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ABSTRACT

In order to determine the influence of oblique ionospheric radio
propagation upon the performance {azimuthal pattern) realized by a very
large HF array, a 256-element, 2.5 km broadside array has been con-
structed, and used to receive signals propagated over a 2600 km east-
west path from a test transmitter. During implementation of this array.
a new technique for matching the lengths of very long feedlines was
devised and shown to provide outstanding precision and convenience. It
was found that the sensitivity conferred by sweep-frequency CW (SFCW)
sounding and the directivity of the receiving array permitted useful
ionospheric research to be conducted with transmitted powers as low as
5 mW.

Through the use of SFCY sounding, propagation modes were separated
and their azimuthal properties weré individually studied as a function
of radio frequency with the large array. Daytime studies revealed that
single-hop propagation usually appears discrete in azimuth and time
delay within the resolution of the system. Ground-reflected modes,
on the vther hand, are generally spread both in azimuth and time delay,
presumably as a consequence of the ground reflections occurring within
the Rocky Mounczin region,

During quiet conditions, the one-hop F2 low ray was observed vo
have an angle of arrival usually within 0.25 deg and always within 0.5
deg of the true transmitter bearing. The one-hop F2 high ray was found
to commonly arrive south of the low ray. This tendency was hypothesized
to be a consequence of ionospheric tilts having north-south slopes which
increase with altitude. Thé plausibility of this explanation was con-
firmed by three-dimensional computer raytracing with a model ionosphere
based upon vertical ionosonde data.

A new propagation mode was discovered which is thought to result
from two-hop propagation in which enexgy travels one hop via high ray
and the other via low ray. The existence of such a "combination mode"
requires rough scattering at the midpath reflection region (the Rocky

Mountains in this case), to enable transfer of energy between high and
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low rays. The proposed explanation for the combination mode was
substantiated analytically by computer raytracing, and experimentally
by operating an HF repeater at the path midpoint.

A new experimental technique was developed which, using SFCW
sounding, measures amplitude versus time delay at eight azimuths
simultaneously, with each azimuth having the resolution of the full
2.5 km array. The new technique makes extensive use of digital pro-
cessing, and iliows greatly improved flexibility, accuracy and dynamic
range compared to previous techniques. In addition, the technique
allows the distributions acrxoss the array of received signal amplitude
and phase to be measured individually for all propagation modes.

Finally, measurement of ionospherically induced doppler shifts
versus azimuth for obliquely propagating CW signals demonstrated that,
when modes could be resolved in frequency on the basis of their diffex-
ent doppler shifts, they could often be identified on the basis of their
azimuthel properties. This was accomplished when receiving with only
eight whips spaced uniformly across the 2.5 km aperture. Data were
presented in which the one-hop F2Z high ray and low ray exhibited
discrete doppler spectra, while two-hop- F2 produced a spread doppler %
spectrum,

It was concluded that, during normal daytime conditions, the
performance (azimuthal pattern) of a 2.5 km HF array was not signifi-
cantly affected by ionospheric reflection of single-hop signals received
over a 2100 km path. The performance of the array was substantially
degraded, however, when it was receiving multihop modes. This degrada-
tion was presumably cavsed by ground reflections rather than by

ionospheric reflectious.
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‘beamwidth varies inversely with length [Ref. 1, p. 877].
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I. INTRODUCTION

A, PURPOSE

The purpose of the research described in this report was to
investigate experimentally the properties of ablique ionospheric radio
propagation which could degrade or limit the performance realized by a
very wide-aperture (2.5 km), high-frequency broadside array. 'High-
frequency" (HF) refers to the frequency band from 3 MHz to 30 MHz., A
broadside antenna array is one whose main lobe direction is roughly
perpendicular to the line of its elements. Since the performance of
such an array can most meaningfully be measured in terms of its hori-
zontal pattern (beamwidth and sidelobe levels), the emphasis of this
study was upon the apparent azimuthal pattern of an array when receiving

ionospherically propagated rddio energy emanating from a point source.f}

B. BACKGROUND

1. Motivation

The specific motivation. for this work was to establish the
feasibility of using HF broadside arrays an order of magnitude longer
than any employed previously for ionospheric radio propagation. The
primary effects (in free space) of increasing the length of an array
while maintaining a constant physical interelement spacing are first,

that directive gain varies directly with length, and second, that the

There are several reasons why the performance obtainable with
larger arrays is desirable. Probably the most important of these
reasons, in recent years, is a consequence of an ever-increasing number
of stations which use the l{F spectrum. The limited number of frequency
allocatioas available has led to more and more sharing of channels, and
to greatly increased interference between stations. Since interference

is simply a form of unwanted noise, this situation has, for some

1 SEL-70-034
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services, seriously degraded the signal-to-noise ratios obtainable over
ionospheric channels. Furthermore, the conduct of ionospheric research
has been complicated in recent years by the fact that increased inter-
ference has reduced the flexibility and sensitivity of broadband iono-
spheric sounders. Obviously, increasing transmitter power in an effort v
to retrieve the signal-to-noise ratios lost to interference in some
systems will only a2ggravate the interference to other systems.

A better approach is to increase the directive gains of the
antennas used by HF stations. Doing so can strengthen the received
signal from a desired station while reducing the interference both to
and from other stations. For transmitting arrays, the increased gain
means a higher effective radiated power (ERP) in the dosired direction,
thus providing increased signal strength at the receiver. In addition,
less power is radiated in other directions, which reduces interference
to other stations. In receiving arrays, increased directive gain
improves sensitivity to signals from a desired direction while reducing
sensitivity to unwanted signals and noise coming £rom other directions.

Although it is desirable to increase the directive gains of
arrays used in ionospheric radio, it is not clear that the ionosphere 4
in practice will support a substantial increase in such gains. A broad-
side array is designed to transmit and receive plane waves. This means
that, for any frequency, any phase difference between the currents in
two array elements is proportional to the spacing between the elements.

(This condition is referred to as "linear phase.") If the phase fronts
of cransmitted plane waves are seriously distorted by ionospheric propa-
gation so that the phase distribution across the array is not linear,
the performance of the array in receiving that particular signal will

be degraded.

From another viewpoint, if the discrete directions of signal
and noise sources are modified by propagation so that they arrive from
a spread of directions greater than the array beanmwidth, then the poten- v
tial for enhancing the desired signal and rejecting the unwanted signals
and noise by increasing the directive gain of the array will be reduced.

Furthermore, if a desired signal arrives from a discrete direction which

SEL-70-034 2
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wanders about with time, the thcoretical directive gain of the array

1 will not be realized unless the array beamwidth is sufficiently wide

. always to include the direction of arrival of the signal, or unless

I the main lobe of the array car be slewed to cope with drifts in signal
» direction.

e This research was undertaken to determine experimenvally tc
2, : what extent ionospheric propagation can influence the performance of

]

very large HF arrays.

2. Previous Work

B A Ry S A

Prior to the author's vork described herein, few results have
been published which are directly applicable to predicting the perfor-

mance of a 2,5 km broadside array. No such array had previously been

(ASNEIE LRt

used in an oblique ionospheric dpplication, In addition, no measure-

ments of ionospherically propagated signals had been conducted which
bors directly upon this problem. However, a number of earlier results

. may be extrapclated so as to bear indirectly upon the feasibility of
very large artays. In addition, past experience of other workers
assists greatly in defining those aspects of propagation which are most
important to this problem.

One factor of extreme importance is the separation and
identification of the individual jonospheric muliipath components or
modes. This point was emphasized with respect to the improved perfor-
mance of direction finders when modes were resolved by Hayden [Ref. 2]
and Gething [Ref. 3]. Bowhill [Ref. 4] observed that the correlation
between received signal amplitudes at antennas spaced 600 ft apart was
much higher for a pulsed signal than for a (W signal. He concluded
that most of the space diversity effect in long-distance CW transmis-

- sions arises through interference between the various modes. Ames
[Ref. 5] sampled the amplitude of received signals at points along an
L-shaped aperture having one leg 1000 ft long and the other 1200 ft
long. He was able to deduce the tilts cf ionospheric layers by examin-

ing the patterns of interference between rafle.ted modes as observed

along the ground. The fact that this was possible one-third of the

3 SEL-70-034
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time on an 1840 km path indicated that the individual modes had
reasonably linear phase across the array at those times. Hayden
[Ref. 2] demonstrated theoretically that the superposition of two or
more plane waves, having the same frequency but arriving from different
directions, can produce ronuniform amplitude and distorted phase distri-
butions across an array. While a broadside array could realize its
ideal performance in receiving any of the plane waves individually,
this performance could probably not be realized for all waves simulta-
neously. Consequently, a very large array might clearly perform well
for receiving individual modes, while its performance would be doubtful
or at least difficult to interpret when receiving interfering modes.
The work of Bramley and Ross [Ref. 6] and Bramley [Refs, 7,
8, 9] is of particular intérest in respect to the current subject. 1In
their work, two direction finders spaced 27 km apart were used for
angle-of-arrival studies of obliquely propagated signals. Pulse-
‘moduiated transmissions were used to separate modes. Each direction
finder consisted of four elements uniformly spaced around the circum-
ference of a circle 100 m in. diameter. Two types of fluctuation in
signal direction of arrival (azimuth) were obsetrved: rapid second-to-
second ‘Fluctuations, and slow changes having a quasi-period of many
minutes (typically 20 min). The rapid fluctuations are attributed to
the inability to completely resolve modes, and to small-scaie irregu-
larities in the lower part of the E region of the ionosphere. The slow
variations are thought to be caused- by, large-scale tilts in the F layer.
Comparison of observations for a 2100 km path made with the
100 m instrument to those made with a narrow-aperture Adcock direction
finder [Ref. 9] showed that the influence of the rapid fluctuations on
the deduced bearings was reduced dramatically when the element spacing
was increased. (This raduction was further substantiated by Bain
[Ref. 10] who made measurements using a four-element direction finder
like Bramley's except with a diameter of 180 m.) This result implies
that the phase difference between elements produced by the rapid
fluctuations is to some extent independent of element spacing. In

Bramley's data at 11 MHz, this phase difference was apparently confined

SEL-70-034 4
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to within £ 24 deg of the mean value. Such a range of phase across a
large broadside array will not seriously degrade its performance |
[Ref. 11]. It is conceivable, then, that the rapid variation could be ;
averaged out spatially by a large array having many elements, thus !
eliminating the need for time averaging for the same purpose.

For one-hop F2 low ray and high ray the slow bearing drifts
observed by Bramley for the 2100 km path were quite small in magnitude
and confined to a range of 0.5 deg for periods on the order of an hour.
This implies that the average bearing of a signal could be expected to
remain for a long time in the main beam of an array having a beamwidth
of 0.5 deg.

Using the two direction finders spaced by 27 km, Bramley and
Ross discovered that the two stations exhibited extremély close correla-
tion so far as the slowly changing directi~nal deviations were concerned
[Ref. 6]. 1In a later experiment [Ref. 7] Bramley concluded that the
measured directions were uncorrelated at points on the ground separated
by 92 km, This implies that ionospherically propagated signal wave=
fronts may be essentially linear for distances in excess of 30 km.

