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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 Specialists’ 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 und 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
E1 Segundo, California

Edward M, Lassiter
The Aerospace Corporation
E1 Segundo, California

C. K. Cretcher
The Aerospace Corporation
E1 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 ¢f 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 in impre . weapons delivery accuracies, range instrumentation, etc.
Furthermore, it will provide an ultimate s: 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 Deferise Mapping Agency. The system concept evolved from USAF and Navy studies initiated in
the mid-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-sate{11te system,

Approval to proceed with the Phase I (concept validation) portion of the program was granted in Decem-
ber 1973. The next major decision is scheduled for March 1978. The GPS could attain a worldwide two-
dimensional capability in the early 1980's with full three dimensional navigation by the mid-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 dfscribed as follows. Each satellite carries an atomic clock with stabil-
ities of the order of 1 part in 10", This clock is used to generate timing for the dual frequency
pseudo-random noise (PRNg 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 signalc and send the received information to
the Master Control Station (MCS) located in the CONUS. The MCS processes the data and calculates pre-
dicted sateilite positions, velocities, and clock drifts to be uploaded and stored in the satellite memo-
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
had precision clocks (synchronized to the satellites), they could make passive range measurements to tie
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-
¢loyed = that all grers will have at Teast Fur satelViter avatlalle. The simeltarese: reteption of four
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.

ipate el Ueoes opeeationad eorfigemsnion, the GO seredlfee romanetlatfom w817 eonatey off 24
satelT{tes in circular, 10,900 nmi orbits with an inclination of 63 degrees {See Fig. 2). They will be
deployed in three planes, each plane containing eight satellites. This satellite constellation insures
that at least six satellites are always in view from any point on the earth and that on tre average, nine
satell{tes 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 1ife is five years with enough expendasles to last
seven years. The on-orbit weigkt is 950 pounds and the end of 1ife power available is 400 watts. The
power is supplied by five squarz meter solar arra¥s that continuously track th sun. Thre2 nickel-cadium
batteries are available for ec’ipse operations. The satellite is three-axis stabilized by means of four
skewed reaction wheels. A hydrazine prOﬁu1sion system is on-board for station keeping maneuvers, and to
provide a momentum dump capability for the attitude control system. ~ 12-element shaped beam helix array
provides ar earth coverage antenna pattern for the L-band navigation signals,

Edeh satellite teansmitly two spresd-speetrum BRN navigation stgrels, ene signal st 1578 MHZ &nd &
second signal at 1227 MHz, The signals are coherently generated and can be used to determine and
correct for effects of the fonospheric sigral delay. Both navigation signals consist of 2 sequence of

P




binary digits (PRN sequences) bi-phase modulated onto the carriers at a rate of 10.23 Mbps. The ephem-
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 (Mg), and an Upload Station (ULS). Redundant master control, and upload stations are planned
o the Operatione! spatem. The sidély speced monitor et 1oreted Oof O & sortegiled torrtiory, wiit
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-
tivistic 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)

M5 loeatiing, end e Other vbuerveble wyston Irfliences The date, thus derfwed, will be ubed 1y ydrdrate
future navigation messages to be loaded into the satellite memories via the ULS, also located in the CONUS,
at least once a day.

User Sepment. The user set consists of an antenna, receiver, data processor with software, and con-
tr1fdisplay unit. Bome Eortigerations will be rkegrated wIth sl Yy Sefisors sueh &% trertiel mee-
suring units., The receiver measures pseudo-range and pseudo-range-rate using the navigaticn signal from
each of four satellites, The processor ccnverts these data to three-dimensional position, velocity, and
systen thie, The pusitdon scletdon §5 Jevelop=d o earth-ecrterel elordingtoy, whiel ore Subsequently
converted and presented on the display unit as either geographic coordinates, UTM grid coordinates, or
any other coordinate system desired by the user.

Prijiectiors cf fotal sskr egoipmet demdy for The U.S. [epirtmont of Nefemie axtésd 25,000, A though
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
ident1fied and defined by the miiitary services to meet their operational performance requirements. The
various classes of user requirements are summarized in Table 1.

3. NAVIGATION ALGEBRA

The technique for achieving the desired system accuracies calls for making transit time measurements
of kF signais erzoded as pseudo-random noise modulation on an L-band carrier. A precision timing system
carefully syrchronized 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 wnich may be used to calculate the intersection
of three hyperboloids of revolution.

The range differencing solution is primarily conceptual, since it {s 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 {s termed a pseudo-range equation which in an error-free
system is given by (see Figure 4):

o=ty -0 (g -0 ] Eeb (3-1)
where

the time delay multiplied by the speed of 1ight measured from satellite i

-~
—
L]

x = vector from earth center to user position

$q = vector from earth center to satellite §

b = user clock phase blas (multiplied by the speed of 1ight).

