8 

the low atmosphere, and farther, tropospheric scatter take place.  Beyond the horizon, these different 
waves combine,  resulting in an important short term fading effect. A slow fading effect due to 
meteorologic and climatic variations is also observed. 

But if one disposes of a system capable of a high power reserve, the probability of establishing 
a transmission is high enough to allow the use of this type of propagation in a reliable way for distances 
affording sufficient area coverage. 

This is the case for SYLEDIfJ, as a consequence of the high power reserve afforded by techniques 
involved in the system. 

Experience of daily use of SYLEDIS has fully confirmed the range possibilities as deduced from 
NORTON'S survey. 

Ranges currently achieved with the 20 watts peak power SYLEDIS lie between two and three times 
the line of sight. 

Height of antennae is very important not only because it determines the line of sight distance, 
but also it favours propagation slightly beyond the horizon.  Yet, for very long ranges, height of antennae 
is much less important, and distano» and height become even independant one from each other (Fig. 2). 

Operation is possible down to 100 meters of a 20 watts shore beacon. 

Whenever only short distances are involved, transmitted peak power of SYLEDIS stations can be 
reduced to 100 milliwatts, resulting in lower drain from the power source, and reduction of the risks of 
interferences with other radio transmissions in the area. In that case, operation of SYLEDIS is still 
possible up to the horizon. For instance, if the elevation of the antenna is 10 meters for the interrogator and 
40 meters for the shore beacon, a situation easily and often met in practice,  the range of the SYLEDIS 
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operating on 100 mW will be 34 km.  This is a fairly sufficient coverage for most of harbour 
areas. 

As an example, following table shows results of stability tests conducted in spring 1975 by the 
french Hydrographie Service of the Navy. 

Three beacons, A, B and C, were installed on lighthouses or on signal-stations with respective 
antenna heights 84, 40 and 74 meters. The interrogator antenna was erected successively at elevations 11, 
22 and 61 meters. 

Beacon 
antenna height 

(meters 

Interrogator 
antenna height 1 

(meters) 

Line of sight 

(km) 

Distance 

(km) 

Ratio 
range/line of sight 

Accuracy 

Day 

O-', meter si 

Night 

A 11 43.70 2.33 5.62         1 . 

(84) 22 48.50 101.9 2.10 4.02 4. 39 

61 59.40 1.72 3.28 1.94 

B 11 33.74 2.90 6.69 

|             (40) 22 38.55 97.8 2.54 6.74 6.46 

61 49.47 1.98 4.06 2.09 

C 11 41.64 1.64 2.59 
" 

(74) 22 46.46 68.3 1.47 0.91 0.90 
1 

61 57. 39 1.19 1.48 1.43 

1 
Adopted velocity of waves 299, 695 km/sec.  corresponds to a mean refractive index at the surface 

of the sea of 1. 000 325.  The variation of the index, as deduced from the observed pressure, temperature 
and hygrometry during the experiments, was found to contribute for a maximum error of  *   . 5 meters. 

Propagation of V H F waves in the considered frequency band is not influenced by soil conductivity. 
Range and accuracy are in no way deteriorated whether waves travel over sea or fresh water, dry or humid 
land. Repeatability is not affected by climatic or meteorological variations,  such as rain and snowfalls, 
frost,  seasonal modification of salinity of estuaries,  etc... 

Contrarily to what happens with systems using microwaves, the range of SYLEDIS is not or is 
only slightly reduced by the presence on the path of the waves of obstacles of reasonable eise, such as dunes, 
dykes,  ships, villages, woods. Line of sight condition is not at all a must. 

The result of these features is a high grade of flexibility for the system. 

Location of land stations can be selected by only bearing in mind the best coverage of the 
operation area from the point of view of the geometrical configuration of coordinate patterns. Beacons can 
be installed, far inland, if convenient, and elevated points such as hills, towers, tall buildings can be 
used to increase the range and hence the covered surface. Coverage of estuaries, rivers, sinuous accesses 
to harbour is eased. 

An example of such an implementation of the SYLEDIS system is displayed by the ship conning 
system of the harbour of ANTIFER, near LE HAVRE in FRANCE.  This system has been in operation since 
one year. ANTIFER harbour is a newly built oil harbour intended to accomodate large tankers up to 
300. 000 tons. The total length of the access channel is about 30 km. Three SYLEDIS shore stations are 
set up on shore.  They are received on board the ship by a transceiver which is carried by the pilot. The 
instantaneous position of the ship is thus determined on shore. The position data are processed by a computer 
which computes parameters : along track and off track distances of the ship relative to the channel axis and 
corresponding speeds, heading and rate of turn when two transceivers are placed on the ship. These data 
are transmitted in digital form to the ship, using the SYLEDIS carrier wave according to a time sharing 
arrangement of position   determination and parameter transmission. 

The parameter values are displayed on a console carried by the pilot. 

""iTfiirirltriiit 



Four inbound or outbound ship« can be simultaneously accomodated. An unlimited number of 
other ships, e. g. service ships, can receive the signals from the SYLEDIS shore stations and use the 
system as a hyperbolic positioning system. 

3.4. SYLEDIS equipment 

3.4. 1.  Shore_beacon 

The shore station is composed of a beacon unit and of an antenna. 

The beacon unit is contained in a waterproof cabinet weighing 15 kg. Sizes are 38 x 16 x 45 cm. 

Power supply requirement is 11 to 14 volts,  or 22 to 30 volts DC, 40 watts. 

Different types of antenna are used according to required range.  Most commonly used is a mast 
carrying four vertical folded dipoles.   They are orientated along the mast either for omnidirectional 
radiation, or for 110° directivity. Length and overall dimensions of the antenna are respectively 160 cm 
and 17 cm.  For short ranges, a single dipole is used contained in a rod of fibre glass 80 cm in length and 
2, 5 cm in diameter. 

MTBF of beacon unit is 4 000 hours. 

No maintenance is required. 

3.4. 2. .InterrPÄ^iyL 

The interrogator is a single drip proof unit weighing 15 kg - Sizes are 50 x 22 x 40 cm. 

Power supply is 22 to 30 volts DC,  5 Amps. 

Receiving and transmitting circuits of the interrogator are composed of the same modules as 
those of the beacon. 

Three lines of 7 LED's display three range« in hundredths of kilometers to decimeters,  or three 
hyperbolic LOP's. 

Ship antenna is always omnidirectional,  of the types already described for the shore beacon. 

MTBF of the interrogator is 1. 200 hours. 

No maintenance is required. 

4 - CONCLUSION 

While keeping the advantages of range and accuracy of phase comparison and pulse systems, 
SYLEDIS seems to eliminate several acute problems encountered with these systems, as ambiguity, 
influence of soil conductivity and sensitivity to obstacles. 

The resulting increase in flexibility opens the way to a new field of application, as the coverage 
of difficult waterways such as sinuous rivers and estuaries, a problem to which ship guiding and mine 
sweeping are often faced. Traditional application of accurate radiolocation systems are also solved in an 
easier way ; geophysical exploration, plateform positioning,  pipe laying,  sounding and dredging operations 
in harbour access channels, bottom mapping, etc. . . 

The fact that range and accuracy are not degraded on land opens the field of aeronautical applica- 
tions as airborne surveys, guiding of helicopters,  calibration of landing systems. 

""•^'■■'■HlHrififBWltfilM» 
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Figure 1    -   Operation principle of SYLEDIS. 
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Figure 2   -   Improvemel^, of power reserve achieved by increasing the height of an antenna for UHF 
waves. 

IMP 



^'?'^»Yg?^'"^wwywwp^ mwmmß- wsm 
21-9 !     "   • 

^ <i 

i 

^"-r ::> „.-'•^r*' 

: <r^<- 
:*-*t' 

i 

Figure 3   -   Complete SYLEDIS Shore Station : 
- right : the beacon unit. 
- left     : the battery power supply. 
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DISCUSSION 

C.Goutelaid 
Je sachaiterais abord?r deux points: Tout d'abord, une question: Pourquoi tipötet 40 fois le mime code plutöt que 
d'utiliser un seal code qui ?oit sans effet de bond, tel qu'un code de Gday? Ensuite, 11 apparait que l'utilisation de 
signaux i spectres £tal£s est une solution interessante qui peut, dans I'avenir apporter des solutions pratiques compte 
tenu des raoycns que Ton po^dde desormais avec des techniques num^riques de traitement. 

Author's Reply 
Le code utilise I'a et£ parce qu'il permet un traitement et une generation simple et compatible avec I'economie 
recherchee dans la realisation du syst&ne. 

The indicated code has been adopted because it allows simple and easy generation and processing, which is 
compatible with the simplicity and low cost required for the considered positioning system. 4 

A.Shuval, National Commitee for Space Research, Radio Observatory, P.O.B. 4655, Haifa, Israel 
What is the bandwidth of the transmitted pulse? 

Author's Reply 
The bandwidth of the transmitted pulse is ± 2 MHz. 

-—"--^: i^ftiimittiiiiiP^'^-^^"^^- „^M^ ^w-^^a^ 
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AS   AN   AID   TO   EEARINQ   mkSWOmn 

T.B. Jones and C.T. Spracklen 
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university of Leicester, U.K. 
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It is now possible to design H.F. direction finders with an Instrumental accuracy of better than 0.1 
degrees standard deviation. Unfortunately, this high accuracy cannot be realised in practice because of 
the pertuitations and tilts which are present in the reflecting medium. These allow signals to be 
received in off great-circle path directions and consequently an error is produced in the measured bearing. 
Particularly troublesome sources of errors are the so-called travailing Ionospheric disturbances (TID's), 

As the disturbances propagate, they produce changes In the reflection point of the signals and 
consequently a small "Doppler-llke" frequency change occurs in the reflected wave. A Doppler system is 
described which provides an indication of the presence, or absence, of TID's even when a short-duration 
nonfrequenoy stable transmission is monitored. Thus, a good/bad bearing indication can bo given and some 
assessment of the likely variances in the measured bearing predicted. When more than one propagation mode 
is present multiple frequency shifts are observed in the received signal. These are easily identified 
and the system is an efficient monitor of nultiraode conditions. 

The application of this Doppler technique has led to an liqsrovement in the performance of a wide 
aperture direction finder; moreover, it is possible to estimate the expected variances from the Doppler 
observations. 

1.  INTRODUCTION 

Wide aperture direction finding Systems (WADF) can now be constructed with Instrumental errors such 
that the standard deviation of the error curve, taken over all azimuths and a 2 octave frequency range, is 
as low as 0.1 degrees. The instrumental errors are usually measured by radiating signals, either from a 
helicopter within line of sight, or from a vehicle-borne mobile transmitter within ground wave range. 
When measuring the azlmiths of ionospherically propagated signals, however, the accuracy of the system is 
found to be considerably less than that obtained for ground wave signals and a typical figure for the 
variance would be 2 to i* degrees squared depending on the range. Following the early pioneering work of 
Bramley and Hoss using interferometer DF systems (ROSS, 191*75 BRMOT, 1951, 1953, 1955), the most 
significant sources of error have now been identified (WHilE, 1959). These are the solar-related lateral 
tilts of the ionosphere (LAT's) and the perturbations of the ionosphere which have become known as 
travelling ionospheric disturbances (TID's) and are almost certainly due to acoustic-gravity waves 
(HIKES, 1959a,b, I960, 1965; CAMPBELL and TODNG, 1963j TOLSTOI, 1963} W1CKERSHAM, 1965). The errors In 
WADF due to both these causes have over the last few years been measured in detail and, in general, one- 
third of the variance can be attributed to IAT's,or SIT's (systematic ionospheric tilts) as they are 
sometimes called, and about two-thirds to TID's. This ratio Is, however, very variablo depending on the 
state of the ionosphere, the azimuth of the arriving waves, the time of day, the season and the geophysical 
conditions. On some occasions most of the variance is due to TID's whilst on others the errors due to 
SIT's are predominant. Because TID's are normally the greatest source of DF error, recent HTOF woric has 
been concentrated mainly in studying TID's and on devising schemes to overcome TID-lnduced bearing errors. 
It is difficult to predict either the magnitude or the time of occurrence of a TID and efforts have there- 
fore been oonoentrated on detecting these irregularities by experimental procedures. 

A system is described for detecting ionospheric disturbances by means of the small Doppler frequency 
shifts they produce in the received HF signal. The distortions of the iso-ionic contours associated with 
these events allow off great-circle path propagation and hence incorrect bearings are recorded by the 
direction finder. The system described can establish the presence or absence of TID's and hence the 
probability that bearing errors are present. This can be achievud even when the signal is available for 
only a short duration (20 sec), is modulated and originates from a transmitter whose frequency is unstable. 

i.      EXPERIMENTAL ARHAHQEMENT 

Three Doppler receivers, R1, R2 and R3, are spiced around the direction finder as indicated in 
Fig. 1. A large spacing between receivers was used initially but this was later reduced and the smaller 
triangle produced the better Indication of TID activity. The difference in the frequencies recorded at 
each pair of receivers is measured, thus providing "difference Doppler" frequency. The frequency 
difference between the local standard and the received signal is measured at each receiving site and the 
local standards are adjusted so that frequency differences of fs » U3 Hss, f3 - U6 Hz and fi ■ 52 Hz are 
obtained at R1, R2 and R3, respectively, when no TID's are present. These Doppler .frequencies are 
relayad to the central DF site for conqparison. The Doppler frequencies from each pair of receiving sites 
were compared to produce the "difference Doppler" frequencies (fj -fe), (4 -fa) and (fs -fx). The three 
frequencies are combined to form one signal which wns recorded by an FM tape recorder and al-o fed 
directly to the spectrum analyser for real time display. The con^lete system Is shown diagrammatleally 
in Fig. 2. 
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Before starting the eaperlment the synthesizers used to provide the local standards at R1, H2 and R3 
were carefully coiqpared so that their frequency standards were identical within the frequency resolution 
of the measuring system (0.01 Ha). In this way the true offset at each receiver for any nominal frequency 
was known accurately. Conditions of zero Doppler shift, i.e. no TID activity, can be recognised because the 
spectrum of the combined signal will consist of the preset frequency differences (3, 6 and 9 Hz) and these 
are easily identified. When travelling ionospheric disturbances (TID's) are present, the frequency of the 
signals received at the three locations will differ and ^, 4 and f3 will change from their nominal 
values. The magnitude of the change depends on the characteristics of the TID and also on the spacing 
between the receiving sites. 

3   DETECTION OF TID ACTIVE AMD MÜLTIM0DE CONDITIONS 

The frequency spectrur. of the combined signal is expected to consist of three single valued peaks 
located at the three difference frequencies (3, 6 and 9 Hz) if no Doppler shifts due to TID^s are present. 
These conditions are illustrated in Fig. 3 in which spectra obtained at consecutive 1 min intervals have 
been overlaid to produce a three-dimensional plot. Single valued peaks are produced at the expected 
frequencies and these show little frequency deviation as time progresses. Fig. U is a similar plot for 
TID active conditions and although the frequency peaks are still single value their position on the 
frequency axis varies as time progresses. This change in the difference frequencies arises because the 
TID produces different rates of change in the reflection heights of the signals received at HI, E2 and R3. 

The presence of multimo-'e propagation can also bo detected since the reflection point of each mode 
will in general be displaced differently by the passage of the TID. Thus, in place of a single peak at a 
particular difference frequency, the spectrum is likely to contain more than one frequency component 
depending on the number of modes involved. This situation is illustrated in Fig. 5, where the single 
spectral peak due to the dominant mode becomes progressively multi-valued as other modes are received. 
It should be noted thflt the various spectral peaks do not necessarily correspond to actual nodes since 
frequency differences are being examined. Thus, if two modes are received at Rl and at R2, up to four 
"difference frequencies" can occur and four peaks might be present In the vicinity of (fj -fa). The 
number of peaks obtained will depend on the relative amplitude of the component modes. 

A simpler presentation of the data is obtained by suppressing the amplitude information and displaying 
only the frequency variations as a function of time. This has been done in Figs. 6, 7 and 8. Stable 
propagation conditions with no evidence of TID activity are illustrated in Fig. 6. This probably 
corresponds to Es propagation but thie could not be confimed since oblique ionograms were not available 
over the path. Spectra for a TID active situation are reproduced in Fig. 7 and typical oscillations with 
periods of about 20 mins are evident. An exanple of multlnode conditions is reproduced in Fig. 8. 
Multiple frequency caifxments occur in each of the difference frequencies and in these circumstances low 
figures of merit are associated with the bearing measurements. 

