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ABSTRACT

.‘4

The primary purpose of this investigation was to determine the

nature and characteristics of a class of large, weak ionospheric irregu-

EAS b et e s

larities which in certain circumstances significantly affects long-dis-

tance HF radio-wave propagation. A further purpose was to determine the

- b e i

relative practical importance of the diffraction produced by these inho-
mogeneities, in relation to the influence of other mechanisms such as
Faraday rotation and scattering by small irregularities,

Measurements of quasi-periodic variations in phase-path length have

e s e et oy (e

been made on a 2600 km one-hop lower-ray F-region path. Variations of 8
to 75 wavelengths are regularly observed during winter daylight hours.

? They have a quasi period of about 20 minutes. Correlations of measure-
E ments made at spaced receiver locations indicate that these variations
in phase-path length are produced by irregularities having a horizontal

scale size of about 35 km. Multiple frequency mzasurements show a verti-

cal scale size of about 15 km, with a maximum in the lower F region. A

4 lower limit of 65 m/sec is determined for the horizontal velocity of the
: irregulariiies. A downward vertical velocity of 30 to 40 m/sec is ob- 1
g served. The irregularities limit achievable bandwidth and spatial reso-

; lution for one-hop HF ionospherically propagated waves under quiet iono-

spheric conditions.

A model of the irregularities has been devised and has been used to
predict the signal-strength fluctuations which would result from propaga-
% tion through a medium described by the model. Two classes of signal-

strength behavior are predicted and observed experimentally, depending
L on the relative magnitude of the phase-path variations within the limits !

mentioned above. Signal-strength variations of a few dB, having a 20 min f

PRSI TR

period, are observed when the changes in phase-path length are small, and
are attributed to focusing caused by the irregularities. Larger, more

rapid signal-strength fluctuations are also observed. These are attribu-
ted to multipath interference between several rays propagating through ii

the same irregularity. Taken together, these rays make up what would be

- identified as the oune-hop lower-ray F-layer mode, which is seen to be
less homogeneous than had previously been supposed, for propagation over f

.2000-4000 km distances.
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9 I. INTRODUCTION

-V A.  PURPOSE

G

The purpose of the work described in this report was to determine g

the large-scale spatial properties of high-frequency (HF) radio waves

e

which had propagated over an undisturbed (quiet) one-hop F-layer iono-

SR e

L : spheric path. These large-scale properties limit the maximum antenna

o

size which may be efficiently employed in HF systems. A further purpose

jan

of the work was to determine the importance of ionospheric irregularities

-

relative to other mechanisms in producing spatial distortions in HF waves.

UMD Y

St
RN T3 s 2 i Sy

B. BACKGROUND

Ionospheric communication is made possible by the refracting region

o of free electrons which exists at altitudes of about 70 to 300 km above 3

the earth. Figure 1 is an example of a profile of electron density vs
height which might be observed over a fixed point on the.earth. This
electron-density profile is typical of the midlatitude winter daytime

N
@ ionosphere. Radio waves in the range of about one to thirty MHz are

bent sufficiently that they will return to the earth at a considerable

L distance from the point of transmission. Figure 2 shows the paths of
g rays at a fixed radio frequency for an ionosphere which is described

f everywherg by the electron-density profile of Fig. 1.

% At the point of return, the waves may be received, or they may be
g reflected from the surface to make additional "hops', often reaching

distances two, three or four times those for a single hop. While tra-

versing the ionospheric portion of their path, these waves are affected

ey o 2a LY

by any variations in electron concentration (and hence in refractive

index) which they may encounter.

Variations (with time of day, season of the year, and location on

the earth) in the angle at which the sun's energy is incident upon the

LA ol e st s e

ionosphere cause spatial variations on a global scale in observed pro-
files of electron density versus height. These spatial variations can
contribute to small frequency shifts in the received signals and to

) small effective "tilts" in the refracting layer. Such frequency shifts

1 SEL-70-037
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Figure 1. Ionospheric electron density profile. [From TR-112, SU-SEL-
69-007, Stanford Electronics Laboratories, Stanford Univer-
sity, Stanford, California.]
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and tilts do not generally cause difficulty in the operation of high-
frequency communication circuits.

