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13. ABSTRACT -

Ionospkerlcally propagated ground-backscatter signals in the 10-to-30-MHz frequency
band have been used for decades as a means for studying the earth's ionosphere. Long
‘ pulse lengths and wide antenna beamwidths have resulted in backscatter echoes that

‘ were spatially averaged enocugh to give ambiguous information about the ionosphere.

. The purpose of this research is to explore experimentally how a backscatter sounder

’ having high résolution in time delay (3 ps) and in azimuth {1/2 deg) could be used
- to better measure ionospheric effects in backscatter signals.

A pulse-compression waveform commonly referred to as sweep-frequency, continuous-wave
- (SFCW) modulation was used to achieve very short effective pulse lengths while allow-
) ing the transmitter fo use a unity duty cycle. This waveform is very resistant to

= the effects of interference, A receiving-antenna azimuthal beamwidth of 1/2 deg was
obtained through the use of an existing 2.5-km filled-apertuye array of vertical
monopoles.

It is found that with a backscatter sounder having these charactcristics, the spatial
variations in ground~scatter coefficient are remarkably prominent in backscatter data.
While it is possible to cbserve large areas (typically a few hundred k¥m on a side)
where the average reflectivity varies considerably from adjacent areas of comparable
size; this research explores the use of bright, point-like echoes that are now clearly
visible with the equipment described above., These echoes are a manifestation of very
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- ABSTRACT (concluded)

localized increases in the ground-scatter coefficient. Owver a 600-by-
700~-km area principally in Colorado and New Mexico, 70 such echoes were
recorded. Ten percent of these were visible more than 80 percent of

the time. Some of these echoes have intensities relative to the back-
ground greater than 20 dB. No location and identification of their
sources was attempted, and it is shown here that for ionospheric-sounding
purposes it i< not necessary to do so.

These localized scatterers produce muliicomponent echoes on backscatter
ionograms, which are explained as time-delay-separated, two-way combinations
of upper and lower rays and ordinary and extraordinary modes. A vaytracing
simulation shows that a linearly polarized point scatterer adequately
simulates the ohserved echoes.

It is found that Faraday rotation with signal frequency and with time

of day is now discernible orn a single echo at a time. Magnetoionic
splitting in backscatter focusing lines is observed distinctly and fire-
quently for the first time; the presence of discrete echoes provides firm

verification of this interpretation,

Processing for delay resolution us small as 3 as showeid that the discrete
echoes had delay widths varying from the minimum observahle up to about
50 us. Delay-resolvable echoes generzlly showed point-like components
in their delay profiles. [t was found that the 1/2-deg receiving beam
was not adeqnate to clearly resolve the discrete echces in azimuth.

It is concluded that the degree of resolution attained is adequate to

discern detailed scattering characteristics of the ground. For ionospheric-
sounding purposes, it is now possible tou crudely characterize these discrete
echoing regions as linearly polarized, isctropic, broadband, point scatterers,
This fortuitous circumstance allows a far better separation of ground-
scatter effects from ionospheric-propagation effects than has been previously
possible. The increased complexity of the type of sounder used is offset

by the advantage of not having to perform expensive simulations in order

to interpret backscatter signals,
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ABSTRACT

Ionospherically propagated zround-backscatter signals in the 10-to-

~30-MHz frequeascy band have been used for decades as a means for studying

the earth's ionesphere. Long pulse lengths anﬁ~wide antenng beamwidths
have resulied in backScatter echoes that were spatially averaged enough
to give ambiguous information about the iorosphere. The purpose of this
research is to explere experimentally how a backscatter sounder having
‘high resolution in time delay (3 ps) and in azimuth (1/2 deg) could be

used to better measure ionospheric effects in backscatter signals.

A pulse—compressioh waveform commonly referred toAas sweep~f{requency,
continuous-wave (SFCW) modulation was used to achieve very short effective
pulse lengths while allowing the transmitter to use a .unity duty cycle.
This waveform is very resistant to the effects of interference. A
receiving-antenna azimuthal beamwidth of 1/2 deg was obtained through

the use of an existing 2.5-km filled-aperture array of vertical mcnopoles.

It is found that with a backscatter sounder having these character-
istics, the spatial variations in ground-scatter coefficient are re-
markably prominent in backscatter data. While 1t is possible to observe
large areas (typically a few hundred km on a side) where the average
reflectivity varies considerably from adjacent areas of comparable size,
this research explores the usz2 of bright, point-like echoes that are now
clearly visible with the equipment described above, ‘1hese echoes are a
maniiestation of very localized increases in the ground-scatter coeffi-
cient, Over a 600~by-700-km avea principally in Colorado and New Mexico,
70 such echoes were recorded. Ten percent of these were visible more

than 80 percent of the time, Some of these echoes have intensities
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relative to the background greatex than 2G dB. No location and identi- -

fication of their sources was attempted, and it is shown here that for

ionospheric~sounding purpecses it is not nvcessary to do so.

These localized scatterers produce multicomponent echoes on back~
scatter ionograms, which are explained as time-delay-separated, {wo-way
ccembinations of upper and lower rays and ordinary and extraordinary

modes. A raytracing simulation shews that a linearly polarized point

' scatterer adequately simulates the observed echoes.

it is found that Faraday rotation with éignal frequency and with
time qf day is now discernible on a single echo at a time. Magnetoionic
splitting in backscatter focusing lines is observed distinctly and fre-
quently for the first time; the presence of discrete eckics provides

firm verification of this interpretation.

Processing for delay resolution as small as 3 us showed that the
discrete echoes had delay widths varying from the minimum observable up
to about §0 uS. Delay-resolvable echoes generally showed point-like
components in their delay profiles. It was found that the 1/2-deg re-
ceiving beam was not adequate to clearly resolve the discrete echoes in

azimuth,

It is concluded that the degree of resolution attained is adequate
to discern detailed scattering characte:r tics of the grouad, For
ionospheric-sounding purposes, it is now possible to crudely characterize
these discrete echoing regions as linearly polarized, isotropic, broad-
band, pcint scatterers, This fortuitous circumstance allows a far better
separation of ground-scatter effects from ionospheric-propagation effects
than has been previously possible, The increased complexity of the type
nf sounder used is offset by the advantage of not having to perform ex-

pensive simulations in order to interpret backscatter signals,
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I INTRCDUCTIOYN

A, Purpose

The purpose of this research was {o investigate experimantally cer-
tazin properties of ionospherically propagated, ground-backscattered radio
signals over the 9-to-27-MHz frequency band. It has been krnown for decades
that ground-scaltered skywave energy could return to its originating loca-
tion on the earth, and tﬁis circumstance has been frequently employed as
a means for studying ionospheric effects on radio propagation. Very little
knowledge has bee&uavailable concerning the scattering propertie: of the
earth at these frequencizs. Furthermore, the level of equipmenial sophis-
tication has been such that the influence of the ground in backscatter
sounding nas been only occasionally discernible. The present work takes ~
advantage of recent improvements in equipment tc¢ separate out character-
istics of the ground-scatter process and to explore their use for sounding

purpcses.

Most of the difficulties ia drawing meaningful inferences about the
iéaosphere with the backscatter sounding techniqué lie in the inability
to separate ground-scatter effects from ionospheric propagation effects.
Conventional backscatter sounders record only a spatiaily averaged indi-
“cation of the return from the earth-ionosphere combination, further hin-
dering such a separation. In addition, ionospheric phenomena of interest
vary with azimuth, elevation, and slant range (only two of these three
variables are independent). In the extreme, this state of affairs means
that very little more can be learned about the ionosphere from back-
scatter sounding than can be determined from an ionospheric predictions

jouxrnal.
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A logical way to reduce this uncertainty is to increase the spatial-
discriminaticn characteristics of a backscatter sounder to the point
where the detailed scattering behavior of the ground is observable.

While such a high-resolution device might complicate interpretﬁtion of

measurements, it might nevertheless be useful for making more precise

inferences about the ionocsphere.

In the werk described here, very short effective pulses and very
narrow azimuthol beamwidths are employed to achieve a high degxee of
spatial resolution in Lackscatter sounding. The ultimate goal ié-to be -
avle to study the ionosphere more c¢ffectively through the use of’back—
scatter sSounding; but the immediate goal, pursued here, is to explore in

what manner the improved spatial discrimination may be used to separate

grouad backscatter effects from ionosphere effects.

As a result of the impreved discrimination ncw available, it is
shown in what way spatial variations in the ground-backscatter coefficient
can be of first importance in backscatter sounding. This work especially
explores measurcments of backscatter echoes produced by numerous localized
increases in ground reflectivity. Such measurements are seen to allow a
far better separation of the earth/ionosphere combination than has been
preyviously possible. It is important to note at the outset that most of
the results obtained nere are normally not ¢f use over the sea, where

the scattering surface is relatively uniform from place to nlace.

B. Background

Verification that the rough surface of the earth could actually

scatter ionospherically propagated radio waves back to their points of
origin was first provided by Peterson® and Dieminger.? Indeed, many
experiments have been undertaken for ionospheric study using this two-way

mode of propagation through the ionosphere.
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Until recently, data interpretation and subsequent inferences were
based on assuming that the ground-backscatter coefficient wag constant
from place to place but varied with elevation angle, §. This assumption
was used in the only two procedures now in exisience for simulating back-
scatter returns via digital computation. Crofts* constructed a two-
dimensional (slant—rdnge-vs.-elevation—anéle) approximation for the radar
equation involving ditital raytracing techniques; whiie Georges and
Stephenson5 geueralized this procedure to include t'e third dimension
(azimuth). Vhen these procedures were developed, it was concluded that
availadle data could be adeguately simulaceé by (1) negleciing magnetic-
field effects, (2) neglecting variations in ilie earth's backscatter cross
section from place to place, and (3) assuming iwo-way propagation ovex
the same ionospheric path (mode). It will be shown hers that the availa-
bility of techmiques givirg high resolution in deiay and zzimuth, plus
the decided advantages of a modulation scheme known os SFCW (sweep-
frequency, continuous-wave), allows the observation of backscatter fea-

tures that invalidate one or several of the above approximations.

The foremost advantage that can be claimed for backscatter sounding
of the ionosphere is that with this technique one may investigate phenomn-
ena at all azimuths and over a large increment of ranges from a single
location. Unfortunately there is the formidable pronlem of sorting out
wanted signals from unwanted signals, principally because it is difficult
to determine exactly where the scattering occurs. With complete knowledge
of the ionosphere, this probtlem would be essentially circumvented, but
then there would be nc reason to study the ionosphere. One other diffi-
culty that must be surmounted is that the signal energy scattered from

the earth's surface is not very large, especially relative to background

interference and noise.
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In spite of these difficulties, the buackscatter technique, even with

~ ~

7

its ambiguities and weak signal environment, is useful for exploring the
spatial and temporal variation of such phenomena as sporadic-EZ patches
(variable clouds of jonization at 100 km alfitude that strongly affect
radio propagation). The backscatter technique is also gsed for detectiuvn
of and measurements on traveling ionospheric disturbances (TID's).*7
However, Georges and S‘.ephenson5 poiht out very well that backécatter
indications of disturbance phenomena cannot be simply interpreted. Back-

scatter scunders may also be employed for mapping ionospheric plasma fre-

guencies over a sizabie region of the ionos here.”
. p 5

Other than using backscatter to study ionospheric phenomena £»or i
their own sake, a useful practical application exists as well. If the

detailed properties of radio-wave propagation can be determined over a

particular path via backscatter soundings, a convenient means of accurate

prediction of communication quality over that path will be available.

The several general topics listed here have usually Geen investigated
with little knowledge of the ground-scatter process. For example, the
location of the “leading edge” or minimum—-time-delay focusing line in the
time-delay-vs.-signal~frequency domain is determined by ionosbheric propa-

! The behavior of the leading edge has been studied

gation factors alone.
extensively; however, uncertainty as. to where the backscatter echo comes
from (in the ionosphere or on the ground) limits the usefulness of the
leading edge for ionospheric study.

Several workers have attempted to measure or deduce the variation of

?,8-12  Many inciude some treatment

terrain scatter with elevation angle.
cf the effects of polarization on ground-backscatter coefficients. A few
have studied the ways in which the cross section ¢ can vary from place to
place. o is defined as tne reflected power per unit solid angle in the

direction of the source, per unit power density incident upon the scatterer.
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Virtually all méasurements have been made with line~of-sighi geometry

between transmitter/receiver and scattering region. Scatter sources

studied include different types of terrain,~? :rees,”?** buildings,”s%°

powerlines,*® und of course mountains,®;**;*® For several reasons (dis-
cussed in Section II) it has proven difficult to observe any place-to-
élace variations in scattexr from the earth as seen by a backsecatter
sounder. A long-fime controversy has raged as to whether sea or land
scatters more efficiently at HF freguencies (the most recent discuss;on

is by Barnum).*?

C. = Approach Used in the Present Studv

A straightforward approach using existing equipmental facilities
has been developed by Stanford Zlectronics Laboratories at Los Banos,
California and elsewhere for determining the effects of variable scat-
tering from the ground -on ionospherically propagated backscatter signals.
Particular use has been made of a capability to generate very short ef-
fective “'pulses.” The time-delay resolution thus obtained has bordered
on the maximym supportable value for the dispersive, birefringent iono-
sphere having numerous sources of inhomogeneity. It was also possible
to take advantage of a very large (2.5-~km) linear array developed by
Sweeney,13 which was the narrowest filled-aperture, easily-steerable

antenna beam available for use in the high-frequency band.

The combination of these features in the sounding system localizes
the echoing regions on the ground and in the ionosphere. Thus it is now
to be determined how this improved spatial resolution can be used to

separate out the ground influence on backscatter sounding.
g

One imporiant answer sought in this study is whether it is possible
to glean useful information without specific location and identification

of the scattering sources. The equipmental facilities for proceeding

me%, Ty



along the latter path are available; but it is judged worthwhile to de-
termine what information is attainable without locating and identifying

the scattering sources.

A portable repeater was placed in the field for calibration and

reference purposes. One of the inherent difficulties in ionospheric re-

R R L TS )

search lies in a common inabilily to control experiments. Therefore a

means was developed whereby the repeater could serve as a control variable.
Comparison of echoes from the repeater (with kncwn characteristics) to
echoes from localizeqd regions on the earth helps verify the inferences
drawn from the naturally occurring echoes. A simulation via three- ’

dimensional xaytracing further aids and supports the data interpretation.