Both presentations illustrate that TID active periods and multimode conditions can be detected by the 
"difference Doppler" method, even when the signals are available for only one or two scans of the frequency 
spectrum. The time for one scan Is 20 sees. 

k.      DIFFERENCE JBBQTOICIES AND BEARING ERROR 

The difference frequency experiments were designed to detect the presence or absence of TID's. No 
atteiqat has been made at bearing correction since this required Integration of the signal (JONES and SPRACKLEN, j 
1975).  Nevertheless, it is of considerable interest to compare the 'difference Doppler' results with 
the measured bearings. To aid this comparison, the deviation of each 'difference Doppler' frequency from } 
its nominal value has been measured and the modulus of each of the three values added together to give a | 
Doppler Index £ Af = 0. When TID's produce rapid chinges in the ionosphere large values of 2 if will be I 
recorded. A further refinement was introduced by multiplying each 'difference Doppler' by the sine of the j 
angle which the line joining the two receiving sites makes with the transmitter direction. This angle is f 
obtained with sufficient accuracy from the direction finder. In this way emphasis is given to TID's j 
moving at right angles to the propagation path since these produce the maximum bearing error. I 

Data for quiet conditions, when no TID's are present, are reproduced in Fig. 9. The bearing 1 
measurements Indicate little error and no fluctuations are evident. The three difference Doppler I 
frequencies are all very close to their nominal offset values and no multiple frequency peaks are present, i 
thus the index £ zj" is approximately zero for this period. In these circumstances it would be easy to i 

L                conclude from the Doppler index that no TID activity was present and that good quality bearings would be 
; *                obtained. j 

)                    Data for two TID active periods are reproduced in Figs. 10 and 11. Well-defined 20 mln oscillations -i 
h are noted in the bearing and errors of up to 2 degrees are recorded. Eif is non-zero and takes on very J 
|, large values when the bearing changes rapidly. Since the magnitude of SAf is proportional to the rate of I 
p change of the ionospheric reflection levels, It might be expected that a maximum frequency deviation would | 
t) correspond to a maximum rate of change in the ionosphere tilt and hence to a period of rapid change in I 
|. bearing error. This effect is evident in the data reproduced in both Figs. 10 and 11. I 

*' I 
. £ 5.  C0NCLUSI0HS 1 

1 1 f* Conditions when TID's are absent ('good' bearings) and when TID's are active ('bad» bearings) can be j 
ij recognised by the difference Doppler technique with some confidence. This can be achieved with a non- 
f' frequency stable transmitter radiating modulatöd signals for a time of less than 1 mln. It is not possible 
I* to make a bearing correction but a good/bad indication can be obtained. Some difficulty arises in 



establishing the magnitude of the frequency change necessary to declare a bearing 'bad' and furthör 
studies are being undertaken in an attempt to resolve this problem. The behaviour of the bearing error 
during miltimode conditions is also being Investigated. 
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LECESTER 

INITIAL CONFIGURATION 

Rl-Hereford 
R2-Bicesler 
R3- Shoftsbury 

REDUCED SPACING 

Rl'-Cheltenham 
R2-Biceslef 
RJ-Blakehill 

Fig.l    Location of receiving sites in 'difference Doppler' experiment. The large triangle Rl, R2, R3 
was used initially but the separation was later reduced by using R/ Rj and R3'. DF is the direction finder 
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Fig.5    Frequency spectra showing variation of 'difference' frequencies with time. 
Multimode conditions - frequency deviations and multiple frequency peaks present 
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DISCUSSION 

R.H.Doherty, CRPLj, P.O.Box 1056. Boulder, Colorado 80306, USA 
In view of your experiences in direction rinding systems and also in LF and VLF phase monitoring systems and in 
view of the fact that Russian LORAN C transmitters exist, but with no accurate locations given, how well do you 
think we could locate these stations, particularly if sky wave signals only were to be used? 

Author's Reply 
It is not possible at this time to give a definite answer to your question except that we probably have the under- 
standing and the technical expertise to solve this problem. I think that this would be a fruitful area for further 
research. 

C.Goutelard 
L'expos^ du Docteur T.B.Jones est tr£s interessant et m'a tout particulierement captive car utilisant une methode 
de soundage par retrodiffusion avec une antenne orientable nous trouvons les memes pMnomenes que lui, notam- 
ment sur les frequences doppler. Cependent, les perturbations ionospheriques agissent conune des lampes places 
dans l'ionosphere et agissent sur Tamplitude. L'utilisation de Tamplitude s'est av6r6e, pour nous tr6s difficile. Le 
Docteur T.B.Jones peut-il nous dire s'il I'a fait et le cas 6cheant comment il a pioddi. 

Author's Reply 
The Doppler frequency changes are accompanied by amplitude variations. We have not made a detailed study of 
these since they are very complicated phenomena and more difficult to interpret than the frequency changes. It is 
perhaps worth noting that amplitude changes can be produced by mechanisms other than TIDs which are the 
principal objective of our study. 

H.Soicher, US Army Electronics Command, Port Monmouth, NJ 07703, USA 
Is the propagation mode nearly vertical in your observation? 

Are you concerned with actually locating an unknown transmitter? In such case you need bearing and elevation 
which necessitates a sounding system! 

Author*!« Reply 
No, the Doppler observations are made on the signals received from the distant transmitters whose position is being 
determined by the direction finders. This means that no sounding of the ionosphere is necessary and the technique 
is entirely 'passive'. We are not concerned with locating the unknown transmitter by means of the Doppler method 
but in assessing the quality of the measurements obtained on a wide aperture DF system. 
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POSITION-FINDING OF FIXED HF-TRANSMITTERS BY MEANS OF TRAVELING IONOSPHERIC STRUCTURES 

J. Röttger 
Max-Planck-Institut für Aeronomle 
D-3411 Katlenburg-Llndau 3, F.R.G. 

SUMMARY 

An Inversion method Is described which represents an alternative approach to the common direction- 
flndlng systems to determine the unknown position of a remote transmitter under sky-wave conditions. The 
technique bases on the measurement of signal parameters which are Influenced by the reflection at travel- 
ing Ionospheric structures, and evidently makes use of a fact considered to introduce errors In common 
direction-finding techniques. 

It Is assumed that the parameters of a traveling ionospheric structure or disturbance, like velocity 
and azimuth of propagation, are deduced by a measurement of the Doppler shift using a known array of 
three transmitters and one common receiver. The cross-correlation of the signals of the known array with 
the unknown signal yields the position of the unknown transmitter by applying some geometrical calcula- 
tions. The basic method to evaluate the signal variations by means of the cross-correlation and cross- 
spectrum technique is described. Calculations basing on appropriate models of traveling Ionospheric 
structures are carried out to prove the applicability of the Introduced method. Some implications on the 
accuracy and reliability of the position determination are considered. 

1. INTRODUCTION 

HF-CW-Doppler arrays are commonly In use to investigate the amplitude, velocity ana propagation 
direction as well as the wavelength of traveling ionospheric disturbances (TIDs) <e.g. DAVIES and BAKER, 
1966; DAVIES and JONES, 1972; HERRON, 1973). In these experiments, mostly three transmitters at the 
corners of a triangle at a distance of up to 100 km are used to transmit highly frequency-stable HF-CW 
signals. After reflection at the Ionosphere, the signals are recorded at a common receiving station in 
the centre of the triangle. From the Doppler shift of the three signals, the vertical velocity of the 
Ionospheric reflection areas Is calculated. By means of evaluating the time delay between the Doppler 
frequency variations of the three signals, the horizontal velocity vector and the wavelength of the TIDs 
propagating through the network can be deduced. 

Another kind of experiments are the Ionospheric drift measurements making use of the spaced receiver 
technique (KENT and WRIGHT, 1968). The method bases on the principle that one measures the interference 
pattern of a source signal reflected at drifting Ionospheric Irregularities, From this pattern the para- 
meters of the Irregularities are obtained. 

While In these commonly applied experiments the locations of the transmitters and the receiver are 
known whereas the parameters of the TIDs or the velocities of drifting irregularities are to be deduced, 
an Inverted system can be used to find the location of a transmitter If the TID or drift parameters are 
known, e.g. by means of a separate measurement. This method makes use cf the Influence of the time-varying 
propagation medium which cownonly Is regarded as a disadvantage of direction-finding systems where Iono- 
spheric variations cause a considerable error in the position determination (e.g. GEORGE, 1972; MORGAN, 
1972; JONES and SPRACKLEN, 1976). 

Suppose we have measured the horizontal velocity vector of traveling Ionospheric structures (e.g. 
drifting Irregularities or TIDs) In the Ionosphere which Influence the phase path of a reflected signal, 
and provide that the coherence length of these structures is larqer than the dimensions of the position- 
finding network consisting of three transmitters and one central receiver. A signal of a fourth transmitter 
with unknown position which Is received at the common receiving station will also be Influenced due to the 
traveling Ionospheric structures (TISs) like the signals of the known transmitters. By measuring the time 
shift (by means of cross-correlation or cross-spectrum techniques) between the sig.ial variations of the 
three known and the one unknown transmitter, one can deduce the horizontal propagation direction of the 
TISs and the position of the unknown transmitter. 

The Introduced system for position finding under sky-wave conditions, which Is described In this 
paper, bases on a rather different principle than the commonly used direction-finding systems. The method 
simply evaluates the Image of a transmitting source reflected at a distorted twe-dimensionsI mirror (i.e. 
the reflecting ionosphere disturbed by traveling Ionospheric structures). Since the time-varying distortion 
of the reflector Is known by a measurement, the source can be located by a cross-correlation or cross- 
spectrum analysis. In this paper, we present the basic features of this method by applying a model Intro- 
ducing traveling ionospheric structures or disturbances to calculate the signal distortions from which 
then the original data are reconstructed. The dependence on the slgnal-to-nolse ratio as well as some 
conditions to minimize the error sources are outlined. 

2. BASIC EQUATIONS TO CALCULATE THE POSITIwN OF AN UNKNOWN TRANSMITTER 

The HF-CW-Doppler technique makes use of frequency variations introduceo by a time- and space-vary- 
ing reflector of radio waves which, In the case of HF sky-wave propagation, Is the Ionosphere. From the 
measured Doppler shift of the CW signal the time and space variations of the reflector can be reconstructed 
and an inversion method can be applied to reconstruct the observational network. 

In an array of four tra smitters TXO, TX1, TX2 and TX3 (see Fig. 1) and one common receiving station 
RX, we find the projection of the sky-wave propagation paths In the horizontal x-y plane Indicated by the 
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straight lines TXO-RX, TX1-RX, TX2-RX and TX3-RX. The projection of the ionospheric reflection points is 
given by the circles number 0,1,2 and 3, assuming simply one-hop Ionospheric propagation without ray-path 
unsymmetries due to horizontal electron density gradients of the background Ionosphere. It Is furthermore 
implied that all four transmitters operate at approximately the same frequency so that the ionospheric 
influence is comparable on all propagation paths. 

Suppose two characteristic structures, e.g. stretched sporadic-E clouds, propagate through this 
array. The moving structures which cause phase-path variations to be measured by the Doppler technique 
are characterized by their horizontal velocity component vj and the propagation of azimuth aj. The Inaex 
J - 1,2 shall Qsfine two different traveling ionosphei i^ structures TIS 1 ai.d TIS2. When these structures 
move through the network, we will observe them passing the different reflection points at different times t. 
We, for Instance, will first observe TIS 1 passing through reflection point 0 at the time t0i. Somewhat 
later It passes point 3, At the time tu It will be at reflection point 1 between TX1 and RX, and finally 
at point 2. A similar picture will be observed when TIS 2 moves through the system. If we assume that the 
shape, velocity and azimuth of the TISs do not change during an observational time Interval, we measure 
the time differences TJ (J • 1,2) when the two TISs are observed at points 2 and 3 with respect to point 0, 
and find from the basic formula 

vt* xsIno*y cos a 

the azimuths «j and the velocities vj of the TISs to be: 

(i) 

o. • arc tan 121 
^3 

x - Ji . X 
3  T^   2 j  T2j   ^ 

(2) 

and 
-x, sin a, - y, cos a. 

T3j 
(3) 

with - t 
oj 

and l3j  T3J oj (J ■ 1,2) (4) 

The four reflection points are defined by their coordinates xi,yi with 1 • 0,1,2,3. Thus, the first index 
of Tjj always Indicates the reflection point and the second Index the TIS, In the case of determining the 
azimuth and velocity of propagation, we need only measurements at the points 0,2 and 3, where the trans- 
mitter locations Xi,Y| (1 ■ 0,2,3) as well as the receiver location and therefore also the locations of 
the Ionospheric reflection points are known. The location of the unknown transmitter TX1 can be deduced 
from the additional measurement of the time differences T]j « tjj - t0j after reduction of the azimuths aj 
and velocities vj. 

Knowing vj and aj from the basic measurement (equations (2),(3) and (4)) and measuring the time 
difference 1\\ • f\\ -  T0J which TIS 1 needs to travel from the known reflection point 0 to the unknown 
reflection point 1, we find this unknown point 1 to be somewhere on the straight line I. This can be 
understood since we measure m to be constant for all Ic-itions of TX1 (e.g. <TX1>) with the reflection 
point lying on line I. A second measurement basing on TiS2 with a different azimuth of propagation leads 
to the straight line II. The crossing point of these lines I and II consequently Is the Ionospheric re- 
flection point 1 of the path from the unknown transmitter TX1 to the receiver RX. Assuming symnetrical 
ray paths, thus, also the unknown position Xi,Yi can be calculated. 

The position finding also can be achieved using a hybrid system determining the straight line I 
by using one TIS as an indicator and using a direction finder to measure the angle 6 (see Fig 1). The 
crossing of these two lines is the unknown reflection point 1 from which the unknown position Xi,Yi also 
can be found. 

Returning to the original method, the coordinates of the unknown ionospheric reflection point x],yi 
are deduced from {1),(2) and (3) to bes 

1 
• Tii - 

v2 ' ■C12 
• cos a. 

s n oi cos a2- sin a, 

i. 
cos a1 •  sin a2 

sin a cos a, 

(5a) 

'1 

x. • sin a, 
v2 ' T12   cos a, 

cos a. 
(5b) 

With   T^ • t1j - toJ (J • 1,2) . 

From these we consequently reduce the coordinates of the unknown transmitter location: 



2-x, (6a) 

2y, (6b) 

where Y_ is the ordinate of TXO, o 

It should be kept in mind that these values are exact only for the applied model of TISs which 
significantly can be discriminated from noise fluctuations and do not change their characteristics through- 
out the intire interval of measurement. The calculations, furthermore, base on geometi'1 caI optics calcu- 
lating the ray paths which are assumed to be synmetrical and do not suffer any azlmuthal deviations. 
Another necessary condition to apply this method is that the TIS pattern has to be two-dimensional, which 
for instance can be achieved by two different one-dimensional T.'Ss (used In the explained example and 
extended in Chapter 3.1) or by nerlodic structures of spatially interfering traveling ionospheric disturb- 
ances (Chapter 3.2). 

It is anticipated that the accuracy of the introduced basic method can be improved by applying more 
sophisticated ray-tracing methods. This, however, does not exclude the necessity to check the temporal and 
spatial coherence of the TISs as well as applying proper data-processing techniques to improve the signal- 
to-noise ratio by filtering out significant TISs to measure the time shifts T with high accuracy. 

3. DATA PROCESSING TECHNIQUES FOR TIS AND POSITION DETERMINATION 

The equations to calculate the TIS characteristics, azimuth and velocity, as well as the position 
of the unknown transmitter base on the measured values of the time delays T caused at different locations 
in the ionosphere. We, thus, find it necessary to develop a procedure to measure the time delays at a most 
high accuracy and reliability. 

In order to clarify the measuring technique, we present in Fig. 2 an example of a Doppler display 
recorded in Huancayo/Peru, where a three-point HF-CW-Doppler array was set up to Investigate traveling 
ionospheric disturbances in equatorial regions (RÖTTGER and BECKER, 1977). The characteristic sizes of 
this network are between 20 and 50 km. The notations MAT, PAM and GRB in Fig. 2 indicate the three records 
from the three paths TXO (Matahuasi), TX2 (Pampas) and TX3 (Gran Bretane) to the common receiving station 
at the Geophysical Observatory of Huancayo. Besides some pulse-like distortions, clearly wave-like Ooppler- 
frequency variations with periods between about 10 and 20 minutes are observed. These osciIlaticis, which 
are caused by medium-scale TIDs, indicate a time-delay shift between the three paths which incidently 
points to the fact that the TIO structure moved through the network. Since these non-periodical and 
periodical TIS patterns often are observed on Doppler records taken at all latitudes (e.g. review of 
FRANCIS, 1975), we are confident to present in the following part two different methods to deduce the 
time shift for pulse-like TISs as well as periodic TIDs, and calculate by these means the position of an 
unknown transmitter. 

As pointed out in Chapter 2, we need to measure the time series of parameters characterizing the 
signals transmitted via the four different paths. In the following parts we confine to the signal para- 
meter, Doppler frequency variation, since this parameter appears to be most sensitive to motions In the 
ionosphere. The time series of Doppler frequency variations show typical events like demonstrated in 
the sample records of Fig. 2. In the case, a TIS moves through the r.etwork, these records indicate a 
phase or time shift between the variations measured on the different paths. To deduce the time shifts 
at a most high accuracy, both, the cross-correlation and the cross-spectrum technique are accepted as 
appropriate tools. Whereas the cross-spectrum technique is most adaptive to periodic variations allowing 
to filter significant oscillations, thus, improving the slgnal-to-noise ratio, we find the cross-correla- 
tion technique most suitable for pulse-like variations. 