More important degradations in the smoothness of received wave
fronts (surfaces of constant phase) can be produced by localized varia-
tions in the electron-density profile of the ionosphere. These localized
variations (ionospheric irregularities) scatter or refract the incident
waves. If the irregularities are moving, they cause the amplitude and
phase of the received signals to vary with time. Variations of this
sort limit the useful bandwidths and antenna apertures that may be em-

ployed in HF communication systems.

1, Features of the Quiet Ionosphere

The gross characteristics of the ionosphere, through which ray
paths joining any two points on the earth travel, may be determined from
a sweep-frequency sounding over the path (an "oblique ionogram", Fig. 3).
In such a record the time required for a group of waves to travel from

ransmitter to receiver is measured over a wide interval of radio frequen-
cies (Barry and Fenwick '65). Figure 3a shows such an ionogram for a mid-
latitude path on a typical winter day. Some important features are indi-
cated in the figure. In the frequency interval labeled "single mode",
only one major ionospheric path exists between the transmitter and the
receiver. The ionogram of Fig. 3a was made during a period of undis-
turbed or "quiet" ionospheric conditions. Figure 3b shows the effect
that an ionospheric disturbance produces in an oblique ionogram,

All of the experimental work in this paper was performed under

the following conditions:

1. One-hop, lower-ray, F-layer propagation only.
2. East-west, midlatitude path.

3. Quiet ionospheric conditions.

2. Sources of Wavefront Distortion in the Quiet Ionosphere

Information on the spatial characteristics of HF ionospherical-

ly propagated waves is available in a variety of forms and representing
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a wide range of ionospheric conditions. In this section some of the pre-
existing relevant information and its relation to the present work are

discussed.

a. Traveling Ionospheric Disturbances

Traveling ionospheric disturbances produce large ionospher-
ic irregularities having horizontal spatial periods ranging from 50 km to
over 1000 km, The disturbances occur at rates of a few per day for smal-
ler disturbances to a few per month for larger ones. Munro ('50, '58),
Georges ('67), Chan and Villard ('62) and others have studied such dis-
turbances. The wavefront distortions which result are reasonably well
understood. The low rate of occurrence of traveling disturbances decrease
their influence on the performance of I'F systems. The observations de-
scribed in the present work were made under conditions when no large
traveling disturbances were influencing propagation over the path (as

determined by the absence of "kinks" in ionograms over the path--see Fig.

3).

b. Multi-mode Observations

The spatial characteristics and motion of the fading pat-
tern produced by the interference of rays propagating over different
ionospheric paths, that is, by different modes, has been studied by Ames
('64). The observed fading rates and motions of the fading patterns are
adequately explained in terms of large-scale tilts and motions of the
ionospheric layers. The observations of the present study are limited

to the frequency range where only a single mode is propagating.

c. Single-mode Oblique-incidence Measurements

Measurements during periods of quiet ionospheric conditions,
using frequencies for which only a single mode is propagating (or where
modes are resolved using pulse methods), have been made by a number of
investigators. Such measurements permit the most direct interpretation

in terms of causative mechanisms in the ionosphere.

One category of single-mode oblique-incidence studies con-

siders the scattering produced by large numbers of small (less than S5 km

7 SEL-70-037
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horizontal extent) weak irregularities. The statistical properties of
the resulting field are measured to determine the statistics of the scat-
terers. It is assumed that the received wave is composed of a single
specular component plus a large number of weak scattered waves. The
scattered energy introduces amplitude and phase fluctuations in the re-
ceived signal which are statistically distributed in a characteristic
manner that defines the ratio of the unscattered (specular) energy to

the scattered energy. This ratio (B) 1is often referred to as the

coherence ratio of the received signal. Al'pert ('63) summarizes a

number of amplitude~distribution measurements of ionospherically propa-
gated waves. Whale and Gardiner ('66) derive relations between the
statistics of the phase difference measured on two spaced antennas,
and the coherence of the received wave field. Coherence measurements
have not produced a clear description of the influence of small irreg-
ularities on ionospheric communication. Phase measurements usually
indicate much larger values for the coherence ratio than are found
using amplitude measurements.