Such an implication is extremely encouraging to the prospect of using
very large HF arrays.

Another significant result of Bramley's work is that two-hop
modes often exhibit substantially less stable bearings than one-hop
modes, and that the amount of fluctuation in the bearing is somewhat
more severe when the midpath reflection is on land than on sea (ref. 8].
This implies that the performance of a very large array may be better
for one-hop modes thzn for two-hop modes, and that the two-hop perfor-
mance may depend upon the actual path.

In practice, the largest broadside arrays used for oblique
ionospheric propagation have been less than 1400 ft long. Two examples
of .such arrays are the University of Illinois Wullenweber direction-
finding system [Ref. 2] and the Environmental Science Services
Administiation (ESSA) high-resolution scan system [Ref. 12].

The Illinois Wullenweber has 120 elements uniformly spaced

around the circumference of a circle 955 ft in diameter. At any

5 SEL-70~034




instant of time 40 adjacent elements are combined to form a broadside
array 814 £t long. The ESSA system includes a 25-element broadside
array which is 1392 £t long. No serious degradation of performance is
observed for either of these arrays during normal propagation condi-
tions, thus lending credence to the expectation that large multiele-
ment arrays can spatially average out the effects of rapid fluctuations
in direction of arrival of signals of the type observed by Bramley.

For completeness it should be mentioned that two very large
endfire arrays have previously been used successfully for HF iono-
spheric propagation. An endfire array is one whose main lobe azimuth
is directed along the line of its elements. It primarily provides
vertical-angle resolution rather than azimuthal resolution. The MUSA
(Multiple Unit Steerable Antenna) array [Ref. 13] consisted of 16
rhombics with 200 m spacing between corresponding parts of adjacent
elements. Its total length was nearly 3.2 km. The ISCAN (Inertialess
Steerable Communication Antenna) array [Ref. 14] contained 24 vertical
dipoles arranged in a straight horizontal line, nonuniformly spaced,
and spread over a distance of 1920 m. Both of these arrays were
intended to permit separation in vertical angle of simultaneously
arriving propagation modes in order to-reduce selective fading. In
addition, their use could provide marked reduction in interference to
the extent that interference and desired signal do not coincide in
vertical angle. Although both arrays were apparently successful in
their objectives, published data are not sufficient to determine
whether or not the ionosphere actually could support the theoretical
vertical resolutions of these arrays.

A particularly important experiment relative to the
feasibility of very large broadside arrays was performed by Balser and
Smith [Ref. 15]. They studied a 1600 km north-south path and trans-
mitted 35 psec Gaussian pulses in order to separate and identify modes.
Received amplitudes were measured at six whip antennas nonuniformly
spaced along a line perpendicular o the direction of propagation. The
distance between end elements was 2000 ft. In calculating the amplitude

correlation between elements, the principal result was that the

SEL-70-034 6
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correlation distances were much greater than expected. Correlation
distance, in this case, was defined as the spacing between two elements
which would reduce the correlation coefficient to 0.5. Of 31 cases
studied, only seven had correlation distances of less than 2000 ft.

The remainder had to be estimated by extrapolation, and in five cases
this led to an estimate of 10,000 ft or more for the correlation dis-
tance. Most of the single-hop modes produced correlation distances of
about 40 wavelengths, leading to an estimate of the argular fluctuations
of the arriving signals on the order of 0.2 deg. Multiple-hop paths
had correlation distances of around 10 wavelengths, implying angular
fluctuations of about 1 deg.

While this experiment did not directly measure the all-
important distributions of phase across the aperture which are needed
to completely evaluate the performance of a phased array, the results
are important in that they !ndicate the extent to which wavefronts may
be essentially linear.

A more conclusive experiment which was performed by the author
is directly applicable to predicting the performance of a very large
array. This work has been described elsewhere [Refs. 16, 17] and will
be only briefly reviewed here. CW signals propagated over a 2600 km
east-west path were received at eight vertical whip antennas -uniformly
spaced 360 m apart along a north-south line. The total array was
therefore 2520 m long. (This array actually constituted eight initial
elements for the large receiving array which will be described in the
next chapter.) Using feedlines of equal length, a receiving system
with eight channels matched in amplitude and phase, and conventional
phase meters, the distributions of amplitude and phase across the array
were measured for received signals,

Because of equipment limitations, reception was limited to CW
signals. Consequently, in order to eliminate interference between modes,
frequencies propagating only a single mode were selected on the basis of
oblique soundings. This circumstance limited the study exclusively to
one~hop F2 low ray during quiet daytime conditions, since this ray pro-
vides the only essentially single-mode propagation which is possible

ovexr the path.
7 SEL-70-034
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The experiment showed that for periods of several minutes
the amplitude and phase distributions were quite linear across the
array. The periods themselves were limited in extent by deep amplitude
fades which were believed to result from polarization rotation with
time. The predominant coserved effect was a slow drift in the apparent v
transmitter bearing, which was confined to within % 0.25 deg of the
true bearing. The conclusion was that significant periods of tiwe
exist when the full performance (ideal pattern) of a 2.5 km array can

be realized in receiving one-hop F2 low ray.

C. APPROACH USED IN THE PRESENT STUDY

While it had been shown that a large broadside array can sometimes
perform well when receiving one-hop F2 low ray during quiet daytime
conditions, it remained to show how well such an array would perform
for other modes and under a variety of propagation conditions. In view
of this, a 2.5 km broadside receiving array has been constructed and
used to study the azimuthal properties of signals propagated over a
2600 km oblique path. The array is f£illed (élements are spaced less
than a wavelength apart) in order to provide high directive gain and to
eliminate ambiguities in azimuth (grating lobes).

The author supervised the design and construction .of this array
and did much of the design himself. It includes a number of novel
features and represents a highly unusual facility in both scale and
design. While the facility itself and the precision with which it was
built are of great interest, the present work deals'primarily with the
array's performance as related to the properties of ionospheric propaga-~
tion. A new technique for feedline matching, which was invented by the
author and which proved to be of great importance in implementing the
array, is described .a the Appendix.

Throughout this work great emphasis has been placed on resolving
and identifying propagation modes so ‘hat their individual azimuthal
characteristics could be studied. "o accomplish this, extensive use

has been made of the sweep-frequency CW (SFCW) sounding technique. This

SEL-70-034 8

B i e U




Ev M A O e LA AL e inhd - > - - L A Lk A R Rl deet LT B € 5 A i RS "o T W A
- S ./
H

é : -

] !

B

()

3

| technique has been available for HF research only in recent years and

k!

b will be discussed in some detail in the next chapter,

1

S In addition to conventional techniques of array processing, this

s i research has made extensive use of new digital processing techniques.

f % ) Digital techniques have permitted significant improvements in the

. precision and flexibility of measurements.
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Figure 1 Photograph of the 256-ziement, 2.5 km receiving, array located near
Los Banos, California. The main data-processing van is visible in the
distance at the left.
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II. EXPERIMENTAL FACILITIES AND TECHNIQUES

The measurements described in this report were made using sweep-
frequency CW (SFCW} sounding over a 2600 km east-west path between
Bearden, Arkansas and Los Banos, California. This chapter describes
briefly the Los Banos receiving site, the Bearden transmicting site,
and reviews quickly the SFCW technique used extensively throughout thie

research.

A. RECEIVING SITE

The Los Banos, California receiving site, shown. in Fig. 1, consists
of a 256-element broadside array of 18 ft vertical whip antennas. The
elements are spaced 10 m apart along a north-south line, providing a
total aperture of 2550 m. A ground mat 72 ft wide by 8500 £t long
having a 2 ft mesh is provided to stabilize element impedance.

The main beam of the array may be electrically slewed in 0.25 deg
steps £ 16 deg from the array boresite direction of true east. Slewing
is accomplished by reed relay switches which add coaxial cable delay
lines in series with the coaxial cable feed-lines of the array. The
array incorporates a modified "Dolph" amplitude taper [Ref. 18] which
provides sidelobes at least 20 dB below the main lobe, and half-power
beamwidths of 0.25 deg at 29 MHz and 0.5 deg at 14.5 MHz, Table 1
lists 3 dB, 6 dB, 10 dB and 20 dB beamwidths versus frequency for the

array.,

The array is organized into 8 subarrays as illustrated by Fig. 2.
In each subarray the outputs of 32 adjacent elements axe fed through
equal-length coaxial feedlines 540 £t long to an underground equipment
room (bunker) where they are combined and time-delay steered ianto a

single output. The 8 subarray outputs are then amplified and fed

through equal-length feedlires 4300 ft long to the main processing van,
where they may be processed separately or combined and steered into a

single output. All feedlines are 0.5 in. foam-dielectric coaxial cable

11 SEL-70-034 ‘
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TABLE 1

THEORETICAL 3 DB, 6 DB, 10 DB and 20 DB BEAMWLIDTHS VERSUS
FREQUENCY OF THE LOS BANOS RECEIVING ARRAY -

BEAMWIDTH (deg)

FREQUENCY .
MMZ 3 08 6 DB 19 DB 20 DB
{ 7,26861 18,0352 12,5252 16,1374
2 3,63247 5,01278 6,25:124 8,04852
3 2,42143 3, 34126 4,167'68 5,36323
4 1,816014 2,50579 3. 12548 4,02178
5 1,45279 2,00458 2,58028% 3,247148
6 1,21065 1,67845 2,0835% 2,68088
7 1,23769 1,4318 1,7858% 2,29784
) ,927976 1,25282 {,56258 2,05058
9 .807088 1,1361 {,38898 1,78716
19 ,J2A378 1,008225 {,25005 1,60843
11 668343 911134 1,13641 1,4622
12 ,6053,4 835205 1,0447 1,34035
13 , 558751 07709587 9648714 {1,23724
14 ,51884 ,715888 +8928856 1,14886
15 , 48425 668162 1833359 1,07227
16 453985 626401 784273 1,0852%5 -
17 (427279 589554 735316 946117
18 403542 556801 694464 893554
19 .382323 527495 1657913 ,846524 *
28 363187 50112 825047 8844197
21 345893 477257 0 395254 «7658901
22 33017 455563 588197 731087
23 ,315815 ,435756 2543492 .6993
24 , 382656 14176 520847 1670163
25 , 29655 400896 5000813 643356
26 (279375 385477 480764 0618611
27 269027 3712 462975 595699
28 ,259419 357942 144644 .574424
29 250474 3456 421045 554616
30 .242125 33408 1416877 536129
31 234314 323303 , 403236 518834
32 226992 . 3132 , 390635 502621
33 2201413 303708 2378797 «48739
34 213639 ,294776 367656 473055
: 35 , 207535 ,286354 L387151 , 459539
b 36 20177 0278399 1 JR7234 «4468774
; 37 . 196317 ,270875 337048 434699 .
;. 38 , 1911514 0263747 2 328555 423259
i 39 , 18625 ,256984 032052 (412406
: 49 ,181893 , 250559 + 312507 402096
%‘u
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(type RG-331/U) buried 4 ft beneath the ground for temperature
stability.