After pointing out the basic items to calculate the time shifts by both techniques, a model, deduced 
from deterministic signals covered by noise, is applied to show the applicability of thes« techniques. The 
model calculations allow a trustable check, since we calculate the signal distortion by introducing a known 
TIS moving through a known network, add artificial noise and apply either the cross-correlation or the 
cross-spectrum technique. Finally, we close the circuit calculating the TIS parameters and the transmitter 
location from the results of the cross-correlation and cross-spectrum technique computations and compare 
the results with those values originally introduced. 

A time-varying signal parameter Aj of each transmitter TX; (i ■ 0,1,2,3) measured at the receiver RX 
is given by 

A^t) (t,r ) N^t) (7) 

where t Is tns time and j^j • (Xj,yi,zi) is the radius vector to a location (number I • 0,1,2,3) in the Iono- 
sphere where an influence of the signal parameter due to a TIS has to be considered. Basing on the Intro- 
ducing assumptions of geometrical ray-path calculations, we consider zi ■ const. A| may stand for any signal 
parameter, like incidence angle, amplitude or frequency. In the applied case of the HF-CW-Doppler technique, 
the parameter A] is the measured Doppler frequency which consists of the contribution of the signal Si and 
the noise N| received in the frequency band under evaluation. The noise also can be due to some arbitrary 
modtlation (e.g. FM modulstion If we apply the HF-CW-Doppler technique), distorting the signal to be 
evaluated for the purpose of position determination. 

The slgnaI-DeppIer frequency S| consists of the transmitted signal frequency S| distorted by iono- 
spheric variations, which shall be defined by a distortion parameter 0(t,r|); 

V+'li' S?(t) D<+.lj' (8) 



The signal distortion D(t,_r|) is assumed to be due to a TiS propagating through the refiection points 
0,1,2 and 3 so that variations of all measured signals S| occur, which indicate a time shift as a 
function of the TIS and the array parameters. 

After this basic definition of the signals influenced by traveling ionospheric structures and 
noise, we Introduce the cross-correlation and the cross-spectrum technique for the evaluation of the 
data time series. 

3.1.  Cross-correlation technique 

For any signals defined by (7), estimates of the cross-correlation functions 

CCF.(T) - y / A.(t) Ao(t*T) dt    (i - 1,2,3) (9) 

can be calculated in the observational time interval T. From the maxima of these cross-correlation func- 
tions CCF|, the significant time-delay shifts T with reference to reflection point 0 are to be deduced. 
If two TISs are traveling through the network (see Fig. 1), we find from the time shifts TM of the maxima 
of the cross-correlation functions: 

T. . • T(max.(CCF.)) 
U      J   i 

with I *  1,2,3 (indicating the reflection points) and J • 1,2 (indicating the TISs). These values Tjj then 
can be used to calculate by means of (2),(3) the azimuths at, velocities vj, and from (5a),(5b) the 
coordinates of the unknown reflection point X),yi. 

The outlined procedure shall now be elucidated by an example. For this purpose, we assume the HF-CW- 
Doppler network to be defined by the following locations of the Ionospheric reflection points using the 
coordinate system Introduced In Fig. 1: 

x * 0.0 km,  x, * 17.5 km,  x„ --25.0 km,  x,= +25.0 km, o i Z i 

y > 0.0 km,  y. =-20.0 km,  y. --45.0 km,  yJ--45.0 km. 

Two pulse-like TISs with equal horizontal velocities v) 2 = 150 m s"' are assumed to travel approximately 
simultaneously through the network at the different azimuth anglos ai « 150° and «2 • 2;0o. The TISs are 
straight lines not changing their characteristics throughout the entire network (see Fig. 1). Basing on 
these assumptions, evidently the exact times can be calculated when the TISs influence the signals propa- 
gating along the four paths TX0-RX, TX1-RX, TX2-RX and TX4-RX. To discriminate in the calculations between 
the two TISs, TIS 1 is Introduced to cause twice the amprtude in frequency variation than TIS 2. For 
simplicity, the frequency variations are set to be step functions with a duration of 1 min, which corre- 
sponds to typical TIS dimensions of some kilometers. TIS 1 first causes a negative frequency shift followed 
by a positive shift, whereas TIS 2 acts Just vice versa. The additive noise component is generated by 
equally distributed random numbers. The signal-to-noise ratio is determined by the ratio of the peak 
amplitude of TIS 1 and the peaks of the noise. Since typical times, the TISs need to travel through the 
network, are In the order of several minutes, samples from the time series Ai(t) are taken every 30 seconds 
for digital computation of the estimates of the cross-correlation functions CCFj. 

A sample from the time series generated by means of the described procedure Is shown in the upper 
right half of Fig. 3. The pulse response 1 Is due to TIS 1 and the response 2 to TIS 2. The noise con- 
tributes to the signal as an additive component. From the time series A(t), the estimate of the cross- 
correlation function CCF is calculated using equation (9' and setting the Integration time interval T • 
100 mln, which Is approximately ten times the maximum expected +lme shift TM. T can be reduced to a 
smaller value which, however, decreases the signal-to-noise ratio of the CCF, so that the significance 
of the peaks at TM will be diminished. The greater the signal-to-noise ratio of the original time series 
the shorter the Integration time T can be chosen. It Is proposed to apply a procedure to minimize T, which 
has to take Into account the siqnal-to-nolse ratio, the shape of the pulse response due to the TISs as well 
as tho maximum time shift. Since the noise contribution not only Is from external sources but ray be due 
to an arbitrary modulation of the transmitters (in our first approach we have assumed a noise-like time 
variation of the modulation signal), one also should Investigate In succeeding analyses how the method 
reacts on different modulation techniques. 

If the signals S^(t) contain any correlated component, if the common receiver RX Introduces signal 
variations (e.g. due to a non-stable oscillator), or if the variable ionospheric influence Is equal at all 
reflection points (e.g. due to very large-scale disturbances with dimensions an order of magnitude greater 
than the characteristic dimensions of the TISs), tha signals have to be expressed by 

S°(t) - S^(t) • D0(t) , (10) 

where Sf(t) are the original stable signals and 0o(t) is a correlated disturbance. Due to the influence of 
D0(t), we will find a peak cf the cross-correlation functions near T • 0. We will call this In the following 
part an instrumental correlation. Since this peak occurs in all three Ct'Fs, we can calculate a mean CCF ■ 
1 3 

▼ Z   CCF., and use it for calculating modified cross-correlation functions MCCF, • CCF. - 6CF. We, thus, 
i'1 

can eliminate the instrumental ly correlated, non time-shifted constitu©r;ts of the signals and improve the 
significance of the determination of tho time shifts T]j, A different approach than the cross •correlation 
technique to improve the significance of the method. I.e. the reliability of the position detenUnation, 
is given by the filtering technique which is presented in Chapter 3.2. 

An example of the cross-correlation function calculated from the time series Ao(t) and A2(t) is 
shown in Fig. 3. At T » 0 we find the peak due to an instrumental correlation (here the peak-to-peak 



variation of D0(t) Is assumed to be equal to the peak-to-peak variation of the uncorrelated noise N|{t)). 
The significance level to find the relevant peaks 1 and 2 can be defined by the level which Is exceeded 
by the uncorrelated noise peaks with a 5< probability (or any other percentage value). Another way to 
find the relevant peaks and the corresponding time shifts T|j is to search for the two highest maxima of 
the MCCFs and assume these to be due to two TISs. Since this procedure, which shall be called "maximum 
amplitude criterion", strongly depends on the slgnal-to-noise ratio, we have to find out the limit'ng 
conditions for the significance of the parameters deduced. 

The depicted method was applied to compute the picture shown in Fig. 4. We find that the amplitudes 
of the cross-correlation functions more clearly exceed the nose level with increasing signal-to-noise 
ratio S/N. Also the calculated Ionospheric position, indicat.d in the upper part of the diagram by the 
coordinates x and y, more and more approaches to the real values xi and y^. Due to the ♦act that the 
digital samples from the time series were not taken continuously but at discrete times every 30 seconds, 
we find a systematic quantization error of the final position. However, this error can be minimized by 
increasing the sampling rate. It is found from this computatioti •■ provided that the above mentioned con- 
ditions, e.g. spatial and temporal coherence etc. are fulfilled - that the position of an unknown trans- 
mitter can be deduced with a sufficient accuracy if the signal-to-noise ratio is greater than about two 
and the sampling rate is high enough to reduce the quantization error to an acceptab.e value. 

3.2.  Cross-spectrum technique 

It was shown that the cross-correlation technique appears to be applicable to signal distortions 
caused by non-periodic, pulse-like TISs. Because more often periodic TISs, i.e. traveling Ionospheric 
disturbances (TIDs), are observed than pulse-like TISs, we find that the cross-correlation technique 
should be exchanged by the more appropriate tool of the cross-spectrum technique. This fact we anticipafe 
since In periodic systems a spectrum analysis In any case Is more advantageous due to its property to 
filter out noise components. (It should be mentioned here that this spectrum analysis must not be mixed 
up with the spectrum analysis carried out during the preparatory processing procedure when deducing the 
Ooppler spectrum of the signal.) 

The wave-1 Ike distort'on due tr  TID is assumed to be 

D(t,r) 0 sin(J<«£ ut), (11) 

where D0 is the disturbance amplitude, 
k    is the wave vector of the TID, 
w Is Its angular frequency, 
t Is the time. 

The radius vector r is defined, as In Chapter 3.1, pointing to the location where the TID Influences the 
ray path, IntroducTng the parameters of the coordinate system given in Fig, ) and knowing that the horizon- 
tal phase velocity of a TID Is v « u/k and the horizontal wavelength is X • 2n/k,  the distortions due to 
two TIDs (J • 1,2) are: 

ww 2« 
Doj SIn(Tyi'xi s,naj *h cos a.) 'J t)). (12) 

Introducing (12) into (8), we find the signal time series Aj(t) varying periodically If TIDs with horizontal 
wavelengths X: are moving through the network, When assuming the coordinates xi.yi, the velocities vj and 
th« propagation azimuths oj as well as the Integration time T to be the same like those used In the cross- 
r.orrelation computations, and assuming two TIDs of the medium-scale class with the periods Tfio 1 ■ 20 mln 
snd TTIU?« 33 mln (which at the horlzonta phase velocity v • 150 m s"' (v ■ X/T> correspond to Xj ■ 180 km 
and X2 ■ 300 kn;), we i>d^the cross-correletlon function CCF 2 shown In Fig, 5. It Is evident from this 
picture that different peaks like In the case of tho double-pulse TISs can no more be distinguished. 

Since we find that the cross-correlation technique appears to be not appropriate in the case of 
periodic disturbances, the spectrum analysis has to be Introduced. The complex spectrum, calculated at the 
Integration time Interval T, Is given by Its estimate 

A,(w) - Y / A<+> exp(-l w t) dt 
1 T 

(13) 

from which we can deduce the amplitudes A| end phases «| (I • 0,1,2,3), measured as a function of the TID 
frequency «, respectively period Tjjp, on the propagation paths 0,1,2 and 3. When Introducing a slgn.flcance 
level to find non-statistlea I amplitudes In the spectrum, again the amplitudes of relevant TIDs can be 
determined (e.g. by means of the maximum amplitude criterion^. Consequently also the phases of the TID 
distortions which are observed In the time series are found in the $p»ctrum. From these phases, the time 
shifts 
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TIDJ 
(14) 

are calculated. These time shifts T|j than are used to compute the azimuths oj, the velocities vj as well 
as the coordinates n\  and yj, by means of equations (2),(3) and (5a),(5b). 

An example of this technique Is given In Fig. 6. In the diagram the time series of the signal oscil- 
lations due to the influence of the TID» et the reflection points 0,1,2 and 3 are shown. Here TID 1 travels 
at an azimuth angle a; • 240° and TID 2 at an angle 02 • 120°. The amplitudes of the disturbances are 
D0i • 2.00 and D02 • 1.75. To clarify the picture of the time-shifted oscillations, the noise amplitude It 
assumed to be zero. We evidently find In th« time series of Fig. 6 the Interfering oscillations at the 
periods Txio j • 20 «In and TTID2 * 35 mln. 

Tn get an Impression on the Ionospheric corrugation which Is caused by two TIDs spatially Inter- 
fering over the network, w« calculated the print-out shown IF. Fig. 7. The print-out density contours can 
be understood to be corrugations of height levels of constant plasma frequency In the Ionosphere (which I 1 
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act as a corrugated mirror for HF waves). Like In the coordinate system of Fig. 1, the upper part of the 
picture In Fig. 7 Is north. Depending on the horizontal phase velocities vj ? " '50 m s"«, the interfer- 
ence pattern takes about one hour to move from the northern part to the southern part of the map, where 
the two wave disturbances Independently propagate approximately into WSW and ESE direction. 

In Fig, 8, the Influence of the signal-to-noise ratio on the accuracy of the spectrum analysis as 
well as the consecutive position determination are demonstrated. Basing on tlie Integration time T • 100 min 
and the sampling frequency 1/30 s~', the complex spectrum can be calculated for the periods T • 100 min/n 
(n • 1,2,3,...,100). Figure 8 shows the harmonic analysis of the signal time series as observed on the 
path TX1-RX. This diagram does not show the periods shorter than 16.6 min since in the case of Tfio 1 " 
20 mln and ^XiDl "  33 min the higher order spectral lines are due to noise contributions only. As expected 
from the introduced model, the amplitudes Aij of the spectral lines at TJIQ - 20 mln and 33 mln clearly 
exceed the noise level (e.g. at Tfio - 100 or 50 min). For signal-to-nolse ratios greater than 0,75 (S/N 
with reference to D0i) the amplitudes almost exactly approach the correct values. The oorrasponding phases 
<Hj even reach this condition at a much lower slgnal-to-nolse ratio, whereas the noise phases at TJID - 100, 
50, 25 and 17 mln indicate random variations only. 

   In the lower part of Fig. 8 the velocity ~ •  (v\  *  V2)/2 and azimuth of the TID phase-fronts 
|a'| • (|a|| ♦ |a2|)/2 as well as the coordinates of the unknown reflection point 1 are shown as a function 
of the signal-to-noise ratio. These parameters are deduced fron the complex cross-spectra applying the 
maximum amplitude criterion. We find that at a slgnal-to-noise ratio greater than two the values of the 
parameters v, a, x) and yi rather exactly are the original values, which In Fig. 8 are Indicated by the 
hor i zontaI Ii nes. 

The results presented in Fig. 8 depend peculiarly on the condition that the periods of the TIDs are 
integer portions, i.e. harmonics of the Integration time Interval. Since this condition mosrly cannot be 
achieved In praxis, we ask for the error which Is Introduced by a truncation of the time series. It should 
be treated In succeeding Investigations, however, if a cross-power spectrum analysis, which combines the 
cross-correlation and the cross-spectrum technique, would be morö convenient than the described harmonic 
analysis. 

In Fig, 9 the results of computations are shown, starting with the truncation of the time series 
at t ■ 20 min (see Fig, 6), which is one-fifth of the integration lime T ■ 100 mln used to calculate the 
results given In Fig, 8. The velocity v and the azimuth angle a. as well as the coordinates x,y approach 
almost exactly the original values for Increasing Integration time (T ■»■ t • 100 mln). It Is to note that 
after one hour observation, i,e, integration time, and at the rather low signal-to-noise ratio of two, 
the accuracy of the azimuth measurement as well as the accuracy of the position determination appear to 
be very acceptable. To determine the velocity with a similar accuracy, we, however, find it necessary to 
integrate almost 100 ml mites. 

Tc use this method for applications, it is proposed to start the integration, i.e. the spectrum 
analysis, as soon as a few minutes of observations are available. With Increasing Integration time, the 
parameter values should converge more and more If a TID structure moves through the network. By taking 
statistical averages from different samples of observational Intervals, one should in praxis find the 
statistics of traveling ionospheric disturbances and the position of an unknown transmitter with an 
appropriate reliability. 

4.    CONCLUSION 

The technique for position-finding under sky-wave conditions, which is described In this paper, 
bases on a rather different principle than the commonly used direction-finding systems. The presented method 
Is to evaluate the Image of a transmitting source reflected at a corrugated mirror (l,e. the reflecting 
Ionosphere disturbed by a traveling ionospheric structure). After the time-varying distortion of the re- 
flector is determined by a measurement using a three-point HF-CW-Doppler system, the source Is located by 
the cross-correlation or the cross-spectrum technique. 

The applied model calculations prove tha* the basic technique operates adequately to determine the 
position of an unknown transmitter. It appears that this method Indicates some advantages In comparison to 
common direction-finding systems using goniometers, provided that those basic conditions of spatial and 
temporal coherence of the travfellr.g ionospheric structure (TIS) as well as sufficient Integration time are 
fulfilled. It is understood that the technique operates most appropriate under strong TIS conditions («ven 
the background ionospheric drift might be used), which Is Just opposite to the direction-finding technique, 
which operates properly under undisturbed conditions. Thus, one should think about a hvbrid system con- 
sisting of a goniometer direction-finder and an ^-CW-Oopp I er array to provide operation under undisturbed 
(no TiSs) and disturbed (TISs) conditions. On the other hand, a supplementary HF-CW-Doppier system can - 
besides determining the position of a transmitter - give valuable Information on the traveling Ionospheric 
structures or disturbances to correct the bearing error of the direction-finding system. Another possibility 
would be to use one direction-finder to measure the azimuth of the unknown transmitter and deduce one cross- 
ing line by means of the cross-spectrum technique using an HF-CW-Doppler system to determine the transmitter 
location. This hybrid system would be appropriate If the TIS pattern Is one-dtmenslonal only and one does 
not find In a further measurement a succeeding TIS with different propagation azimuth. 