The variable r, has . termed a pseudo-run,. .. it does not conform to Euclidean distance because
of the additional tlrm 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
getermimation of x tecomes @ process of optirai esttmation.

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:

x8 (xl'*Z'xB)T = yser coordinates in a reference coordinate frame

and

[a
S ° (511'512'513)T = satellite coordinates in the reference coordinate frame
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The four simultaneous pseudo-range measurements are then given by
mos [(s =0T 5= 0] Febonier (51230 (3-2)

where piis the noise and bi the satellite clock phase bias in measurement 1.

Let the direction cosine of the ith measurement vector along the Jth coordinate be defined by
o T 1 %
Yi,j = (S” - XJ)/ [(S1 - X) (S1 - X)- (3-3)
Then, defining the geometric matrices
I I 0 0 0
I 0 )P 0 0
G = r B =
(ax4) 3 (4x16)) 0 0 I3 ©
T4 0 0 o
where

IR FICIRTPRR RO
0= (0,0,0,0)

the user state and the measurement matrices are

oy [rerse] |

T
(1';4; (mysmysms,my )

the augmented satellite state matrix is

s = (s

T, T, (T,
1°P1+52182:53:03:54:b4)
(1x16)

and the noise matrix s
(1;4; (pl.pz.p3.94)T
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:
S ETAN (3-5)
where ’S\ {s an estimate of S.
Since G and B are functiuns of system geometry and therefore ’Y\. an {terative solution for ’Y\ {s indicated.
However, sufficiently accurate initial estimates of Y will generally be available and only a few {terations,
at most, will be required.

The covariance matrix for the erior 8 Y in the estimate of Y from Eq. (3-5) {is

cov &Y= (6 R g)? -(GT [B(cov 85187 + cov P] "1yl (3-6)
where Eq, (3-~  defines the matrix R and 85 =S - ’S\

GDOP (geometric dilution of precision) 1s calculated by setting the total range measurement error
covariance matrix R (consisting of satellite position error and measurement error) equal to the {dentity
matrix, resulting in

cov Y = (61 6)°! (3-7)

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

2
r

cov 8x = o¥(1.p) (6 6)°1 (3-8)
upper left hand 3X3

If variances 0 and correlations p are assumed for R, the result {s

cov ob = cf. p+r(l-p) (GT G)'l4x4 (3-9)




Thus, the corrgsponding standard deviation 1n the user coordinate is obtained by multiplying the GDOP factor
by o (1 - p )% For the clock bias this GDOP multiplier is only valid for uncorrelated errors (p = o).

1f, ih fact, quantities o and p can be found which produce user coordinatedkvariances closely approximating
the variances produced by Error source rodeling, then the quantity o (1 - p )* 1s termed the user equivalent
ranging error (UERE). Under these conditions, system/user geometry 1§ characterized by GDOP factors and
pseudo-ranging errors by UERE.

Figure U stiows ‘the camulethve probabitity distritution Fumction for ‘tre BUUF Factor along the vertics!
axis and the GDOP factor for radial error in the horizontal ylane for GPS. Since in fact satellite posi-
tion error projections and atmospheric refraction modeling errcrs 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-ranging error and GDOP {is still a reasonable figure of merit,
particularly on a statistical basis. .

1 The apectfie major ewmor sowreed &ha thele eoneribetions W veems of ULRE ame stowr ¥ Teble ¢ Fov

’ 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
4 : not requiring precise ionospheric delay calitration.

|

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.
E ’ The following sections discuss the errurs contributed by the ionosphere. I

4. [IONOSPHERIC SIGNAL DELAY AND DEGRADATION |

> A transionospheric RF signal experiences an excess delay over the free space propagation time between
a satellite and a subionospheric receiver., The excess time delay s proportional to the number of free
electrons encountered along the signal path. The integration numbar of electrons encountered per unit
area is commonly referred to as the total electron cont~nt (TEC). For the GPS system, TEC {is measured 1in
units of nanosecond ¢f signal delay at 1.6 GHz. For frequencies above 200 MHz, the delay is essentially
inversely proportional to the square of the frequency. This frequancy dependence is the basis for using

N the dual-frequency measurements to calibrate the ionosphere delay.

In addition to signal delay by TEC, there are several types of ionospheric distrubances which can cause
tigealt delay and decredetion. lonospherie dlaSrabarsen ok bt ceuded by Jeonajnetle sibrmy Lnd by sbier
activity. During a severe storm, TEC increases. Although the magnitude of TEC increase may not be predict-

ot able by a single-frequency user, such storms are infrequent and those associated with geomagnetic distur-
1 f! bances are often predictable hours to days in advance. Traveling fonospheric disturbances are prodiced
by auroral activity and nuclear explosiens. Their short duration and infrequent occurrence limit their

roie in GPS considerations. Scintillations are high-frcquency, noise-like anglitude and phase fluctuations .
of the received signal which have been defracted by frregularities in the eler.co. density distributior. ;
Affecting systems with corrier frecusrctes as Bich & G GHZ; sioead setogillitien 45 by fer the moat
serious problem in transionospheric propagation.