Two types of backscatter data are analyzed here: the first is the

informative and commonly used wide-sweep backscatter ionogram (a display

e e Aty o W o

of time delay vs. signal frequency), while the second is a display of
time delay vs. azimuth. A series of experiments is performed using these
data formats to build up a rudimentary model of ground-scatter effects in -
backscattier sounding of the ionosphere. Rather than a very narrcw study

in great depth, the research leading toward this statzd aim is fairly

broadly based. Several diverse cbservations are analyzed in construction

of the ground-scatter model; it is shown that this approach does allow

clearer inferences abcut the ionosphere than have previously been possible.
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II BACKSCATTER SOUNDING WITH SHORT EFFECTIVE PULSES
AND NARROW ANTENNA BEAMS

A, Equipment Used for This Research

In this section the 2ssential features of the experimental facilities
are described, leaving the details to Appendix A. A backscatter sounder
operated by Stanford University is located in the San Jcaquin Valley of
California. With this sounder, the properties of narrow-beam, short-
pulse HF backscatter from land could conveniently be investigated. The
sounder operated bistatically, with the transmitter placed near Lost
Hills, California and the receiver located 185 km to the northwest, inu

Les Banos, California {see Figure 1). Ferward-cblique soundings for
raference purposes were made over an east-west 2600-km path from Bearden,
Arkansas to the receiving facility. A portable repeater operating from

a station wagon was available to satisfy various calibration requirements.

At each of the transmitting sites there was a frequency standard for
time synchronization with the othexr sites; a compressed-pulse waveform
generator; a linear power amplifier operating over the HIF band (10 watts
at Bearden and 30 kilowatts at Lost Hills); and an antennia. The Lost
Hills antenna was unusual in that it was a vertically polarized, steer-

able array, boresited at 90 degrees {true) and producing a beam covering

-6 degrees in azimuth. (See Aprendix A for details and a representatave

antenna pattern.)

The equipment at the Los Banos site consisted of a timing staundaxd,
a compressed-pulse generator, a receivzr, data-processing and recording
equipment, and an antenna. The receiving antenna was a 2.52-km linear

array of 256 vertical monopoles producing a nominal 1/2-degree azizuthal
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beom. A ground screen stabilized ground impedance cover the absolutely
flat but chemically variable earth. Thies array was steerable by the use

of delay cables in 1/4~degree increments %16 degrees about its boresite

-

direction of 90 degrees (true). Sweeney-~ presents in detail the design

features and performance characteristics of this array, some of which are

reproduced in Appendix A.

The waveform used here deserves special mention because it offers
significant advantages for backscatter sounding of the ionosphere. The
linear sweep-irequency, continuous-wave (SFCW) waveform familiar to radar
specialistsy‘:15 has been shown to be useful for ionospheric sounding17
and was recently used in a forward-oblique sounding experiment using the
Los Banos array.>> A tronsmitted frequency "ramp" (sweep) is received
2nd mixed or deramped with a local frequency ''ramp"” which has appropriate,
known offsets in its start time and start frequency. The received signal
is then spectrum—analyzed to produce a display of signal amplitude vs.
time delay. The processing technique is essentially that of a matched
filter, and a short effective pulse is thereby generated by the pulse-
compression processing. Pulse-compression ratios in excess of 105 are

achievable with the SFCW genevators used in this research.

L

Figure 2 is a block diagram of the sounder system. More processing
details are presented in Appendix A. Advantages of SFCW modulation in-
clude (1) the capability of using a 100-percent transmitter duty cycle,
(2) considerable suppression of fixed-frequency interference, (3) good
time-delay resolution easily varied in reprocessing recorded data, and
(4) amenability to reduction of the sidelobes in time delay, which pro-
duce self noise. One potential disadvantage is that a Doppler shift is
interpreted as a change in time delay when "delay-only” processing of
SFCY signals is used. This effect is neglected in this study since

ionospheric Doppler is generally < 1 Hz, below the plausible upper limit
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for a wavelength of 15 m {a 1-liz Coppler implies a 72<km change in path
length in one hour). Only during sizable disturbances and at dawn/sunsct

periods should this value be exceeded.":le

A Doppler spread however
will deteriorate the quality of the effective pulse, not just shift the

pulse in the time-delay domain.

A second potential disadvantage of using SFCW waveforms is that one
must assune the medium to be staticnary over the signal duration T {which
varies from 0.1 to 1.0 s in this work). Changes on a time Scale less
than these vaiues of T will not be observed. It is thought, however,

that this feature dces not influence the results presented here.

Two somewhat differeni experimental formats were developed for use
in this experiment. The first was wide-sweep backscatter wherein the
9-to-27-MHz dband was continuously swept, usually at a 250-kHz/s rate,
repeating the 18-iiHz sweep typically every 2 min. The frequency interval
swept can be reduced, thereby reducing the repetition time to seconds.
Repetition time is important in that it sets the scale of time changes
that may be observed. Spectrum-anulyzer output vas commonly fed to a
facsimile recerder to generate a plot of intensity-modulated difference
frequency vs. time of dey. Such a plot can be interpreted in the form of
time delay vs. signal frequency (a backscatter ionogram}. This display
permitted visual observation of a 15-d@B dynamic range in backscatter amp-
litude, and was used to observe ionospheric stiructure vs. frequeincy for

a continuum of path lengths.

The second type of experimental format consisted of transmitting a
narrower frequency ramp, typically of 500 kllz iotal bandwidth, at a 500-
kHz/s rate once per second. This format provided highly resolved informa-
tion on time delay vs. time of day. If the antenna arrays are steered
synchronously with this repetitive sweep, a plot of time delay vs. aziruth

(B~scan) can be generated. Azimuth information obtlained in this manner

11
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is incoherent, since only the energy in one delay cell is cempared at
adjacent artenna steer positionis. rurthermore, the resolution of the
equipment in slant range {time delay) is typically ten times as gcod as

the resolution ia cross range (azimsuth).

Quantitstive amplitude infowmation was obtained by displaying back-
scatter amplitude vs. deiay for each value of signal freguency for back-
scatter ionograms, or for various times of day or antenna azimuths in

the case of repetitive, short frequency sweeps.

B. Observing Variation in so in HF Backscattesr froa Terrain

This scection will show under what conditions the variability of the

ground-backscatter coefficient will appear in dackscatter sounding data.

In sounding the ionosphere via HF ground backscatter, some experi-

2,17

menters have been able te observe some variability in ¢ (backscatier

o
cross section per unit areaj from place to place on the earth's surface
wbi1e others have not. (Uo is a commonly used artifice determined by
dividing the scattering cross section > by the illuminated area A. It
is particularly useful fer dealing with extended scattering regions.)
Several experimenters have observed the land-sea interface on backscatter
data,**>*?,%" put until recently it was ambiguous as to whether the sea
cr the land scattered HF radio waves more efficiently. There is evidence

that so over land varies considerably and that upright objects on the

ground (trees, buildings, vower lines, etc.) may create loczlly strong
[~

%

+

< < 1z
echoes.™ In a line-of-sight backscatter exgeriment™™ an echo from a

pover line was observed that was the same order of maznitude as that of

2 nearby mountain.

There are several contributory factors that may obscure observation

of variations in eo. Some of these are (1) narrowband interference,

12
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(2} lack of systen sensitivity (i.e., power on target, receiver sensi-
tivity, noise environzert), (3) too large resolutioa-cell size and range-
azinuth sidelobes {self-noise), {4) signal fluctuaticns thar may obscure
apparent differxrences in co, and (S) a tendency for researchers not 1o be
concerneé with such variations. An example of this iast factor arises
when inferences about ionospheric structure are made only froa the locus
of the leading edge of hackscatter returns.?* However, the first three
factors are beiicved teo be the nore iaéortant, and each of these will

nor be considzred.

1. interference Suppression in SFCW Scunding

Fixed~frequency interference typical of HF practice seriously
degrades the quality of HF ionospheric sounding data. Pulse-tvempression
techniques (specifically SFCW with very large time-bandwidth products)
cffectively discriminate against this interfererce, thereby allowing rore
detailed analysis of the desired signzls. SFCW tends to suppress inter-
ference in this application by allowing the transmitter to use a unity
duty cycle (which results in larger average signal energy at the re-
ceiver), by using a narrow receiver btandwidth while achieving high delay
resclution, and by virtue of its large time-bandwidth product. Signal-
processing techniques such as “ciipping” and “self blanking” also perform

well with the SFCW waveform.>?

In Appendix B it is shown that for each interference signal
encountered whose strength is much larger than that of the desired SICW
signal, the ratio of sigral to interference is improveG aporoximately in
proportion to the time-bandwidth (TW) product. For this experiment, TW
varies from 2.5 X 103 to 5 X 105. Thus the use of S¥CW can provide a
nominal 40-dB rejection of a single interference signal (which ca2n be tens

of millivolts at the receiver input) encountered over the bandwidth, W.

13




2. Effect of Narrowx Bears and Short Pulses

Littie infornntién is available as to the specific nature of
terrain scattexr in the HF frequency band (3 to 30 MHz). Ais a first
model of varizble terrain reflectivity, consider a point echo (taken
here to mean any echo not extended in tize delay or zzimuth) of total
cross section ¢ immersed in an extended continuum of per-unit-area cross
section co. No Doppler coaponent will be considered, as scatterers on
the ground axe assuned to be fixed, and the ionospheric component of

28

Doppler iIs norcally hounded bhelow 1 Hz. 2752 No puvlarization offects

are considered in this section.

Here, short equivalent pulses and narrow antenna beaws (azimuth
only) are used to localize the region on the ground from which back-
scatter is received. To obserye the discontinuity in reflectivity, it
is desirable to increase the signal-to-clutter ratio where signal in
this case is the return from the loecalized variation from the mean cxoss
section and the rest of the scattered energy is clutter. A common ap-
proexination to this sitvation is %o idenliée the sounder's behavior by
assuning a perfect rectanguiar oulse of length T and a uniform beam of
angular width £. This cannot be achieved in practice oecause of infinite-~
bandwidth and infinite-aperture requirements, but it does provide 2 use-
ful guideline. 8§ is often taken to be the 3-dB beamwidth, Gut the pat-
tern factor may be evaluated more nccurately;23 and in fact this has

been done in an application using the los Banos antenna array.ao

For a monostatic sounder (one in which the transmitter and
receiver are collocated) the illuminated area on the ground is
(1/2 ¢7 sec ¥} - (RB) as indicated schematically in Figure 3. For
clutter cross section Go’ the total clutter signai returned is
zoC™ sec (+)9/2, and some reasonable criterion such as desired signal

equal to clutter signal is then adopted as a rulz for detection of the

14
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signal of interest. This sowewhat arbitrary criterion means that the

a0

zcli adjacent to the cell of interest has 3 dB less power in it.

. T 5
S

As a  zcific oxampie, Barnum ° measured HF brekscatter cross
sections for cement-block walls, extrapolating resulis ito arrive at an
estimate of 3.5 X 105 m2 for the HF backscatter cross section of a city,

3 ; at elevation angles in the neighborhood of 10 to 30 degrees. Dy way of

1 illustration; take the average value of co over land to be 10-4. For

observation of a prominence in the backscatter due to a spatially confined
T cho region at a range of 2000 km and an elevation angle of 15 degrees,

| acz2 co 1 ¢7 sec(¥)R? demands that 78 < Go %X 1.85 X 10"13 = 6.5 X 10-4

seconds - degrees. Thus a pulse length of 100 ys and a beamwidth of

SO IE S

6.5 degrees should be adequate for providing localized city-echo return
v equal to the return from average rough land. This estimate is not exact

due to the extended nature eof cities (and forests).

15

T TR, R e AR ST

LA NP L B
NP AR N S

T

pa

T RN




-
g
>

vk St Kotk &
o A L

To illustrate the changing requirements on T and 9 as oo
changes, Figrie s1 has been constructed. Range, elevation angle, and

backscatter cross section are held fixed at 200C km, 15 degrees, and
5 2

. . -1 ~7
16 m , respectively. Uo is varied from 10 to 10 in increments cf

10. The required values of T ang & for o =g )
point echo clutter

be read trom the graph. Different values for & _ may be accom~ ‘
peint echo

modated by proporticnately varying the parametric values of co——i.e.,

can then

5 2
- S =35 X 10 m, then the values for ¢ should also be
point echo 0

muitiplied by 5.

This graph ind@cates that only modest values of T and 6 are
requirad to reveal variations in HF ground backscatter. A typicel
example is that a sounder with a 10-degree beam and an 18 ys pulse length
should be able to discern point echoes of 105 m2 cross section in the
midst of rough surface scatter whose per-unit-area criss section is 10_4.
Even 20-degree beams and 100-uys pulse lengths would be iikely to produce
at least some indication of variable ao. Values of T and O achievable
with tuc Los Banos sounder are plotted in Figure 4, as are those obtain-
able by conventional soundexrs. Although certain types of scaitering
should appear as point echoes (i.e., from towers, power lines, single
buildings, specular reflections from mountain faces, etc.) other likely
sources of deviation from the average will be spread in delay and azi-
muth (cities, mountain ranges, plains regions, lzkes, etc.). Some such
extended regions of interest should produce cross sections considexably

lower than the average.

Interaction of the backscatter sounder's cell size and the
"sharacteristic size' of variations in S, will determine to some extent
whether such deviations are observable. In the limit of very small cell
size the energy returned is so small that system noise will hinder de-

tection of backscattered energy. For very large cell sizes the variations

16
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in ¢ will be averaged out except in unique cases (land vs. ocean, per-
o]

haps). In between these extremes, where such variation should be readily I

apparent, the effects of range and azimuth sidelobes may contribute

heavily; this effect will be examined in the fullowing paragraphs.

3. Delay and Azimuth Sidelobe Energy

Short pulses and narrow antenna beams were used to localize
the energy returned to the backscatter sounder. The earth/ionosphere
combination is a significantly extended echoing region in the T and ©
domains. Even though large bandwidths and large apertures were employed
to reduce the size of the resolution cell, there were inevitable delay
and azimuth sidelobes through which energy could be returned. This self '
noise or self clutter can have serious consequences for the observation

of variable scattering efficiency over the T and 6 backscatler domains,

For a uniformly scattering ground and a simplified .onosphzric

model, a portion of an average backscatter return is sketched in Figure 5.

BACKSCATTER
SOUNDER
\ 0

[ a0

/=

-~
:
-~

0°'{0) CONSTANT

RTRIL)

gy=10 ° @inm

LEADING EDGE OF
BACKSCATTER
RETURN AT 7,

658278
FIGUHE 5 SKETCH OF A PORTION OF THE AVERAGE BACKSCATTER RETURN IN THE
TIME DELAY AND AZIMUTH (7-0) DOMAINS. Note that the return in 0 is really

over 2m radians. It is assumed that o'(7,8) = 6'lr) - o’(?) whei2 primes denote the sross
section of the earth-ionosphere combination.
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Although the return is constant over 9 it has a rapid decay with T,
beglinning at the minimum time delay of backscattered energy. The decay
in energy is principally due to "1/R4" losses (really 1/R3, because the
cell area increases linearly with range, R), absorption, and the probable
decrease in average scattering coefficient with decreasing elevation
angle (increasing delay). This energy fall-off is a prominent feature

cf backscatter ionograms and is roughly approximated by c/(T) = IO-T/4
for 7 S 10 ms, where T is measured relative to the minimum time delay

return. o'(T) is the effective cross section, which includes all the

propagation factors above, It is the energy per unit delay returned via

the earth/ionosphere combination.

Superimposed on this average return are numercus fluctuations.

The cnes of interest here are variations in the earth's backscatter co-~

efficient.