We find another advantage of the HF-CW-Doppler technique In using very simple antennas Instead of the 
sophisticated direction-finder antennas. The cross-correlation and the cross-spectrum technique allow under 
specified conditions even to localize transmitters with an unstable signal frequency or arbitrary modulation. 
Multi-path errors (e,g. IF- and ZF-propagatlon) can be eliminated in case of TID signal distortions. The 
fact that TIDs cause different Oopplar shifts on different paths can be used to discriminate the paths by 
their different Doppler shift and amplitude. It Is understood that the method operates more reliable at very 
steep than at low elevation angles. Due to the fact that comnon direction-finding systems show Increasing 
error at steep Ionospheric Incidence angles, the introduced method appears to perform a reasonable supple- 
ment to the direction-finding system In use. 
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It should be stressed, however, that supplements and Improvements of the HF-CW-Doppler technique 
to use TIS patterns for position-finding should be applied In order to minimize the error rate and Im- 
prove the reliability when operating the system in praxis. As pointed out earlier, checks with ray-tracing 
computations^ taking Into account different ionospheric models, are desirable as well as more expanded 
investigations on the influence of the frequency stability, i.e. different modulation techniques, the 
influence of the signal-to-noise ratio, the integration time, the optimum quantization of the sampling 
rate, optimum significance levels and the temporal and spatial coherence of the moving TIS pattern. A most 
desirable continuation of the procedure presented in this paper is expected to be a comparison of the 
applied trodel calculations with measurements using a four-point HF-CW-Doppler network as well as to com- 
pare the obtained results with the goniometric direction-finding. 

In this paper tho features of the cross-correlation and the cross-spectrum technique are investi- 
gated by means of model calculations taking into account the Influence of TIDs on the propagation of HF- 
waves and v.v. deducing the TID parameters from the observations. It appears that the cross-spectrum 
technique is most appropriate to be appiieci for the evaluation of periodic time series recorded by means 
of HF-CW-Doppler systems. We expect as a consequence an improvement of the evaluations of HF-CW-Doppler 
signals for position determination and for the investigation of the characteristics of traveling Iono- 
spheric disturbances. 
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Flg. 1  Array of four transml+tsrs TXO, TX1, TX2 and TX3 and or» common receiver RX, located In the 
horizonta; x,y plane. The origin of the coordinate system Is the projection of the Ionospheric 
reflection point of the path TXO-RX. The azlmuthal propagation angle a of a traveling Iono- 
spheric structure TIS Is o • a' ♦ 90° measured with reference to the narth-dlrectlon, where 
a' Is the angle of the phase-front of a TIS. Further parameters are described In the t«xt. 

HUANCAYO     6. DEC 1975     6.305MHz 
+2- 
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Fig. 2     HF-CW-Ooppler records from the Huancayo network. The oscl nations of the Doppler fr#i|u«ncy Af 
measured as a function of  local time LT on the three paths MAT, PAM arid ORB ere caused by 
medium-scale traveling Ionospheric disturbances propagating through the network. 
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Fig. 3 Time series (upper right half) and modified cross-correlation function (elimination of the 
peak at T ■ 0) of double-pulse signals at a slgnal-to-nolse ratio of two. The time scale t 
Is equal to the scale of the time shift t. 
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Fig. 4     LocatIon-findig by means of pulse-like TISs (parameters are given in ttie text). 

In the lower part of the graph the cross-correlation functlo-« «re prtnte^ In a three-dimen- 
sional density display as a funcNon of the clgnat-to-notse ratio S/N. 
From the set of the three cross-correlation functions the coordinates xt,yi of the unknown 
ionospheric reflection point are calculated and plotted In the upper diagram. 
Each sample of S/N Is from one different set of random numbers which introduces the-statistical 
scatter of the calculated results. 
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Fig. 5     Cross-correlation functions of double-pulse TISs and TIDs. 

Fig, 6     Tin« series A(t} measured on the four paths 0,1,2 and 3. The phase-shifted oscillations 
are due to two interfering TIDs with the periods TT.D . • 20 «In and T-.-. ■ 33 (Bin, 
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TIDs:   Xr-lSOkm,  00,52.00. a, =240° 
X^SOOkm,  002 = 1.75, a2a120o 

Density display showing the Ionospheric corrugation due to two spatially interfering TIDs 
with different wavelength, amplitude and propagation direction. 
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Fig. 8 Result of a spectrum analysis showing the amplitudes Ajj and phases «n at the periods 

TTIO ■ 100 to 17 minutes as a function of the signal-to-noise ratio S/N. 
From the significant amp 11tudes and phases observed at TTID * 20 and 33 »In, the velocity 7 
and the phase-front angle |a'| as well as the location xi.yi of the unkmswn ionospheric 
reflection point are calculated. 
Each sample of S/N is fron one different set of random numbers which Introduces the statistical 
scatter of the calculated results. 
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Fig. 9  Determi 
150 m s-1) and the location of the unknown lonospherl 
xi • 17.5 km, yi • -20.0 km) for various Integration times T. 
Each sample of the time series truncated at T Is from one different set of random numbers 
which Introduces the statistical scatter of the calculated results. 
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DISCUSSION 

T.B Jones, Physics Department, University of Leicester, UK 
(1) At night TID's are large and you have good correlation over the array; however, the time differences measured 

are very small and difficult to measure accurately. Would this lead to errors in your position finding system? 

(2) During daytime the TID are small and greater time delays are obtained. However, UK results indicate consider- 
able dispersion of the TID even over small distances of about 40 km. This limits the usefulness of the 3 station 
techniques for DF work and TID studies. 

(3) The use of the 'cross correlation' technique is not very satisfactory and does not lead to accurate measurement 
of the time displacement (t). A Fourier analysis appears to be much better for determining t but it does 
tend to emphasize the higher frequency components of the TID. Can one be certain that one has included 
enough of the 'record' to obtain a time spectrum of the TID? 

Author's Reply 
(1) The introduced method can be applied either to non-periodic or to periodic disturbances. To reduce the error 

in position determination, we have to assure that the time of measurement is comparable to the characteristic 
time of the disturbance, i.e. the time a non-periodic TIS needs to travel through the network or the period of 
a TID. 

(2) A further condition for a high accuracy of the system is that the temporal as well as the spatial coherence of 
the structures is sufficiently great, i.e. the TISs/TIDs should not decorrelate over the distance of the network. 
TIDs are observed to correlate rather properly over distances of some ten kilometers, which appear to be the 
optimum dimensions of the position finding network. This incidentally is an advantage of the system operating 
more reliably at steep than at low incidence angles. 

(3) As it is pointed out in the paper, in case of periodic disturbances the Fourier analysis is much more accurate 
than the cross-correlation technique and should be applied much more often than up to now (in many cases it 
even seems to be better than a power spectrum analysis). Proper fitting of the integration interval to the 
periodic TIDs as well as reliable significance tests surely have to be applied in order to deduce all information 
from the data without preference of some spectral components. 
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for Single Site DF Systems 
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SUMMARY 

Multipath reduction for precise df systems is performed using a variety of methods. 
Besides frequency diversity and Doppler schemes, space diversity schemes as well as 
directional diagrams have found wide applications. 

It is well known that using wide apertures is one of the best methods to reduce 
multipath errors. However, low frequency systems that also are required to be mobile 
are not very suited for wide apertures. 

The paper describes a simple method of reducing multipath errors by aperture sampling 
using at least three antenna elements. This method is derived from a simple error model 
that is independent from frequency. At each of the three elements phase and amplitude 
of the electromagnetic field are sampled simultaneously, which is made possible by pro- 
viding each antenna element with its own receiver. All receivers, however, are using 
the same local oscillator to be coherent. 

The phase/amplitude pairs are digitized and fed into a computer which basically 
- in the case of one reflector only - has to solve the equation 

A,  - A., 2    1 

2 A, 

Aj, Ag and A, are the amplitudes of the field at the three antenna elements, Aou is the 
measured, distorted phase difference between the first and second element, Aa. is the 
measured, distorted phase difference between the second and third antenna element. 
Aß is the undistorted phase difference between two neighboured antenna elements and 
leads to the undistorted angle of incidence ip by using the formula 

«p = arc sm X Aß 
2Ttd 

M 
W 

where X is the wavelength and d the distance between two neighboured elements. 

The basic method is applicable to linear as well as circular arrays. In order to 
evaluate the method an L-band test system was built, featuring a five X linear array. 

Test results are presented and discussed, as well as potential and limitations of 
the method. The paper concludes with some indications of further refinements of the 
basic method. 

Introduction 

DP systems have been an important tool for military surveillance since decades in all 
branches of the armed forces in many nations. Since the first patents were granted to 
radio df proposals at the beginning of this century, numerous designs have been used, 
one of the most popular being the Adcock type equipment. 

As accuracy requirements increased, however, the limitations of Adcock df equipment 
in a multipath environment led to widebase systems, one of the best-known being circular 
Doppler df developed in World War II. While this approach provided good results with 
apertures of 5 - 10 X its application is difficult for mobile systems in the VHP and 
lower frequency bands because of too large mechanical dimensions. There is also a 
problem for multipath situations with a small spatial anfle between direct and reflect- 
ed signals. In this case the simple phase measurement technique requires intolerably 
large apertures. 

The purpoce of this paper is to discuss a method of signal processing that provides 
sufficient accuracy while requiring considerably less aperture than conventional pro- 
cessing schemes. The basic approach relies on aperture sampling techniques as sketched 
in Pig. 1. This technique, which is increasingly also being advised for low flyer de- 
tection radar, provides more information than a conventional sum-difference pattern 
of the same aperture. This additional information is the distribution of rf signal 
phase and amplitude over aperture. 
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To fully exploit this information, mathematical processing is required. Due to the 
technological progress of digital processors, be they mini or micro, simple, low cost 
equipment has become feasible. However, despite the performance of modern processors, 
one has to search for simple algorithms in order to keep the processor effort relative- 
ly low especially when it comes to high speed applications (measurement time a fraction 
of one second). The algorithms discussed in this paper are very simple and flexible, as 
will be shown in the following sections. 

Error Generation Model 

The basic configuration .»hich generates multipath errors is sketched in Pig. 2. 
Assuming a 2-element interferometer with a baseline d one can determine the direction 
of arrival ip (DOA) of radio energy transmitted from a source by measuring the phase 
difference Aß of the 2 signals arriving at the coherent receivers El und E2. 

If a specular reflector is introduced there are two signals at each of the receivers. 
These signals are combined vectorially in the receivers. As their travelling paths are 
different (bj+Cj t bo+c-), the distorting signals SI und S2 arrive at El and E2 with 
different phases, if nor with different amplitudes, and therefore distort the phase 
difference Aß . As a result, the DOA measured contains an error. 

For a very simple linear array comprising three antenna elements equidistantly 
spaced the received signals with their relative phase relationship are sketched in 
Fig. 3a, which is rather self-explanatory. 

In order to extract the distorting phase component from this sketch, a normalization 
is performed by substracting the undistorted phase ß from the measured phase a of the 
signals at each two neighboured antenna elements. The result is given in Fig. 3b. It is 
apparent that the distorting phase components 0. and ♦j+i are different from each 
other. It is also apparent that the locus of the signal A resulting from the geometrical 
adding of direct signal N and multipath signal S is a circle in the simple case of 
specular reflection and one plain reflector only. 

■If there are several multipath signals from various reflectors in different direc- 
tions the resulting locus of the normalized signal diagram is, of course, no longer a 
circle, but completely unpredictable, as is indicated in F3g. t. 

For the case 
from the direct 
phase plot for 
it is apparent 
example, if one 
between 17 and 
phase differenc 
averaging effec 

of 2 multipath components arriving with a +10 and -10 spatial offset 
signal, and having 0.7 and 0.2 resp. the amplitude of this signal, a 

a 5X linear array with 32 elements is given in Pig. 5. From this plot 
that enormous phase errors result from employing small apertures. For 
measures the difference of phase between the elements 10 and 11 and 

18, these two results are completely unusable. However, if one measures 
e between elements 1 and 32, one gets a much better result due to the 
t of the wider aperture. 

This, of course, is standard knowledge, and wide aperture systems are being used ex- 
tensively. These systems, however, provide mechanical problems at lower frequencies 
for mobile applications, as was mentioned earlier. It is therefore desirable to search 
for more efficient multipath error reduction methods than just wide aperture phase 
processing. 

Basic Error Reduction Approach 

Based on the normalized signal diagram sketched in Pig. 6 an error reduction 
approach has been evaluated that is based on a rather simple algorithm. This approach 
is easily understood for the case of a circular locus of the normalized signal diagrams, 
i.e. one multipath signal only. 

Fig. 6 shows two possible antenna configurations, a 3-element and a 4-element array, 
with the related normalized signal diagrams. It qan easily be seen that the 3-element 
case is a special one of the more general '(-element case. 

If the antenna elements are spaced equidistantly as sketched, from the very geometry 
of the normalized signal diagram it is apparent that each diagram includes two distances 
or lines i  of equal length. Therefore, in the case of the 3-element approach, the follow- 
ing is valid: 

A 2+A 2 Al    A2 2A1A2  cosCÄOtj-Aß) A2
2*A3

2 - 2A2A3 cos(Äa2-AP) (1) 

A1, A., A, are the measured signal amplitudes,Aa 1 andAag the measured phase differences, 
and Aß is the undistorted phase necessary to determine the DOA. A similar algorithm can 
be derived in the case of the 4-element array. 

Formula (1) leads to a quadratic equation, one solution of which is the desired Aß . 
The other solution refers to the DOA of the multipath component involved. 
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In the described case one always gets the exact DOA independent from aperture. In the 
real world, however, with its more complex multipath and receiver noise, there are 
limitations. In order to evaluate what the limitations are and how they might be neu- 
tralized, a test system was designed and evaluated. This test system, comprising a 
5 X array with 32 fixed positions of a movable antenna, was used to collect phase/ 
amplitude values in a digital, storable form. These 52 pairs of data for each "scan" 
were used to process them using the 3-element or 4-element approach, as will be des- 
cribed later. 

Test Set-Up 

The test set-up that was used for collecting real, clearly defined signal samples 
of a given aperture is shown in Pig. ?• In a truck the 1 GHz, pulsed transmitter feeding 
3 directional antennas was operated. Signals feeding the antennas could be varied in 
phase and amplitude. The 3 antenna elements were set equidistantly. 

Another trubk about 200 m away carried two receivers that were connected to two 
antennas, one of which was fixed and used as a reference, while the other was movable 
on a rail over a 5 X range. The movable antenna was used to sample over aperture the 
signal resulting from the interference of the three signals transmitted from the 
3 directional antennas of the first truck. The measurement results for a chosen inter- 
ference situation were stored on a punched tape. 

There were required several provisions to stabilize this test set-up and to avoid 
drifts during the measurement of one set of 32 signal samples that could be taken. The 
two most important were crystal-controlled transmitter and receivers, and a warm-up 
time of about 30 minutes before taking measurements. 

The movable antenna could be locked in 32 positions, defined by precision holes in 
the rail. Thus each position was exactly reproducible at any time. 

Pig. 8 gives a more detailed block diagram of transmitter and receivers. It should 
be emphasized that the receiver for the movable antenna had to be operated not with 
an automatic, but a manual gain control, in order to detect the amplitude variations 
of the interfered radio signal over aperture. 

Of course, the receivers had to be carefully calibrated with regard to amplitude and 
phase response at various signal levels. 

Test Results 

The measured signal samples (32 phase/amplitude pairs for each "scan") were taken 
3 each from equidistant positions and submitted to the algorithm (1) given before. 

The phase/amplitude pairs were measured with 1 %  error in amplitude and 1 error in 
phase. This led to partly significant errors of the computed result for a sing?-- 
3-element array as soon as there were 2 multipath components. Therefore several results 
of different 3-elenient arrays were averaged using various methods. 

Fig. 9 shows how the method of averaging influences final accuracy. Although this 
is not very satisfactory, it can lead to an improved performance of df systems with 
limited aperture compared to conventional systems using phase processing only. 

No averaging was performed of results derived from different "scans". Thus time 
"diversity" offers an additional method of averaging, which is very familiar and 
effective, particularly when there are moving sources or multipath signals varying 
because of scatter effects, for example. 

Application of Principle to Adcock DF 

The 3-element and 4-element approach can easily be applied to Adcock df systems pro- 
vided each antenna element of such a system is equipped with its own receiver, and the 
receivers are coherent. Assuming there is a It-element Adcock group with middle antenna 
then the 3-element and the It-element algorithm (see Fig. 5) can be applied twice each. 
Doing so one gets two sets of solutions the ratio of which is the DOA, as is shown be- 
low. 