In addition to the alternative of operating with the full array
or with eight subarrays, a switch is provided which enables the
received wavefronts to be sampled at only eight points across the .
aperture. In this mede an element of each subarray is fed through the
bunker amplifier and feedline to the main processing van. This pro-
vides an array of eight whips uniformly spaced by 360 m across an
aperture of 2520 m.

One of tte most difficult problems in implementing the Los Banos
array involved finding a technique which would allow the feedlines in
the system to be matched in length with sufficient accuracy. The

solution to this problem came with the invention by the author of a

new technique of feedline matching which combines excellent accuracy
with exceptional convenience [Ref. 19]. This technique is described in

detail in the Appendix.

B.  TRANSMITTING SITE

The Bearden, Arkansas, transmitting site is located east of the
Los Banos receiving site at a range of 2600 km. The great-circle path
connecting the two sites is perpendicular %o the line through the
receiving array elements.

The Arkansas site includes a sweep-frequency CW (SFCW) generato:;
broadband, linear, HF amplifiers providing output power up to 1 kW; &
rotatable horizontal log-periodic antenna (LPA) on a 100 ft tower
(Collins 237B-3); a frequency standard; and a programmed timer for

synchronization purposes.

C. SWEEP-FREQUENCY CW (SFCW) SOUNDING

; The principle involved in SFCW sounding is quite simple. If a y

sinusoidal signal whose instantaneous frequency is changing linearly

with time is propagated through a fixed time delay, the length of delay

SEL-70-034 14
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can be determined by measuring the frequency difference between the

signals at the input and output of the delay. That is,

Af
&L (2.1)

where
T is the unknown time delay (sec)

Af is the difference between input and output
frequencies (Hz)

s 1is the rate of change of transmitted frequency
with time (df/dt) , also called the sweep
rate (Hz/sec)

This assumes, of course, that s and T are both constant with time.
Note that if T 1is a function of frequency (dispersive in nature) then
Af will vary with frequency also, and measurement of T will be more
complicated but, in general, possiple. If T wvaries with time, how-
ever, a change in frequency (doppler shift) will be imposed upon the
signal which will cause an erroneous measure of T at any instant.
Fortunately, for the purposes of the work described here, time delays
vary slowly enough with time that the doppler shifts introduced may be
assumed negligible,

The SFCW technique may be used for ionospheric sounding to produce
ionograms (plots of propagation time delay versus transmitted frequency).
A signal is transmitted whose frequency is swept linearly with time over
the frequency band of interest, and the difference frequency between the
transmitted and received signals is measured tc determine time delay,
as -explained above. Since the signal can propagate simultaneously via
several ionospheric modes having different time delays, several fre-
quency differences must be measured simultaneously. This can be done
with various techniques of spectrum analysis and, in practice, certain
commercially available spectrum analyzers are quite satisfactory for

this purpose,

15 SEL-70-034




Figure 3 shows a block diagram of a sweep-frequency sounding
system. For transmitting, the output of the sweep-frequency generator
is amplified and fed to an antemna. Since the receiver may be thousands
of kilometers from the transmitter, it is not in general possible to
have the actual transmitted waveform available at the receiver to com-
pare with the received signal. Consequently another sweep-frequency
generator is used at the receiver to generate a local equivalent of
the transmitted signai, shifted up by an amount equal to a convenient
system intermediate frequency (IF). This locally generated signal is
then mixed with the received signal and the difference frequencies are
selected by a single-sideband (3SB) receiver which is permanently tuned
to the system IF frequency. The receiver and a8 product detector convert
the difference frequencies to audio frequencies, where their spectrum
is analyzed and recorded as a function of time on facsimile paper with
signa! amplitude displayed as intensity. Since the transmitted fre-
quency is Linearly increasing with time, the resulting display of audio
spectrum versus time is also a display of time delay (from transmitter
to receiver) varsus transmitted frequency. The latter display is com~
monly called an ionogram. 7To insure proper timing, sweeps are initiated
by programmed timers which are synchronized to accurate time standards
such as signals from station WWV or cesium clocks, depending upon the
accuracy required.

Sweep-frequency CW sounders typically sweep 3 MHz to 30 MHz. Gen-
erating sweeps of sufficient linearity for this application became
practical only after the advent of fast frequency-stepping, programmable
frequency synthesizers. Modern. linear-sweep generators consist of such
synthesizers digitally programmed to step the frequency rapidly in small
increments (typically steps of 1 Pz) in order to generate a stepwise
approximation to a linear ramp. Details of this procedure plus perfor-
mance specifications can be found elsewhere. [Ref. 20]

From Eq. (2.1), the time-delay resolution of an SFCW sounder is a
function of the sweep rate and the resolution of the spectrum analyzer.
For most of the work reported here a sweep rate of 250 kHz/sec and an
analyzer resolution of 2 Hz were used to provide a time-delay resolution

of 8 Wsec,
SEL-70-034 16
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Compared to pulse sounders, SFCW sounders offer excellent immunity

to interference from other users of the HF spectrum.

This is because

the apparent frequencies of the interfering stations are changing so

rapidly at the input to the spectrum analyzer that they remain in an

. individual analyzer filter for only a very small fraction of its rise

time. In addition, since the SFCW sounder sweeps continuously through

the spectrum with a comparat.vely narrow bandwidth receiver, it makes

maximun use of thc clear frequencies between interfering stations.

SFCW

GENERATOR

(a)

SFCW
GENERATOR

v

BROADBAND

LINEAR
AMPLIFIER

\ —

—+ Mmixer 5  sss o
RECEIVER utpy

FIX-TUNED | [Product

Detector

FACSIMILE
RECORDER

$

(b)

Figure 3 Block diagram of a sweep-frequency CW (SFCW) sounder.

(a) Transmitter.
(b) Receiver.
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III. LOW-POWER OBLIQUE SOUNDINGS

The exceptional immunity to interference and to directional aoise
conferred by the combination of linear SFCW signals with a large-
aperture HF array, has made possible the use of extremely low powers
in oblique ionospheric suunding. Usable midday ionograms over a 2600 km
east-west path have been obtained with transmitter powers as low as
50 wW. With such low transmitted power, interference to distant users
of the HF spectrum is virtually eliminated, and interference to local
users is also greatly reduced.

Examples showing the dependence of sounding quality upon receiving
array directivity, array slewing, and transmitted power are presented
below. These will illustrate the unprecedented sensitivity of the
sounding. system and will demonstrate for the first time the ability of
a system to carry out useful ioncspheric research with less than 5 mW

of radiated power.

A, EXPERIMENTAL DESIGN

The soundings now to be described were made over the 2600 km east-
west Bearden-to-Los Banos path using the system discussed in Chapter II.
Signals were transmitted from the Arkansas site by feeding the 50 mW
output of the sweep-frequency synthesizer through an attenuator to a
Collins 237B-3 LPA directed toward the Los Banos receiving array. In
each case a sweep rate of 250 kHz/sec was used. Received signals were
deramped in the usual fashion and spectrum-analyzed to an effective
audio frequency resolution of 2 Hz, thus providing an averaging time of

about 1/2 sec and a range resolution of 8 Hsec.

B.  EXPERIMENTAL RESULIS

Examples of ionograms generated with transmitted powers ranging
from 50 mW to 50 WW are shown in Fig. 4. At approximately 0800 midpath

time, these records were produced at 2 min intervals in order of

.o Preceding page blank o .03,
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decreasing power, Signals were swept from 5 MHz to 30 MHz at a
250 kHz/sec rate, requiring 1 min 40 sec to produce each record. Using

all 256 elements, the receiving array was steered to a bearing of

e D R AT NI P e <
P 23

v
~

90 deg--the true transmitter bearing. The dark vertical bars on the

. records were caused by interfering stations. Notice that with only
S0 pW of transmitted power, one-hop F2 low ray (1F2L), high ray (1F2H),
and the Maximum Observed Frequency (MOF) can still be seen. For
comparison, certain FCC Citizen Band requirements allow unlicensed
operation with input powers of 100 mW, giving an effective radiated
power (ERP) probably 20 dB i-igher than that used here,

The dependence of sounding quality upon the directive gain of the

receiving antenna is illustrated by Fig. 5. Here records were produced

N e A R T RN L TS T 5

two minutes apart with a transmitted power of 5 mW using the full array
of 256 elements, a subarray of 32 elements (one-eighth of the full
aperture), and a single element of the array. The gain of the full
array with respect to a single element is about 24 dB; and the gain of
a subarray wit' respect to a single element is about 15 dB. For
comparisen, a subarray record taken with power reduced by 10 dB is

. shown, Notice for the one-hop ¥2 low ray (1F2L) that the received

signal strength is clearly greater for the full array than for a sub-
array or a single element. This illustrates qualitatively that the
directive gain of the 2.5 km array can be beneficial ror receiving

} ionosphericaily propagated signals. The 5 mW record taken with a

> single vertical whip illustrates the great immunity to interference and

a3 noise afforded by the linear SFCW technique.

g When the number of elements is reduced from 256 to 32 in Fig. 5,

: the increase in signal strength of the high ray (1F2H) is caused by the
? fact that its angle of arrival lies outside of the nominal 0.25 deg

; . beamwidth of the 256-element array, but inside the nominal 2 deg beam-
Z width of the 32-element array. This effect is illustrated more clearly
: by Fig. 6. In producing this sequence the transmitted power was 5 W,

and the full 256-element array wes steered in azimuth from 89.5 deg to
; 92.0 deg in 0.5 deg steps. During these tests the array had a uni.form
’ amplitude taper, rather than the "Dolph" taper, so that its pattern was

21 SEL-70-034
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Low-power soundings made on 3 Oct 1968 at about 1700 UT (1000
midpath time) illustrating the change in record character produced by

broadening the antenna beamwidth.

Figure 7
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the familiar (sin x)/x array pattern. As a result, a point source

could be received in an attenuvated fashion even when it was not in the
main lobe. Soundings were made every two minutes, and each alternate
sounding was made with the array steered to 90 deg to look for varia-
tions of the ionograms with time. Since no significant changes occurred
at 90 deg during the sequence, the differences in the records shown in
Fig., 6 can be attributed to changes in azimuth rather than to changes of
ionospheric conditions with time.

The most interesting feature of these records is the relative
intensities of the low and high rays. At 89.5 deg the low ray was
decidedly stronger than the high ray. At 90.0 deg the low ray was
stronger than at any other steering angle and the high ray was still
much weaker. In going from 90.C deg to 90.5 deg the low ray decreased
and the high ray increased in intensity. At 91.0 deg the strength of
the high ray increased even further, and high and low rays were of
approximately equal magnitude. At 91.5 deg the high ray was clearly
stronger than the rather weak low ray. It appears that the low ray
was strongest at a bearing of 90 deg, and the high ray was strongest be-
tween 91.0 deg and 91.5 deg. From this observation it can be concluded
that the low ray was arriving from the true transmitter bearing, and
that the high ray was arriving from an azimuth about 1.25 deg south of
the true bearing.