A second category of studies considers the effect that
a smaller number of larger irregularities has on waves propagating
through the ionosphere. The effects of each individual irregularity
are measured, frequently at widely separated locations. These studies
have mainly been concerned with irregularities in motion, primarily
because the observation of temporal variations is experimentally easier
than the observation of spatial variations. The velocity and size of
large irregularities have been determined by measuring the time separa-
tion of the effects of a given irregularity at spatially separated points.
The measurements of traveling ionospheric disturbances described above
fall into this category. Also, Bramley ('53, '55) has studied variations
in the angle of arrival of obliquely propagated waves at sites separated
by 27 km to 213 km. He measures angular deviations in azimuth of about
a degree, having a pseudo-period of about 20 minutes. These deviations
are highly correlated at 27 km, but are nearly uncorrelated at the 213 km
spacing. Although it is difficult to determine the shape and strength of
irregularities.from angle-of-arrival data only, Bramley attributes the
observed variations in angle of arrival to weak traveling irregularities

having spatial periods of 50 to 200 km.

SEL-70-037 8
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A third category of measurements of the spatial properties
of ionospherically propagated waves involves measuring the amplitude and
phase of the waves at a large number of spatially separated points. (The
multi-mode work of Ames, described above, used this technique.) The major
work of this type for single-mode propagation under quiet ionospheric con-
ditions is that of Sweeney ('70). He employed eight receiving elements
equally spaced along a 1line 2.5 km long. He observed relatively linear
wavefronts having mean angle-of-arrival variations similar to those ob-
served by Bramlry. In addition, Sweeney observed amplitude differences
of about 10 dB and phase fluctuations of about #20° on the individual
elements. These fluctuations are more rapid (having periods of less than
1 min) than the variations in the mean angle of arrival. The mechanism

that produces the more rapid fluctuations is not determined.

C. APPROACH IN PRESENT STUDY

This report describes a series of experiments performed to determine
the large~scale (large compared with the 2.5 km aperture used by Sweeney)
spatial properties of ionospherically propagated waves. A new phase-mea-
suring technique is used to study the shape of the observed wavefronts.
Phase measurements are made using a fixed receiver site plus an airborne
receiving system. The use of an airborne receiving system allows phase
changes to be measured simultaneously at two points whose separation may
be changed rapidly. The moving airborne receiver is sensitive both to
moving disturbances and to wavefront distortions which are fixed in space,
that is, not varying significantly with time.

Data gathered by use of this technique reveal the presence of a new
class of ionospheric irregularities, which appear to be a continuation
to smaller sizes (approximately 35 km) and weaker strengths (approximately
1 per cent change in electron density), of the irregularities observed by
Bramley and others. Simultaneous measurements with several radio frequen-
cies are used to determine the vertical size (about 15 km) of these new
irregularities. A computer model is then used to predict the influence
of the irregularities on propagation. Amplitude fluctuations which re-

sult from propagation through such irregularities are predicted from the
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model, and are compared with the fluctuations observed experimentally.
The occurrence of these weak, medium-sized irregularities is shown to
coincide with signal-strength fluctuations. The statistical distribu-
tion of amplitude fluctuations at the receiver is measured and compared
with amplitude-fluctuation distributions predicted from the model. The
predicted and measured amplitude-fluctuation distributions are in turn
compared to distributions predicted by other models of fading mechanisms
such as 0-X interference and scattering by numerous small, weak irregu-
larities. This analysis can explain scine ambiguities in previous studies
which attempted to explain amplitude fluctuations using a model based on
the assumption of many weak irregularities.

Determinations of the apparent vertical velocity and a lower limit
for the horizontal velocity are also drawn from the measurements. Fi-
nally, the performance of wide-aperture antennas in the presence of large
irregularities is discussed. Appendix A provides a detailed description
of the experimental method, together with the accuracy requirements of
this method.
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II. PHASE-PATH MEASUREMENTS

The experiments described in this report were performed in two
series of measurements. The objective of the first was to establish
a general understanding of the wave field of energy which has propaga- 3

ted over a one-hop lower-ray F-layer path through the ionosphere. The

PR (A TAT
= VP e el

results of this first series of measurements showed that the major dis-
tortion of the received wave fronts appears to be caused by ionospheric
irregularities having a temporal variation with a period of about 20 min,
a horizontal scale size of approximately 35 km, and a maximum deviation
of electron density in the range of 0.6 per cent to 6.0 per cent.
The second series of experiments, performed about one year after

the first series, was concerned with determining the vertical scale size
E (determined to be about 15 km), and the range of magnitudes of the vari-

ations observed. In addition, data from the second series of experiments

)
Ay S MRS SRR s 2

were used to study the signal-strength fluctuations produced by the ir-
5 regularities, and to determine any observable motion of the irregulari-

ties.