If 1, 2, 3, t, m are the designations of the 5 anterr-s, then 
the measured signal amplitudes at each antenna. The measured phase^differefices'are 

1* "2* Alt' Affi are 

ara2 !012'a2_a3 = 

alra' amy a2m' ^mt 
each). 

l23'03"at ::*y<i>aH'*l a j.-c4 =a itl" 
In addition the phase differences 

can be measured (antennas l-m-3 and 2-m-lt form a 3-eleraent array 



These measured data are used to compute respective phase differences Aßj via 
following formulae 

Al2+Am2 " 2AlAm <^(aim-&M = A32+Am2 " 2A3Am C0S(a„13"
Aßl)      (2) 

A22+Am2 " 2A2Am cos(a£m-Aß2) = A^2 - U^ cosia^-L^) (3) 

2  2 2  2 
Aj +A2 - 2AaA2 cos(a12-Aß5) = A, +A,, - 2A,Ai) cosCa^j-Aßj) m 

A1
2+A1(

2 - 2A1A4 cos(a11(-Aß4) = A2
2+A3

2 - 2A2A3 cos(a23-Aßil() (5) 

These formulae provide Aß^ Aß2, Aß,, Aß^. The DOA is 

Aßi       t (W3] 
T—i = arc tg -—* k 
Aß 2       *\WuJ 

ip = arc tg + n/k (6) 

The two results can be averaged to get the most probable value if they differ from 
each other. 

Pig. 10 shows the block diagram of such an upgraded Adcock DF. The two most im- 
portant features - besides the multiple coherent receivers - are the phase/amplitude 
measuring device and the minicomputer or - even better - microprocessor. Existing 
Adcock stations thus can be upgraded at reasonable cost to provide both conventional 
operator-based CRT display and unattended automatic, computer-based multipath 
resistent operation. 

Modifications of Basic Approach 

In order to find out whether other algorithms than the ones already discussed might 
provide improved results a variety of algorithms based on ratios and similarities of 
distances and triangles in the normalized signal diagram were evaluated. Though in the 
case of one specular reflector only there is no better than the 3- or 4-element al- 
gorithm as discussed, it appeared to be advantageous in a multiple interference environ- 
ment to apply algorithms like the one given in Fig. 11. Based again on the measurable 
values A1, A,, A,, a12, o2- of a 3-element linear antenna array applying the equation 

'1 

z2 

x2 + AA1
2 

_ _ 
r  + AA/ 

(7) 

i 

leads again to an "undistorted" phase difference Pis- Of course, this solution con- 
tains an error, as the equation above is only correct if, in Pig. 11, the shaded 
triangles are really similar ones. This, however, normally is not the case, though 
with every locus this can be assumed as an approximation if the points 1, 2 and 3 
are close enough to each other. Anyway, the discussed approach never leads to an 
exact solution, but comprises an estimation only. 

This estimation, however, can improve results by a factor of 2 to 3 compared to 
pure phase processing in a multipath environment, as can be seen in Fig. 12a and 12b. 
In these figures simulation results for a 17.5^ , '•O element linear array and a 
10.5X , 32 element circular array are shown, which give a comparison of phase pro- 
cessing vs. phase/amplitude processing using the estimator approach of Fig. 11. 

The multipath environment is very similar in both cases (linear and circular array). 
Parameters are the initial phase and the DOA of the stronger (0.5) interfering signal, 
while the weaker (0.2) interfering signal always has the same initial phase and DOA. 
In Fig. 12a for the linear array there is shown no error between zero and 1 elevation. 
This is due to a program property and should not be considered as real. 

It is apparent from both figures that better results are given by the estimation 
approach particularly at small differences of DOAs of direct and strong multipath 
signal. This property may be advantageous for low flyer detection as well as long 
distance, over-the-horizon DF. 

Anyway the improvement potential of such estimator approach can be used either to 
increase locating accuracy or to reduce aperture. 
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It might be interesting to consider to more depth the relation between the approaches 
discussed here and the usual imagination of directional diagrams, when phase/amplitude 
processing is involved. At the first glimpse, at least, there is no apparent relation 
visible. 

iw*iwwpjga| 

Conclusions 

Most severe limitation of single site df systems is a multipath environment. While 
overcoming this limitation by use of wide apertures is a well-known technique, cost and 
mobility considerations often demand a different approach- 

Sampling i.e. phase/amplitude signal measurement at discrete points of apertures, 
even of small ones, appears to provide a tool for more effective signal processing using 
mini- or microcomputers. 

As one of a variety of possible processing approaches a normalized signal diagram was 
discussed that allows for new, simple processing algorithms, which can be implemented 
at very low hardware cost. 

Using the discussed methods Adcock df upgrading and low flyer detection equipment 
may be two of a variety of advantageous applications. 
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SINGLE FREQUENCY USE OF THE NAVY NAVIGATIONAL SATELUTE SYSTEM 

by 

Abraham Shuval and Jonathan Mass 
National Committee for Space Research 

Radio Observatory, P.O.B. 4655 
Haifa, Israel 

ABSTRACT 

In the US Navy Navigational Satellite System (NNSS) simultaneous transmission and 
reception on two frequencies is normally used in order to overcome the navigation error 
caused by the ionosphere. 

The navigation error caused by the ionosphere while using one frequency only is 
investigated. 

Several ways to reduce the navigation errors, while receiving on one frequency only, 
are discussed. 

It is shown that one frequency only (400 MHz) could be used if a small increase in 
average time between navigation Axes and an accuracy of about 200 m are tolerable. 

1. INTRODUCTION 

The use of satellites for world-wide accurate navigation especially for ships is by now well established. 

The US Navy is now operating a system of 6 sateli-tes in low altitude polar orbits - the US Navy Navigational 
Satellite System - NNSS1. 

These satellites transmit continuous radio transmissions on about 1 SO and 400 MHz, and also time signals and 
accurate information on their orbital parameters. 

A user on earth measures the Doppler shifts of these two frequencies and from these, together with the transmitted 
information, can determine his position on earth to an accuracy of 20-40 meters (for a stationary user)1. 

The ionosphere is one of the sources of errors in the NNSS - due to the 'nfluence of it's refractive index on the 
phase velocity of the radio waves. 

The method used to correct for the first order ionospheric error is the two-frequency method based on the fact that 
the Doppler shift distortion caused by the ionosphere is a function of frequency, thus allowing to eliminate that distor- 
tion by comparing the Doppler shift curves at two frequencies1'3. 

In many cases however, the extreme accuracy of the system is not needed and cheaper receiving equipment (one 
frequency only) might be used. The navigation error caused by the ionosphere while receiving one frequency only will 
be calculated, and several ways to decrease this error will be discussed. These include mainly using a model ionosphere 
and relative navigation. 

It is shown that one could use one frequency only together with a model ionosphere, or use a mode of relative 
navigation, and achieve navigation accuracy of about 200 m if one could tolerate a small increase in the average time 
between passes. 

2. THE NNSS 

This navigation system consists today (1975) of 6 satellites in an almost circular polar orbit, about 1000 km height. 
Each satellite transmits a CW wave on about ISO and 400 MHz. Also, each satellite transmits it's orbital parameters and 
time signals by phase modulation. The orbital parameters transmitted are taken from a memory inside the satellite. 

-irmwmiüWilMtl 



"T iJiyiüMpwwipiiiiwpiiijiiip^ 

The infoimation into the memory comes from an Injection Station which receive:» the orbital data from a computing 
center, and transmits it to the satellite once every 12-14 hours. The computing center receives the results of measure- 
ments of several tracking stations around the earth, and from these data computes the current orbital data and predicts 
the orbit 12-16 homt ahead. This information is transmitted to the Injection Station and from it to the satellite. The 
Injection Station also corrects the satellite's clock which controls the time signals (every 2 minutes). For obtaining a 
complete navigation fix, reception of one satellite only is needed. 

Figure 1 illustrates the passage of a satellite transmitting a frequency fT above a receiving station on earth. 

The satellite is in an almost circular polar orbit, about 1000 km height. Points 1; 2; 3; 4; S are the points where the 
satellite had been at times ti; tj; ts; t«; ts correspondingly. 

Sj - are the distances between satellite and station at the times t;, and the angles ij are the angles between the 
ray's direction and the vertical at the "center" of the ionosphere, i.e., the zenith angle of the satellite at the "center" of 
the ionosphere (the "center" of the ionosphere is usually between 350 to 400 km height, as will be mentioned later). 

The navigating station receives the satellite's transmissions, decodes the orbital data and performs what is called the 
Doppler Integral, i.e., counting cycles of the received frequency between each two successive time marks. This is better 
explained in Figure 2. 

In the figure, a typical cu/ve of the received frequency fr as a function of time is shown. The received frequency 
fr is shifted from the transmitted frequency fT due to the Doppler effect (dotted line). The influence of the ionosphere 
is shown by the solid line and is manifested by the fact that the slope of the curve is smaller, which means that the 
satellite seems to be at a larger distance from the station than it actually is. 

The actual instrumentation on the ground beats the received signal with a locally produced signal of frequency fG , 
and counts the number of cycles of the frequency of difference (fG - fr) between each two successive time points. That 
is - the number of cycles counted between the times t, and t2 — N« is given by 

N.j =  /J(fG-fr)dt (1) 
U 

(ignoring at this time the influence of the ionosphere). 

N,j corresponds to Au in Figure 2, which in turn is the complementary of Bu to the area (fG — fr)
,(tj — ti). 

B|] is the Doppler integral and is equal to the distance difference (Sj — S|) expressed in wavelengths (as will be 
shown later). 

The navigation procedure requires the measurement of a number of areas - A» . The orbital data and time 
information (from which the satellite's position at time tj can be determined) are given to a computer optimization 
program which varies the station's coordinates until a best fit (in the least square sense) to the cycle counts - Nj 
is achieved. The result of the optimization is of course the coordinates of the station. 

The measured accuracy of the system for a stationary staiion is quoted as 20-40 meters3. This means that all 
sources of navigation errors - uncertainty of satellite position, influence of ionosphere, instrumentation noise errors etc., 
have been eliminated almost completely. 

In many cases however, the extreme accuracy of the system is not needed and one is ready to trade off between 
accuracy and price, i.e., one is ready to accept a somewhat lower accuracy system at lower prices. 

The costly parts of the equipment are, of course, the dual frequency receiver and the computer. 

Hence, using one frequency receiver (if possible) and other means of calculations could reduce the price of the 
equipment needed for navigation. 

The practical solution for the computer problem is to perform the calculations in a computing center which can 
serve a whole area. The computing center receives the results of the measurements from the navigating stations by radio 
telephone or any other means of communication, performs the calculations and sends this information back. 

Reception on one frequency only means not correcting the influence of ionosphere and therefore introducing a 
navigation en or. 

This work deals with computation of the navigation error due to the uncorrected influence of the ionosphere and 
some ways to overcome this source of navigation error. 



3.    INFLUENCE OF THE IONOSPHERE ON NNSS TRANSMISSIONS 

The frequency received on the ground f, is given by 

fr = fT + M (2) 

where Af is the Doppler frequency shift introduced by the relative motion of the satellite to the navigating station 

d 

c    dt   's 
Af =  • —  f nds 

At    J, 
(3) 

n is the refractive index of the ionosphere, c the velocity of light in vacuum. The integral is the optical path length of 
the ray from the satellite to the station, and would be equal to the geometrical distance S (Fig. 1) if no ionosphere were 
present, e.g., if n = 1 all along the path. It is assumed when differentiating the integral that the satellite's movement is 
negligible during the time it takes the transmission to cover the distance from satellite to ground. Were it not for the 
ionosphere, Af would measure the relative velocity between satellite and ground. 

Using the very frequency approximation of the Appleton-Hartree formula for the refractive index as 

e2Ne 
1 

Sireo'mff2 
= 1-aNe (4) 

where Ne is the density of free electrons in the ionosphere, e - electron charge, m - electron mass and e0 - the permit- 
tivity of space. From Equation (4) it can be seen that a is a constant proportional to fr~

2. Substituting into (3), and 
then substituting the result into (2) and then to (1) one gets4 

N., = (fc-frXtj-t.)+ -(8,-8.)--!?[/  Neds- /  Neds]. 
c c    L "'sj •'s, J 

(5) 

The first member of the right hand side is a constant because fT, fc , tj and t, are known. 

The second member is the number of wavelengths in the geometrical difference between distances (S2 — Si) and 
represents the "pure" Doppler effect. 

The third member represents the influence of the ionosphere and is manifested by the difference between the two 
integrals. In order to calculate the integrals one substitutes into (S) the expression 

ds = dh sec i 

where dh is an element of height, and i is the zenith angle of the ray at each point along the ray's path. 

The result is 

f f 
NJI = (fG-fT)(tj-t1) + —(Sj-S.)—:L-a-[<seci2>I1-<secil>I,J 

c c 

where I is the Total Electron Content (TEC) and is given by the expression 

(6) 

J'hs 
Neds 

A 

(7) 

(8) 

where hs is the satellite's height. 

The TEC is therefore the number of free electrons in a column of 1 m] cross-section area and height of hs. 

(see i> - is the value of sec i at the "center" of the ionosphere, usually taken at the height of 350 to 400 km. The 
assumption that sec i is constant and the "center" of the ionosphere is of course an approximation, and it introduces an 
error (depending on the profile of Ne as a function of height) that can be neglected3. 

The use of n - 1 - aNe represents a drastic abbreviation of the full Appleton-Hartree formula* and is justified for 
frequencies above 100 MHz (References 4 and 5). 

Another approximation tacitly used is the neglect of the bending in the ray's path due to refraction which would 
require corrections to Equation (S) which was based only on the change in phase velocity and assumed a straight line ray 
path from satellite to ground. 

Tucker and Fannin3 have shown that at the frequencies of interest - the bending of the ray may be neglected. 
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4.    NAVIGATION ERROR IN THE NNSS WHILE RECEIVING ONE FREQUENCY 

In order to understand the calculation of the navigation error, a little more information on the optimization program 
used in the calculation of position of the ground station is needed. 

The user in the navigating station performs Doppler counts (integrals) and can write about 8*9 equations. 

Ni(i+1) = (fc - fT)(ti+1 - ti) + (fT/c)(Si+1 - Si) 
l<i<8,9. 

(9) 

Equation (9) is derived from Equation (7) by neglecting the influence of the ionosphere (as is actually done in the 
NNSS after the two frequency correction). 

The left hand side of (9) (for all i) are the results of the Doppler counts during the times (ti+1 — tj). The time 
difference (1}+ j — tj) is a constant of the system controlled by the satellite's clock (120 sec). 

In every equation there are three unknowns - longitude and latitude of the ground station (as manifested in 
Sj4. j — S, when the satellite's position is known from the information that it transmits) and the frequency difference 
(fG — fT) (taking into account the drifts of the satellite's clock and of the local oscillator in the navigation receiver). 

For the solution of these equations an initial solution, not too far from the real solution (up to about 100 km) is 
assumed. From this initial solution the right hand side of (9) can be calculated - Nj^+i), and the merit function - M 
is calculated. 

M=   SCNiO+D-Nf^,)'). (10) 

The optimization program changes the three variables until M is minimized. 

The optimization procedure depends on the computer available and the required time to obtain results. 

For the calculations of the navigation errors a computer program was written to determine the Doppler frequency 
counts of a satellite's pass when the coordinates of the station, frequency of transmission and the 6 orbital elements 
describing the satellite's orbit are known. 

The orbital elements used were those given together with their derivatives by NASA, and published in the "Five Line 
Orbital Elements Sets" as a regular service. 

Another input to the program is the TEC, The total ionospheric electron content has been studied quite extensively 
since satellite techniques became available7'*«''10 and it's behaviour in low and medium latitude is well known. It shows a 
strong diurnal variation with about 10:1 day to night ratios, strong solar cycle variations (~ 5:1) and also strong seasonal 
and latitudinal dependence. Not only the TEC contributes to the navigation errors but also the horizontal changes in the 
TEC, usually called horizontal gradients. There are longitudinal changes which correspond fairly accurately to the 
changes with local time at a fixed location. The latitude changes depend mostly on solar zenith angle, but there is also a 
considerable influence to the earth's magnetic field which is asymmetric with respect to the equator. 

The TEC itself and it's horizontal gradients 
also given as inputs of the computer program. 

the north-south (N-S) gradient and the east-west (E-W) gradient are 

The output of the program includes the satellite's coordinates as function of time, and the results of the Doppler 
integral that whould have been measured at the navigating station. The Doppler counts are calculated for two cases, 
with and without the influence of the ionosphere according to Equation (7). 

If the results of the Doppler measurements that were calculated without the influence of the ionosphere, are given to 
the optimization program, then the result would be the real location of the navigating station, but if Doppler Integrals 
that were calculated while taking into account the influence of the ionosphere are given, then the results would be 
another location. The difference between this location and the real one is the navigation error. 

It should be noted that for these calculations the optimization parameters were longitude and latitude of navigating 
station, while the frequency difference (fG — fT) was assumed to be constant. This was dons because only the influence 
of the ionosphere was sought. 

These calculations were performed for one NNSS satellite (1968 - 012 A). It does not really matter which one 
because the orbits of the satellites are very similar. The results are shown in Figure 3 (Ref. 11). 