It is assumed that the T and 6 domains are independent, both
in terms of power returned to the sounder and in terms of the subsequent
processing of the data., This approximation is nct strictly valid, but
is permissible for the purposes at hand. Thus, ¢'(T,8) = c'(m)a’ (),
vhere the primes denote the cross section of the earth/ionosphere com-
bination. As far as vrocessing is concerned, T and © are independent
for a menostatic souander and for sufficiently narrowband systems where

the signal bandwidth is less than 10 to 20 percent of thke carrier

freguency.

Earlier in this section it was described how a range-vs.-
azinmutk display was obtained by slowly scanning the antenna array
(normally 174 degree per second) s nchronously with repetitive SFCW
sweeps. Azimuth information was ob.ained by comparing energy in a range
gate for successive sweeps (which were made at adjacent antenna steer

positions). To the extent that the echoes remained fixed over the period
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of time it took to generate an azimuth scan, the azimuth "processing"
is independent of the SFCW processing. Thus, the average power out of
the sounder as a function of T and 6 may be described by a superposition

of returns--namely
P _(1,6) = [o'(T,8) h(T,0) dT 4@
7,0

where h{7,0) describes the processing in delay and azimuth performed bhy
the backscatter sounder (antenna effects included). Both o’(T,8) and
h(T,8) are sepaxable functions by assumption; so

P, g(T28) = B (T) P(O)

Approximate evaluations of PT(T) and Pe(e) are given in

Appendix B. PT(T) is found to contain a convolution of c'(T) and ihe

14

delay portion of the well knownh delay-Doppler ambiguity function.
This function has been studied extensively ror SFCW waveforms.“,"s
Pe(a) is approximately preoportionul tc a convolution of the combined

antenna patterns and ¢’ (). Figure 6 is a plot of PT(T) for a point

0-
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FIGUKE 6 EFFECTIVE PULSE FROM SFCW PROCESSING. Signal durction is T s, total
tanawidth is W Hz. Hanning window produces ideal largest sidelobe -32 dB from
peak. Departure from ideal sweep can substartially increase sidelobe level, but does
noi broaden the mainlobe width.
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echo in delay; its largesti sidelobe is -32 dB relative to the peak and
has a mainlobe width of 1.6/W (recall that W = bandwidth). Similarly,
Figure 7 is the point-echo azimuth response for -5° < @ < 5° and

X = 20 m.

A generalized discussion in Appendix B of the effects of these
sidelokes in time delay and in azimuth serves to emphasize the limita-
tions they impose when one is prooing the extended earth/ionosphexe
echoing regiun. Some general factors for determining the contribution
of self noise froam all sidelobes are described. Their effects will be

pointed out in the data presented in the following section.

In brief summary, this section has deternmined "close-up" systenm
response in time delay (Figure 6) and in azinuth (Figure 7). For back-
scatiter sounding in particular, selY noise can require a éubstantial cor-
rection factor for the idealized pulse and idealized beamwidth model for
the illuminated region en the ground. Sidelobes have the effezt of
secothing out variaticns in received energy such as would be produced by

spatial variaticens in lend-backscatter coefficient.
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IIX DISCRETE ECHOES iIN SWEPT-rREQUENCY BACHSCATTER

Ultiwately, we wish tos understand how spatial variztions in ground
refiectivity will iniluence the study of the ionosphere via the
backscatter—-sounding technique. The procedure here will ke to synthesize
a very siample rmodel for localized echoes in backscatter ionograms, the

predictions of which we ¥ill theun compare with observatien.

To plsce this topic into perspective with previous efforts im back-
scatter research, consider Figure 8, which is a fairly typical backscatter
i0n0gram nad2 with the high-resolution sounder. Freguency was sSwept
9 to 27 MMz at 250 kHz per second, and a s-Hz individual filter bandwidth
in the spectrum analyzer yielded a theoretical time-delay resolwtion of
16 us. Beginning at ¢ YHz and 2.2 ms, the semivertical ionogran fronm
Lost Hlills t0 Los Banos is visible, providing a convenient check upon
time-delay calibratiun. Backscatter appears to “grow out" of t(he two-
hop ionogram as expected.® The ieading edge of minimun-tice-deiay back-—
scattered eunergy proceeds smoothly to higher freguency and longer deleoy,
as is typical of a single-layer iosnosphere under quiet conditions, The
faintly visible splitting of this leading edge is due to separate time-
delay~-focusing lines for ordimary and for extraordinasy rodes; experiper-

tal support for this conclusion will be offered later.

One reason for the clarity of these data is the relative irmunity
to interference, whick is attested to by a lack of verticzl lines on the
data., Only seven discrete interference lines are visible over Y to 27
MHz. This is in marked contrast to high-quality, pulse-type backscatter
scundings®* which often showed 1C to 20 times as manry interference lines

over the same band,
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This record displays unusual variations in signal strength. Several
discrete echoes of nearly coanstant delay over seversl iz are visible
{a few are incdicated by sm2ll arrows}. In cddition, there are large
regions where the average backscatter energy is less thaa at shorter or
lopger delays. It will be shown that spztial variatiens in the ground-
backscatter cocfficieat will account for these aspects of the backscatter

ionograx.

Large arrovws in Figure & indicate localized time-variable signsl

crnhancenents that are thought to result frox az ionosphieric disturbance.

Eachk of the discrete echuves on the hackscatter iogogram show rapid,
semi-regular axplitude variationg as the signzal frequency is swept!: these

wilX be shown to be related to Faraday rotation.

AL Interpretatior of Single-Echo Structure on Backscatter Ionograns

In this section the backscatter-ionogram echo that would be produced
by a point scatterer will be sirzuaiated. This simulaticn will be cozpored
with observed echtes both fros saturally occurring localized scattering

regions and from the portable reopeater described in Appendix A,

Consider an isotropic, point scatterer on the grousd--say, 1500
km fron a backseatter sounder. A single-layer ionosphere is assumed, one
in shich the QI approximpation adequately describes the nropagation char-
acteristics. It should be noted that if the QL coadition is occasionally
violated, it will not affect the results kere. This approximation is
used mainly for convenience. Equal-strength ordinary (0) modes and
extraordinary (X) modes are considered., Linearly pclarized antennss are

assumed, as is the case for the Los Banos backscaiter sounder,




AR

1. Case 1: Yonostatic Sounder, No Polarization Seasitivity at
Scatterer

Propagation from trarnssitter to scatterer nay prcceed by four
different codes, corresponding to cembinations of lower (L) and upper
(U) rays, and ordinary (0) ard extraordinary (X) modes. A sketch of a
representative oblique ionogram is found in Figure 9(2). Upon scattering,
ordinary rays (of circular polarization by virtue ¢f the QL approximation)
%will return as ordinary waves; extraoédinary rays will return as extra-
ordinary. Incident rasys, whether lower or upper, will each excite upper
and lower rays upon scattering; any cdiffereace in characteristic polari-

zation between upper and lower rays is neglected. Each returning mode

will have circutlar polarization.

Figurz 9(b) depicts the pode structure of such a two-way
“composite” ionogram on a delay expanded scrle. Modes are identified as
{eatgoing) /(inconing) . Thus U/L means upper roy cutgoing and lower ray
icconing, and LG/LX would indicaté lovexr-ray ordinary outgoing and upper-
ray extraordinary incoming. Two U/L mixed modes appear; otherwise the
composite ionogram has the shape of the one-way forward-obliqte sounding.
{Yote that relative delay between modes is doubied in this two-way path.)
Up to six modes will be present on this echo, As long as 21l modes are
resolvable on a time-delay basis, each mode should have a relatively
coustant amplitude with frequency. Ithen two modes are not delay-resolved

(LO/LO and LX/LX, for example), then mode-interference effects can pro-

O

duce altevnate peaks anz nulls in the echo as frequency is changed. The
mnixed modes are each two modes having the same delay characteristics--

LO/UQ and UD/LO have the same total delay.

U/L mixed modes have bteen observed on two-hop forward-oblique

soundings by Sweenew .2
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2, Case 2: Monostatic Swunder, Linearly Polarized Scatterer

The principal difference from Case 1 is that here incident
circulariy polarized energy is scattered so that returning energy is
initially linearly polarized. When this energy entizrs the ionosphere
on the return path, the characteristic modes of right- and left-circular

polarization appear,

Henée, incident energy of one magnetoionic mode excites both
modes upon scattering. Four "crossed" modes are now added to those of
Case 1; “crossed” modes are those where O rays couple with X rays (or
vice versa) in these composite ionograms. Figure 9(c) is a sketch of the
type of echo expected in this case; each of the additional modes is
labeled. Each of these crossed modes is the superposition of two modes-—-
i.e., LO/LX has the same delay as LX/LO. The total number of discrete

modes here is ten.

3. Case 3: Bistatic Sounder, No Polarization Sensitivity at
Scatterer

Analysis of high-resolution backscatter data is more complex
for a bistatic configuration, Outgoing and incoming path segments may
he essentially independent (midpaths for the Lost Hill-Los Banos sounder
are approximately 90 km apart). For the purpose of synthesizing single-
echo structures, the net result is that ordering of the path segments is
important. Furthermore, for the ranges and azimuths this sounder used,
the two path segments were always unequal in iength., When propagating
to the east the outgoing path was always shorter (nominally by 100 km),

while the reverse was true for propagation to the west,

Consider that the path segments are sufficiently different in
length to produce a visible difference in MUF's, ({Figure 10(a) shows

sketched ionograms for each of the two path segments,] No coupling

28
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between O znd X occurs; but the two mixed modes of Figure 9(b) are now

split into Four delay-separated modes as indicated in Figure 10(L). A
maximum cf{ eight modes occur at some frequencies. Mode pairs such as
LO/UO and UO/LO no longer have identical delay, Furthermore, since dif-
ferent MUF's exist for *he two path segmecuts, the one-way ionogram "nose"
has twe noses in the composite jonogram. This will take place anytime

there is a difference between outgoing and incoming MUF,

The actual delay separation between modes is widely variable,
depending on the extent of the dif.erence in path segmenils, as will be

seen later,

4, Case 4: Bistatic Sounder, Linearly Polarized Scatterer

As well as having to account for the ordering of modes, one

must allow for coupling between O and X, Up to sixteen discrete modes

e e v o 4o+ o v o ot A e =
& & sl kb S e U R AL

can now occur, producing a rather complex composite ionogram [see the
sketch in Figure 10(¢)]. Some of these modes will generally be separated
by only a few microseconds and <hus be difficult to resolve., Amplitude
fading as a result of the interference between two modes will take place,
but it is more complicated for bistatic paths than for moncsiatic ones,.
Barnum?® accounts for this in simulating families of polarization lines
ia backscatter from the ocean, Here it is required that ground range to
the point echo be fixed, while Barnum required that slant range (time-
delay) remain fixed, and then looked at the effects of polarization

rotation/mode interference at a fixed time delay.

Because Case 4 represents a fairly general situation for the
Lost Hills-l.0s Banos backscalter sounder, it is desirable to obtain a
good simulation of ine discrete echo thal results, Rather than using an
expensive backscatter-simulation routine, a point echo may be synthesized

by raytracing from transmitter to scatrtering location and back to

30 -



*
receiver, For this purpese the Jones raytirace routine 2® has been em-
ployed 10 trace rays in a threc-dimensional ionosphere iat includes the

magnetic field but dees mot include collisions,

A surficieni number of rays are traced over an outgeing path
of interest to define on ionogram with O and X modes and upper and lower
rays. A similar set of rays is then traced cver the incoming path from
scattering location back to the receiving site, A supplemental routine
combines the rayset information for both path segments to obtain Tij(f).
This is the total delay for outgoing mode¢ i (say lower-ray ordinary) and
incoming mode j (say upper-riy ¢-..raordinary) as a functicn of frejuency

t. Tij(f) is simply the sum of Tli(f) aud T,.(f), which are the delays

2j
for outgoing and incoming modes respectively, In this way a composite

ionogram in a backscatter record may be constructed,

A point-source echc for Case 4 synthesized with this procedure
may be found in Figure 11, The ionospheric profile is an g-Chapman layer
where Nmax = 106 electrons/cms. Outgoing and incoming ionograms of
roughly 1200- and 1200-km path lengths, respectively, are iucluded in
the inset of this figure (note that the MUF's diffexr by about 1 MHz),

The composite ionogram for the backscatter case is plotted Texcoss VS

{requency vhere T excess is the excess time delzy over the minimum (ground
range) delay. Indeed, 16 discrete modes are found near the MUF, which
are jdentified in ihe figure caption, ordered by increasing delay at

15 MHz., The ordering of these modes is foand to be sensitive to the
particular time-delay-vs.-{requency churacteristic of each pata segment,

and some of the:m may change their position in the overall composite echo

with a small change in the ionospheric profile,

"
Mr, David Bubenik modified tha Jores raytrace routine to work oa the
Stanford University IBM 360/67.
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An example of a high-resolution backscatter ionogram exhibiting
a particularly promineni discrete echo may be found in Figure i2, This
single echo is also visible in Figure 8 beginning at 10,2 ms delay, but
little detail of the echo structure is visible there, Theoretical time-
delay resolution is 4 ps, although only incremenis of 10 s may be dis-
cerned from this figure, Spectrum-analyzer integration time was one
second, during which time the sounder swept 250 kHz. This feature of
the data-reduction procedure, together with dispersion in the ionospnere,

combine to produce slight blurring along the frequency axis,

Generally speaking, the observed echo structurc compares weli g
vith the simulation; in fact, the parameters of the simulaticn were chosen
to agree with the actual conditions under which the data were obtained,
The fact that observed and simulated MUF's are quite different is
easily remedied by scaling up the peak electron density in the simulation.
The (lower ray)/(lower ray) modes are so strong that they saturate the
facsimile display; however, eight distinct (lower ray)/(upper ray) modes
may be observed (at 21 iiz) in agreement with the prediction. Four
(upper ray) /(upper ray) nodes are present, although much weaker than the
other modes, This is expected, since antenna gains decrease with in-
creasi~g elevation angle. Furthermere, upper-ray energy is considerably
de‘ocused relative to lower-iay energy, which may be verified b& appealing
to the reflecirix construction,* By grophical reans, one may show that
the energy per unit-elevation angle ié—much less for upper-ray energy
than for loxer-ray energy. For the path in questioh, where scatzering
took place ir New Mexico and for_F~layer propagation, lower-ray elevations
ranged over 10 to 24 degrees, while upper-ray elevations were 24 to 40

degrees,

The nose of the discrete echo coincides with the leading edge

of the backscatter. he ordinary MUF lies on one focusing {ine while
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the extraordinary MUF lies on the other focusing line, These focusing
lines are separate ordinary and exiraordinary minimum-time-delay focus
lines, If enough composite ionograms of various paib lengths are plotted
together on z delay-frequency graph, one can see how a backscaiter
sounding is genzrated from such two-way ionograms over a continuum of
ranges, The time-delay focusing lines are lines drawn tangent to the
MUF region of the ionograms, This was done for the simulation of Figure
11, and o more or less coastant separation of 80 us resulted, comparable

to that of the experimential example in Figure 12,

The exact characteristics of leading-edge focus lines zre de-
pendent on path geometry as well as on the ionospheric profile, Tor a
istatic path the longer-delay nose of a composite ionogram could produce
a focusing line of its own, admittedly weaker because the modes involved
are (upper ray)/(lower ray) modes or vice-versa., Because bistatic effects
vary with range, the delay separation betweci focus lines would be range-
dependent., A single example of this unusual sitﬁation has veen observed

(see Section III-C).