A. CONDITIONS OF THE MEASUREMENTS

In order to minimize the possibility of ambiguities in the experi-
mental side of this work and in the interpretation of the data, the mea-

b surements were performed under conditions which were expected to produce
relatively smooth wave fronts. The path employed joins transmitters at

Bearden, Arkansas and receivers at (or near) Los Banos, California (see

map, Fig. 46 in Appendix A). The use of this midlatitude path avoids

equatorial and polar anomalies. The great-circle distance from Bearden
to Los Banos is 2600 km.

Measurements were made during winter daytinle periods. At these

times, ionospheric disturbances are infrequent, and a wide range of

o
i
.
b

i

s

frequencies could be used which propagated by the one-hop lower-ray

g
A
r.

-

F-layer mode only. For unambiguous results, the measuring technique

that was used requires single-mode propagation. Frequencies as low

as 18 MHz (limited by t!:e appearance of the two-hop F-layer mode or
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the one-hop E-layer mode) and as high as 28 MHz (limited by the appearance . 9
of the one-hop F-layer upper-ray mode) were used. On most days a range of

between 3 and 10 MHz was available, for which propagation was by the one- L

hop lower-ray F-layer mode only. During winter nights and during the sum-

mer, there are usually no frequencies which propagate by only a single

mode over the Bearden-Los Banos path. ]
A high-resolution FMCW ('chirp') sounder was used to monitor condi- 3

tions over the path. This sounder provides oblique ionograms having 8

usec resolution in group time delay. Ionograms were made routinely, at

intervals of a half hour to an hour and a half, to determine the "single-

mode" frequency range and to check for the presence of large ionospheric e
disturbances. Additional ionograms were made if the phase-path measure-
ments (described below) indicated that any ionospheric disturbances might
be present on the path. Any traveling disturbances (as studied by Munro
and others) produce noticeable "kinks" in the high-resolution ionogram.

No dats from the phase-path measurements were used for periods when iono-

spheric disturbances could be detected from the ionograms.

BT

s o

B. PHASE-PATH MEASUREMENT METHOD

The selection of a measuring technique to be used for this work was

T S S SR RS

made on the basis of the known characteristics of wave fronts propagated
over long, single-mode, one-hop F~layer paths--plus a desire to determine

the nature of the mechanism producing wave-front distortions. The use of

g pulse measurement techniques was rejected because it was felt that the

? resolution possible with ionospherically propagated pulcges (approximately %

‘é 2 usec at best) was not sufficient to provide any new information about f

small variations in wave-front shape. Angle-of-arrivel measurements were %

’ considered impractical in view of the desire to make measurements at a f
j wide variety of receiver spacings. (Accurate angle-of-arrival measure-

'Q ments require very carefully selected receiver sites.) |

? The use of continuous-wave (CW) measurements was selected for the }

5 following reasons: L

.

;. # %
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1. Measured phase changes may be more simply interpreted in terms
of refractive-index variations in the ionosphere, than is the
case for group-path measurements.

2. The sensitivity of the measuring system to small phase changes
is limited only by the stability of the frequency standards em-
ployed.

3. Dispersion--i.e., the propagation of different frequency compo-

nents of a pulse over different paths--need not be considered.

4, The narrow bandwidth required allows the use of low peak power
and reduces the system's sensitivity to interference.

The major disadvantage of CW measurements is that frequencies must
be chosen at which only a single mode is propagating. The path used in
the present study allowed the use of single-mode frequencies during win-
ter daylight hours. The methods of acquiring and analyzing the data are
described below.

Changes in the phase-path length (P) of rays propagated obliquely
over a 2600 km ionospheric path were used to study irregularities in the
received wave fronts and to infer some of the characteristics of the
source mechanism in the ionosphere. The measured rays propagated over
a "single-mode", one-hop, lower-ray F-layer path. In the absence of ir-
regularities in the ionosphere, the resulting field at the receiver,
produced by such "single-mode" propagation, consists of an ordinary and
an extraordinary magnetoionic ray. As a result of the irregular bending
of rays by ionospheric irregularities, more than one such pair of rays
may arrive at the receiver.