In the figure, the total navigation errors caused by the ionosphere while receiving on one frequency only (400 MHz) 
are shown as a function of ground distance (ground distance is defined as the distance, on ground, from the navigating 
station to the satellite ground path at the closest approach point) and TEC as a parameter. 
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It can be seen that, the closer the station is to the satellite's ground track, and the higher is the TEC - the greater 
are the navigation errors. 

For this particular case the horizontal gradients of TEC were assumed to be zero. 

5.    CORRECTION OF IONOSPHERIC ERRORS 

If, for the practical reasons mentioned above, one prefers to use one frequency receivers only, then there are several 
ways (less powerful than the 2-frequency method) to reduce the ionospheric navigation error: 

(a) Navigation using estimated ionospheric corrections, in which the ionospheric TEC is estimated using model 
ionospheres. 

(b) Simple differential navigation, in which the navigation results are compared to those obtained at almost the same 
time at a fixed and known ground station, not too far away (up to approximately 500 km) from the navigating 
station. The same corrections in latitude and longitude arc applied at the navigating station, as those required 
at the fixed and known station. 

(c) Differential navigation, in which the received signals are retransmitted to a fixed and known master station, 
there to be compared to the locally received signals, and treated to obtain directly the position of the 
navigating station relative to the master station. A similar method was suggested, for instance, by Parkas12, for 
2-frequency reception. It does not seem to be practical for a simplified one frequency system. 

(d) Relative navigation in which a fixed and known master station measures the ionospheric parameters influencing 
the satellite signal, estimates those applicable at the site of the navigating station for correcting it's ionospheric 
error. 

In the first method (a), the error is due to the variability of the ionospheric TEC relative to the model. At large 
TEC values this is approximately ±25% (Ref. 13). It can therefore be assumed that the total error due to the ionosphere 
is cut to about 25%. It can be seen on Figure 3 that the error is practically linear with TEC (see also Figures 11, 12 in 
Reference 14). In Figure 4 (Ref. 15) the total ionospheric error at 400 MHz is plotted for a TEC of 4.1017 el/m2 as 
function of ground distance - curve 1 (actually this is the curve for that particular TEC value in Figure 3, but drawn in a 
linear scale). 

Curve 2 in Figure 4 represents the error reduced to 25% by the estimated ionospheric correction, as in paragraph (a). 

The error in the simple differential navigation (para.(b)) is shown in Figure 4, curve 3. This curve is obtained simply 
by deducting the ionospheric error of the fixed station from the error of the navigating station on Figure 3 (this can be 
done since the navigation errors are mainly longitudinal11'14, so that the simple deduction in one direction is a good 
approximation). It was assumed that the fixed station is 400 km closer to the satellite ground path than the navigating 
station. For smaller distances between the two stations the errors will be proportionally smaller. 

Curve 3 begins to exceed even the total ionospheric errors at 700 km because then the fixed station gets too close to 
the satellite's path. 

Curve 5 is the same as curve 3, shifted 400 km to the left and represents the error when the fixed station is 400 km 
farther away from the satellite ground path than the navigating station. 

The error in relative navigation depends of course on the accuracy of the TEC measurement and asso on the extra- 
polation of the TEC from the fixed station to the point relevant to the navigating station. There are several ways to 
measure the TEC, but for practical reasons it is better to measure the TEC with a dual frequency navigation receiver at 
the fixed station11. 

The measuring procedure is as follows: the fixed station receives the NNSS transmission on the two frequencies 
fj, = 399968 KHz and fT2 = 149988 KHz, beats them with two ground frequencies fci = 400000 KHz and 
fG2 = 150000 KHz respectively, and performs fwo Doppler counts —N|/j+j\ and Nj^+n between successive time 
marks at the two frequencies. 

The expressions for the Doppler integrals are the same as (7) - after inserting there the appropriate frequencies (not 
neglecting the - a term according to (4)). It can easily be seen that 

^'(i+l) 3 Ni(i+1) 
55 

72    ire0 mcfi 
• i<secii+| >Ii+i — <secii>Ij] (ID 

Tl 

For each measurement there are 3 unknowns - the TEC at the beginning and the end of the measurement interval 
(according to the geometry between satellite and station) and the height of the "center" of the ionosphere. 

^"■--  
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But, because the satellites are in polar orbits, they pass the observer's horizon only in a North-South (N-S) direction 
and the signals they transmit are influenced by the TEC and it's changes in that direction only. 

Hence the number of unknowns can be reduced to 3 - namely - the TEC at the point relevant to the fixed station, 
it's north-south changes that can be represented by a linear N-S gradient (this holds for most cases, especially in mid- 
latitudes and relatively small distances - up to 500 km) and the height of the center of the ionosphere. 

By the above mentioned procedure the several equations like (11) obtained at the fixed station can be solved by a 
suitable optimization procedure. 

The east-west (E-W) changes can be represented by an E-W linear gradient that can be estimated from average 
graphs showing the diurnal variation of TEC as function of local time (one degree of longitude is equivalent to 4 minutes 
of time on the diurnal variation curve). 

Estimating the accuracy of the TEC measurement by the 2-frequency method as 5% (Refs 8,16), and a maximal 
error of 5% due to the N-S gradient extrapolation (gradient variability due to Travelling Ionospheric Disturbances and 
other sources13'16, one gets for a TEC of 4"1017 el/m2 a remaining worst-case TEC error of 4'10,< el/m2. 

A small error in estimating the E-W gradient is about 2 • lO16 el/m2 .(11) 

So, in the relative navigation mode, the uncorrected ionospheric TEC is about 6* 10'* el/m2 (for TEC = 4•101, el/m2). 
This residue of the TEC causes navigation error shown in Figure 3 (for TEC = 6 • 101* el/m2). This curve is shown in a 
different scale in Figure 4, curve 4. 

6.    DISCUSSION 

It can be seen from Figure 4 (curve 2) that even when receiving the NNSS satellite at the single frequency of 
400 MHz (actually 399.968 MHz) the navigation errors due to the ionosphere can be reduced to below 200 m., when the 
data is corrected, using a model ionosphere (or ionospheric prediction) for all passes, the ground path of which (ground 
distance) is 300-2000 km away from the station. Curve 4 shows that a more accurate evaluation of the ionosphere using 
actual measurements at a fixed station can reduce the errors by about 50% and extend the zone of 200 m navigation 
error to passes as near as 170 km. 

The simple differential method which is plotted for a fixed station 400 km nearer to the satellite's ground path 
(curve 3) is seen to pass the 200 meter mark already at about 880 km. Even when the fixed station is 400 km farther 
away from the satellite's ground path (curve 5), the 200 m error is exceeded already at 480 km. 

There seems to be little advantage to this correction method, except maybe for large distances (above 1000 km) to 
the satellite's ground path. It should be noted, though, that if the distance between the fixed and navigating stations is 
reduced, the 200 m error will be exceeded at smaller distances from the ground path. 

The practical problem is what penalty in waiting time one has to pay if one wishes to use a simpler navigation. 

In order to answer that question the following statistical computations were performed: a table of the times of 
passes of the six NNSS satellites was computed, from the orbital elements that were published by NASA in the "Two 
Lines Orbital Elements Sets". (These are essentially the "Five Line Orbital Elements Sets" mentioned above in connec- 
tion to the computations for Figure 3, only that some of the parameters that were published in the former case have to 
be computed by the user as shown in Reference 17.) 

The arbitrary period chosen for the statistical computations was 100 days (June 29, 1975 - October 6, 1975) and 
the table was computed for Haifa (32.857 N, 324,906 W) as an example of mid-latitudes. The times between two succes- 
sive suitable satellites passes was considered as the random variable, and a suitable pass was one that was within the 
ground distance (from Haifa) that is allowed for each particular correction method. 

The cumulative distributions of this random variable was computed from the table of passes and the results are 
shown in Figure 5. These graphs represent the probabilities that within the time that elapsed from the last suitable pass, 
there will be at least another one - i.e. the probabilities of maximum waiting time. 

The actual average waiting time is about half the maximum waiting time assuming a nearly uniform distribution of 
the times of the passes along the time axis. 

Four cases are shown - assuming a navigation error of less than 200 m. 

(1)   All passes up to 2000 km ground distance from Haifa to the satellite's ground path (farther away passes have 
too low evaluation angle and are rejected in the NNSS). 
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This corresponds to the case of the regular NNSS navigation procedure using the 2-frequency ionospheric 
correction. There were 1923 passes, and the average time between the passes was about 75 min. 

(2) Passes at gound distances from 170 and up to 2000 km. 

Tills corresponds to the relative navigation method (paragraph (d), Section 5). 

There were 1760 passes and the average time between them was about 82 min. 

(3) Passes at ground distances from 300 to 2000 km. 

This corresponds to navigation using an estimated ionosphere (paragraph (a), Section 5). 

There were 1619 passes and the average time between them was about 89 min. 

(4) Passes at ground distance from 480 to 2000 km at one side of Haifa east or west) and passes from 880 to 
2000 km on the other side of Haifa. 
This corresponds to the simple differential navigation (paragraph (b), Section 5). 

There were 1264 passes and the average time between passes was about 114 min. 

It can be seen from Figure 5 that there is a sharp rise of the curves between 100-110 min. which is caused by the 
fact that the periods of revolutions of the satellites are in that range, and when a satellite passes at a suitable distance east 
of the receiving station, it is likely that after one more revolution in space, the satellite will pass west of the station - also 
at a suitable distance. 

7.    CONCLUSIONS 

Trying to simplify the navigating stations equipment by using a one-frequency receiver (and a communication link 
to a fixed master station), one has to pay a penalty mainly in waiting time for a navigation fix, because one cannot use 
the near zenithal passes in such a case. 

Figure 5 summarizes this situation and shows that for a 99% probability of obtaining an error smaller than 200 m, 
one has to practically double the approximate waiting times. The relative navigation methods of ionospheric error 
correction can improve the situation slightly. For a 95% probability one pays a penalty of 20% increase only in waiting 
time (for the relative navigation method). 

The above is correct for the influence of the ionosphere; other sources of error may introduce different considera- 
tions. 

All the errors were calculated for a TEC of 4» lO17 el/m2. At other TEC's the corresponding errors will be almost 
linearly proportional. 

At Haifa for example*, midday TEC values of 8 • lO17 el/m2 correspond to equinox days of high solar activity, while 
4 • 1017 el/m2 is approximately an average midday and afternoon value. At all other times of the day, especially at night 
and early morning, the TEC and also the associated errors are of course much smaller. 
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Fig.l    Siinplifled geometry for an NNSS satellite. The numbered points on the satellite's orbit, 
correspond to time points in Figure 2 

TIME 

Fig.2   A typical curve of the received frequency fr as function of time. The received frequency is shifted 
due to the Doppler effect. The dotted curve illustrates the received frequency if the ionosphere was not 

present. The shaded areas correspond to the Doppler integral (or cycle counts) measured on ground. 
CA-closest approach point 
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Fig.3   Total navigation errors caused by the ionosphere to NNSS satellite passes at various ground distances. 
The errors shown are those that were received by using information on the Doppler integral from the 

whale pass (12 min). The parameter is the TEC 
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A STUDY OT SUDOBN ICMOSPHERIC DISTURBAHCES 

AND TOEIR EFPFCT OM VLF FOSITIOM PIXIHG ftCCTRACV. 

H.E.Perry 
Operational Research and Computer Systems Department 

The Decca Navigator Company Limited 
New MaldentSurrey,England. 

SUMMARY 

With the concentration of air traffic over the North Atlantic Organised Track Structure area It has 
become necessary to ensure that aircraft do not stray from the specified track by more than given amounts, 
nils study is to determine the positional errors that may be encountered by an aircraft using the OICGA 
system in this area during periods of high solar activity.  This has been achieved by the collection of 
OMEGA phase records from many sources.  These records have been analysed to give an approximate frequency 
and propagation path dependence.  These dependencies have been used to convert the collected data to a 
normalised form fran which it can be used to determine the approximate errors that would be observed at any 
point in the North Atlantic area. 

1. DESCRIPTION AND COLLECTIOW OF SUDDEN IONOSPHERIC DISTURBANCE DATA. 

The data used in the preparation of this study came from two main sources: 

(a) Phase recordings of Omega Trinidad received at HAE Farnborough from 1966 through until 1971. 
Ihls data was mainly at 10.2 KHz but also Included some at 11.3 KHz and 13.6 KHz. 

(b) Phase recordings of Onega Trinidad received at ROO Hezstmonceux from Novaober 1969 until June 1973. 
This data was at 12.0 KHz. 

In addition, small amounts of data were used from the following propagation paths: 

(c) Forestport to RAE Farnborough 

(d) Aldra to RAE Farnborough       >  «11 (at 10.2 KHz 

(e) Trinidad to Ottawa 

nils was used for the detanination of the propagation path dependence. 

Availability of the above records, and their specific use for determination of propagation path or 
frequency dependence, Is shown in Figure 1. 

Although the actual parameters noted depbndad on the type of recording used, sufficient data was 
collected on each disturbance to determine raxtnuB deviation, time of event and a measure of the length of 
the event. 

Only those disturbances which occurred when the entire propagation path was illuminated were used. 

2. .   THE natOOBICT DEPEMOaiCE OF SIP«. 

The sis« of a ph^se shift during a SID Is dependant on the frequency in us«. For the redaction of 
all the data collectad it was necessary to datemine the relatlonahip which «xists between the different 
frequancies. 

Fortunately there was a reasonable amount of overlapping data on 10.2 Xgg, 11.3 KBs, 12 KTs and 13.6 58« 
a» the paths Trinidad to RAS Fand»'Tough and Trinidad to RQ0 Berstaoneeux.  These paths ar>* sufficiently 
similar for the path dependence to :  ignored.- 

Three diagrams were drawn showing the ratios of the size« of the SID« on these frequencies:- 

Fig.2a shows the ratio size (10.2 KHz) / Sis« (11.3 KHz) 
Fig.2b show« the ratio size (10.2 KBs) / Size (12.0 KHz) 
Pig.2c shows the ratio size (10.2 KBs) / Size (13.6 KHz) 

The mean value and standard deviation of each ratio was calculated.  The mean ratio and standard 
deviation for SID« with phase dwiation« greater than 10n« «t 10.2 KBs were also calculated «eparately. 

Fig.3 »how« the resultant frequency relationship for 

(a) All SID«  and  (b) Large SID« (> lOjis at 10.2 KBs) 

It can easily b« seen that the standard deviation« are tauch larger in the case of the ««all SID«. 
This is probably due to the SIO else being only «lightly larger thjn the noise on thfe recording«. 

With the results shown, a linear relationship of SIS size to frequency was chosen although it appear« 
that this would probably not Hold over a larger range of fraquancioc. 

3. THE PATH gJSBBSi SE £iB£' 

SID« are caused by increased ionization in the O layer, reducing the effective reflection hei#)t for 
VUt waves.  This results in an apparent reduction in phase for -aadh VLF signal depending on Its propagation 
path. 

m 



SIS* 
26-2 

The causes of iooization of the upper atmosphere are as follows (MITRA.A.P., 1974 ):- 

(i) The far ultraviolet 1350-1750 £ responsible for the dissociation of O,. 

(11) The whole spectrum from 100-1350 A and in particular L« at 1216 8, mainly responsible for the 
quiet day D region. 

(ill) X-rays above 8 A affecting the lower E region. 

(iv)  X-rays below 8 A which are negligible under quiet conditions but at flare times are the main source 
of D region ionization. 

In addition, particle flux from the Sun, and cosmic rays, can also affect the ionosphere.  Charged 
particles emitted from the Sun can cause very large disturbances in the ionosphere lasting for many hours, 
and even days.  This type of disturbance, known as a PCA (Polar Cap Absorption) can be very serious for 
propagation paths crossing the Auroral Zone but are very small outside that zone.  Very little data exists 
on disturbances of this type so this report will deal more with the disturbances caused by the electromagnetic 
radiation from the Sun. 

The actual effect caused by a flare will be a very complicated function of the present state of 
ionization of the ionosphere and or the detailed spectrum and time dependence of the flare radiation. Such 
comprehensive data exists for only a very small number of flares and so this report will consider only two 
sets of wavelengths, 0,5 - 3.0 A and 1.0 - 8.0 8.  A list of the outstanding events at these wavelengths is 
published monthly (Solar Geophysical Data).  There is very close temporal agreement between the lists of 
outstandinc events and the list of observed SIDs. 

The records used to determine propagation path dependence were 10.2 KHz phase records for March '69, 
April '70 and May '70 as shown in Fig.1.  Only those SIDs which were definitely associated with a known 
X-ray flare were used in this part of the study.  Each observed SID was given a two letter name.  The 
X-ray flux of the associated flare was noted as was the mean value of the cosine of thr solar zenith angle 
along the path.  In addition, the Hardness Ratio was calculated for each X-ray flare. 