One obvious extension of the simple viewpoint put forihk here
is to consider more complex ionospheric lavers., When two Br more layers
are present, the‘maximum possible number of modes will increase con-
siderably. The most general case of a two~layer ionosphere may produce
up to 64 modes. Details of discrete echoes in a mulirlayer ionosphere
are quite sensitive to many factors, and a lengthy catalcg listing of
such echoes would be necessary to include all echo shapes, However, Iwo
exanples of single echoes cbserved in a multilayer ion;gram are inciluded

here tn indicate the types of echoes observed, For these two exanples,

the portable repeater was used to simulate an intense point-echo scurce.

The first example shosn (Figure 13) was obtaised by modulating

the transmitted signal of the repeater at an audio frequency
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FIGURE 13 .REPEATER ECHO SHIFTED AWAY- FROM GROUND BACKSCATTER SHOWING
E. F,, AND F, LAYER RETURNS

(approximalely 5 kHz), With the SFCW waveform, this modulation has ihe
nel effect of delay=shifting the repeated:energy away from the ground-
backscattered _energy, Apparent delay shift is>given by (modulating‘
frequency) times I/{sweep rate). A sweep rate of 250 gﬂzfs_wduid thus
give a 20-ns delay offset. By shifiting the range gate oi the receiver
-one can qisplay the repeater retucn uncbscured by normal backscatter.
The djscfﬁte echo displayed 1 thir way has tﬁreq separate portions;
Ibrﬁard—gblique ionogr&ms show that at this tice there were E and Fl
lzyvers as ucll_as the Pé.layer. The shortey delay poriion used Eipropa;
gation bcih wa&s up tc‘lE,S MHz. The niddle~delay portion used El agd
?2 yropagaygon ohe w;& and E-layer the other way ({ng of 13 ﬂﬂ; and
foiz ef 17.5 M4z). Finailly. the longer-hciay pogpion was co:p:isgd of
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T and Fo propagation both ways, Between 15 and 18 MHz on this segment

1
of the echo there are several mixed modes, while on the middle-delay

portion (E/F modes) no such combinations occur, Mixed modes may be

propagating near the F, MUF for the longer-delay portion, but the data

1
are unclear at those frequendies.

Figure 14 is another example of a repeater echo in backscatter,

except that the repeater was unmodulated and so its echo lies within the

TIME DELAY

.
FiE( 658309

FIGURE 14 REPEATER ECHO IN GROUND-RETURN- IN PRESENCE
OF STRONG ¥, LAYER

ancorzon. during sumoery. The interpreiatien given to the todes observ
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noremil backscatifr. “ne Pl ﬁEF_excbcdcd the F, MUF. o coadition not i E
ed 3

- on the regeater ocho is indicated in the figure. ¥Yaforiunateiy, these

sata were not available for réprocessigg'aqd thus canrot he studied
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further., A broadened leading edge of the norral backscatter is seen to
coincide wi1th the Fo focusing regions. A scrond focusing region at
lower frequency for given delay is probably due to normal E laver or a

cultiple-hop rmode; kowever, backacatter froa the Pacific Ocean to the

west caniot be ruled out.

For Figure !4 ir particular, taere is only a slighbt indication
of a donble nose struclure on the discrete echo, When these data were
obtained, the repeaier was located at the Bearden, Arkansas field site.
The segrents of the backscatter patir for this geometry are only 2 percent

different in length, thus accounting for a small difference in MUF,

It is concluded that linearly polarized point-echo sources in
a distatic geometry do sirulate the discrete echnes observed here. How-
ever, the many nixed modes depicted in Figure 12 are not alwsys GOSEFVEd.
BY referring to the simulation of Figure 11 it con be seen that the efight
longer delay modes 2iil return by upper ray. Now upper-ray modes are
zore sSusceptible to azimuthal tilts than are lower-ray modes,>® Because
of the very narrow azinmuthal beamwidth, these longer-delay modes are
ort.-i shified out oi the receive beam, Even witnout the effects of
azinrtal tilts, these (upper) /(upper) modes may be 30 to 40 dBR weaker
thos the strongest lover-ray modes. The net result when these tilts
occur is vhat the (upper) (upper) modes are not scen (even on the very

strorgest Jdiscrete echoes) for half to two-thirds of the time,

Tbe princiyal conclusion {o be drawn from this discussion is
thot numerous bright echces in backscatter ionograms obtained with the
1,0s Banos soundaer behave mich like a point-echo source on the ground--

that is, much like a point repeater. Ags will be demonstrated further,

backscatter from the ground can be characterized as a collection of these

"point c¢choes.”
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B. Discrete-Echo Occurrence

As a2 key to understanding the appearance of discrete echoes in
backscatier data, one would like to determine their distribution over
the ground and their rates of occurrence. Although it will not be at-
tempted here, such data could then be correlated with ground features to
determine the source(s) of such intense echoes. Furthermore, if one
can show that a "sufficient” number of such echoes are observable re-

liably, then they might find use in ionospheric study.

Two types of data are investigated for discrete echo occurrence-—-
backscatter ionograms (7 vs. I) made at & fixed antenna steer, and
slant-range-vs,—azimuth (T vs, §) records <btained with o relatively .

narrcw, repetitive frequency sweep.

1, Backscatter Ionograms

Since this form of data is used so often ft is of special in- ;
terest to determine rates of occurrence of discrete echoes with it. Two
hundred ten frames of backscaiier ionograms made in two periods spanning $
six hours on 2 winter da; (F-layer propagation) were examined, The fre-
quency was swept from 15 to 26 MHz every minute at an antenna steer of
9G deprees true, A 4-ms range gate (10 tec 14 ms) was chosen in whkich
the rates of cccurrence of discrete echoes were to be determined., Figure
15 summarizes the conditions employed and includes a typical data frame

out of this sequence,

The 10 to 14-ms range gate illuminated a region on the ground
extending from northeastern New Mexico through the northern part of the ’

Texas Panhandle into western Oklahoma,

The criteria employed for deciding that a discrete echo due to
enhanced ground scatter is present are somewhat conservative, Probably

many discrete echoes exist that were not counted, Since the ionospheric
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SEQUENCE

layver structure is known from an oblique sounding, an echo must have an

cblique ionogram "shnpe"_ on the backscatter ionogram; and it mus. bhe

visible over a frequency extent of at leas! 1 MHz, Such an echo is re-

guired to have a delay width less than 100 us, The data indicate that

the discrete echoes are often resolved into several components, but ihese

are not counted 2§ separate cchoes, Finally, cach echo must have suitable

time duration to establish that it is indeed fixed in delay and not a
moving ionospheric focusing eshancement,* If a suspected [ixed echo

disappears, it musi reappear elsewhere in the 210~frame sequence in order

to be counted,
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A transparent overlay may ke constructed with 2ll suspect dis-
crete echoes sketched upeon it. Then, as the viewer proceeds through
tbe frumes one by one, visible discrete echoes may be noted and recorded.
There is very little chance of countirg an #cho's mixed modes as sepirate
echoes (particularly witk the single-layer ionosphere)., Under other
ionospheric conditions this could indeed become a problem. It ie diffi-
cult to judge the delay width of these echoes on intensity-modulated
data, and so a conservative attitude is adopted toward this critericn,
100 us was takep as an upper bound on the delay width of the echoes re-

corded, although other data indicate that 50-us is a better upper bound,

Figure 15(b) is a sketch of the overlay constructed for this
data sequence (only the shortest delay mode is used). Due to noimol
diurnal changes and also to the presence oil large-scaie 4ID's during the
latter portion of this sequence, the echo traces on this overlay change
with time. However, by sliding the overlay both in frequency aad delay
for a "best fit" to the stronger echoes, confusion as to echo identity
is minimized, It shoulc be noted that amplitude chang=s with irequency
occur on all echoes from one data frame to another, and the traces in

Figure 15(b) are not alwavs representative of the echo trace.

A total cf 31 discrele echoes were observed throughout the
210-frame sequence; four of these were questionable under the above
criteria for selection, 1In addition, two echoes may possibly be one
echo doubly counted. Figure 16 is a histogram of tiie rate of occurrence
of these echoes, 8 of them observed more than 50 percent of the time and
2 of them observed 100 percent of the time, The number of echves per

frame varies from 4 to 16 with a mean of 9.7,

It is ulso of interest to determine how long an observing time
is required in order to observe a large fraction of these echoes, Seven

independent twenty-minute sequences were scaled to determine this rate

41




NUMBER OF RCHONS

N

- [
4] 02 0% (1 o8 10
FRACTION 9F TIME OSSSRVED

vy

€£8257

FIGURE 16 DISCRETE-ECHO GCCURRENCE OX BACKSCATIER IGNOGRAXNS—
4-5 MARCH, 1868, Toa! of 31 echosr, mean number ¢! echoss/frame = 9.7.

of buildup of observed cchoes, and the result is plotted in Figure 17,
Initial buildup is rapid; then the slope decreases as B0 percent of the

total nunber of echoes have dbecore visible in the first 18 minutes,

Backscatter ionograms made at other siatcenna headings produced
roughly the sanme total numher of discrete echoes under similar ionospheric
conditicns. The 6 to 10-ms range gote shewed about the same number of
echoes, although they did not stand out as much, relative to the back-
ground backscatter levei. If the range gate was chosen much further out
(say, beginning at 16 ms or so) generally one observed fewer discrete
echoes, One factor in this decrease in number of echoes as range in-
creased is that system sensitivity was decreasing and signal-to-noise
ratio decreased too, Little effort has been made thus far to look spe-
cifically for discrete echoes at long delays., At the longer delays in
the geographic area studied, relatively flat land is illumirated, in
comparison to that illuminated in the 10 to 1l4-ms range gate, Subsequent

experiments will look at the long-delay region more closely.

42




L]

A
&
i
ar.
¥
3:3
?.
¥
>,
®
13 25
i T —
- - A‘—-—
o m — —‘-—_
FS —
‘(
£ ——
£
| =] 2 a——
=
= ——y
S 1 —
:_: -
’ g —
, + 5 _—
! ra
t
4 S e
, 2 —
5 &
B g 2
& o
o & —
2 10}
! O .
3¢ w
[+ 8
: o gl
[+ed
w
]
3 si-
z
4=
5 2t~
; 0 ! L [ U R DU SR N i I
i 3 5 7 9 1 13 15 17 19 21 23
s TIME —- minutes

€582868
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It should be rpoted that the echous 2t o2e tixe or another were
vixiblc a1 all frequencies that iliumiccted the regi0a on the ground Ifroz
which "ney arosc. Through disturbance-focusiag, tbhe effective sensitivity
of the ratkscatter scunder is alicrpnately increased ard decreased.

Yeaker echees then x¥il) bccasionaliy becone visible for brief periods
(a few minutes). Tne majority of discrete echoes kave this broadband

characteristic, which way be a useful clue in discerning the sGurces of

the cnhanced statterirs.

Aithcugsh = large data samples vere obisined on subsequent
days of observatioa, sbout two-thirds oi the echoes in Figure 15{b) were
identifiable in a thirty-ginute sequence of backscatter ionograms made
under sioilar operaiing ccnditions {tice of d=zy, aatenna steer, range
gate) . When the ionospheric profile changed considerably, se did the
single-echo viribility. Under rmultiple-layer coanditions such as those
indicated iv Figure 14, fewer single echoes wers seen, and when one was,
it was net possibile gliways to determine which echo modes were being ob-
served, Particularly during summer months, discrete echoes were visible
only near the highly focused lecading edge, 2nd here dispersion and mul-

tiple modes made echo identification difficult,

2, Rang=2-vs,-Azimuth Backscatter Displays

Sweup~frequency backscatter ionograms are subject tc the effects
of apparent antenna beam swinging because of azimuthel tilts., A one-
degree azimuthal shift (which is not altogether uncnmmon) produces more
than a 20-dB change in signal from a point scatterer, A range-azimuth
display removes this souxrce of uncertainty, and so in this section the
occurrence of discrete echoes on this type of backscatter display will

be investigated.
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Under the saxc winter daytime icnosphere as cescribed in the
Teviocus section, = sequence of 30 range-azimuth displays were obtained
iwo minvtes apart arourd widday (singie F-layer propagation). S sample
display is fourd in Figure 18(a), in shich the operationsl pzrzmcters
are also indicated. As in the previous case, discrete cchoes were counted
ir a2 4-ms range gate (6.8 o 12.8 ns) over z 30-degrec¢ azisuthal sector

(75 to 105 édegrees).

The transmi“tting antenna wus steered as iadicated in Figure 18-
to mzintala good bean conv .wence in this raoge gate. Unforcunateiy the
antenna-steering format scmetilmes did not accomplish this very well, but
it was cousistent from framz to frame and soimay be taken into considera-

tion. The receiver wus operated at fixed gain.

On the range-~azimuth display the ecriteria for discrete, fixed
echo occurrence zre: (1) that the 3-dB delay widih must be less than
100 ps (it usually is less than 50 gs), (2) that the echo has azimuthal
extent commensurate with tha azimuthal response plotted in Figure 7, (23
that echoes have suitable time duration (10 percent of the data frames),
and (4) if they disappear they must reappear at the same location at
some later time, With this short data sequence, which canrot be statis-
tically valid, these criteria are used conservatively in order to set

lower bounds on the number and occurrence of the discrete echoes.

As before, a transparent overlay was constructed to record
single echoes; this is reproduced in Figure 18(b). A total of 71 distinct
echoes were accounted for in this 30-irame sequence. Five of these are
slightly questionable, and three may be the same echo source propagating
via diZferent ionospheric modes. A frequency-cf-occurrence histogram of
the echoes is found in Figure 19, For the 600~by-700-km region (range
and cross-range respectively) on ithe ground there are some 21 discrete

echoes observed more than 50 percent of the tim2 and 5 observed greater
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FIGURE 12 HATE OF OCCURRENCE OF DISCRETE ECHOES ON TIME-DELAY-
VERSUS-AZIMUTH BACKSCATTER DATA—5 MARCH, 19589. Total
number of echoes is 71. Average number of echoes/frame = 25.8.

than 90 percent of the time, The number of echoes per frame varies from

12 to 36. with a mean value of 25.8,

Data obtuined on different days showed that one could quickly
identify the strongest of discrete echoes (those visible more than 50
percent of the time) on the range-azimuth display. There have not been
any other sufficiently lonz time sequences of data to verify the recur-

rence of the weaker echoes,

The density of discrete echoes in Figure 18 decreases with in-
creasing delay., If the average backscatter coefticient varies with
elevation angle as shown in Figure § iu Section II, then the variations

about this average value would produce an amplitude-vs,-delay plot of
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backscatter at n fixed frequency as sketched in Figure 2C, At longer
delay relative to the minimmm delay, a localized brightness must be
proporfionately larger thap the mean level of I at that del:;y in order

to be seen, This may be remedied by (1) filteiring out the Zlose-in

s
g |, DYNAMIC RANGE
w CF DISPLAY
(v}
@
w
t I-—-—'—1 - Sore|
< .
g MEAN VARIATION OF
é G, WITH DELAY
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FIGURE 20 SKETCH SHOWING HOW DYNAMIC RANGE OF DISPLAY INTERACTS WITH
AVERAGE ENERGY_FALL-OFF WITH DELAY. In Section i this variation was

approximated by 10"™7o)/4 with 7 in ms and 7o = delay at leading edge of
backscatter.

strong echoes, (2) allowing the display (but not the spectrum analysis)
to saturate on strong echoes, or (3) adjusting system respouse vs, range
(really audio frequency vs, range with the SFCW fechnique) to offset

this decrease in signal with increasing delay.