The fact that the high ray and the low ray may have angles of
arrival differing by more than one degree explains why changing from
the full array to a subarray (increasing the beamwidth from 0.25 deg to
2 deg) can make the amplitudes of the two rays more nearly equal.
Figure 7 shows an excellent example of this. In the upper ioncgram,
which was taken with the full array, the lower ray is clearly stronger
than the upper ray. In the lower ionogram, which was taken two minutes
later with a subarray, the upper and lower rays are of nearly equal
strength,

Additional observations of and an explanation for the scutherly

deviation of the high ray will be presented in the next chapter.

25 SEL-70-034




b

[

R o

B R ~E AR TTTE xRt - . . L .

IV. AZIMUTHAL DISTRIBUTIONS OF IONOSPHERIC MODES

The performance of a highly directive antenna array depends upon
the directional properties of the signals it receives. Measurements
described in Chapter I of amplitude and phase across the 2.5 km Los
Banos array indicated that one-hop F2 low ray, at least at times,
exhibits a discrete azimuth, At these times, the full directive gain
of the array can be realized for receiving this mode. Since those
measurements required CW signals, they were limited to frequencies
which propagated only a single mode in order to -avoid multi-mode inter-
ference. This restricted study to the one~hop F2 low ray over a very
limited frequency range during quiet daytime conditions.

This chapter will describe another experiment which measures
directly, with angular resolution necrly an order of magnitude greater
than any used previously, the azimuthal distributions versus time and
frequency of a variety of other ionospheric modes in addition to the
one-hop F2 low ray mode. This experiment has afforded several new

insights into ionospheric propagation, which will also be discussed.

A, EXPERIMENTAL PROCEDURE

In this experiment SFCW signals were transmitted from Bearden,
Arkansas, over the 2600-km east-west path to Los Banos, California,
where they were received using the full amplitude-tapered, 256-element
array described in Chapter II. SFCW soundings were taken frequently to
aid in interpretation of data and identification of propagatioa modes.
All records were taken with average and peak transmitter powers of less
than 5 W,

Data were tzken with the system illustrated in Fig. 8. SFCW,
having a sweep rate of 250 kHz/sec and & bandwidth of 250 kHz, was
transmitted every second from Arkansas, enabling the various ionospheric
modes of propagation to he resolved in time delay. The 256-element
receiving array was then stepped in azimuth by 0,25 deg each second,
from 7 deg north to 7 deg south of the true transmitter bearing. The
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received signal was deramped in the usual fashion, with the SFCW
generator using a sweep rate of 250 kHz/sec and sweeping a single

250 klz bandwidth every second in synchronism with the stepping of the
array in azimuth. In this way, one full 250 kHz sweep was recorded at
each array bearing. After detection and spectrum analysis, the
facsimile recorder output produced a display of time delay vs azimuth,
with received signal amplitude shown as 'display intensity."

The start frequency (low-frequency limit) of the transmitted
frequency sawtooth could be stepped automatically to enable study of a
variety of propagation modes, or it could be held fixed to study the
time variability of a particular mode structure of interest, Data

taken using both of these methods of recording are presented below.

B. EXPERIMENTAL RESULTS

Mode-resolved angle of arrival displays (azimuth scans) for odd
start frequencies from 9 to 31 MHz are shown in Fig., 9. To aid in
mode interpretation, a Bearden-to-Los Banos ionogram taken shortly
after these azimuth 3cans is shown in Fig. 10. One-hop F2 low ray
(1F2L) and one-hop F2 high ray (1F2H) are clearly visible, as well as
two-hop and three-hop F2 (2F2 and 3F2). The mode in the lower left-
hand corner of Fig. 10 having the shortest group delay of all of the
modes is interpreted as two-hop E (2E). One-hop E is not visible over
this path because of horizon screening.

From azimuth scans such as those in Fig. 9 it can be deduced that
propagation modes involving ground reflections are usually spread both
in time delay and in azimuth, while propagation modes not having ground
reflections are in general discrete in time delay and azimuth. It
snould be explained that because of the limited dynamic range of the
facsimile display, it is often impossible to display all modes of
interest without saturating the display intensity on some modes.
Consequently, a mode having a discrete angle of arrival such as the
one-hop F2 low ray is sometimes visible even when it is received iua the

side lobus of the array, which are at least 20 dB weaker thanm the array
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ARKANSAS - LOS BANOS IONOGRAM
28 MARCH 69 2246Z

TIME DELAY (msec)

|
]
FREQUENCY (MHz) 54

Figure 10-  lonogram taken 28 Mar 1969 at 2246 UT (1546 midpath
time) to aid in interpretation of Figure 9.
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|
]
FREQUENCY (MHz) 34

Figure 10 lonogram taken 28 Mar 1969 at 2246 UT (1546 midpath
time) to aid in interpretation of Figure Q.
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main lobe. The discreteness of a mode can usually be deduced, however,
from the increased width of the display trace as the main lobe of the
array crosses the true angle of arrival of the mode.

As is demonstrated by the display at 25 MHz in Fig. 9, the one-hop
F2 high ray can have an angle of arrival typically 1 deg to 1.5 deg
south of the low ray. This effect, already mentioned in Chapter III,
is quite common during quiet afternoon conditions, and will be explained
in the next section. In addition, the angle of arrival of the one-hop
F2 low ray during quiet conditions is nearly always within 0.5 deg, and
usually within 0,25 deg, of the true transmitter bearing, just as in
this example.

To illustrate the time variability of the angles of arrival of
one-hep F2 low ray and one-hop F2 high ray during quiet summer condi-
tions, azimuth scans at a fixed frequency were made for a period of
about an hour on 25 August 1969, beginning at about 0300 midpath
standard time., Figure 11 illustrates a Bearden-to-Los Banos ionogram
taken just prior to these azimuth scans. Azimuth scans were made each
minute at a frequency of 23 MHz, where both low and high rays were
propagating. Figure 12 shows the angle of arrival of both the high
and low rays vs time for a period of about an hour. Notice that the
low ray is almost always confined to within 0.25 deg of the true
transmitter bearing of 90 deg. The high ray varies everywhere from
1.25 deg south of the true transmitter bearing, to nearly the true
transmitter bearing.

A similar sequence for disturbed summer conditions taken on
30 September 1969 at about 0100 midpath standard time is shown in
Figs. 13 and 14. Figure 13, a Bearden-to-Los Banos ionogram taken just
prior to this sequence of azimuth scans, shows the very complex mode
structure that existed at the time. The Fl maximum frequency exceeded
the F2. A sample azimuth scan taken at 14.5 MHz is also shown in
Fig. 13. The most interesting feature of this record is that ordinary
(0) and extraordinary (X) rays of the one-hop F2 high ray (which are

resolved in time delay) exhibit slightly different angles of arrival.

Preceding page blank
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time} just prior to the measurements plotted in Figure 12.
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Figure 12 Plot of the angle of arrival vs time for the one-hop F2 low ray
(1F2L) and the one-hop F2 high ray {1F2H) taken at 23 MHz
on 25 Aug 1969. See Figure 11 for an ionogram taken at about
this time.
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Both rays are deviated nearly 3 deg south of the true transmitter

bearing, and the extraordinary component is nearly 0.25 deg south of
the ordinary component.

Figure 14 shows the angles of arrival vs time of all the modes
propigating at 14.5 MHz. Notice that the deeper the mode penetrates
into the ionosphere, the further south it is deviated frowm the true

transmitter bearing, and the more variable is its angle of arrival.

94
30 SEP 69
14.5 MHz 1F2H (X)
93
1F 2H (0)
92 |

9 '-/\\“ 1FaL

ANGLE OF ARRIVAL (degq)

90
2E 1F1H 1FIL
89 1 1 1 ] ]
2010 2020 2030 20:% 2050 2100
TIME (UT)
. Figure 14  Angles of arrival vs time for the various ionospheric modes propagating

at 145 MHz on 30 Sept 1969.

See Figure 13 for an: ionogram taken 3t about this time.
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C. SOUTHERLY HIGH RAY DEVIATIONS

The frequent deviation of the high ray south of the low ray as
described above can be undexrstood by examining ionospheric profiles as
a function of latitude during undisturbed daytime conditions. Figure
15 illustrates a height-vs-latitude rlot for contours of constant plasma
frequency fN (constan% electron density) as published in a National
Bureau of Standards Technical Note [Ref. 21}, These true-height
contours were estimated from measurements made by a north-south chain
of vertical-incidence sovnders, and represent a monthly mean of quiet
conditions taken at noon local time during April of 1959. Notice that
the contour lines slope upward with increasing latitude, and that the
amount of slope increases with height at any given latitude. This
suggests that the higher a ray penetrates into this particular iono-
sphere, the larger will he the effective ionospheric tilt that it
experiences (an effect illustrated dramatically by Fig. 14). Since
high rays penetrate the ionosphere more deeply than low rays at a given
frequency, it would be expected that the high ray would be received
with an angle of arrival south of the low ray.

To confirm this and to measure the amount of deviation that might
be expected from a typical profile, the profile of Fig. 15 was modeled
in a computer by a single Alpha-Chzpman layer. The model used is
illustrated in Fig. 16. Notice that, although there is no E layer
present, the model ionosphere realistically incorporates the character-
istic of wncreasing tilts with height in the F region.

Using the Jones three-dimensional raytracing program [Ref. 22]
acquired from ESSA and adapted for use on a Stanford University
computer, angles of arrival were measured for rays transmitted from a

location corresponding to Bearden, Arkansas, and received in the
vicinity of a location ceorresponding to Los Banos, California. The
resulting plot is shown in Fig. 17, where angle of arrival vs range is
plotted with frequency as a parameter. The rays which deviate farthest

from the true transmitter bearing of 90 deg correspond to high rays,
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parameter, derived by three-dimensional computer raytracing
using the model jonosphere of Figure 16.
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and those which are close to the true transmitter bearing correspond to
low rays. Note that at 25 MHz for the range of 2600 km (which cor-
responds to the distance between Bearden and Los Banos) the high ray
arrives about 1.5 deg south, and the low ray by less than 0.1 deg

south of the actual transmitter bearing. This result agrees well with

the measured values shown in Fig. 9.

D. SUMMARY AND DISCUSSION

Mode-resolved measuremants of the azimuthal distributions of

ionospherically propagated radio waves have revealed the following:

(1) 1In a propagation mode that involves no ground reflections,
the azimuthal distribution of received energy is usually
discrete to within the aziwmuthal resolution of the 2.5 km
receiving array. The performance of the receiving aperture
does not seem to be seriously degraded by the reflection of
signals from the ionosphere.

(2) The one-hop F2 high ray is often observed to have an angle
of arrival south of the low ray {and the true transmitter
bearing) by about a degreze in azimuth. This can be explained
by ionospheric tilts, which increase with height during the
daytime. Such tilts were measured previously by NBS with
vertical ionosondes, and the consist.ency between their
measurements and the measurements described in this paper has
been verified with three-dimensional raytracing by computer.
This suggests a new technique for measuring ionospheric tilts
vs height using oblique rather than vertical sounders.