The Hardness Ratio is given by 
X-ray flux(0.5 ■* 3 8) 

X-ray flux (1.0 ->■ 8 X) 

In Fig.4 the phase deviations due to SIDs on the Trinidad to RAE Farnborough path can be seen plotted 
against the mean incident X-radiation in the range 0.5 - 3 8.  For greater clarity the data has been divided 
into three subsets as follows:- 

(i)  low hardness ratio 0 - .019 shown as    dj 
(ii)  middle hardness ratio .020 - .035 shown as   DD 

(ill)  high hardness ratio .036 - .054 shown as   10 

As can be seen, the low hardness flares tend to produce larger SIDs for the same hard X-ray illumination. 
This is caused by the ionizing effect of the larger amount of soft X-rays present. Similarly, high hardness 
flares, being relatively deficient in soft X-rays, tend to produce smaller SIDs for a given hard X-ray 
illumination. 

Even with this differentiation between various types of X-ray flares some SIDs appear above or below 
the mean for their type. This can often be shown to be due to the flare being particularly long lasting 
giving a larger SID, or particularly short lasting giving a smaller SID. 

Now consider the subset of SIDs of a given hardness ratio.  In each case the plot shows that a 
certain threshold value of incident hard X-radiation is required before any disturbanc» is noticed.  Then 
there exists a fairly linear dependence between SID size and incident hard X-radiation, followed by a 
progressively slower rise in SID size with increasing incident hard X-radiation.  Presiyaably, given 
infinite incident hard X-radiation the size of the observed SID would tend to a limit wnich would be 
dependent on the hardness of the X-radiation. 

Hence, we might expect to obtain an expression like: 

,   k(x0-x), y = y.  (1 - e "      )    ,(t) 

V 

where y is SID size 

yo is Max SID size = function of path length and hardne«-; 

x is near, incident radiation 

x,, is threshold mean incident radiation 

k is some constant, possibly a function of hardness. 

Such an expression is show.i in Fig. 5 

The equation (1) is somewhat cumbersome to use for normalising the data for different paths under 
different illuninations.  It does,for instance, require to know the hardness of a particular X-ray flare 
before it can do any conversion.  As it is impossible to enter all of the X-ray information relevant to 
all of the observations a simpler approach must be found.  A simple power law was tried as in equatlon(2) 
below. 



y = C(h,pl) x 

where y is SID size 

x mean Incident radiation 

C Is sane constant = function of path length and hardness 

n is some power 

h is hardness 

pi is pathlengfJi 

An investigation was carried out into the validity of equation (2) 

We can deduce 

log y = log C + n log x 

So four graphs (one for each propagation path for which data existed) were plotted of the above 
relationship for the middle subset of hardness (ratio between .020 and .035). 

In each case a value of n = .65 was found to provide a reasonable fit to the bulk of the data with 
the exception of the very small SIDs where the threshold effect would cause a departure (a bend down 
effect) from a strict power law.  These graphs are shown in Figs.6(i)-(iv) 

From these graphs the value of C can be determined for each path.  In Pig.7 these values for C were 
plotted against pathlength and we can see that the value of C is almost linear with pathlength.  Hence, 
we may assume the following: 

c(h,pl) = c(h) * pi. .(3) 

We now have all the tools we need to normalise the data from several paths to a fixed path of 
length 1 radian, subjected to normal illumination. 

We now have y = c(h).pl.x   from (2) and (3) 

o(h).pl. flux, (cos Z) ,(4) 

since mean incident radiation x = flux, cos Z 

where Z is the zenith angle of the Sun 

Now y observed = c(h). pathlength. flux . (cos Z)    (5a) 

y normalised  = c(h). 1. flux . 1   (5b) 

y observed 
y normalised =      ■      (6) 

pathlength * (cos Z) 

The pathlength is known, the mean solar zenith angle can be calculated using the data and time of 
observation so the normalised value can be calculated (assuming a factor has already been applied to 
correct for the frequency in use.) 

4. THE DISTRIBUTION OF PHASE ERRORS DUE TO SIDs NORMALISED TO A PATH SUBTENDING 1 RADIMJ AT THE CENTRE 
OF THE EARTH, WITH NORMAL ILLUMINATION AND FREQUENCY OF 10.2KHZ. 

Computer programmes were written to analyse the collected data.  Each SID was normalised separately 
using equation (6).  The resulting normalised value was used to compile a graph showing the probability 
of a certain normalised phase error being exceeded.  Examples of such graphs for the year 1970 are shown 
in Fig.8. A separate graph has been compiled for each month, the number of SIDs analysed being shown on 
that graph.  Note should be made of the graph for November 1970.  This was the worst monthly period 
encountered during the study and was the set of data used to determine flare time position fixing errors 
(see later). 

5. PROBABLE POSITION FIXING ERRORS AND THEIR VARIATION WITH TIME. 

Having determined the probability of observing certain phase errors on a normalised path, we can now 
use this information to determine the probable phase error observed at a given point using a given transmitter 
at a given time.  Moreover, if we do these calculations for three transmitters (Liberia, North Dakota and 
Norway) we can determine what ^he position fixing error is likely to be.  Pig.9 shows the probable "error 
footprint" observed at 60N 55w under conditions similar to the month of Noveatoer 1970 (already mentioned). 
The curves shown represent, the errors one might expect to get with probabilities lO"', 10"* and 10"' had these 
conditions arisen during the months of June or December.  The curves also show the variation of the size 
and direction of the error with time of day (times in GMT). 

As can be seen, in both the results for June and December, the error is very great in roughly the 
direction of the Liberian transmitter when that propagation path is Illuminated.  The error Is in roughly 
the direction of the North Dakota transmitter when only that path is illuminated, and roughly in the 
direction of the Norway transmitter when only that path is Illuminated (i.e. in June with the effect of the 
Midnight Sun). 

At no time does the position error exceed 15 nautical miles. 

■WiiitiiiMfena"'- 
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6.   COBCLUSXON. 

This study was undertaken with a specific, practical aln in mind, namely to determine approximately 
probable position errors at points where no actual phase records exist.  Although the frequency and path 
dependencies used would not fully satisfy theoretical considerations, it Is believed that they are sufficiently 
realistic to be applied in the way described to obtain practical results. 

ACKNOWLEDGEMEMTS. 

The Author wishes to thank the National Air Traffic Services in conjunction with the Ministry of 
Defence, Royal Aircraft Establishment, Famborough, for cammlssionlng this study, and also Dr.D.Allison for 
his measurements of the thousands of phase records used during the study. 

REFERENCES: 

1 

Mitra.A.P. 1974, "Ionospheric Effects of Solar Flares", D. Reldel Publishing Company. 

"Solar-Geophysical Data", Environmental Data Service, National Oceanic and Atmospheric Administration, 
U.S.Department of Commerce. 



1966 

T&mmmjsmcmsai 
1967 196fl 

rngm: 

1969 l 

3@l 

Rath 

TrinrRGO IZO 

TrirvRAE 10.2 

•      •   11.3 

•   > ia6 
Rx't-RAE^ 

Nor-RACTi2 

TrirvOtL m 

i          1970 1971 1972 1973 
V/////////////y/// ■■:-:■:■•-: yS//////////////////////////^^^^ 
\ 

sna         WAA^ 
{ 

HgBBgfli 
|~ 

psssss 
1 

IBM 

BMI 

Wi 
F&th Freq. 

I 

Tria-RGO 120 

Tria-RAE XU 

• •   11.3 

• • 136 

Fbrt-RAEia2 

Nor.-RAEia2 

Tria-Otl 102 

FIG.1    shows which records were used 

(a) for the disturbance statistics  (single hatched) 
(b) for the determination of frequency and propagation path dependence (cross hatched) 

;■ :! . 
■ t' 

i "| i 1 I ■11 hi '' I 1 \ ;   I 1   ■   1 

: 1                 ' ■ FJ 
—1_- 1 1 1 1! 1 ! M M 1 1 tit i •■ < 

• , t" .- -f j- l j      i        1    j 
]   \ 

1   .   '          . 
-■- 4- -.. i-j f '- -|- \\\ - '        ' _—J \ 1    \; 1 i .. i .. j  1  i  j  j  j  (  i  1  [  ! t ■  j  ■ 

1     '     '' 
1   . i.-4-4 

■■    ' T ' 
„- 

.    :    ,    1, 
i        i   . - r r i      M - J- in //v 1 M   '   ! M M 1              t   1   1   1 >             :   i   I 

Hi i        l.i i 
!■■ L/T .,_ 

1 
-ij 

--i--|- . 1 . 'yn i ' 
-■ 

}.,, r 1 ! 1 '^TJ M 1 M 111 - i   ' 1— I . Uff" TTilTTt i i 
1      1 1 

ki '■ UT 1  U U | _i:: -W l/C' 1 i 1 1 M 1 : 1 ! 1' 

■ i    t- ( . — 
. 

■ 

L 
1 •-- tip mi   T  T/' uq :    U U ' Ui lij -+-U-1. 

»—« 
■ 

;Tn#4\V:_;/5t ( 1 ,   i i 
lA in 
O 

Ti nTXi'Xri r M   1   1   i   1   1   1   !   1   1   !   !   I   i 1  ! ; ' ,1  U_ %//AX- IliM 1 
■ ! -   - +i 

% 
:                     '                    j :   1   ,    XA Mi 

! 
1 

J . IN LL>Tui]l- JJjliJJj-llJJ-U r .; i.. 
iV^r    M i 1 i TT    | :1 [I | | T Pl f r; T ■ rJ 

i. i      >      .... „   i>1   iJJiJJ- i i 
■~ r Ml •■.■■'.'- i JA'T   M 1 i : 

c . I         :    .    ; 
'it 

A'\ ■{ . |   I   !        I    i     M 
T   H «r i. h i     ' r 1   ]   |   1    |   j   j   M        j        j   |    ! :     1                 j 

j      ; 
—-^ ■■   - - 

I 

1 

* 

i                 |        1        ;                 | LJ -L*    i - \ 111 
N^ 

; ... i   ■  i -i' i ]_ l -L- i ]' '      '   1  i | !             1 1    | | i ; [ 

La 1 n 

_.4.. .„.L„4.._ 

i    1    1    i ! 1 ' 1 i 1 LjZ X 
■ ■ '^       ^ ^XUi-    : 1.1. IU-UH : l-X   i-1—j-- 4- "T X • | • 

- t----—-H«-V' r ■ ■ -r—^ ^jfflisiW - j ::|-r wtttrTK^ -~t~" 
i! • TO l LJ 

.     M  1 H  1 1  I1 1 i :         ; H- f1-- 

 ; **-      7-t-J 
!;      ■1■1■1^1 i       ' 
! j: LULU. ! | ] j 1 

L1-- ■4- — • \ , 
i g« . .   .        ..._....        .   . »^   ._ :                 1 

■-1   -4.,--[.JI< p. j" r :„_.. . -     "*" ■ 1; i; i ■ I; .TT 
-4-4  +(   —■ -- ■ t" u 

.  i      i 
j lUi-l' I'U v\  1  j.l • 

-4- 

J,. . J ..».         . J    -1—1 i    1   1   1   !   1   1    1    i    1    r   1   i    i    1 
N fc w -• 

hrf my L'THI riii,- T '"' (/) • ^Ji 4,.|rNj.' i i ! i 1 i 1 i     j M i i 1 ' 1 , \ • " '   • ^"..'r 7 tri: 
n i - i    1    i    1 --lLfH-Trt'l - ,i_4_ j.i. J_LJ ' 411 -4t-4t ■T- . I-, i11 
\ ) i 0 2 Ö ab             «o sb 

SIZE ON 102 KHz   (in )i sees) 

riG.2a   shows tjhe relationship between size on 10.2KHZ and size on il.3KBz 



26-6 

-4- - - — ul. 
,   , \ - — r   i "^   r^ p| ! I "  1   : 

■ '■ i 
■ 

- 1 • - -r- " +■- - i- + ■ 
1 

— 
i  : 

■ 
... j. J.—I-,J--|_Li„J ! .i -. - : 

r_.r. L_i      , :r:t - "    1- - ' j —j---^—|-t -f- ~\—{-■ 1 

1 I ■ ... ' ■ i   ■ —i  
i 

■ 
j-    - U - J.i ' r 

. .i....i  A .„ 
: ■ 

: - 1 - [■  1.   r ! ■ : ■ j 
■  l  ■ ■   1      i 

..:.!. l..i__L_ j      . : 
■ !      If' J'          ' i ■ ■ : ■ 

1          '          ! i         1 -        ■         ■          J ,.i ;       |       j   .   |      .,     .        .. i1 1 lli 
"i~r~ 

i 
1   '   J   i   !   i   !> ̂ t ! j|!: ;      ; 

Ö30 

c 

■ i   i       ' 

-- ■-; i ^\VC' ■ 
--1 

; i    .   t !          ;          • • I;   i^'j   1 , "t i 1 ■ 
■ i |   .   i ... 

I ^'flT I i . i    .. i ■ 
.... j.... 

■ 

.          .                          .    j                    ,    .    |          ,                                          .          j 

 _    V^'.     _i 
.  ^jT"''     MiinHaHbil 

• . ^'         uusrosX 
r              ^ --n- 
 .J*V-           .  ...   _             .. L 

■^!  M    ^ i    i ■ !    |"  t ■ t • i 
y*** ^   :•   i   !      1 :     j     ''■       " i     t !   ! ■ ! ■ 

i 
N20 
T 

" ■ .^-T-j-J", ■ i ■ I   i   i       \- 

i    ;    '--j  -j    | - • J  j i  j-j -i ■ • 
*. i      - i    1 ■ |    ;    ! -\ ■ 

.. ' 

p 
c4 

' i ■ !   "'    '   1 ' ' . ; .  I     I  .  j     I 1 

P89itf4ffl"~|":...j... t f I   i   I   j   i   i. 
■' \ 

S«J 
;     ! ■ i     !           I     ! ■j      t   ■ i      ;   -f     ;  ■ ■Mi-'      ■■••.■■   | 

i i ■ i 1 r i ■ 
' ■   ' i 

ÜJ 
IM V^ -- i  ■ -t—f-r—j 1-1 i.._ — -!• - 

J"~ —] U) 
.^ 

|    ;         |    : . . ,. |   . j  . j. !    I  ' i ■ i 

eirv.        ■     , :        1        :        ! 
•■"!»*          W«-*     ,                !                :                 i                 ■                                                                           -.11 

0 1^ «■■• _ . 
»M '~~i — ■ | —i—i—i—i—1—i__i_ A-\- f-l 4—1 - 

,   ; ■ 

-] 
0 K) 20 30 

SIZE ON 10.2 KHz   (in^secs) 
AC 

FIG.2b        shows the relationship between size on 10.2KHZ and size on 12.0KHz 

........._...._T- 
j ■ "T" 

—1_ 
1 —r- 

■ : ■ 

—T—      p 1 ■   :: : ■ ■    j ; ! ' [ID 
1 

+ 
t^' di 

'  '  ' i '       
i ^ 1 ; r 4 

j . | ^      t 1 ! "f"~pt "j  L ...i i_. 
-!■ 

..- 
i -:    ---" j         i    > 1 ; i ;    T ■ T ' 

... 1' -L' ; L    J       1       -i ... -+- i 

-^     : 

[    | [ f—i            j 

. ....j... -f-fr 
^ !   ; I   ... -J—(„J—1_ ..   .    j_._.  . ..... 

"1 ...ui i..__ :l.    .. 1.. 

'   1   ' 
.-..-.  ' -•■■ M j- ...   (    ; ■■-i 

■ i    1 -—-.... J...  .... 
■--—- 

— . .ri . m,_j  . -+-J 
■ i i i       ! 

* "1 "Zj--" " ''  ...L      I'M.'...!   ... -j 

:-' ■   : t - 
!   . 

— 
1         r 

T 1 
Uftfe > 

UlI"_L  ' I | .....,,..;.. -v 
4 

In» 
.... . -i - X-ifiM irt fiSi TO' W „ ..4... j--ft ■ -■- r ......... .. :. . .! r jd tf&Ji irtt r ^> '"J'^l" ..J.. - - hH   i ■[ - 

. i.,. 

~- !   T   ^ 
-t s 

k'iTT 
^.   . ! . :.. | -i i -i  .. L.J 

X 
L.I ■ L■ i   ■■ 4 "t ^ ÄH ̂  .' 

'  !     ' ...      .. p-i      1 -  \- 

\ 
c * ■ 

■ 

.   ;       I. . - >f. I' . 1 iT j ] T ... 

oft 
■ 

■ 

. ! ^xT' U'l ■    ; - i | ■ 1 i_   . 
N !   1^       i ■   '  :- 

-   i       | ■ I-* it I- -f ■ p.. ...1.1 r |T]-   I J - -i  -- 
} z ■ 

,     .      y, *iJ "A*-. 4« iiJ ̂  ll^it. SJcte. .sn ■T-J : hU-i- ■ * - 

to i                 i i -1 ... /. *' i- T ' 1 t.^ (nil i" \' iT H    i 1      I-: 

. -- ■ t ■  .--1 —•- 

..T-          ^ 
■1-1 

... _i...__ .. . i:  i j -1 - H-MM-L < 
Z i    :'M ... ).. 

1 . i *" 
.    .... 

|     i -1-I: .1.1 ■  I 

*-' W l T 
4   ■ t 

'" T ■ n~r! I. J   ..  i   . 
t i       i        1    ,   1 

1 
f trl.j;- .4. ' N 

— 

| 
(A 

| 
■to ̂ •S» Of» T 

. •:i.4.u4- ■   r  1   * 
—f—j  

1   [: f- 
14-4.:. — 

.   j  .   1  - J 

i     '    1 

0 ^^ t—- ." _ — mmmi -_ . -- -..i J-i- t- L- b- . hrf- _, rHfr IrJ k UM u—. 
. 