It is difficult to compare discrete echo occurrence on the
two types of backscatter dispiay dis-ussed here, Backscatter ionograms
used automatic gain control to handle the large variation in signal
strength as frequency was varied, while the range-azimuth display used
a fixed-gain receiver., A good example is found in the fact that the
strong echo at 10,2 ms and 90 degrees in Figure 18 is the same echo as
the one at 10,2 ms in Figure 15, In the latier it is visible 100 percent

of the time, while in the former it is seen 67 percent of the time. The
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fa-cimile display satusrates on this echo in Figure 15, so that its smpli-
tude variations with time are not beiw.g obServed., On the range-azimvth
data the display gain was set so that its amplitude variations cause it

~

to disappear one-third of the observing time.

3. Spatial Extent of Discrete Echoes

Earlier in Section IXII it was stated that the discrete echoes
appear nearly as "point ethoes."” Now it is appropriate to determine if
the short-pulse, narrow-beamwidth capabilities at hand are suificient to
resolve the localized bright scattering regions. Usually an echo is
considered extended if its spatial extent is appreciably greater than
the resolution cell size, Those that are much smaller than the cell size
are point echoes, and those that are comparable to the cell size are

indeterminate,

For this system thke minimum cell size was 3 ps in delay and
1/4 degree in azimuth, The useful cell size achieved was roughly 3 to 10
us by 1/4 to 1/2 degree; at a 1500-km range this produced a cell 0,45
to 1.5 km by 6 to 12 km. Several recent studies®,®®s27 jave each in-
vestigated ioncspheric limitations on the minimum beamwidth obtainable in
the HF band. Although statistics are not yet available, it is apparent
that this 2,5-km aperture is useful 90 percent of the daytime on one-hop
lower-ray F-layer propagation; and furtithermore, an aperture ten times as

large should be useful a fair fraction of the time,28

Delay resolution is controlled by the bandwidths supportable
in ionospheric propagation, Dispersion, Faraday rotation (mors generally
magnetoionic splitting), and inhomogeneities are the principal limitations
on bandwidth, One hundred to five hundred kHz has been found to be the
range of useful bandwidths for observation oi discrete echoes. However,

by choosing operating parameters carefully, one should be able to employ
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f‘%% 1-MHz bandwidths®® 7ithout resorting to some form of Jdispersion compen-
sation, (The transmitter limited usable bandwidths in range-~azimuth

3 %Rf backscatter data to 500 kHz in this experiment,)

An important feature of the Losi Hills-Los Banos backscatter
soﬂnder was that the ratio of cross-range resolution to range qesolution

was large (nominally 10:1). Generally, one should bLe better able to

CEGIIINGT B

resolve echoes in delay than in azimuth, The self clutter imposed by
renge and azimuth sidelobei (Section II) can only sarve to increase the
apparent extent of echoes when in fact they may in rezlity not be

extended.

The 30-frame sequence of range-azimuth displays that produced
71 discrete echoes (Figure 18) has been analyzed for individual echo range

and azimuth extenl. Tnese dats Ubscure the measurement of spatial ex-

P Rk N

tent since (1) the data sample is not large in a statisticai sense: (2)

ALY

3 signal fluctuations have not been compensated for (to be discusscd in
Section IV); and (5) sieering the transmitting antenna rroduces discon-
tinuous gain changes. Hoxever, by choosing particilar echoes that for-
tuitously avoided the last source of ambiguity, one may study representative

examples of these localized echoes,

These examples were chosen using the fcllowing criteria: The
frequency of occurrence must be greater than 0.5 in order to determine
that the apparent extent in delay and azimuth persisted over the one-
hour observation time., These echces nust not be locatad at azimuths
where the transmit array is steered., Echoes are sciecled away from the
leading edge to reduce delay spread froiw dispercion and to reduce the
possibilities of multiple moding, Whether an echo is resolved or nat is
partly a subjective judgment and depends on the criteria used. It is
worthwhile to note that the 10-dB beamwidth for this frequency is 0,78
degrees, The 10-dB delay width due to equipmental considerations is

roughly 25 ps,
51
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Abous a fourth of the echoes tabuiated in Figure 18 are margi-
axlly spread in aziruth, More than a half of them are clearly resolved

in delay.

Figurc 21 shows teo intense localized echoues, labeled Hl and

11, that are delav-resolved Ly 100 .s. Because of the delay separation

>
o\
N 12
QQ’ H2
QQ
.
&
S 1
100 s
- > ’ . .
92 o] g6 o 100 102 104
i AZINUTH —- degrees 558293

FIGURE 2i DEMONSTRATION OF AZIMUTHAL SEPARATION OF DELAY-SEPARATED
ECHOES {H1 AND i1)

one can also discern ¢ one-degree azimuth separation in the peaks of

these echoes. Yeno Hl has azimuthal

'sidelobes” 5 to 6 degrees away
from the main peak and only 11 dB down, which are considerably larger
than predicted by the azirmuthal response of Figure 7. However, in the

absence of a measured azimuthal response it is uncertain whether Hl is

azimuthally extended.

Echo 1Q1 in Figure 21 appears pot to be resolved in delay or
azimuih, although separate azimuth sidelobes are visible. The fact that
these sidelobes are almost as large as the main lobe is partially attribu-
table to the fact that this ccho is conly slightly above the background

level at adjacent locatious on the - - § display,
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in addition to ihe well localized discrete cchoes, typical
examples of which wre given in Figure 21, there are vhole regions on
7 - § tackscatter displays where the average backscatter level ic con-
siderably different frum adjacent regions. These regions are easily
resolvabie in delay (up to o few ms delay vidth) and in azimuth (3 to 5
degrees extent), However, uwithin these regions one someiimes observes

a discrete echo that in itself is not resolved,

As in backscatter ionograms, there are abruptly varying discrete
echoes that are of special interest in this study, and there is also a
more smoothly changing componen. in the ground reflectivity from place

to place,

A goud example of both types of backscatter echoes is found
in Figmre 22, The portable rapeater was operated naar the observed
region in central New Mexico. Echoes Hl and Il arce indicated by arrows
and have the same features as in Figure 21, This is rather remurkable

because Figure 21 is F-layer data obtained in March, while Figure 22 is
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FIGURE 22 HIGH-RESOLUTION TIME-DELAY-VERSUS-AZIMUTH BACKSCATTER
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E-layer data obtained four months later in July., Particularly on the
July datz (where the transmit antenna was ggﬁ_steered), extended regions
of heightened reflectivity occur and are persistent., In Figure 22 ane
such region some 400 ps by 53 degrees in extent is visible at short delay

and mid azimuth,

As a further example of the marginal azimuthal resolution of
discrete echoes, amplitude-vs.-azimuth plots were made for discrete
echo Hl in Figure 22. In additioa, the echo amplitudes feor the repecter
sidebands are also included. Figure 23 shows these plots for the re-

peater and two-delay-resolved components of echo Hl.

The azimuthal distribution of the repeater is plotted from
the average amplitude of the repeater’s two. sidebands at each azimuth,
These sidebands appear some 400 ps apart on the 71 - 8 display. The re-
peater raosponse peaks between 95-3/4 degrees and 96 degrees steer, (The

true azimuth to the repeater was calculated to be 95.81 degrees.)

Echoes Hla and Hlb are components separated by 40 ps, Hla

peaks at 96 degrees while Hlb appears slightly skewed toward 86-1/4

degrees azimuth, This slight separation is not necessarily real; one

would have to average over many such t - 6 displays to discern real
azimuthal separations less than 1/4 degree. Although the azimuth side-
lobes of the repeater retuin are large, the width of the main peak is

comparable with the theoreticai azimuth response of the sounder.

In summary, then, it can be said that discrete echoing regions
are plentiful (at least in the Colorado-New Mexico area), that they
produce multimoded echoes much as a point repeater would, and that they
are in some instances delay-extended (up to 50 us or sc); but it is
indeterminate whether they are azimuth extended. In the next section
the way in which these characteristics interact with various aspects of

ionospheric propagation will be considered,
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C. interaction of Discrete Echoes and Ionospheric Phenomena in

Backscatter

1. Relation to Undisturbed Focusing )

Focusing of backscattered ¢nergy occurring due to increased
ray density may be a result of time-~delay focusing® where energy from
different locations on the earth arrives at the same time delay, Or
else it may be of the geometrical focusing variety {such as skip-distance
focusing) where one-way transmitted energy is focused by iorospheric
refraction, Both have been studied in depth, 3°6,2° and these phenomena
have been accounted for in backscatter-simulatiovn procecures. With the
Los Banos sounder, focusing indications show a certain amount of fine
structure, principally because the sounder antenra does not average over

a large azimuthcl segment,

One prominent feature of these focus lines is the presence of
separate focus lines for ordinary and extraordinary propagation, Data
from the Lost Hills-Los Banos sounder shows O - X splitting in minimum-
time~delay focusi:g from propagation via lF1 (one-hop F1 layer), 1F2,
and 2F9, Ouncasionally this splitting is seen in maximum time-delay
focusing (interlayer focusing, Ref., 29), The presence ‘of discrete echoes
was used to verify that this interopretation cf separate focus lines is
correct, Figure 24 is a sample backscatter ionogram in which 0 -~ X
splitiing of the 1F, skip-distance focusing line is visible. A discrete

¢ aiso visible showing O and X "unoses" tangent to each focus line,

e

echo
The discrete echo simulation predicts as many as four resolvable focus
lines under bistatic geometry where a two-nosed composite ionogram may
occur, However, propagatiocn via upper-ray one way is less intense since
the maximum amount of focusing is occurring over oniy one portion of the
backscatter path. To date only one example of more than two focus lines
has been recorded, occurring during a modest ionospheric disturbance. It
showed a three-fold splitting in the minimum-time-dciay focus line over

a delay increment of 2 ms.
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Under single F-layer propagation conditions this focus-line

splitting is observable 75 percent of the daytime, It is most consistently

observed on an intensity-modulated digplay where visual integration
agsists in making the identificatiop, Furthermore, receiver and display
gains must be carefully adjusted in order to not exceed the dynamic-range
limitations. Magnetoionic splitting typically separates focus lines by
5C to 150 ps, with an average 3-dB delay width of 50 to 75 us for each

focus line,

This focus-line separation is generally most clearly discernable

at lower frequencies; although occasionally it may be faintly visibile
up to the maximum frequencies prrpagated--i.e., the frequencies corres-

ponding to the maximum skip distance for one-hop propagation,

Whether or not O - X splitting is discernible in any focusing
enhancément depends not only on system sensitivity and the resolution
in time delay and azimuth; it also depends on the characteristics of
the focusing enhancement itself, The reflectrix construction 2° graphi-
cally determines how much energy may be concentrated in a focusing en-
hancement; it is not uncommon to have only an abrupt termination at a

focusing line but with no energy enhancement.

2, Faraday Rotation on Discrete Echoes

Early in Section III it was shown that magnetoionic splitting
was identifiable on composite ionograms from some discrete echoing re-
gions, Ordinary-extraordinary splitting in ionospheric focusing lines
is a second manifestation of magnetic-field effects in backscatter data.
Now the existence of Foraday rotation as a funection of frequency on a

single echo at a time will be demonstrated and verified,

Mode interference producing a variation in Faraday rotation

as the signal frequency changes is a well-known phonomenon in one-way
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jonospheric propagation.3%,3! Recently®® it was demonstrated that the

" resulting polarization rotation affects the amplitude of high-resclution

backscattexr from the sea surface, When linearly polarized anternas ave
used, families of polarization lines appear in backscatter data that
correspond to alternate alignment and crossalignment of the antenna
to the net incoming polarization, As much as 10 dB variation in back-

scatter amplitude, due to this effect, has been observed by Barnum,2°

This -effect was not observable over land because the abrupt
veriations in o, from location to location obscured it. In more than
1400 backscatter ionograms obtained with the high-resolution sounder
under winter daytime ionospheric conditions, no clear exémple of families

of polarization lines could be found,

‘Discrete echoes observed over land with the Los Banos-Lost
Hills sounder do exhibit regular amplitude variations with frequency,
some of which can be vertfied to be due to mode interference/polarization

rotation,

The portable repeater was operated in central New Mexico for
the purpose of comparing the behavicr of artificial and natural echoing
sources, Figure 25 is a portion of a bhackscatter ionogram that resulted
under winter conditions. The repeated signal was modulated at an audio
frequency of 500 Hz, displacing its echo +500 Hz (%2 ms for a sweep rate
of 250 kHz/s) on the delay-frequency backscatter display. Only one
repeater sideband is visible here. It has been shifted completely out

nf the ground backscattcr return.,

Nearly periodic amplitude variations of 125 #25 kHz spacing
are visible over 18 to 20 MHz on the repeater echo; ai higher frequencies
dispersion resolves the echo into two modes, neither of which exhibits

this regular amplitude variation with frequency. Reprocessing this data
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frame with different delay resoluiions shows that at the frequency where

these two modes become delay resolved, the beating effect is reduced,

According to the point-echo model of Section III-A, there should
be up to 16 discrete nodes present, The eight longer-delay modes are
significan:iy weaker and thus not seen in this figure, Of the remaining
cight modes, only four distinct modes are apparent; however, some indi-
cation that they exist may be found in Figure 26, Here, displaced A-

scans of tne spectrum analyzer output are plotted so that amplitudes may

e e e = et rm e e e

be measured. The gain setlings were used in order to observe the ampyli-
tude structure of the natural discrete echo as well as that of the re-

neater echo,

The point of interest here is that the natural echoer has &

paitern of amplitude fluctuations similar to that of the repeater--
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further evidence that the natural echoing region is of small spatial ex-
tent., If it were larger than roughly 100 ps (15 km) ir delay depth, the
polarization of energy received from different portions of the scattering