The phase-path length of a ray propagating from transmitter to re-
ceiver through a medium of varying refractive index is defined by the

relation

P = f }J.dS , (1)
RAY PATH

where p 1is the refractive index of the medium and ds 1is an incremen-
tal distance along the ray path. P 1is directly related to the phase

@ of the received wave by
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where A\ 1is the wavelength in the medium and equals xo/p, in which xo
is the free-space wavelength. If changes in phase-path length (AP) are
measured in free space (p = 1), xo may be used in relating AQ® to AP.
In this context, ©® 1is not periodic in 2n radians. The measurement of
changes in P as a function of time is made by observing the changes in
® as a function of time--i.e., by counting the number of cycles (an in-
tegral number plus a fraction) of the received signal which occur during
some sample interval (usually one second), and comparing this with the
transmitted frequency. Such a measurement i1s unambiguous (unlike a sim-
ple phase measurement). That is, the resulting phase measurement is not
limited to the range O to 2n radians.

The received signal is converted to an audio frequency by a phase-
coherent receiver, and it is this audio signal which is measured. The
use of an audio frequency much higher than any possible frequency shift
in the received signal avoids any potential plus/minus ambiguity. The
equipment and processing used in these measurements, and the accuracy
of the measurements, are discussed in the appendix.

If only a single ray path joins the transmitter and the receiver,
the meaning of such a measurement is clear. Let the received signal,

Er’ be described in the form

E = E(t) sin [Zﬁf t + @(t)] - (2)
r )

where t 1is time, fo is the transmitted frequency (carrier), E(t)

is a slowly varying (compared to the carrier frequency) "envelope' am-
plitude, and ©@(t) 1is a slowly varying phase angle measured with re-

spect to the carrier. The quantity ¢ will be referred to as the

measured phase of the received signal. Again, note that the range of

= is not restricted to Zn radians. E(t) 1is also measured at the
sampling interval. A one-second sampling interval has been found to

be satisfactory for the relatively stable signals observed under the

measurement conditions.
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The received signal Er can be represented as a vector of length
E at an angle © relative to a coordinate system rotating at 2ﬂfo
rad/sec (Fig. 4a). If truly only one signal is present, this picture,
together with the meaning of the measurement, is clear. If the received
signal is shifted in frequency from the carrier frequency, e.g., if a

doppler shift is caused by motions in the ionosphere, then

o(t) = 2nfdt , (3)

where fd (commonly called "doppler") is the difference between the
transmitted and received frequencies.

If the received signal is produced by a summation of several rays,
the interpretation of the measurement may or may not be clear. The
phase measured is that of the vector sum of all components present.

Some possible types of sums are shown in Figs. 4b and 4c and are de-
scribed below,

Consider a received vector composed of a large signal vector (ES)
plus a small randomly phased vector (En). As has been pointed out, the
measurements made in connection with this work were carried out under un-
disturbed ionospheric conditions, using frequencies for which only a sin-
gle mode was propagating. Measurements by Sweeney ('70) and others show
that under such conditions, phase changes are generally smooth for peri-
ods of several minutes, but that small, more rapid (5-20 sec period)
phase fluctuations of about 10 deg are observed. Such fluctuations might
arise from noise, interference, or scattering by small irregularities in
the ionosphere. This type of fluctuation may be represented by a small
random vector En added to the main signal vector (Fig. 4b). The mea-
surement of phase is still unambiguous; however, a phase error is intro-
duced. As long as the actual phase error introduced into the vector sum
is not significant to the data derived from the measurement, the effect
of such perturbations is not important, and does not modify the concept
of the measurement. Actually, if one received signal vector is larger
than the sum of the magnitudes of all other vectors, the unambiguous mea-
surement is a meaningful representation of the larger (dominant) vector
as long as an error in measured change in P of #A\/4 (equivalent to a

change in ¢ of #n/2 radians) is acceptable. While an error of /2

15 SEL-70-037
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(1)

270°
S

E(t)
o) 0°

Figure 4.

270°

Vector representation of
received signals.

(a) Single ray.

(b) Small perturbing
component.

(c) Two rays of comparable
amplitude.
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radians might invalidate a simple phase measurement, errors of this
magnitude will be negligible in the unambiguous phase-path-length mea-

surements.

Now consider a measured resultant vector made up of two vectors of

similar magnitude, ES1 and ESZ’

4c). Such a situation might represent two magnetoionic components (see

whose lengths vary with time (Fig.