(3) Whenever a propigation mode involves reflections from the
ground, the received signals are generally spread both ir
time delay and in azimuth. The observed spreading of ground
reflected signals is probably a consequence of the midpath
reflection for this particular path occurring in the Rocky
Mountains, an unusually rough scattering region.

(4) During quiet daytime conditions, the one-hop F2 low ray has
an angle of arrival confined to within 0.5 deg of the true
transmitter bearing, and usually lies within 0.25 deg
thereof.

(5) 1In general, for afternoon conditions, the higher a ray '
penetrates into the ionosphere the more its angle of arrival
will deviate from the true transmitter bearing, and the more
it will vary with time.
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V. A NEW PROPAGATION MODE

The remarkable sensitivity and directivity of the 2.5 km Los pancs
array as illustrated by Chapters III and IV have led to the discovery ot
a new mode of oblique ionospheric propagation which will be described
here for the first time. This mode could not have been observed if the
ionosphere did not support the 0.5 deg azimuthal resolution and the
8 ksec time delay resolution used for these tests. Consequently, the
observability of this mode in itself Zemonstrates the excellent resolu-
tion obtainable over ionospheric paths. 1ln addition to experimental
observations of the mode, this chapter will present an explanation
(with experimental verification) of the propagation mechanisms which

produce the mode,

A, FIRST OBSERVATIONS OF A NEW MODE

Figure 18 shows two SFCW soundings made over the 2600 km path
between Bearden and Los Banos with the full 256-element receiving array
steered to 90 deg, the true transmitter bearing. Of particular interest
are the discrete lines on the two-hop mode intermediate between the two-
hop high ray (2F2H) and the two-hop low ray (2F2L). These were the
first records in which such lines were observed so clearly that they

implied a unique mode of propagation deserving further investigation.

B. EXPLANATION OF THE NEW MCDE

The most likely explanation for this new mode can be described
with the aid of Fig., 19. Here is shown (for a flat earth and flat
ionosphere) the normal geometry for two-hop propagation at a single
frequency. The low ray is represented by a solid line and the high ray
is represented by a dotted line. If the midpath ground-reflection
region is smooth, then for each ray the angle of reflectioa will equal
the angle of incidence, and energy cannot transfer from one mode to the

other during reflection., That is, for a smooth reflection region,
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Figure 20
for a 2600 km path with equal length hops of
1300 km each.
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energy that traveled the first hop via the low ray must also travel the
second hop via the low xay; and energy that made the first hop via the
high ray must make the second hop via the high ray.

If the midpath reflection region is rough rather than smooth,
however, some energy may be transferred between modes by reflection.,
When this is the case, a two-hop mode may exist which makes one hop via
low ray and the other hop via high ray. This "combination mode'" has a
time delay intermediate between two-hop high ray and two-hop low ray,
and is believed to produce the additional discrete lines observed in
Fig. 18.

Computer raytracing techniques developed by Creft [Ref. 23] were
uced to investigate the character of the combination mode for various
ground reflection points at and away from the midpath point. The model
ionusphere employed in these studies was a single Chapman layer with a
vertical incidence critical frequency of 9 MHz and maximum ionization
at an altitude of 300 km (ionosphere IID 165 in Ref. 23). The iono-
spheric profile was assumed constant over the path, and the effects of
the earth's magnetic field were neglected.

Figure 20 shows a computer-generated two-hop ionogram for a
2600 km path with equal length hops of 1300 km each (1300/1300). It is
assumed that energy may be transferred between high ray and low ray at
the ground-reflection point, which gives rise to the combination mode
shown in the figure. Notice the similarity between Fig. 20 and the
two-hop portions of the experimental records of Fig. 18. The double
lines of the new mode in Fig. 18 might be attributable to magnetoionic
splitting produced by the earth's magnetic field, an effert neglected
in the computer calculations for reasons of economy.

The midpath reflection for tws-hop propagation over the 2600 km
path between Bearden and Los Banos occurs in the Rocky Mountains, an
unusually rough scattering region. These mountains provide the
mechanism by which energy may be transferred between high ray and low
ray at the midpath point. Since this roughness extends over a sizeable
region, it is also possible for energy scattered by points some distance

from the midpath point to propagate to the receiver. Consequently,
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Figure 21 Computer-generated two-hop ionogram for a 2600 km
path having one hop of 1200 km and the other hop
of 1400 km.
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Figure 22  Superposition of two-hop ionograms from Figures 20
and 21.
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reflection points for two~hop propagation from transmitter to receiver
can occur closer to one station than to the other, so that one of the

hops is actually longer than the other. In addition, reflections can

occur off of the great circle path between stations, so that the total
path is longer than the propagation path along the great circle.

Figure 21 illustrates the computer generated two-hop ionogram for
a 2600 km path, where one hop is 1200 km and the other hop is 1400 km.
In this case the combination mode consists of two components, one for
which energy travels the 1400 km hop via high ray and the 1200 km hop
via low ray (1200L/1400H), and the other for which energy travels the
1400 km hop via low ray and the 1200 km hop via high ray (1200H/1400L).
The maximum observable frequency (MOF) for this two-hop mode is
determined by the MOF of the 1200 km hop.

Since the actual ground reflection for the two-hop path between
Bearden and Los 3anos is produced by an ensemble of mountainous
scatterers, the received signal will contain contributions from several
different reflection points. To illustrate how this might appear,

Fig. 22 shows the superposition of Figs. 20 and 21. In practice more
than two scatterers are probably present; but Fig. 22 gives an indica-

tion of the general character to be expected.

C. ADDITIONAL OBSERVATIONS OF THE COMBINATION MODE

If the above explanation for the new mode is correct, then the
combination-mode effect should occur over a range of azimuths around
the true transmitter bearing. In addition, sensitivity to combination-
mode energy should be increased by steering away from the true trans-
mitter bearing to enable the receiving array directivity to discrimi-
nate against the strong, unscattered portion (specular component) of
the received energy. This hypothesis is verified by the experimental
records now to be described.

Figure 23 shows an SFCW sounding taken over the Bearden-to-Los
Banos path with the receiving array directed to 92 deg (2 deg south of

the true transmitter bearing). Notice the somewhat complicated
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structure in the two-hop portion of the record between the high ray
and the low ray. Such a structure is usually observed when operating
in this manner, although its character varies somewhat with time and
the array pointing direction.

In order to further emphasize the character of the mode structv o
just described, Fig. 24 shows additional records taken 30 sec apart
with the array again directed to an azimuth of 92 deg. To optimize
system sensitivity to the mode of interest, the frequency band swept
was reduced for these records to include the two-hop F2 mode but to
eliminate the one-hop F2 mode., Notice again the clearly apparent mode
structure between the two-hop high ray and the two-hop low ray. This
structure compares favorably in character with that in the computer-
generated two-hop ionogram of Fig. 22. This result strongly supports
the theory that the new mode structure is a result of the superposition
of combination modes which are produced by ground scattering.

It should be emphasized that this mode structure could not be seen
without high azimuthal resolution because so many scatterers (mountains)
would lie within the beam that they would be indistinguishable. In
addition, high time-delay resolution is necessary in order to resolve
scatterers which lie within the narrow beam at different ranges. Time-

delay resolution of 16 Ksec or better was used for these tests,

D.  VERIFICATION OF THE “COMBINATION-MODE" EXPLANATION

Although it was felt that the mechanism producing the new mode
described in the preceding section was transfer of energy between low
and high rays by rough scatterers at the ground reflection point, the
possibility still remained that the mode might be attributable to
other forms of complex propagation such as different ionization profiles
at the two ionospheric reflection points, or interlayer propagation
within the ionosphere. To verify further the combination-mode theory,

a pertable repeater [Ref. 24] was operated at a location in north-
central New Mexico very near the midpath réflection point for the

Bearden-Los Banos path. The repeater served as a large discrete
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Soundings showing echoes from a repeater operating near the midpath
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scatterer which received signals from almost any vertical angle and

retransmitted them over a wide continuum of vertical angles. 1In

| addition, the repeater shifted the frequency of the received signals
| slightly before retransmitting them, allowirg separation of the repeated
| energy from the ground reflected energy at Los Banos. Hence the re-
peated modes received at Los Banos were guaranteed to have come down at
the midpath point, and efficient transfer of energy between high and
low raye during reflection was assured,

Ope av.ion of the portable repe«ter neaxr the midpath point on
16 May 1969 verified the exictence of the combination mode on two-hop
oblique propagation., Examples of :wo-hop records which display only
the repeated energy are shown in Fig. 25. The combination mode can be
clearly seen. As expected, this figure compares well with Figs. 18

and 20,

Bl ein, okt e e s e et s
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VI. DIGITAL FORMATION OF MULTIFLE BEAMS

Chapter I described an investigation which measured received signal
amplitude and phase distributions across the 2,5 km array. Because of
equipmental limitations, that experiment was restricted primarily to
CW operation at frequencies propagating only a single mode in order to
eliminate multimode interference. In practice, such restrictions per-
mitted only daytime study of one~hop F2 low ray for frequencies at
about 0.7 of the MOF, a very severe limitation.

Chapter III described another technique which meacured the
azimuthal distributions of received signals on a mode-resolved basis,
with the advantage that it can be used tu study, individually, all
modes at any frequency at any time of the day or night. In addition,
data processing is inexpensive and is done in real time. The technique
also has a few drawbacks. A once-per-second frequency sweep over a
250 kHz bandwidth sometimes produces objectionable interference to
other users of the HF spectrum. Each azimuth scan requires nearly a
minute to accomplish, and it iy unot always safe to assume that the
ionosphere varies slowly compared to th: time span of a minute.
Finally, the facsimile recorder, like other types of intensity-modulated:
displays, provides only a qualitative measure of amplitude and has a
severely restricted dynamic range.

This chapter will describe a new expcorimental technique developed
by the author which permits both azimuthal analysis and measurement of
array amplitude and phase distributions for mode-resolved signals on 2
quantitative basis and with a much higher dynamic range. The interfer-
ence to other HF users is greatly reduced by using this technique; and
the length of time needed to acquire data for a single record is short
compared to the time involved in ionospheric changes.

The technique incorporates extensive digital processing which, in
itself, is a new development in HF array signal combining and proces-

sing.

Preceding page hiank
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A,  EXPERIMENTAL ARRANGEMENT

The experimental technique to be described uses eight subarrays of
the Los Banos receiving array. The subarrays are uniformly spaced apart
by 320 meters along a north-south line, providing an aperture more than
2.5 km in length., The SFCW signals used for this experiment were trans-
mitted from Bearden, Arkansas, which as already noted is 2600 km east of
the receiving site with a bearing perpendicular to the line of the array.
As before, mode structures were identified on the basis of sweep-
frequency oblique soundings over the path.