region would be sufficiently variable to cancel out regulav amplitude

variations with frequency due to this mechanism,

Regular amplitude fluctuations produced by mode -interference/
polarization rotation are a common attribute of discrete echoes observed
with the high-resolution backscatter sounder, The 210~frame sequence of
backscatter ioncgrams desciibed in Section III-B produced some 31 dis-
crete echoes in a 4-ms range gate. All of these echoes exhibit these
quesi-periodic amplitude variutions, which result in a "blobby" echo
structure. Blob spacing varies from 100 kHz (the smallest spacing ob-

servable for the data display used) to 1.5 MHz at freauvencies of 0.6 to

0.9 MUF.

It has heen found that several distinct types of amplitude
fluctuation are occurring. Most echoes exhibit closely spaced blobs
(100 to 200 kHz) at one time or another over a frequency extent up to
several MHz. In addition, there is a more slowly varying component (in
frequency) that often occurs simultaneously with the rapid fluctuation,
Finally, there are numerous changes in amplitude associated with modest
ionospheric disturbances; suci amplitude changes are focusing enhancements
that alternately iacrease and decrease the energy from a region in the
delay-frequency domain, Examples of each of these three types of ampli-

tude fluctuations are reproduced in Figure 27,

Rapid amplitude fluctuations with signal frequency [Figure 27
(a)] are reasonably associated with the mode-interf..rence mechanism just
discussed, Ionospheric disturbance fluctuations are easily picked out
of a rapid time sequence of ionograms; groups of liscrete echoes along
some locus in the delay-frequency dcmain vary in signal strength almost
in unison [Figure 27(c)].
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B of The amplitude variations in Figure 27(b) are semewhat ambiguous
«s to tneir origin, In only a few instances may they reasonably be

thought 1o arise from disturbance focusing. One would have t¢ observe

- v
v ryr—
v { Ty b

i related variations in nearby echoes with the passage of time, and this
3 is nrot discernible., Certainly mode interference/poiarization rotstion
‘i could produce some of the slower fading component, lowever, thc fact
‘? ? that closely spaced discrete echoes may exhibit widely different ampli-
12 i tude variations with frequency leads one to suspect tha. the ground-
33 i scattering processes may contribute to these fluctuations,
ki
‘Eir To investigate the specific scattering characteristics of dis-
v
f, crete echoes is beyond the range of this study. The types of behavior
‘; 2 one might look for that could produce fairly complex signal-sirength
“, variations with frequency would be (1) polarization sensitiviiy, (2)
E
;~; exlended targets, whose nel cross scotion could vary rapidly vith fre-

quency, (3) sources of backscatter o¢nhancement such as resonant stiructures
that would produce strong echoes and would be frequency sensitive,
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$oe further zanifestation of mode interferances/polarizztion
rotation has been observed on intense discrete echaes that show mixed

modes. Scowhat rarcely ail pixed modes are visible and of tie proper

strength, so that alternate peaks and nulls mey be observed. Figure

28(a) zhows the mixed zodes in 2uch a data frame. Corparing this echo

to the sirulation of Fifure 1l use identifies "mode” (i) as uaresolved
UX/LX and UX'LC modes and "pode” (ii) us uaresolved LX,/TO and L0/TO modes.
Over 19 to %0 XHz both of thece wmode pairs show nearly periodic signal-
strengtn fluctuations with frequency. At 21 Nz these rode pzirs becoze

delay-resolved by disversion, and the regular fluctuatios witn frequency

is ro louger apparent.

The xoiation of the received net polarizatlox angle § with
frequency is prwuportional to the differencz ir phase path between the
O and the X modes shen they are not delay-resolved.3® Relating chase
path to grouy path (T) ome has the sicple ralationva§ISf = ﬂ(To —vTS?.
This means that a blob spacing of I ¥z (x radians in the phase angle

¢ over a change in frequency of 1 33z) corresponds t2 4T =.To -Tx =1 s,

For the mode pairs (i)} and (ii) considered here, the modes are
different over one portion of the path enly. Thus (i) contains O - X
ncde interference on incoming only, while (ii) has it on outgoing oniy.
The above relation is usable as in one-way propagation. In Figure 28(h)
the delay separation vs. frequency for these mode pairs is plotted in
part from measuring blob spacing and converting to delay separation, and
in part from direct measurement of mode separation. Apart from a signal
dropout over 20.1 to 20.8 MHz, these curves indicate that mode inter-
ference is taking place. As delay separation increases, the modes even-
tually are vresolved and the beating effect ceases. Since the outgoing
path was shorter than the incoming path, O - X separation at frequencies
near the MUF is expected to be larger on mode pair (ii} than on mode

pair (i) . This is borne out by Figure 28,
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It should be mentioned that a medest disturbance was present
at the f{ime of this data rum, and it produced focusing, which made the

. echo unusually strong. This does not affect the argument at hand.

In addition to providing f{urther verification of the presence
of polarization rctation effects on discrete echoes, this example brings
one to a significant conclusion: T7This mode interference wouid wot have

happened unless the scafterer were of predomimantly limnear polarization,

- 3. Ionospheric Disturbances

it is nrot the irtention of this report to investigate
ionospheric~disturbance phencoena as viewed with the high-resolution
sounder, However, some rather remarkable disturbance echoes {particularly
on backscatter ionograms) have been observed by the author while using
this system, For the purposes at hand it will be sufficient to describe

z how disturbance phenomera interact with diserete echoes.

One type of disturbance commonly cbserved affects the leading
edge of the hackscatter iomogram, Tt has a well known counterpart in
forwarg-oblique soundings,32 as Figure 29 can attest, A Liearden-Les
Banos forward-oblique sounding in part a of this figure exhibits a wave-
like structure that proceeded to lower frequeacies as time@ progressed.

A backscatter ionogram obtained four minutes later exlLibited the back-
scatter signature for this particular disturbance. XNote the existence

of backscaiter energy from the west; it is not disturbed.

- Gne should recall again that under undisturbted conditions the
leading edge is principally determined by the cutgoing portion of the
backscatter path., Under severe conditions it may alternate between the
nutgoing and incoming portions of the path, This type of disturbance
echo is of no further interest here except to note that under daytime
wenter conditions, it has been observed to oczur at rates of 0 to 15

times a day.
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S second type of disturbance echo, much more commonly observed
thar the first, is characterized by focusing (and defocusing) bands
within the backscatter retwrn. Frequently these aisturbances de not
alter the ieading cdge of thé backscatter return. Examples of two such

focusing bands cre suown in Figure 30: arrows arc attached to each fo-

FREQUENCY — MH?> FREQUENCY — MHz

658308

FIGURE 30 TWO TYPES OF DISTURBANCE EFFECTS FROM MODERATE DISTURBANCES

cusing enhancement indicating its general direction of movement with
time. Backscatter ionograms must be made at least once per minute to

foliow the movement of these disturbance echoes,
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These bands produce a focus-defocus effect on the signal
strengths of discrete echoes, usually resulting in a 3-to-10~-dB peak

enhancement over the undisturbed condition. Rarely, the enhancement may

be as large as 20 dB,

The dynamic range of This type of display frequently does not
allow observation of a discrete echo throughout the entire passage of a
disturbance. However, when it is visible, a discrete echo at frequencies
less than 0.9 MUF exhibits only small delay mevement., Occasionally no
delay variations zre discernible, but a large fraction of the time the
delay shift is less than 100G to 200 us., It is felt that the portion oy
a disturbance where maximum delay shift would be seen corresponds to ‘he

defocus region, Thus, large delay shifts are usually not recorded.

Disturbance signatures oan backscatter icnograms produce simul-
taneous amplitude fluctuations on grcups of discrete echoes that are
sufficiently densely located. The focus of the focusing band mey shift
to different frequencies as it affects differernt discrete echoes (e.g.,
a slanted band on a backscatter ionogram). Nevertheless, one may still

characierize disturbance focusing as a2 phenomenon that affects "clusters”

of discrete echoes,

While comparing backscatter simulation with availabie backscatter
data, Georges and Stephenson® expressed concern that focusing enhance-
ments from ionospharic disturbances may be cenfused withi localized
echoes due to the variation in ground reflectivity. With the high-
resolution sounder used in the present studies, it has been lound that
this ambiguity is not present even if only 3 single backscatter record
is available, While the average delay spreal of a discrete echo is 50 us
or less, a focusing enhancement is characterized by several times this
delay extent, Secondly, discrete eciioes are ionogram-shaped, while only

rarely will a focusing enhancement exhibit an ionogram--like structure on
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a backscatter ionogram, Finally, the rapid quasi-periodic amplitude
variations with frequency found on discrete echoes are not olrserved on
disturbmnce enhancements, A rapid time sequence of soundings {(preferably
one per minute) is useful in separating persistent discrete echoes from

the continually varying disturbance enhancements, Tut it is not necessary,

Stroightforward separation of discrete echives from distuilance
signatures was found to be more difficult when using a subarrvay (1/8 the
total aperture) for receiving at Los Banos, Fewer discrete ecloes were
disTernible with the broadened beam, and these were wmore spread in delay.
The full 2.,5-km aperture is needed to make this very cleuar distinction

between fixed, Jiscrete echoes and disturbarce erhancements,
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IV¥ STRENGTF OF DISCRETE ECHOES

A, Visikilitwy Measurements

The numerous discrete achoes described in Sectien III aré a mani-
festation of localized. increazes in the ground reflectivity. 1In this
sectioh measurementc concerning the prightness or strength of these echoes
will be presented. Visibility measurements demonstrate that the echoes
are a prominent feature of backscatter data obtained with the high-
resolution sounder., Visibility here is taken to wo2an the intensity of a
discrete echo relative to the .ntensity of backscatter at adjacent values
of delay and azimuth. While this measurement dees not give values of
absolute cross section of the discrete echoing areas, it is a good indi-
cator of the cross section relative to the background. Valves of discrete
echo visibility are sensitive to the characteristics of the sounding

system used (as described in Section ifj.

In Section III a 30-frame sequence of tiwnc -detay-vs,-azimuth back-
scatter displays was analyzed to find some 71 discrete echoes, For these
data the integration time T was 0,5 s, the miuimum effective puisewidth
was 8 pus, and the 3 dB azimuthal beamwidth was 0,38 degress. Propagation
was via the F layer (a center freguency of 19.122 MHz), and the eleva-

tion angles ranged from 10 to 20 degrees.

Of the discrete echoes identified, half of them were considered
scalable in terms of a visibility ratio, Of the remaindezr, several were
ambiguous due to transmit antenna steering. Others were too close to
the leading edge, where ionospheric focusing varies rapidly with small
changes in delay and azimuth, and also where mixed modes on discrete

echoes are most likely to cause confusion. There were discrete echoes
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at the longer delays in the 10-to-l4-ms range gate that were siroug
enough to be recorded, but the surrcunding background backscatter return

was too weak to allow a measurement of visibility.

The visibility of a discrete echo is measured when its amplitude is
at a peak, thereby minimizing the uncertainty imposed by polarization
iotation with time, On the other hand, the factors in the radar equation
change slowly with small changes in time delay (<200 ps) and azimuth
{<1 deg), so that visibility is a good measure ¢f cross section relative
to the backgrcund, In order to minimize the influences of delay and
azimuth sidelobes on the measured baciiground emergy, the background is

measured at a different delay and a different azimuth from those of the

discrete echo of interest,

With these iimitations in mind the "reliable" echoes showed visi-
bilities ranging from 6 to 28 ¢B, with a mean around 14 dB, The lower
value of 6 dB is set hecause it was one of the criteria for selecticn «f

a localized backscatter ccho as a3 discrete echo.

One cannot directly compare discrete echo visibilities on time-
delay-vs,-azimuth displays with those found on time-delay-vs.-frequency
backscatter ionograms, The backscatier i1onogram display is usually an
intensity-modulated iacsimile readotit with maximum dynamic range of 15
dB. It can be said, however, that the visibilities ¢f 10 to 20 percent
of the discrete echoes found in backscatter ionograms (under F-layer
conditions at mid-ranges of 8 to 15 ms) exceed the dynamic range of the
display. For the particularly intense discrete echo found on the back-

scatter ionogram with A-scan display in Figure 26 the maximum visibility

was 25 dB.
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- B, Effect of Incoherent Integration
N

- The visibility measurement is approximate in that it does not con-
. sider sources of fluctuation such as noise and interference plus the
incoherent fluctuating nature of scatter from extending surfaces, Any
measurement of cross section per unit area U, is meaningful only as an

» ensemble average (frequently approximated by a time average). t should
be ncted, however, thut the effect of Faraday rotation is not removed by
incoherent integration of the data, Average echo strengths are most

religble when measured during a peak in this amplitude variation,

w2

Pepetitive, once-per-second frequency sweeps over 500 kHz were made

13

5 at a fixed antenna steer for a ten-minute period in July of 1969 and in

f October of 1969. Propagation was via spovadic E (some normal E is present,
? too) for the July experiment, while the Cctober experiment used F-layer
propagation. The receiver was operated at fixed gain, and a l-ms range
gate near 9 ms was chosen to place several strong discrete echoes within
tite analysis range, JYor the July experiment the portable repeater was
operated in the vicinity of these discrete echoes f(central New Mexico);

it was pot available for the Cctober experiment,

At a later time the analog-recorded product-detector output was A/D
converted with sufficient prefiltering to remove the dc compc:. ~nt
and any aliasing above 500 Hz. The sample frequercy was 2020 Hz and the
record length was 1968 samples (filled out witl: zeroes for a total of
2048) ., Sampling was syncaronized by a timing signal from the cesium
clock that had been recorded on the analog tape. The time samples were
weighted with a Hanning window in order to reduce sidelobes (Figure 6),

and then digitol spectrum analysis (using FFT procedures) was performed

to obtain 1-Hz resolution, By averaging the squared modulus (energy) of

the computed spectrum for various periods of time,32 the averaged spec-

AT T e - T |

trum becomes a measure of average backscatter

"3

ower vs, delay,
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The parameters of this experiment are summarized in Table 1, Ex-

perimeatal conditions were nearly identiczl for the July and Cctober

Table 1

EXPERIMENTAL PARAMETERS FOR THE RUNS OF SULY 28, 1969 AND OCTOBER 23, 1969

Date 7/28/69 10/23/59

Tine 2125-2135 GMT 2214-2221 QIT

Antenna Steers Transmit 86° Same
Receive 90°

Frequency 16,501-16.0 MHz 16,0-16,499 iHz

(0.85 NuUr)

Elevation Angle 6° nominal 15-20°

Repeater Used Not Used

Ionospheric Conditions Sporadic E, F-layer, undisturbed
some normal
E~layer

Comments All equipment same, especially receivers in
fixed~-gain mode, Data processing same for both
days,

Digital Parameters Sample frequency, 2020 Hz; sanple size, 1968
plus zeroes equals 2048; (cocine)? time
weighting.

S St Ui

runs, the principal difference being Es propagation for the July run and
F-layer propagation for the October run., Although signal frequencies
were nearly the same, elevation angles were 6 degrees for the Es-layer

data and nominally 15 degrees for the F-layer data,.