The effects of TEC time delay and of sfignal scintillation are discussed in subsequent sections.
! 5. TOTAL ELECTRON CONTENT MODELS
To preyige TEC predictions for single Treguercy ysery in the Fald, i1 % o vy o oreluge (modely
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

x the fonospheric delay to accuracies commensurate with GPS requirements using generally available fonospheric
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 Hawafi. 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. TwG 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.

b i L
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+

In all nf 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.

K preliminary TEL mode] was devetoped by J, Kivtocher &ig . Kiten ¥t e A¥¢ Porct Tanpbridye Reswirh
Laboratories (Ref. 2). The model was constructed from FaradA{ 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 car normally penetrate the dominant

ﬁ F, layer of the ionosphePe. The model, applicable only near the time ard locatio® of the data gathering,
’ sgrved to demonstrate the feasibility of analytic fonospheric delay mod21ing with 2 relatively simple ana-
s lytic function depending only on f_F,. When this model, which amounted to a8 smoothing of the original data,

was used to predict TEC, overall rﬂszerrors 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-latitude 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 Laiversity 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 conve ted Faraday rotation measurements, with overall residuals at the various evaluation
stations lying between 2.7 and 6.8 nsec.

The University of I11inois 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 runaing monthly means. Both approaches produced rms residuals of 1.2 to 13 nsec.

The Applied Physics Laboratory (APL) at Johns Hopkins Univeristy 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 domoepheris ode! wiis Jeweliped Tor WAIR &hd Y2 based on & Tawge dovamwliatlon OF asildnide
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 {onospheric parameters.
("4 mode! elnstruetion and thet of AL are tUMp1Ett1¥ independent of the evalustion data). The UBA Lystem
evaluation of this nodel (by Dr. Bent) produced overall rms residuals between 2.5 and 8.8 nsec, depending
on the evaluation station,

The accuracies resulting from these moiels (without real-time updates) are summarized in Figure 7.
These studies served to validate the concept of fonospheric 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 fonospheric disturbances without near-real-time update data, an opera-
tion inconsistent with current system operations.

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

For users requiring less than full system accuracy and using less sophisticated equipment, a simplified
mode! approaeh witl be satiaferiory ono hes beeh seletted for fhese 1 evdluetion  The troramitoed dele
should be sufficient to describe a model which eliminates 50 to 60 percent of the {onospheric 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 seems rather clear that {onospheric models, no matter
how complex, are incapable of predicting the smaller scals structures of the {onosphere, While {onospheric
models may be require¢ for th- single frequency user, the dual frequency calibration technique, discussed
in the next section, wilt provide susertor p!r¥UTﬂlﬂte the user regutring the Jittmate in accuraty.

6. DUAL FREQUENCY RECEIVERS

From the dispersion relation of a high frequency e]ectromaﬂ:et1c wave in plasma, 1t s sufficientl{ ac-
tarale For L-bend slignals tn &0 applieations to therstlertie the § y Jependente of Lhe tonbapherie
delay in terms of the inverse sjuared 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 are derived below.

The pseudo-range equation provides

mosptd e (K)o,

where

m = measured pseudo-range in channel i
» true pseudo-range (including user clock blas)
= pseudo-range uncertainties independent of frequency and receiver noise

= parameter proportional to total electron content 3long with measurement path

- X o v

i" signal frequency in channel 1

n = receiver noise in channel i

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

i

i
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p=Am -n))+F [(“‘1 - ny) - (my - ng)] (6-1)
where
2,2
Fe i - 1)

The second *erm 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 ny {by definition), the estimate of p will be
P=m o+ Fimy - my) (6-2)

The error & p in the user estimate is then
cgp=F-p=n +En
1°") (6-3)

Note that " and ny will be correlated.

If n, and n, have equal standard deviations of o, and a correlation factor p , the standard deviation
in pseudo-range grror is

2 12\ 2 >
ot 3= na-p (6-4)
£ -
2 1
The first term in brackets represents the contribution due to single channel measurement error. The second
term arises from the ionospheric calibration process alone., Using the current values for the two transmitted
frequencies in GPS L, = 1,575 GHz and L, = 1,227 GHz, the relative contributions of these two sources are
indicated in Figure %. 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
i€ approximately 2.6 times the single channel measurement error for ¢ = o.

Although the fonospheric 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 #hich 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 degradaiion
ard delay due to ionospheric effects is the usc 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.
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