The receiving and recording system, which consists of eight
identical channels to coherently process the eight subarray outputs,
is illustrated by the block diagram of Fig. 26. All feed lines are
precisely matched in length to the inputs of this system as described
in the Appendix. The first stage in each channel is a broadband con-
version made with a variable frequency synthesizer serving to deramp
incoming SFCW signals. The desired input signals are translated by
this stage to 18 MHz intermediate frequencies, where they are filtered
and converted to audio frequencies by coherent, product-detector
réceivers fix-tuned to 18 MHz. The product-detector outputs of the
eight channels are sequentially sampled, converted to digital form and
stored on magnetic tape for later processing. For these tests each
receiver had a 2 kHz bandwidth. All of the injection frequencies used
in the system, including the variable frequency synthesizer, the
receiver local oscillators, and the sampling frequency are derived from
a single cesium frequency standard, thereby providing extremely high
frequency stability and accuracy, and complete system coherence.

The eight channels are matched in amplitude and phase by
calibration so that the amplitude and phase distribution at the system
sutput is the same as the amplitude and phase distribution at its
input. For calibration purposes the elements at the inputs of the
system may be replaced by eight isolated signals of equal amplitude and
phase by simply flipping a switch. This is done frequently during the

course of operation to insure proper system calibration.
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Figure 27 Basic digital data-processing scheme for determining
signal spectrum vs azimuth.
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B.  DATA PROCESSING

Digital magnetic tapes recorded with the system of Fig. 26 contain
sampled versions of the voltage outputs of the product detectors for
cach of the eight receivers., Sampling is sufficiently fast to prevent

spectral aliasing, and enough samples are taken to provide the desired

frequency resolution.

These digital tapes are processed on an XDS Sigma 5 computer to
provide spectrum analyses of received signals for eight different
azimuths simultaneously. The processing to accomplish this is illus-
trated by Fig., 27. Here the x matrix represents the time samples
recorded on the magnetic tape. The matrix element xi(t.) , a real-
valued number, represents the voltage output of the ith receiver (ith
antenna) at the jth sampling time. Calculating the Discrete Fourier
Transform (DFT) for each row of the matrix by using the Fast Fourier
Transform (FFT) computer algorithm [Ref. 25], provides a spectral
analysis of each receiver output. Since there are N real-valued
samples, in each row, each FFT will produce % unique complex-valued
numbers which are illustrated in Fig. 27 as a new matrix X . In this
matrix the element X, (W,) represents the amplitude and phase of the
ith receiver at the j%h fgequency sample (frequency cell). The rows of
this matrix represent the spectral output of each receiver, while the
columns represent the amplitude and phase distribution across the array
for each spectral component.

Since the array pattern is related to the Fourier Transform of the
amplitude and phase distribution across the array [Ref. 26], performing
an FFT on each column of the X matrix produces eight unique samples
of the array pattern for each spectral component. The result of trans-
forming the columns of the X matrix is illustrated as matrix X in
Fig. 27, The element %y an) represents the amplitude and phase of
the jth spectral component at the ith azimuth, 1In other words, this
matrix contains the received signal spectrum versus azimuth, and is
equivalent to spectral analyses of eight simultaneous beams.

The processing illustrated by Fig, 27 will be recognized as a

two-dimensional Fourier transferm. Its calculation is complicated
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somewhat by the fact that the eight channels in the recording system

are sampled sequentially rather than simultaneously in time. To correct
for this a "skew compensation" is applied to the X matrix which con-
sists of a different linear-phase versus frequency correction made for
each row. In addition, to provide low spectral and azimuthal sidelobes,
a "Hanaing" window is used for time weighting [Ref. 27] and a "Dolph"
taper is used for space weighting {Ref. 18]. Finally, since the sub-
arrays attenuate the beams synthesized away from boresite with respect
to the boresite beam, a subarray pattern compersation is applied to
matrix %X . The complete processing is illustrated by the block diagram
of Fig. 28§.

As explained in Chapter II, spectrum analysis of a deramped SFCW
signal enables measurement of time delay. Consequently, when proces-
sing deramped SFCW signals, matrix X of Fig. 27 contains amplitude
and phase versus time delay for each of the eight subarrays. Further-
more, matrix X contains amplitude and phase versus time delay for
each of eight azimuths,

If the period between samples for each channel (receiver outputs
of Fig. 26) is T sec and there are N samples per channel, then the
frequency resolution obtained is about L Hz. For a sweep rate of

NT
s Hz/sec, this provides a time delay resolution of about ﬁ%; sec.
Similarly for eight subarrays whose centers are spaced by 320 m,
and a received signal wavelength of A , the spacing between beams is

D S adians
(8) (320/\) 2560 radrans .

All of the data necessary to synthesize eight beams are recorded
simultaneously, so that it is necessary to sweep through any single
frequency only once to produce a complete display. Typically, a
sounding through the HF spectrum requires two minutes to complete. Con-
sequently, the transmitted signal will pass through a single frequency
only at intervals of two minutes or greater, producing a click very
similar to those ordinarily heard at HF from other sources. As 3 result

this sounding produces very little interference to other HBF users.
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C. EXAMPLES OF EXPERIMENTAL RESULIS

Digitally produced displays of amplitude versus group delay and

azimuth for a single ionmogram will be presented in this section. The

Bt

( data were recorded using a sweep rate of 250 kHz/sec and a sampling
rate of 16 kHz (2 kHz per channel).

To illustrate the mode structure existing at the time, Fig. 29

R s cr-auar el g}

shows the digitally processed ionogram generated with the data from
channel one of the digital recording system. This figure is actually
composed of 96 individual displays of received signal amplitude

(horizontal displacenient) versus time delay (vertical displacement) at

i i

a particular transmitced fr *nuency. Each display consists of the

amplitudes of the 512 points produced by a 1024 real-point FFT. The

96 displays are linearly spaced along a horizontal frequency scale to

produce the ionogram of Fig. 29.
Displays of received signal amplitude versus time delay and

azimuth for selected frequencies are shown in Fig., 30. The display

for each frequency was produced with the processing shown in Fig. 28
where the matrix x contained 8192 real points (1024 points for each
‘ channel). Since the sampling rate was 16 kHz, only about 0.5 sec of
data is required to produce a display, a time interval short compared to
ionospheric fluctuations. The sweep-rate of 250 kHz/sec provided a time
delay resolution of about 8 Wsec. The processed matrix, % , contains
; 4096 complex points (512 points per beam), and it is the amplitudes of
these points which are displayed in Fig. 30,

The display for each frequency is actually composed of uine plots,
one for each beam or azimuth, where amplitude is shown as increasing
linearly to the right and time delay as increasing vertically upward.
Each display is normalized so that its largest amplitude has a standard
displacement. The plots for the separate beams are spaced apart by this
normalized displacement and arranged in order, with azimuth increasing
to the right,

The leftmost and rightmost plots of each display are identical as

a consequence of spatial aliasing. That is, if the main beam of the

array were steered within the subarray pattern tc the position of the
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rightmost beam, the first grating lobe would appear at the position of
the leftmost beam. The subarray pattern itself helps to eliminate other
ambiguities by attenuating energy arriving from wider angles.

The various signal components appearing on Fig. 30 can be
identified by the aid of Fig. 29. For example, at 30.5 MHz, reflections
due to 2 modes are visible: 1F2L and 1F2H. It should be noted that in
Fig. 30 the 1F2H mode is clearly visible at 27.8 MHz, whereas such is
not the case in Fig, 29, This is because the full array was used for
Fig. 30, whereas only one subarray was used in Fig. 29. The full array
provides an effective 9 dB of gain with respect to a subarray.

There are two particularly interesting features of Fig. 30. The
first is that the one-hep F2 low ray is discrete in azimuth except at
17 MHz where it appears spread over 1.5 deg. This spread is quite
unusual and is possibly due to a polarization null being present in the
125 kHz of data used to produce this display. The other interesting
feature is the spread in azimuth of the energy observed at the 31 MHz
maximum observable frequency (MOF). Although this appears to be a
common occurrence, no satisfactory explanation for it has yet been
found.

Displays such as those in Fig., 30 allow quantitative study of the
influence of ionospheric propagation upon the spatial properties of HF
signals, In‘general, however, these lead to the same conclusions as
reached in Chapter IV. Modes without ground reflections appear discrete
in azimuth and time delay, while modes with ground reflection appear
spread in azimuth and time delay. The one-hop ¥2 low ray is usually
within 0.25 deg of the true transmitter bearing, and the high ray
usually arrives south of the low ray.

As mentioned earlier, the amplitude and phase distribution for any
mode can also be found using this digital processing technique. This is
done by displaying the amplitude and phase of the eight subarrays rela-
tive to subarray number one as fouud by selecting the appropriate column
(time delay) from the matrix X of Fig. 27.

Two results of this procedure are shown in Fig, 31, The lower part

of this figure presents two displays, similar in nature to those of
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Figure 31 Digitally processed displays of received signal amplitude vs time delay
at 9 azimuths (bottom) and distributions of amplitude and phase
across the receiving array (top) for selected modes from the ionogram
of Figure 29.
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Fig. 30, for frequencies of 26.6 MHz and 28.8 MHz, respectively. These
displays correspond to the amplitudes of the matrix X in Fig. 27,

The computer automatically selected the strongest mode or modes for the
amplitude and phase displays shown at the top of this figure. The
values for these latter displays are taken from matrix X in Fig. 27
and represent each of the 8 different subarrays, Notice the reasonably
linear phase distributions which give rise to the discrete azimuths of
the modes.

These examples illustrate the usefulness of this new experimental
technique. The ability to measure the azimuthal distributions of modes
as well as their amplitude and phase distributions quickly and conveni-
ently, with a minimum of interference to others provides a powerful

means of ionospheric investigation which is only just beginning.
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VIT. DIGITAL MEASUREMENT OF IONOSPHERIC DOPPLER VERSUS AZIMUTH

The experimental technique described in the previous chapter can
also be used, with only slight modification, to measure ionospheric
doppler spectra versus azimuth, The present chapter will show that
ionnospheric modes, at least at times, can be resolved on the basis of
their different doppler characteristics and, once resolved, may be
identified on the basis of their azimuthal properties. This capability
has never before been demonstrated, and establishes the feasibility of
mode-resolved azimuthal studies using CW at ary arbitrary radio

frequency.

A.  EXPERIMENTAL ARRANGEMENT

The sites and equipment used in this experiment are identical to

those described in Chapter VI with the following exceptions:

1. Data were taken with CW transmissions instead of SFCW
transmissions. (SFCW was used only for .g:casional soundings
over the path to assist in identifying propagation modes.)

2. In the digital recording, system of Fig. 26 the variable
frequency synthesizer, rather than sweeping in frequency,
was fixed tuned to select the CW freéquency of interest.

3. Eight elements of the array (vertical whips) uniformly spaced
by 360 meters were used instead of -subarrays at the system
input.

4., Receivey bandwidths of 200 Hz were used in place of the 2 kHz
bandwidths used before.