_J 
10 20 30 40 

SIZE ON 10.2 KHz  (inMsecs) 
so 

FIG.2c        shows the relationship between size on  10.2KHZ and size on  13.6KHZ 

■■""'-•1rlMiiMfi!lifr!tiWiimTl'-lr-^'  iflirifi 11 r 1  



-n 
m 
8 - 
m 

-< 

3 
S 

:                        f k k fflt r\i   f 1 T leAn If             ; 
+* i  1  i «H 1  1   i «4* 1  i  i'+» 1  1  ! •+♦ 1  1  1 N> i  1 

0I   "MT 
FT                     • 

S 1 I M^_ i 1! 1 i 1 1 i i ! 1 ! ! 1 M 1 1 r        r 
1                            f^    1 1                    sJ 

ro r              '       MN           "                    1 
r                         K         1 t | 1 1 1 1 i 1 1 | 1 1 < 1 1 1 1 1 1 I 1 1 1 
t i i 1 1 1 1 1 1 1 1 1 1 SJ 1 1 1 1 1 1 M 
1                 i                   \    I      ■ 
[ 1 1 1 1 1 1 1 1 1 1 1 1   i ^ J 1 M   | 
M                                                It         ■■H 

*^ r                         _L     L                         1^ i "k A hri r\                 1 ifÄfiir 
mW sk     sn    ffi    hfe     tK _4*p|   |   \rp\   [ \*y \   1   |™|   1  l*Pi   1   i*Pl  1 

0f • ;!M       1                       T - 
[> H 1:   1   «L   !    1    II    1    1    i    1    1          '     i    i    1    t    1    1          i 1      V               ' l     IN t,        is. i li 1% 1 l; 11 1 1 1 1 1 M 1 1 1 1 1 1 1 
M:          \       "   M 

-[                 M U 
w   ■    ;:   \\   ' !!:NP   " ' 

f                1                         V                             i 1                      •                     P          !          -                    1 
INI 1 1 ill II M 1 1 1 1 1 M 1 1 1 
f                        l> 
{Mil 1 [ 1 1 M 1 Ul M 1 1 i 1 1 i 1 

T* 1                                                           1 \ 
*^ r                           i 

;, „; ,!.. 1, i,   1   ... L-    .1. L LI, L_l L_l._l-J 

FIG.3    shows the frequency relationship in graphical form, the circles representing the mean values of 
the ratios with error bars of 1 standard deviation. 

The relationship on the left is drawn for all SIDs and that on the right is for large SlDs 
(> lOps at 10.2KHZ) only. 

! 

J 



».=?sgy«3igg'J1' !l^s^',■■ i 

70 

60 

50 

40 

in 

c 

UJ 
N 

Q 

I/) 

30 

20 - 

10 - 

L 

■ 

1 1      1   '   ; 1 1 -—^ 1 ' 1 '  

SID silt v NMH Incident X radiation for three subsets 
of the data (subsets detemlned by hardness ratio). 

. 

- 

J 

■   i 

i   i   I ■ 

... 

••i  

 r 
i 

■ 1 

i           '; 

i 

... «.., . , - 

;    ■    -i ■ I  

i    |    J 

^ .. J ..    . J I ■ 

  
  

...r..|_...^..!;....... ..._ 

;       I               j       , ; : 

..... 

P" 
—-  t     '  |.   :.......... 

-     j       '       i 
— 

J 

[ i " i' ■ ■ I   : • ; 

■    r    ■■•.-■:■•   -j    

i                              i 

1               ' 
:     '           \ 

t- — —- — 
i 

.   . 
. 

i 

T 
. j . | . | . ;     j , .     j     ,     :     :     ; - ; ■ j     \ - ' ■ i 

..   .. 

'• i 

.    . ■ 

-■ 

:       j   .   i       ;.\.!.,           .   i       ;   .   ;       i       i 
i   .           1       !       i         ...;.:       1   .   .       '       .      . i 1 ; ■■ 

■tii- — —- 
.... „| . 

i       i       t       ■       i       i 
j,     ...          .     1     .     ;    ,, .  ,           |    .;. 

L   ...i^ ■  . i.... L                   i   ..    L .. . 

i_ ...   j     4». 
■ ■■ A 

hi 
; 

...j. ■ i 
:    l 

■ 

  

; 
— .... 

1 
• -r- J 

■     !     :     : 

:   i   ;   .   . .,'   ll   \: i      ■     :            i 
i     .     !            1. - i     : 

:      1      : 
1    1 " 

.... • j 
" _i. ■; ■ ill           ^  ' 

:   1 

■ 

at 

  

■■ -i ■ ,... 
L  .  . 

"1 

._ 

; 
1   i j i ! ! 

-~- f -  
'",.: 

I          j 

. 
i 

I 

1 
L -"H 

1 
i 
   j ■■ ' : i     1 

[ i ; 
id i_:. 

: |   ■ 
- 

-•- • 

i ft 
L i 

...j   
in 
:   

— -...j-*- ■-•» 
■ M ■ ^ ; 1   : 

.     I 

:...--. 
■1 

14   
i -   ..,.i. . 

■ i !     ■  - 

u...-.    1  

  ...... 1   .      , 
;       1                        1 

■ 

I ' i 
■ 

T 

■■ 

i 

■ 

i i [■ ^>_ 
. : . J 

1   ! -t    ■   

f- 
: 

* 

!    ! 
 I........ -A 

h- 
1 —^.- ' ,. ... n X: : . . i 

-— 
1 't H . .   . n !■ 

: 

■ i 
■ 

,. i 

■ 
■ 

„i 
_.-.. i- 

 t     - 
1     *        | 

: \ 

: 

: 

\m ; 
u-i—- 1 

i 
J... i i 1 m : ! 

■ i «■ 
.. 

< .. 
i 

SB '***■■ 

1                        i 

fO :          ! 
.... ; .. J ..._J .,:...:.......!..,. 

. 

1 

1 

1 
** 

- T" 

•* 

en 

4» 

  

i 
i      i 

!      :      i 
.,    .       iL.    .                       i.    .. 

1                                ' 

i 

 1     1.  

1            : 

i  \ . Li.: 

— 
^ 

of 

1 

1 

....   
 '  " ~        "*     r    ■ ■ ■ 

.::...i...: L..]. 1... 

L « ~L. -J L- »j 
  k—   u— .-1... 

l 

L-. L- u. J 
20 40 60 100 120 

MEAN INCIDENT X-RADIATION (RUX(O.5-3A)»COSZ m 1%^) 

FIG.4    shows the relationship between observed SIO size and mean incident X-radiation. 

." ''^'*^-"a'a^',1itr'-,'ä-'^iif'Ttifw..-Tti r- r 



(ft a. 

tu 
N 
</) 

O 
in 

60 "LLL  — ;   '   i. —r-i 
1   "^ ,.._ 

LI   ;... 
j 

"    i     : 

■ 

■ 
j   i 

. 4 rr 
XL.     X   J     . 

J.. _J.._ ;.. : 
;   l   : 

. .;   L  J fil" .... :   1 ■''■;: 

:!       !       L 

_. 

. : i 
1     i i 

_. 

V i   i 1     ' 
l 

|_.   i-^..^. 

50 

■   ■   ■   i ■ — -p: 
... 

•-j-:- --i  f- I-i- 

•       l      1 
i       i 

1 

.   J  .  

_... •   ■   ■   i       i   ■   :       4   j   :T   : 

,   .   .   i               i       ,       ill 

;          j 
■   ■  1 

MM; ■,  i  i r-U-,4-, r^- 

!   t   -. 
... i .... i 

rrr . 
■    : — ■+-*-+-'■■ J 

q: 
^ T.: ' r-ri-t- , r-pi !■ "'  ! :  > ' {     1 

I       ! ' 
•r 1   :- 
i  t 

...... 7'' . ... ■ i : '   17 i- i ..... T" i'll . .  j  ; T,,T. 
40 

-i-i  
■-■ ■■■ T" -i- I ■ L- a... ..L. — - ....[.. ...j... -1 - ., j... ..:. 

—■.. 
...       !    I..!    : .. 

1 ±J   ;.. >+-< i 
"I"" ■rh -" —- h4- 

i 
I _j... 

■-- 

...... i 

i '■-.r. 
-1~ 

i 
..i! 

~ «»(i-e^-x))    : 
- ,   ,.. -r .... 1     1 ^ ̂  !   i   ' 

i T i   : 

J.   i. 1   :   :._ -- .UH .;... -; jf.- « .- 
Xj _ 

■ i ■ 
i 

Y.r50. k=.01A.)L=A ....•_. ^ * - r^'" 

30 
• •(■■- ^ FTTvi 1 -■■iXt-T-ir- V ̂ - 

... 

—!— 
..._. 

i 
■ ■- 

4ii \ /■■ rf ^iTT i-: : 

: rix..u-i... 
. 1 ., j, ^ 

—j >'' ;   ■  :      1  : 
I 
i 

[-T-j-i.!..:.. H,^.:- '..;....! : j I.L: . S.   i.;.. j.         .      . 

vj.-.4..:..!.,_ -Xt,^ ^l " "i  '      ■:■-■■■ ■—   j  '   '   '   , 

20 
:r r-r i ■;-- 

1          I,    ;    1     ■ /r:^< 
1 0=1622, n=0.65 
       .   . 

.   ;-:         t         .    r    ,   - 

i     -    i 
... ...,.lr.. '   j 

/, •^■i- :..! ;.L. I.:J : 
... ^...—i... 

■. 

l,.rH. ' 'S 
i ;   l   i T i    - ».I 

•i X 
s i    ! : T1..T....... 

'^ 
< -•-M 1- t" 

! 
-t - 

4 

> -. 

4| . ■ ...T,, -:    f-' .          t           ■ - -   - \M ■ P^j   VP ■■■4- -: 

10 
ST"/, if^'.-- 

1    .     : 

rnx;...- 

(           * .!.!:. _: L:.!:. L :     !        , r ■ ■ : 

^it- 
.M . 

;     |          1    - 

i 

'     L.   : i' j      ^      : ■ !■ 

' i   i ■ ■i 

....  1            1     .,    :     .     !      .     !     . . 'i      :      j            .     ■     i 
•   ■   ,   i      i      M   ;   :   i      i   ;   I   ;   !   ,   i   ;   1   , .J   i.l    1.,... 

!•-;  r- -•;- - - 
--■!    : 

rx.rr. - -- r:   i 
; ...i  . ..... •■■•: f-t '+•■ ;■■■;■• 

n ü ̂ !• . :T±| , - u   ,„ :   :;   :   j   ■ : 
: 

20 40 60 60 100 120 

MEAN INCIDENT X-RADIATION (RUX(O.5-3ä)*^Z mlö^) 

FIG.5   Two possible expressions to model the behaviour of the SIDs with hardness ratic .020 - .035. 

*-■*■'"---'»-' iffiiiilJMftiflllflri if if-j"j"m'- i........... ..-^^.s^..... 



^ 
^ 

:\L i L ! i   1 yu rf"1 T H4-Ü-Mm-!1  | j? 
-i i> ̂ iHnnliillt H-H-I-Mttr'  I I 

N i            J 1     ! 1 !     t 1 i I ■ i     ' D. 
i i 1 

1 v u      i   r \   ■    '■            'i        !   1 ' 1   '   '    :   1 J_l' 
jiTt \i\ A      'M "1 ! MM n      i   ■ -   i   :           1   '   1   1   1       Ml 

!     1 M\ L Mi' 
I ■ NP r       i i    \r         ■ i       J       j   1   M   ! '    1       '   I ] 

i    1   I: '\! u ■ n I s\ r«   n ,    [ i      ^ \ i T   T ' i r! i   M   1 . «1 
I Ml1     1 11 iT I'M' ak  M i    ] 1 i    1    i 1 r T 

■   i             L   1 i ■ L 
"IT i 111 i r; ^v«! I! 1 11 M 1    1 ' 1    '    r ■t 

MM    M ■ f i- 

' l^r ' N h ix*8 ITfl ~P it 1        \l n M i   M 1 M i JK +- r ri; J   1       1   J   'W Tf 
£ wj         ■     l\ ■   I   i   I   i   ;*     •       ■   I   1      'i f 

'   t   '   T 1   1    Sj                              :   " \ I 1 !-1 M         11      1 WL 
■    | •£. a     t ' " ^ j      !   ' 11 M   ) 1 "r 
■    |        ! ? i         : S i ' W' 1 1 i i [ ' ! ■ 1 

N   *i  M      ' 
'' ~'S g -3 m p h'i ' i V   ' ■ i 1 ' M I ■ 1 ! " i \ Mi ' L_L ■!_ ■ '    f 

c fl i   j I;:] m I 1 r \l f j    i ) I      ' 1 
ä ^            M ■ 1    \f M ' i    ' i    1 
" Z '         :  i ■ 

■"t H n., »A:.: 1' U-j +;| ■^ 5 ' M i U ■   i J w 
.::i 

§ ^ä i    i'        M j     t    ■ i  l\ Mill 
a- -S       n    ■ M -    ■     v : ;         '•■ -Jl 
? 7           h M 1 r   M   !   1    ■      \ '    1      ""        1 
* a ;             M 1 i 1    ■     i\ '    '    ■ S   i ;. lii   Jii. '   ;  M   M   i   ' \j   :   '   ■  1 
£ js j IjM ri]1 j        .           i   i  ■ \ ■   ;      1 

rj ■ ■        I        ; i\    ■ 1 j 
i   ■! i '   i   1 1'   i l   '    l M i ; 1 \'    j MW-ri 

'i M   M   '   1           1        '        ^T (:      ! 'I  j      .!   1    -j    \ yjgl 

W 

^ 

c 
4» 

■Ö 

Ü c 

5 
N 

& 
? 

A Ben 8 

' .Vti::: Mj iiphfiTJ- TO 
■ ^ 1 8.: ' i ' TTTT ' lo 
' ;k?\;       i 3il|° 
-TTPV1 M i tt 1             1 i x 1 
MI wj!   Mi 1 i ■ ■ I ■ 11 T A M 1 M 1    M      1 i t T 1 Ls M   M   i   M   li 1 iM   Mi M MM 1   II 

iMfen 11 ji 1 

LllöJ ; Dü I 1    It ! M:   !|    i \* 111' I 'il 
MM'   f j         ■ Mi 1-3 i iM** M         fk 111 M IJy 

J [_LL   ' LI    Li L 
■       l M M MJB\      :         J F. 

I   i   1   !" M   1   1   f: it 1 i   :   i   1   IT -1 1 M i !- 
o1             M 

M M M M M ■ I'          n 1 I In» M i-Ui!' Ml 

-tR89i i!iMi t8' j         . ]   |       U]   i  I i > t -i ^i fl ih ^ ' ! i 1 
■1   1   1   M   Pk   !   1   1 1 i IVi" I6 « i I M : 

4 1 lo 
M i-1- M i i M r \Ji i pf 11 r tI 1 1 |5» 
!     '■     *   Ä     ] ' M M i yC -Ti * i j i 111 

1      - iB1 5 ■ J-4':-l 
i 'A a  i1 ■f"Mii! \l 11 !T; 

III 
,2 « i fill* r\ 1 1 i Lj i r^t-1 

!          5     i ' Mi i-T^k r TJ i    ! 1 iß S    I M1i M      ]\   I   ■ i    1   i    II    i I    H 
MS  K ' i ' !   J      J J i J\ ; 

t t\ 
jili|S £ .11 a r\ it   if P   J4 ■   i  ti \ i jijio l t     -IN '           'J   1 ttlo 

I M 'Ü I ' ' : 

t iti    M     \ Mm i M'j-M  ,.    M Ft' JST 
i     M .|  .fp      5    ■     '     ■ i -'   ! 4 1   '   1   -1   1   1   1   1   . \ 1 Ml 

1 i 111 l-l W '1 til K i     ili 1 T 1 i\ M 4 III 
- ;4 fl-fi-Ulll i ipjjjffl 14a | R, ii I TTl 

'    t    ■::,l Y       ■    I  T T i i 'M\ 1 • '■Mi , , MM   * I t- Ml -1 -i H-^-l  f-.-M^*^  (-^1-4--^ l--tAi * i^Jo 

4J 
C 

■H 
Ü 
c 

0 

A Boi 

>» 

c 

1 
I 
«I 
N 
« 
O 

c 
0) 

I «! 

CO 
c 
0 

•H 
*J 
IS 

V 
g 

1« 

H 

Aßoi 



T 

Path length (in radians) 

FIG.7    The variation of C(h,pl> with pathiength. 
Note: The line shown is only one approximation.  There may be a better one through the right hand 
three points only which would give rise to a normalization based on a reduced path length. 
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SPATIAL DISTRIBUTION   OF ERRORS 

FIG.9    Typiciil "Error Footprints" obtained at 60N 55W during the months of June and December.  Contour 
lines ire with probabilities 10', 103 and 10'i tines shown are GMT. 
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