The effect of incoherently integrating successive frequency sweeps
of one-second duration is demonstrated fcr the July data in Figure 31,
wvhere backscatter power vs, time delay is plotted for 1-, 5-, 20-, and

40~-second averages., The repeater was modulated at 100 Hz to produce
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sidebands 200 Hz (400 ns) apart as indicated in the figure., Each plot

is normalized to the peak echo, vhich is the repeater return in this
case, A 60-Hz-powevr-line component is present in auich of these data
(frequency of the spectrum analysis increases in the direction opposite

to increasing time delay).

Numer=sus sources of second-to-second fluctuations on this dats run

are minimized by the averaging procedure. Noise and interference contrib-

ute to such fluctuation, byt it was also discovered that second-to-second
incoherence of the SFCW generators may prodiuce a sizable fluctuation,
This last source of fluctuation is removed with about 5 seconds of inte-
gration. Propagation via the sporadic-E mode may also ke responsible

for signal-strength variations with time. Finally, it is reasonable to

expect a fiuctuation component due tc the nature of signals scattered

from the extended surface of the ground.?3 For the purposes at hand it

is sufficient to noze that these short~period fluctuations are effectively

removed by integrating for 10 to 20 seconds,

A one-to-two-minute fluctuation is also present on these data,

vhereby discrete echo amplitudes may vary. Discrete echo components do

not fade synchronously, but rather this fluctuation progresses across
the delay pate with time. The fluctuation also affects the repeater
return, It is conjectured that this fluctuation is caused by Faraday

rotation variation with time,

Figure 31 represents a 40-second period in which the repeater echo
and the strong discrete echoing region between the repeater sidebands
were reasonably steady. Note that the delay width of the repeater return

after averaging for 40 seconds is only 7 ps; the minimum achievable with

the processing parameters used is 3 pus, This fact allows one to rule

out ionospheric factors such as dispersion and magnetoionic splitting as

sources of the delay spread in the natural echo,
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The bright natural echo in Figure 31 {the same echo identified as
echo Hl in Figure 22) has several impulsc-like components within the
total echo width of 80 us. 4 separate discrete echo is also seen about

100 ps from the main echo.

Some three months later this experiment was repected under F-layer
conditions but withont the benefit of the portable repeater. Figure 32

shows a typical set of 1-, 5-~, 20-, and 40-~second integration periods

for these data, Although the range gate is slightly shiited, the delay
profile of echo Hl is remarkably simila:r to that of the summer run, That
is, as delay increases, 2 localized decrease in the reflectivity is
followed by a 20-dB increase about 80 us wide, which in turn is followed
by separate point-like components. At short delays in Figure 32 the

300-us-wide region of apparent increased reflectivity is real,

The slow fluctuation with time is slower on the F-layer data roughly

by a factor of 2,

Attempts at using longer integration periods have several effects,

pointed ocut in Figure 33 where 120-s averages are compared f{or the two

runs, First, the slow fluctuation on echo Hl is apparent for the July
datla, as it is now some 5 to 10 dB weaker relative to the repeater return,
The localized decrease in reflectivily just ahead of this echo is slightly
less apparent for both the July and October runs, Thus, while 40-second
averaging periods made when the slow fluctuation is at a peak generaily
produce similar delay profiles for echo Hl, the longer 120-second averaging

period usually shows the effects of this fluctuation,

ey

The conclusion reached here is that judiciously choosing short in-
tegration periods reduces the effect of rapid fluctuations and increases
F the visibility of discrete-echo components, Longer periods do not further
increase the visibility, and the slow fluctuation often causes discrete-

echo components to vary in strength. Polarization con.rol of the sounder

T, T e TR R T
“

79

e CY AU Rt Lo




s - e
G e .o woox, % i , . .- .o - < N - ’

LWO tlzZe ‘6961 'H380LO0 €2 —SA0IY3d
NOILVHOILNI-LNIHIHOONI SNOIUVA HOd AVIAA FWIL SNSYIA ADHINI HILLVOSHOVE €€ 3HNOId

vLECS9
AYI30 3NLL AVI30 3WIL

s GO

T T T T v T T T 4 f— ¥ T T

T %E; Py it

—
T ey
—

1

TA

0c-

SiL-

oc-

St~

ot-

8P — MVv3d Ol 3AILVI3H ADHIENI

80




.

{a)

]
| , |
-15f 1M 1l ; k\ i, ' 1 42
Fle o T MRE 0
h‘{'ﬁ }L" st ' ’

[o2]

©
. I _20 - |' ¢ .l‘.

¥ kY

<

& 1 J 3
A o _25 1 1 1 1 1 ] 3. 1
E = l“—"l— 100 i

>

%

g °or \

: ) '

(V) L {
, £~ f U

Z 1 [

w

f \
oy M WW 1!"‘; g

\
”\ﬁ“ﬂ\rl}w

20 |
25 TEEU SN VARSI T S [ SRS S e SRS
fe—s}—100 1
TIME DELAY

658315

FIGURE 33 COMPARISON OF 120-SECOND INCOHERENT-INTEGRATION FOR THE
JULY AND OCTOBER RUNS (a and b respectively)

antennas would help to reduce a slow fluctuation caused by Faraday ro-

tation with time,.

C. A Measurement of Cross Section Per Unit Area

During the summer experiment it was possible to use the repeater
to measure the absolute cross section of echo Hl, When the repeater is
located sufficiently close to a discrete echo of interest, ionospheric

effects and the various factors of the radar equation are essentislly
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the same for thc repeater echo and the natural discrcete echo. Comparison
of the repeater echo with thes natural echo gives a measure of cross
section since the repeater cross section (cR) is knovn (see Section II).
The major uncertcinty in g arises because the repeater antenoa gain is
not measured in the field; thus the antennz gain uncertainty is placed

at 3 a4y,

Figure 34 is a 10-seccnd average of backscatter power vs. delay
when both repeater and echo Hl were at a peak in the Faraday-~rotaticn-
with-time variation, The actual repeater delay is indicated by an arrow,

t this time the repeater paranreters were adjusted for a cross section

6 2
of 2 v10 m .

The approximate ground area for locally strong cchoes where the
self noise problem is minimal is approximated as 0.6 km in range and
13.6 tm in cross range, These values correspond to the deiay and azi-
muthal widths 6 dB down from the peak. Thus in Figure 34 the level cof
the repeater return corresponds to a Uo (cross section per unit area)

of 2,5 x 10-1. The vertical scale is labeled in valuses of Uo relative

to this peak value,

Within 100 us of the actual repeater location, where this measure-
ment is most accurate, the discrete echo has values of o exceeding 10 .
This discrete echo is one of the two or three brigntest observed in this
study; however it is estimated that several other discrete echoes are

withip an order of magnitude of the strength of echo HLl.
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V SUMMARY OF RESULTS, AND CONCLIISIONES

A, Discrete Echoes in Backscatter Soundings

At this point it is appropriate tn draw together the various new
observstiors made possible by using a high degree of time-delay and
ezimuth resolution in backscatter scunding of the ionosphere. It is
worth repezting that these measurements and the inferances therefrom hawve
sought to explore the use of discrete echoing sources or the ground for

separating out the effects of ground scatter.

Numerous fixed, prominent echoes in backscatter soundings are ob-
served to appear when one employs an antenna with a beam six times nar-
rower than any previously used, and a waveform that can reatize very
short equivalent pulse lengths while effectively discriminating against
the interference typically met in HF practice, These fixed echoes are
a manifestation of very localized, abrupt increases in the ground-

backscatter coefficient,

These bright spots are superimposed on the more smoothly varying
background return., With the increased resolution used in the previous
study, it is nrow possible to discern directly from backscatter data that
over large areas nominally a few hundred km on a side the background
reflectivity may differ Irom that of adjacent areas of comparable size
by amounts up to 15 dB. However, the point-like echoes are the most
prominent feature of varying ground scatter as viewed with this type of
sounder, and this study has concentrated on exploring the use of their

characteristics,

Over a 500-by-700-km region, principally in Colorado and New Mexico,

it is possible to identify 70 such point-like echoes, Ten percent of
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these echoes are visible more than 80 percent of the observing time (day-

light hours),

It is found that such discrete echoes appear in wide-sweep back-
scatter ionograms as "composite ionograms"--the two-way counterparts of
one-way, forward-oblique ionograms. For the first time it is possible
to discern detail in composite ionograms from which detailed inferences

about ionospheric propagation can be made,

The strcngest oi these discrete echoes show numerous mixed modes
that are shown to be a consequence of time-delay-separaled combinations
of (upper)/(lower) rays. In addition, it is now possible to delineate
(ordinary) /(extraordinary) mode splitting on these echoes. A raytracing
simulation including the magnetic field shows that on backscatter iono-
grams the observed discrete echo shape with its multiple modes can be
explained by assuming that the scatterer is a linearly polarized point
scatterer, For a single-layer ionosphere at frequencies near the MUF,
sixteen separate modes are predicted, and a maximum of fourteen of these

modes have boen observed on a single backscatter record.

Discrete echo strength varies widely from one mode of iliumination
to another, Upper-ray modes in particular may be as much as 30 to 40 dB
weaker than the strongest lower-ray mode, They are weaker because these
modes are inherently defocused relative to lower-ray modes, aad because
their increased dispersion spreads the energy in time delay. TFurther-
more, these modes are more susceptible to ionospheric tilts, which have
the effect of changing the azimuth angle of arrival and therefore causing
energy from a given scatterer to arrive at angles outside the receiving

antenna main lobe,

Virtually all discrete echoes show a quasi-periodic fluctuation with
signal frequency, This effect is explained as a Faraday-rolation varia-

tion with frequency, A 100-to-200-kHz frequency spacing between successive
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signa: peaks is commen for winter, daytime, F-layer propaguation. OCperat:
ing the scunder in a repetitive, nariow frequency sweep at a [ixed antenna
steer position, it is now possible to observe the variation of Faraday
rotation with time on a single echo ot a time. One- to four-minute

periods are typical.

Backscatter from iand was inspected for evidence of the families of
polarization lines observed by Barnum?® in backscatter from the sea.
From the scattering viewpoint, if land were as spatially uniform as the
sea surface, and if backscatter from land were mainly linearly polarized,
then one might expect to see the families of lines that indicate const:nt
received pelarization., In mere than 1400 such ionograms obtained fur
winter dayiime conditions for which this effect is clearly observable
over the sea, ro clear example of polarization lines from land backscatter
could be identified. It is conjectured that the ground-scatter coeffi-
cient changes sufficiently over small increments of time delay and azimuth
to preclude the appearante of polarization lines, Furthermore, over
regions of land where the scsttering is uniform from place to place
(plains areas for example), i% is likely that the scatier coefficient is
weak relative to that of the bright spots. Thus, inefficient scattering
on the ground precludes observation of polarization lines, a2 property of

ioncspheric propagation,

In principle, the loci of polarization lines could be determined by
connecting corresponding Faraday-rotation signal peaks from discrete
echo to discrete echo, However, the discrete echoes observed in this

study were too widely separated to permit constructing loci in this way,

Discrete-echo signal strength is shown to be also affected by iono-
spheric disturbances; the principal effect of small disturbances is
focusing and defocusing of the backscattered energy. Larger disturbances

cause similar focusing effects, but they also produce delay shifts as
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large as a millisecond in the leading edge of backscatter. Away from

the lead:ing edge--say. at frequencies less ihan 0.9 MUF for the time
delay of interes*, large delay shifts on the discrete echoes themselves

are seldom seen, It is reazsoned likely that the causative distuyrbance

tends to defocus the echo at the same time that the largest shifts occur,
It is shown that by carefully irnspecting a sequence of backscatter iono-~

grams taken at least once per minute, this source of echo fluctuation

may bLe recognized.

There is yet another component ot echo fluctuation on discrete

ochoes in backscatter ionograms that has been observed., This fluctuation

is discernible in the remarkable detail conferred only by the use of high

resolution, Several discrete echoes, individually resolved but compara-~

tively close togetlher in slant range and azimuth, occasionzlly display

different patterns of signal strength varietion with frequency, For

example, two discrete echoes might have rapid echo flictuations of the

same spacings in fregucncy, while a third echo situated between the first

two might have a much larger frequency spacing betweea peaks end nulls

and nct be as nearly periodic in this fluctuation. No explanation for

this fluctuation in terms of ionospheric factors has been found.

Subsequent werk should consider how the charanteristic of the scat-
tering source(s) on the ground might contribute tc ihese fluctuations,

It is possible that some scatterers ere clectrically resonant., Alterna-

tively, complex scatterers consisting of the superposition of individual
component scatterers may give rise to resultant echoes sensitive to small

changes in frequency, elevation and aspect angles, and polarization.

An attempt is made to use the unique capabilities of the sounding
system to resolve the "point~like," discrete echoes in slant range and
azimuth, Processing up to 500 kHz bandwidths shows that discrete-echo
delay widths (the delay interval hetween points 10 dB down from the peak
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return) vary frow the minimum discerrable 10 us up to 80 ps, The clearly
delay-resolved echoes display point-like components within their deliay
structure. For one particularly bright echo of 80 ps total delay width,
a means is developed to eliminate ionospheric effects (such as multimodes
and dispersion) as sources of delay spread by using a portable repezater

within the area under study.

In the azimvth domain even the use of the 2,5-km receiving aperture
is found not adequate fully to resolve these discrete echoes, The mea-

sured mipnimum values of eiffective resolution on the ground are 450

meters in raage and 6 Kkm in cross range,

Some discrete echoes have visibilities (strength relative to the

background return) exceeding 20 dB.

It is noteworthy that the visibility of a given echo seems to a
first approximation to be independent of the angle of elevation of the
incident energy. Discrete echoes are observed at elevation angles
ranging from six to more than forty degrees. The brightest 10 percent
of the discrete echoes that can be observed with high reliability have
strengths relative to the surrounding continuum that are roughly consztant
over this whole range of elevation angles. If in the case of discrete
echoes, the echo strength decreases as one approaches grazing incidence,
then it follows that discrete echoes and the surrounding continuum must

decrease togetiser,

Incoherent integration of the FMCW spectrum analysis output was
applied to repetitive, narrow-frequency sweeps made at a fixed antenna
steer to reduce the effect of signal fluctuations, It is found that
several types of short-period fluctuations can be effectively averaged
out in 5 to 10 seconds, increasing discrete echo visibility and giving

a clearer picture of the variation of ground reflectivity with time delay,
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Faraday rotation with time affects the strength of discrete echoes.
Since at any iasiant the Faraday rotation also varies with the length
of the path, the echoes do not all fluctuate in amplitude synchronously.
By cnoosing the time interval to be integrated so as to avoid a Faraday

rull at the time delay of interest, the effect of this fluctuatien can

be considerably reduced, Averaging periods as long as 120 seconds were

used without seriously degrading the structure of the backscatter-power-

vs.-delay profile over a2 delay interval of a hundred microseconds,

A procedure was developed to use a portable repeater to cbtain a
reasonably reliable measurement of the backscatter coefficient of a

particularly bright discrete echo, By placing the repeater in close

rroximity to the discrete echo of interest and comparing the repeater
echo strength {of known cross section) with that of the natural eche, it

is possible to show that the peaks in the spatially varying cross section

-1 M
per unit area exceeded 10

As one result of this study it is demonsirated for backscstter coming .
from the Colorado-New Mexico area that sufficient numbers of discrete
echoes are visible Ffor large enough fractions of the time to make detailed

inferences possible about propagation to and from localities at many

ranges and many azimuths, The resulting composite ionograms greatly

assist in identification of specific details of ionospheric propagation
discernible clearly for the first time by the use of a high-resolution

sounder, The following comments illustrate this:

(1) It is known that there are two major types of ionospheric

focusing--time-delay focusing and geometrical focusing,

(2) Presence of such focusing in backscatter ionograms
is characterized by curving lines in tihe time-delay-vs.-
signal-frequency domain, whose loci are determined by

the ionospheric profile,
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(3) The delay and azimuthk discrimination afforded by this
type of backscatter sounder shows clearly for the
first time separate ordinary and extraordinary components

oi these focus lines,

(4) One~ and two-hop minimum-time-delay focusing in the Fl
and F2 layers exhibit discernible splitting half the
time during the day, while trsiling-edge focusing exhibits

this splitting cnly rarely,

(5) The O and X MUF's (where focusing is known to occur)
on composite ionograms lie exactly on these focus

lines—--strong evidence for the above interpretation.