Chapter III); or propagation by more than one mode; or "internal multi-

path"* effects produced by ionospheric irregularities. In the case of
the ordinary and extraordinary magnetoionic components, the relative po-
sition and strength of the two component vectors will vary only slowly
with time. With the exception of a complete cancellation, the measured
phase and frequency shift of the resultant vector will be a reasonable
estimate of the performance of either of the two rays. For rays of com-
parable amplitude which do not behave similarly to each other, we will
observe the variations in length of phase path P for the stronger ray,
within an accuracy of *)\/4. Since the relative amplitudes of the rays
may vary with time, one ray and then the other may successively dominate
the measurement. 1f such relative changes in amplitude occur slowly
enough (i.e., if many samples are taken between changes), and if the
frequency shifts fo along the ray paths are different enough for the
two rays, we will be able to observe an abrupt change in the slope of
the phase-path record as the change cccurs. Figure 5 shows the type of
changes we would expect under these conditions.

For larger numbers of components, a simple intuitive understanding
cannot be continued unless one of the above conditions can be approxima-
ted; i.e., unless one ray or several rays with very similar frequency
shifts dominate the resultant vector for reasonably long intervals of
time. Ultimately, the analysis of the amplitude and phase measurements
will be limited by sampling theory and measurement noise; however, in
this work the technique is applied only under conditions when the simple

intuitive approach is applicable.

*The term "internal multipath" is used to describe multiple rays which
propagate from a transmitter to a receiver via a single ionospheric mode.
Internal multipath is present if ionospheric irregularities produce suf-
ficient differential ray bending that rays cross before reaching the re-
ceiver location.
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Using the measurement described above, it is possible, under certain
conditions, to determine changes in P for the ray path joining a trans-
mitter and a receiver, and conversely, it is frequently possible to deter-
mine from the measurement record whether the necessary conditions exist
at the time o1 the measurement. Scveral implications of such measurements
will now be discussed.

Variations in the phase-path length of an ionospherically propagated
ray can occur in two ways., From Eq. (1) it is seen that variations in P
may be caused both by variations in y along a fixed path, and by changes
in the position or length of the physical path. The frequency shift (dop-
pler) which is produced by varying the phase-path length of a ray is

f
S o dl
fa 77T at @)

where c¢ is the speed of light and fo is the transmitted radio fre-
quency. By measuring the slope of a phase-path record, we may determine
the doppler shift of the ray that dominates the measurement.

An additional and perhaps unexpected relation for rays propagating
between two fixed endpoints, through a medium in which the refractive

index varies with time, is derived by Bennett ('67)

[=

fo d
fd=-—c—f g%ds g %)
RAY PATH

This relation states that the instantaneous frequency shift is a function
only of the instantaneous rate of change of refractive index along the
present ray path, and does not include a contribution due to the simul-
taneous change in the position or length of the ray path which may be
occurring. Tﬁis fact will provide a more direct interpretation of our

measurements in terms of the irregularities whilch cause them. ™

*
More precise statements of Eqs. (1) and (5), which account for the an-

isotropy of the ionosphere, include an additional term, cos @, within
the integral, where ¢ 1is the angle between the ray direction and the
wave normal (see Budden, 1961). When considering small changes in long-
range oblique ray paths, the error introduced by neglecting this term is
negligible.,
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It is also useful to consider the technological constraints which
will influence the usefulness of the measuring technique. The measured
changes in phase-path length are not expected to occur at a rapid rate,
since frequency shifts greater than one or two tenths Hz are rare under
the stated experimental conditions. An error in integrated phase aris-
ing from the frequency sources used for transmitting and receiving will
be reflected in a like error in the measured phase-path length. The
more rapidly phase-path changes introduced by the ionosphere occur, the
less rigid will be the requirements on the frequency sources used. Fre-
quency errors (linear changes of phase) can be tolerated if a linear
trend may be removed from the resulting data without loss of information.
Instability in frequency, however, will degrade any data that make use
of measurements of changes in P. Crystal frequency standards having a
stability of about 10_9 will introduce errors in the measurement of P
at a rate of about 1000 m/hr. Portable cesium-beam frequency standards
having a stability of 10-11 will allow measurements with an error of
about 10 m/hr. For the observed variations of the present experiments,

this gaiun in accuracy is crucial.