B.  DATA PROCESSING

Data processing in this experiment was identical to that described
in Chapter VI except that, since vertical whips were used instcad of
subarrays, the subarray pattern compensation was eliminated. In -addi-
tion, since the received signal was CW, the matrix X of Fig. 27
produced the doppler spectrum versus azimuth instead of time delay

versus azimuth.
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In recording these data, a sampling rate of 500 samples per second
was used, providing a sampling rate for each channel of 62.5 samples per
second. Since ionospheric doppler is usually confined to about a 2 Hz
bandwidth, sampling was far faster than necessary and many more samples
were recorded than necessary. This was done as an expedient in order to
utilize the existing processing program, although as a consequence, data
processing required far more computer time than was really necessary.

A total of 4096 samples (512 samples per channel) were processed at a
time representing & seconds of data and providing a doppler resolution
of about 1/8 Hz. The azimuthal resolution was a function of frequency

but typically was 1/4 deg.

C. EXPERIMENTAL RESULTS

Examples of experimental records showing ionospheric doppler versus
azimuth will be presented in this section.

Figure 32 shows an oblique sounding taken prior to the doppler-
azimuth records to be shown and illustrating the ionospheric mode
structure existing over the path at the time.

Figure 33 shows the processed doppler-azimuth output for a
calibrate signal applied to the system. The calibrate signal represents
a source of zero doppler shift on the array boresite. The upper display
of the figure shows the system output frequency versus azimuth, and is
the same -as the displays in Chapter VI except that the signal amplitude

in an individual doppler cell is represented by a dot and the dots are

not interconnected as they were before. -Adjacent dots are 1/8 Hz

apart, In addition, the largest doppler component on the display is
normalized to have a displacement of 0.8 the spacing between adjacent
beams, Notice that the system injections were set to place zero doppler
at a system output frequency of 15 Hz, and that the array boresite has
a bearing of 90 deg true,

The length of the shorter vertical line on the far right of the
display represents (logarithmically) the amplitude of the largest
doppler component and provides a measure of the normalization factor

used in producing the display.
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Figure 33 Digitally processed displays of received signal amplitude vs frequency
at 9 azimuths (top) and C.stributions of amplitude and phase across
the array for the strongest frequency component (bottom) with a
calibration signal applied to the input of the receiving system.
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The lower display in the figure represents the distributions of
amplitude and phase acrosa the array for the strongest doppler component
of the upper display. Phases are measuved with respect to the first
element, The variations in amplitude illustrate the inaccuracies ordi-
narily present in calibrating the system. (The computer can, of course,
compensate for such calibration errors, aithough this was not being done
at the time these records were made.)

The display of doppler versus azimuth for a CW signal from Bearden
at a frequency propagating only one-hop F2 low ray (1F2L) is shown in
Fig. 34 along with the display of the distributions ol ampiitude and
phase for the strongest received doppler component. Notice that the
1F2L mode is well-defined both in doppler and in azimuth (discrete to
within the system resolution) and that the apparent transmittexr bearing
for this mode is only 0.1 deg north of the actual transmitter bearing
of 90 deg true. This is completely consistent with the observations of
azimuthal distributions of 1F2L when observed with modes resolved in
time delay as discussed in Chapters I¥ and VI. Azimuthal sidelobes are
down by roughly 20 dB. Notice that although the amplitude distribution
across the -array of the strongest doppler component fluctuates by £ 2 dB
the phase distrdibutioii is quite linear.

The same displays for a frequency propagating both one-hop F2 (1F2)
and two-hop F2 (2F2) are shown in Fig. 35. Here a large component
appearing discrete both in' azimuth and doppler is seen at a bearing of
90 deg. This component is probably the 1F2 mcde which is known to show
little spreading in azimuth. The other energy which appears spread both
in azimuth and in doppler is associated with the 2F2 mode which has been
chown in general to be spread in azimuth. The dispersed doppler was
somewhat unexpected., This evidénce shows that the ground reflected
mode not only has a different doppler shift, but a different doppler
character. It is apparently spread in group delay, in azimuth and in
doppler.

Notice that the narrow beamwidth of this eight-element array is
able to reject some of the 2F2 energy while not rejecting 1F2 -energy,

thereby increasing thé ratic of one-hop to two-hop eaergy. This could
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Digitally processed displays for a CW signal received at a frequency
for which only one-hop F2 low ray (1F2L) was propagating.

The data shown were taken at 21.550 MHz on
15 Jan 1970 at about 2235 UT (1535 midpath
time},
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Digitally processed displays for a CW signal received at a frequency

for which both one-hep F2 low ray {1F2L) and two<hop F2 (2F2)
were propagating.

The data shown were taken at 17.833 MHz on
15 Jan 1970 at about 2310 UT {1610 midpath
time!,
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Figure 36 Digitally processed displays for a CW signal received at a frequency
for which both one-hop F2 low ray and high ray (1F2L and 1F2H,
respectively) were propagating.

The date shown were taken at 26.075 MHz on

16 Jan 1970 at about 2315 -UT (1615 midpath
time).
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reduce the magnicude of fades produced by interference between these

two modes if the beam could be kept pointing in the direction of arrival
of the one-hop mode. In addition, since the one-hop F2 low ray ordi-
narily has an angle of arrival very close to the true transmitter bear-
ing, the ability to distinguish between 1F2 and 2F2 on the basis of
their doppler and azimuthal characteristics should allow much more
accurate estimation of the transmitter bearing.

Figure 36 shows displays for a frequency which was propagating
both one-hop ¥2 high ray and low ray (1F2H and 1F2L, respectively). Two
components having distinct azimuths and dopplers are present. The
smaller -of these components is deviated about 1/4 deg south of the true
transmitter bearing and is identified as the high ray (1F2H), since the
high ray is known to often be deviated tc the south and is usually
smaller in amplitude than the low ray due to defocusing. The larger
component associated with the low ray (1F2L) is deviated less than 0.1
deg north of the true transmitter bearing. Natural ionospheric doppler
enabled separation of the two modes and kncwledge of their azimuthal
and amplitude characteristics enabled their identification. The display
of amplitude and phase distributions across the array is for the 1F2L
mode.

Additional data of the kinds shown above for different daytime
hours and on other days have revealed that modes can often be resolved
in doppler and identified in azimuth during the day, although not
always. The fact that they can be resolved and identified by doppler-
azimuth processing is a new result, as is the observation that the 2F2
mode exhibits a spread in doppler. This doppler spread is probably a
consequence of scattering produced by the Rocky Mountains at the midpath

ground reflection region,
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VIII. CONCLUSION

gl S Sty So R oty

A, SUMMARY OF RESULIS

| In order to determine the influence of oblique ionospheric radio

propagation upon the performance realized by a very large HF array, a

TRy e W3 AP0 AR LT N AR,

256-element, 2.5 km broadside array has been constructed, and used to

: receive signals propagated over a 2600 km east-west path. To simplify
; implementation of this array a new technique invented by the author for
matching the lengths of very long feedlines was shown to provide out-
standing precision and convenience. Through the use of SFCW soundings,
propagation modés were identified and their azimuthal properties were
individually studied with the 2.5 km array.

It was found that the sensitivity conferred by the combination of

SFCW sounding and the very directive receiving array permitted useful

ionospheric research to be conducted with transmitted powers as low as
5 mW. Use of such low powers virtually eliminates interference to

other users of the HF spectrum. In addition, broadband signals trans-

EasiEOlE Sidial

mitted with peak powers as remarkably low as 50 MWW were received over

the 2600 km path used for this study.

pod 2 g sy e

Daytime studies of individual wmodes conducted with the 2.5 km

array revealed that single-hop modes usually appear discrete in

azimuth and time delay to within the resclution of the system, while
ground-reflected modes are generally spread both in azimuth and time
delay. During quiet conditions, the one-hop F2 low ray was observed to
have an angle of arrival usﬁally witf;in 0.25 deg and always within 0.5
deg of the true transmitter bearing. ''he one-hop F2 high ray was found
to commonly arrive south of the low ray. This teandericy was hypothesized
to be a consequence of ionospheric tilts having north-south slopes which
increase with altitude. The plausibility of this explanaticn was con-
firmed by three-dimensional computer raytracing with a model ionosphkere
based upon vertical ionosonde data.

A new propagation mode was discovered which is thought to result

Preceding page blank

75 SEL-70-034

e o e e o e n msmmr = e oo e Ae o = = me e ms e oo e e = oo B+ e s e o ot e e e e e e e o e e oy oy = e e




2) SRR AN

SO

o

AN A8 i UG A\ A R L S o il T2 S AW 4 0o L L h\;‘%::ﬁ;\-’s'”l

from two-hop propagation in which one hop travels via high ray and the
other via low ray. This new mode has been called a "combination mode'.
The existence of such a mode requires rough scattering at the midpath
reflection region to enable transfer of energy between high and low
rays. Such scactering is present for the path used in this study as a
consequence of the fact that the midpath point lies in the Rocky
Mountains. This explanation for the combination mode was substantiated
analytically by computer raytracing, and experimentally by operating
an HF repeater at the path midpoint.

4 new experimental technique was developed and tested which
measures amplitude versus time delay at eight azimuths simultaneously,
with each azimuth having the resolution of the full 2.5 km array. The
data for all eight azimuths are recorded within a time interval which
is very short compared to the intervals of ionospheric changes. The
use of SFCW transmissions provides average transmitted powers equal to
peak powers, and excellent interference immunity. Interference to
other stations is greatly reduced compared to previous methods because
only a single frequency sweep is required to record all eight azimuths.
The new technique makes extensive use of digital processing, and allows
greatly improved flexibility, accuracy and dynamic range compared to
previous techniques. In addition, the technique allows the distribu-
tions across the array of received signal amplitude and phase to be
measured individually for any and all propagation modes--a useful and
powerful capability.

Finally, measurement of ionospherically induced doppler shifts
versus azimuth for obliquely propagated CW signals demonstrated that,
when modes could be resolved in frequency on the basis of their differ-
ent doppler shifts, they could often be identified on the basis of
their azimuthal properties. This was accomplished by receiving with
only eight whips spaced uniformly across the 2.5 km aperture. Data
were presented in which the one-hop F2 high ray and low ray exhibited
discrete doppler spectra, while two-hop F2 produced a spread doppler

spectrum,
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B, DISCUSSIGK AND EVALUATION

It should be mentioned that the ionospheric path used for this
study is not necessarily representative of paths elsewhere in the world.
First of all, it is located entirely in the midlatitude geographic
region, placing it north of ionospheric equatorial effects and south of
ionospheric auroral effects. Secondly, the path i¢ oriented nearly
rarpendicularly to the earth's magnetic field at path midpoint., This
tends to minimize the deviative effects of magnetoionic interaction.
Finally, the Rocky Mountains provide an unusually rough midpat..
reflection region,

No specific ionospheric path can really be considered typical. The
path studied here is interesting in its features and certainly worthy of
study. However, some caution should be exercised before applying these
resylts to otheyr paths.

In addition, the results cited are primariliy based upon quiet
daytime conditions. Insufficient data are available at present to

enable conclusions regarding nighttime or tramsition periods.