C. MULTIPLE-LOCATION MEASUREMENTS

The effect of refractive-index irregularities on waves propagating
through them is principally determined by the strength (per cent altera-
tion of the refractive index) and the spatial extent of the irregulari-
ties.

The first series of measurements performed in this study was primar-
ily concerned with determining the strength and horizontal scale size
(or sizes) ol the ionospheric irregularities believed to be present under
quiet ionospheric conditions., Since the size range of possible irregu-
larities was not known a priori, measurements were made at as wide a
range of spacings as possible., The work of Bramley, carried out under
quict ionospheric conditions, indicated that the probable range of sizes
of irregularities to be cncountered would lie between 30 and 200 km.
Making use of these observations, and considering some practical experi-

mental limitations, a single stable-frequency CW transmitter was used,

SEL-70-037 20




4 CT and phase-path measurements were made simultaneously at two receiving

f; . points separated by distances which varied from 50 to 170 km. This

: provided two ray paths in the ionosphere which were separated horizon-
tally by 25 to 85 km at the maximum height of the rays. One receiving

3 system was located at the Stanford University Wide-Aperture Research

;‘ Facility near Los Banos, California, while the other receiver was in-~
stalled aboard a DC-3 aircraft. The aircraft was also equipped with

an accurate tracking system which, in conjunction with two line-~of-sight
stable-frequency transmissions, allowed continuous (though not real-~time)
tracking of the plane's position. The equipment and data-processing

method employed are described in detail in Appendix A. The resulting

i sy

records show the variation in phase-path lengths between the transmitter
(located in Bearden, Arkansas, 2600 km east of Los Banos) and each of the
receivers. The records from the aircraft are corrected to compensate for

the variation of the aircraft's position from a constant radial distance

b e el S e g

to the transmitter and from a constant altitude. For most of the experi-
j . ments, the aircraft flew a course running from 50 to 170 km north of Los
: Banos. The course was flown in both directions.

The choice of this method of observation results in the ability to
explore wave fronts at various receiving-antenna spacings without the
necessity of establishing numerous field sites, and allcws the detection
of fixed irregularities. It does, however, suffer a decrease in the num-

ber of measurements that may be made at any given spacing, for the sake

of an increase in the number of spacings that may be employed. The re-

cords show

;} P(t) - P for the fixed receiver, and

ﬁ: r = constant

1 6 = constant l
; P(t,0) - Pb for the aircraft receiver, 1

r = constant
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where
P = phase-path length,
r = great-circle distance from the transmitter to the receiver,
8 = bearing from transmitter to receiver, and

Pa and Pb = unknown constants at the start of each measurement.

The slopes of these functions correspond to the observed frequency shift

(doppler) of the signal and are given by

dp

pryal) with r and 6 constant, for the fixed receiver,

and

oP  oP df dé
St Sg - gt Vith gp and r constant, for the aircraft. (6)

The second term in the doppler expression for the aircraft arises from
the aircraft velocity.

Two sources of error in interpretation of these data will now be
mentioned with reference to their effect on our observations. The first
is that the ray path joining the transmitter and the receiver does not
lie in a plane containing the transmitter, the receiver, and the center
of the earth, because of the tilts in the ionosphere produced by the ir-
regularities we are studying. Therefore, the exact ray path is not known,
and the measured doppler is that corresponding to a point in the iono-
sphere whose location is not precisely known. The error introduced by
this deviation can be estimated by making use of angle-of-arrival mea-
surements made by Sweeney ('70). He used a broadside antenna array which
was 2.5 km long, and which received over the Airkansas-Los Banos path.

He found root-mean-square (rms) angle-of —arrival fluctuations of about
1/4 deg, which implies that the ionospheric ray path has an rms devia-
tion from the great-circle plane containing the transmitter and receiver

of about 7 km at its maximum height.
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The second source of error is introduced by the aircraft's motion
(the OP/09 term in Eq. 6). The effect of this error can also be de-
termined from the known angle-of -arrival deviation. TFor a 15 m wave-
length (20 MHz), a 1/4 deg change in angle of arrival will produce a
phase variation normal to the nominal ray path of one cycle in 3 km.

At the nominal aircraft velocity of 60 m/sec, this will result in a
frequency shift of 0.02 Hz. As is indicated by the measured data pre-
sented in the next section, these zero-mean errors introduce only minor
errors in the results for the values of frequency shift<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>