C.  CONCLUSIONS

During normal daytime conditions, the performance (azimuthal
pattern) of a 2.5 km HF array was not significantly affected by iono-
spheric reflection of single-hop signals received over a 2600 km path.
The performance of the array was substantially degraded, however, when
it was receiving multihop modes. This degradation was presumably caused
by ground reflections rather than by ionospheric reflections.

Single-hop modes were found tc be discrete in time delay, azimuth,
and doppler spectra, while multihop modes appeared to be spread in

time delay, azimuth and doppler spectra.

D. RECOMMENDATIONS FOR FUIURE WORK

Future work could well be directed toward answering the following

questions:
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How well does a very large array perform for receiving
ionospherically propagated signals during nighttime
conditions and periods of suanrise and sunset?

What is the dependence of the performance of a large array
upon path length, magnetic azimuth, and path location?

How well does a large array perform in receiving signals
propagated via one-hop E layer modes? {The path in the
present study was too long for one-hop E propagation.)

Will large arrays perform better when receiving multihop
modes if the ground reflections occur in other than
mountainous regions?
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Figure 37 Block diagram of the feedline mat .ng system.
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3 | . A NEW TECHNIQUE ¥OR FREEDLINE MATCHING

One of the most difficult problems in implementing the 2.5 km Los

T

! Banos Array consisted of finding a technique which would allow the very :
long feedlines in the system to be matched in electrical length to
sufficient accuracy. This appendix describes a new technique for feed-

line matching developed by the author to solve this problem.

g 4 Lo st

1. Description of Problem

For a variety of reasons, including a requirement for a low

o

sidelobe level in the array pattern and a desire to measure phase
distributions across the array with high accuracy, it was mecessary to

match the electrical lengths of the array feedlines with very great

T LR e AR Lo DS Y i 0y At e AT

precision. The exact precision required was established through an
error budget to be £ 2.3 deg of phase at 30 MHz or £ 2 in. of length.
As previously described, the Los Banos array is organized into an
8-element array of 32-element subarrays. The element feedlines are
540 ft long and the subarray feedlines are 4300 ft long, so that the
signal from each élement passes through over 4800 ft of cable before
reaching the array output. Hence the requirement for matching feedlines ;
to within £ 2.3 deg of phase at 30 MHz corresponds to matching 480G ft
cables to within 2 in. of the same length.

Since the element ends of the cables are separated by as much as

-

2.5 km, only the output ends were available for practical measurements,

although the element ends could be either open or short-circuited. Thus

some form of reflectometry was required. For best accuracy and to

insure proper array performance, it was desired to make the cable

comparison witnin the frequency band of interest where round-trip

attenuations in the feedlines are over 40 dB, Finally, since there

were 264 cables to be cut, the comparison technique had to be both :

simple and fast.
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Of the techniques already available, none seemed satisfactory.
This was primarily due to insufficient signal-to-noise ratios resulting
from the rsery large round-trip attenuation. For CW techniques, this
meant that the reflected component of the signdl was too small to be of
use Ln the presence of ihe applied signal even when using state-of-the-
art directional couplers. In addition, CW techniques are slow and
tedious, Pulse techniques require comparison of phases of RF pulses
for sufficient accuracy and very high peak powers to get reasonable
average powers (signal-to-noise ratios). Providing the necessary peak
power and adequately bright displays that could be easily interpreted

proved quite difficult.

2. A New Sweep-Frequency Technique of Feedline Matching

The technique developed to solve this problem was a sweep-frequency
technique which can be described with the aid of Fig. 37. The output
of a linear sweep-frequency generator is split by a hybrid power divider
into two identical buk isolated signals. These are appiied to the
inputs of the two cables to be compared. The far ends of the cables
are open-circuited. At the input of each line, this arrangement pro-
vides both a transmitted signal and a reflected signal the frequencies
of which differ by an amount equal to the sweep rate times the round-
trip delay of the cable. Tf the sweep rate and round-trip delay are
constant, then the frequency difference will be a constant. Whan the
reflected component is small compared to the transmitted comporent, the
superposition of the two at the cable input will be a wave that fluctu-
ates in amplitude at the difference frequency of the component waves
[Ref. 1, p. 559]. This difference frequency may therefore be ~.tracted
with a diode detector, and its phase will be a function only of the fre-
quency ¢f the input signal and the length of the cable. Since the input
frequencies to each cable are constrained to be the same, any difference
in phase of the detected signals can be due only tu a difference in
cable lengths. These phases are compared using the standard ellipse
method of phase measurement [Ref. 28] where the outputs of the two

detectors are applied respectively to the vertical and horizontal
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plates of an oscilloscope. Then, identical length cables give a
straight~line pattern; lines having different lengths give an elliptical
pattern whose eccentricity indicates the magnitude of the length

difference.

3. Mathematical Description of Technique

To understand this technique more completely, cousider the
following equations. A linear frequency sweep starting at time zero

can be described by

f = st+ € (a.1)
o

wh

WD
[
(1]

f is the frequency (Hz)

s 1is the sweep rate or the rate of change of frequency
with time (Hz/sec)

t is time (sec)

f is the sweep starting frequency (Hz) (frequency when ¢t =0),

Hence, a sweep frequency CW (SFCW) signal, v(t) , can be described by
v(t) = cos @(t)

where its phase, ¢(t) , is given by 2 m times the integral with

respect to time of Eq. (A.1), or

e(t) = 2m (¥ st? + fot) to. (4.2)

where ? is the phase at t =0 .,
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If v(t) 1is transmitted into an open circuited cable having a
one-way time delay T and an attenuation factor « , both the trans-
mitted signal and a reflected signal wv(t + 2T) will be present at the
cable input, and the superposition, u(t) , will be

u(t) = v(t) + v(t +21) = cos o(t) + dz cos @(t + 21) . ,
From trigonometry, this can be written as
u(t) = A cos [o(t) +¢] , ,

where

A

/
A = VI+at + 2% cos Ap (A.3)

-1 dz sin A

¥ = tan 5
1 +a” cos Ay

e s a™SNI

og ot + 27) - p(t) i

4 [st+ sT + f°] T . (A.4)

v g mm o

Consequently, the signal at the cable input can be expressed as a sweeg-
frequency signal with a low frequency envelope, A , and a low-frequency
phase modulation, ¢ . A diode detector can then extract the envelope,
A , vwhich has a fundamental frequency of 2 sT and a constant phase

component of 872 + foT . Using Eq. (A.4) and the subscripts 1 and 2

to distinguish parameters associated respectively with cables 1 and 2

of Fig. 37, the phase difference between the two detected envelopes
will be

AP, - b9y b lst+s@m +1)+£] (1, -7)) . (A.5) ~
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i Since s'r1 and ST, are usually quite small compared to f° , this

equatiou can be simplified to

A@z - A¢1 ~ 41 (st + fo) (72 - 71) . (A.6)

EAbot o R S g
L e
LY

1 Notice that when the time-delay difference is finite the phase
difference displayed on the oscilloscope varies with time. Typically
the bandwidth swept is less than 10 .percent of fo , however, so that

the change in the pattern is small, and the difference in cable lengths

gt oL T
o

s

can easily be estimated from the ellipse eccentricity and Eq. (A.6).
When the cables are the same length the pattern displayed will be a
straight line regardless of the bandwidth swept.

5 ~
LR RS L

T RIS
2

Notice that no restrictions were placed on the cable attenuation

i
KoY

' in deriving Eq. (A.6). When the attenuation is large (@ < 0.3) , the

f " case where.this technique surpasses most cthers, Eq. (A.3) becomes

:i - Asz1+a2cosA<p.
b
’ In each detector the undesired dc component can be removed by
j appropriate filtering or a dc bias, leaving only the desired ac compo-
& nent @xz cos Ap) applied to the oscilloscope. The display will be a
% straight line for equal length cables, and an ellipse whose eccentricity
é indicates the length difference for unequal cabies.

Although a linear-frequency sweep was assumed for simplicity in the

f above discussion, virtually any form of frequency sweep will provide a
. straight-line pattern for identical length lines and an open pattern for
{ unequal lines. The linear sweep has the advantage that it produces

3 ? . constant envelope frequences which are easier to separate from the de
? componunt, In addition, the oscilloscope patterns have a uniform

B intensity over the eatire sweep, making them easy to interpret. But it
i should be emphasized that the requirement for linearity is not at all

-
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severe, When the attenuation is low (1 2 ¢ 2 0.3} the envelope, A ,

il

B, has strong harmonics (when @ =1, A is a full-wave rectified sine
i wave), and the oscilloscope display will in general be a distorted
ellipse. However, equal length lines will still produce a straight-line

. pattern, and the difference in length of unequal lines will still be

C ke

indicated by the shape of the pattern,

R atas s s el e

4. Example of Technique Performance

When matching the feedlines in the Los Banos Array the SFCW signal

used was a sawtooth in frequency sweeping from 24 MHz to 26 MHz at a

T T T TS

rate of 1 MHz/sec every 2 sec. The sensitivity of the technique when
matching two 4800 ft feedlines is illustrated by Fig. 38. The straight-
line display for two equal length cables is shown at the upper right of
this figure. Exchanging cables produced no change in this display, an
excellent check on the system accuracy. When the adapter shown at the

left: was cornnected in series with one of the cables, the display became

E -the ellipse shown at the lower right. The eccentricity of this ellipse
; . indicates that the cables differed in length by 2.9 in. of free space,
- in exact agreement with independent CW measurements of the electrical

E length of the adapter. In this case the cables had 40 dB of round-trip
E attenuation for these frequencies,

: Using this technique, there was no difficulty in matching the

é lengths of the feedlines in the Los Banos array to the required toler-
3 ance. In addition, the technique was found to be extremely fast and

convenient in practice.
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rays. The proposed explanation for the combinatioh
mode was substantiated analytically by computer rajy-
tracing, and experimentally by operating an HF re-
peater at the path midpoint. A new experi-~
mental technique was developed which, using SFCW
sounding, measures amplitude versus time delay at
eight azimuths simultaneously, with each azimuth
havirg the resolution of the full 2.5 km array.
The new technique makes extensive use of digital
processing, and allows greatly improved flexibility,
accuracy and dynamic range compared to previous
techniques. In addition, the technique allows the
distributions across the array of received signel
amplitude and phase to be measured individually fo
all propagation modes. Finally, measurement
ot ionospherically induced doppler shifts versus
azimuth for obliquely propagating (W signals demon
strated that, when modes could be resolved in fre-
quency on the basis of their different doppler
shifts, they could often be identified or the
basis of their azimuthal properties. This was
accomplished when receiving with only eight whips
spaced unirormly across the 2.5 km aperture. Datg
were presented in which the one-hop F2 high ray
and low ray exhibited discrete doppler spectra,
while two-hop F2 produced 2 spread doppler spectrym.

It was concluded that, during normal daytims
conditions, the performance (azimuthol pattern) ofl a 2.9 km
] HF array was not significanlly affected by ionosgheric |rerleduion ¢f single-ho
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