The research that has been described here shows that improved time-
delay and azimuth resolution can extend the usefulvess of ionospheric
study with the backscatter technique., The somewhat fortuitous presence
of bright, point-like echoing regions on the ground together with the
unprecedented clarity with which they are observed here, serve to allow
a partial separation of ground-scatter effects from those of ionospheric
propagation, A roughk model of these echoing regions has been constructed
in this study; they behave nearly as point, isotropic, broadband, linearly
polarized scatterers, Some c¢f the measurements call for refinements on
this simple characterization (e.g., delay extent up to 80 us), but for
the purposes of ionospheric sounding such refinements are judged usually

uniecessary, '

Part of the purpose of this work is to determine whether the separa-
tion described above can be effected without resorting to specific
location/identification of the scattering sources and direct measurements
thereupon, As far as discrete echoing regions are concerned, the latter
procedure would serve only academic interests. The degree of resolution

achieved is adequate to resolve individual scattering sources; one

91




implication c¢f this result is that it is not necessary to know what they

are,

B. Further Work Recommended

By reducing some of its inherent uncertainty, this research paves
the way for backscatter sounding to reach its full potential, The ob-
vious next step is to apply this krniovledge tc ionospheric study. As one
exampie, it is of interest to determine whether useful information is
gained by measuring differential delays and azimuths among two or more
discrete echoes. With a procedure similar to that leading to the discrete
echo overlays of Figures 15(b) and 18(b), one might be able to study

ionospheric distortions without knowing the absolute echo locations.

The author (and probably the reader) is left with a desire to know
what are the sources of discrete echoes in backscatter, whether ox not
tnis knowledge is of practical importance., By knowing the physical and
electrical characteristics of these scatterers oae may predict the
signals they produce in backscatter soundings., Such knowledge should
help to explain the component of echo fluctuation, which is not under-

stood at this time,

The portable repeater will be an invaluable tool in the location
and identification of discrete echo sources, Furthermore, the repeater
can be used for a precisc measurement of the levels of sidelobes in
time delay and azimuth, This measurement wmay be accomplished by modulat-
ing the repeater completely out of the ground-backscatter return,
Measured values of sidelobe levels will bettier enable one to assess the
output at one particular time delay and azimuth, due to echoes located

at ail other time delays and azimuihs,

It is also thought worthwhile to observe other regions of the U.,S,

with this type of backscatter sounder. This will mean iooking ai
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longer ranges vwhere elevation angles are generaslly lower and where the
fixed azimuthal beamwidth represents a large ground srea illuminated,

A few discrete cchoues have been recorded that come f{rom locales in the
3 flat midwest, and it is desirable to measure their rates of occurrence

and visibilities,

The research that has been described in this report draws on mea-
sured characteristics of the localized peaks in the ground-backscatter
coefficient. A nuestion arises as to the size and strength of the valleys
in the scatter piofile, [t is inherent in measurements that the valleys
or dips tend to be filled in; in this case it is done by noise, inter-
ference, and especially self noise., If an experimenter wanted to use
- the energy backscattiered from a specific area, and the backscatter cross
section was (say) 60 d3 below the average, then the energy received, if
any, would most probably arrive from other areas on the ground through
the system sidelobes. Thus, the valleys may have importance as well as
the peaks, and only through knowledge of systiem noise factors and side-

lobe properties can one assess this importance.




Appendix A

EQUIPNMENT AND DATA PROCESSING
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Appendix A

EQUIPMENT AXND DATA PROCESSING

At the Lost Hills transmitter site up to 3G kilowatts of transmitter
power was available through the use of three Collins 208 U-1i0 transmitters.
These were automatically tuned via servomechanisme and cculd be made to
follow swept-frequency sounding signals 2t rates up to 500 kHz,/ s from
2 KHz to 30 MHz. Energy from these transmitters was fed to an 1S8-element
array of vertically polarized, broad-banded mcnopoles. These clements
were spaced 12 m apart over a total aperture of 204 m, ‘The frequency
range was 9 to 27 MHz. Azimuthal sidelobes wzre reduced with the aid of
a power taper in the aperture-illumination ‘unction. With this taper the
array at 15 MHz provided a 3-dB becamwidth 3 6 degrees, a beamwidth be-
tween first nulls of 14 degrees, and a largcst sidelobe 17 dB down from
the peak, A 70-ft backscreen behind t)i «rray ¢duced backiobes to the
west by 20 dB. The array was Jelay-ca.. v steerable in increments of four
degrees from 62 degrees to 122 degrees rue, the boresite direction being

90 degrees true,

A representative azimuth pattern for the transmitting array near
15 MHz as computed from model measurer rats is shown in Figure A-1. Nomiual
array gain is specified to be 18 dB. The presence of fairly sizable side-
and backlobes influence the data as indicated in the text., Vertical gain
falls off smoothly with increasing elevation tec a 15 dB null at 35 de-
grees; however, at higher frequencies tkis null is found at lower

elevatioens.

The receiving facility in Los Banos employed an azimuthal aperture

of 2.52 km boresited 90 degrees true. Two hundred fifty-six 18-ft vertical
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i nonopoles were egually spaced over this aperture., A 72-by-8500-ft ground
N screen of 2-ft sguare mesh had been installed to stabilize ground impe-
dance over the absolutely flat but chemically variable earth. Signals
from unmatched elements were summed logether in binary fashicn into eight
. 32-element subarrays. Amplitude taper and sufficient gain to overcome
o) cable loss was then inserted before the eight subarray lines were fed
back to the equipment trailer where they were combined into a single array
output. Voltage gain for a linear array increases with the square root
of the number of elements, giving a directive gain of 24 dB for the 256
elements. Delay-cable array steering had been installed to allow stcering
in increments of 1/4 degree tc 116 degrees from borecsite, Sweeney*® pre-
sents the design features and performance characteristics of this array

in detail and applies it to a study of forward-ohlique HF skywaves.

The antenna pattern of the receiving array at 15 MHz is found in

3 Figure A~2; its calculation is described in Appendix B. Suifice it to

‘ note here that the pattern has a 0.48-degree, 3-dB beamwidth and a peak
sidelobe level of -25 dB at 15 MHz. Siace there was no front-to-back
discrimination in this array, energy could arrive from the west. Al-
though the transmit array was rated for a 20-dB front-to-back ratio,
backscatter from the Pacific Ocean to the west can create ambiguities in
the data of Sections III and IV, Extraneous focusing lines are one source
of such ambiguity, but these are usually easy to identify using forward-
oblique ionograms or ionospheric predictions. A second source of ambi-
guity could arise in measurement cf the absolute level of backscattered
energy from a specific region over land. The cross section per unit

area oo over the ocean can be an order of magnitude stronger than the

average oo over land (Ref. 20 and references therein),

The waveform used here Yor backscatter sounding is the linear swept-

frequency, continuous-wave (SFCW) waveform familiar to radar specialists,14:15
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which has been shown to have features attractive ior icnospheric sounding.}®
Recently these properties have been described*3® for a forward-oblique

sounding application,

The SFCW waveform has a complex amplitude

2
jbt
‘ = oY |t! < T/2

A(t) =
lo !t\ > T/2

where T is the signal duration and b = 27 X (rate of frequency sweep in
Hz/s). The sweep rate is also given by W,T where W is tne total band-
width swept. A transmitted frequency "ramp’" is received and mixed with
an identical local frequency "ramp" which has appropriate, known offsets
in its start time and start frequencv. The Jdifference frequency Af (at
an IF of 18 MHz) cut of this mixer is proportional to FcAt, where Fc is
the rate of frequency sweep and At is the transmission time, After
sufficient amplification and frequency conversion this energy is spectrun
analyzed to provide amplitude vs, delay. This processing is essentially
that of a matched filter!S except for the mismatch produced by weighting
the signal to reduce delay zidelobes., A block diagram of the sounder

system is found in Figure 2 in Section II.

The above modulation scheme has a number of advantages for ionospheric
sounding. Because peak power equals average power, weaker requirements
were placed on the transmitter and its antenna in order to achieve a
given level of sensitivity. Secondly, this waveform resulted in good
fixed-frequency interference suppression, since a narrow-band receiver
could be used even when very short effective pulse lengths were realized.
The receiver bandwidth need only be as large as the delay increment of

interest times the sweep rate; for example, a delay window of 1 ms and a
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sweep rate of 250 kHz s recuires a 250-Hz receiver bandwidih. In wi-ie-
sweep backscatter sounding (9 to 27 NHz for this experiment) the total
delay window may be 20 ms or more, requiring a 5-kHz bandwidth. a
typical interfering station remains in the receiver pass band 5.250 = 20
ms. Phillips®® showed that by allowing the rece...r to limit on inter-

ference peaks, iaterference energy is spectrally spread and signal-to-

interference ratios are nearly maximized.

SFCW allows very high time-delay resolution that is casily variable.
If 1 T is the filter bandwidth of ithe spectrum analyzer (T being the
fiiter integration time) and Fc is the sweep rate, then effective pulse
length is (1 T) ¥ 1 Fc). Typical paraceter values of T = 1 second and
Fc = 250 kHz s give a -I-us effective pulsewidth, which, as mentioned
above, is achievable without large peak power and with 5 small receiver
bardwidth. It is worth noting, as an example of the inherent flexibility
of SFCW, that recorded data may be reprocessed with variable filter band-
widths in order to scriecve varisble delay resolution, a useful feature
in analysis of backscatter data where dispersion aud inhomogeneities
often limit the available resolution. Self noise 1s a question of im-
portance for pulse-compression techniques;14 for the SFCW exciter used
here, various sources of imperfections in the linear sweep produced an

average sidelobe level 20 to 30 4B down irom the peak.

There are oifsetting disadvantages of this waveform. First, more
conplex equipment is required than with a conventional pulse system;
however, recent progress in both analog and digital spectrzl-analysis
techniques will make this difference less important. More important
perhaps is the fact that with a delay-processed-only SFCW waveform, any
Doppler shift from variable phase-path components is interpreted as a
change in time delay. This effect is neglecied in the present study

since onospherie Doppler is generally ~1 Hz. This is a plausible upper
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limit, for at a wavelcngth of 20 m, a 1-Hz Doppler implies a 72~km change

in path length in one hour. Only during sizable disturbances and at

-
2

dawn/sunset periods should this value be exceeded.*”7 %% A Doppler spread,
however, will deteriorate the quality of the effective pulse, not just

rmove the pulse in the time-delay domazin.

4 final potential disadvantage cf SFCW waveforms is that one must
assume that the medium is statiorary over the signal duration 't (which
varies from 0.1 to 1.0 s in this work). Time changes on a scale less
than these values of T will not be observed. It is thought that this

feature does not influence the results presented here.

Cesium-tube clocks were located at the transmitter and receiver
sites to provide all timing and frequency standards. Stability was one
part in 5 X 10-11. Once these clocks were synchronized, abtsolute delay
within 1 ys was available between these two sites. The delay uncertainty
could shift 1 ss/day, and so these clocks were resyiuchronized periodically.
The receiver had synthesized oscillators derived from the cesium standard
and used an IF bandwidth of 6 kHz. A hybrid-type spectrum anralyzer
(Federal Scientific UA-7) produced 2 500-1ine spectrum of the product-~
detector output. These 5G0 l.nes may be spread over bands ranging from
100 Hz 20 10 kHz. Note that phase information is discarded in this type

of spectrum analysis.

Forward-oblique soundings were avzilable over ithe east-west Bearden-
Los Banos path using the same SFCW modulation. Normally the Bearden
10-watt transmitter swept the 7-36 MHz band at 250 kHz. s. Sweeneyls dis-
cusses the characteristics of oblique soundings as measured with the 21./2-
degree-beamwidth antenna; particular attention is given to the azimuthal
distribution of individual ionospheric modes. This distribution had im-

plications for the discussion here of discrete echoes in backscatter data.

103




Backscatier soundings of the ionosphere are often hampered by in-

adequate calibration. Several calibration functions were provided for
3 this experiment by a portable, single-antenna, delay-line repeater,34
With it, one could place a known cross section at a known location on

the earth's surface.

This device alternately switched between a receive and a transmit
3 mode at a 1lO-kHz rate. Whiles receiving, 1t stored energy in a 5G-us

glass delay line, which was retransmitted during the following 50-.s
2 period after a brief dead time to avoid oscillations. As long as the
amplificrs in this device were no: saturated, the device linearly repeated
the same frequency components that it received. The 10-kHz chopping rate

produced sidehande tha anow 1dih of
X an SFCW receiver. A double balanced mixer was somectimes used to produce
two sideband versions of the repeated signzl, providing & convenient

means of dolay-shifting the repeater echo on SFCW backscatter data.

Figure A-3 is 2 simplified schematic of this device.

b o

s

then cperating in the linear mode the repeater cross section 5 may

2

e calculated. For 1 watt m incident power density, the antenna cap-
E: wres (G‘_\'.2 4~) watts. For a total repeater gain of Gs, the repeater
delivers (GSGA-.2 47} watts back to the antenna. Assuming the samc gain
applies for retransmissioa (i.e., o monostatic sounder and the same
i ionospheric modc of propagation both ways), then GsGigz 4~ watts are re-
transmitted. This 1s the repeater cruss section where a2 matched system
has been assumed and where GS and GA account for all gaine and losses.
3 This energy is reduced by the sgquare of the <duty cyele; for a -15--percent

3 duty cycle (typical), the 10ss is 7 dB. When the rcpeater return is

rodulated, the energy 1n one sideband is down by 8 dB. Thus,

2 9

2 GG,. f[duty1 T
g S A 3 I mecelator
o cyelef - | loss

3 ' loss L
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FIGURE A-3 BLOCK DIAGRAM OF THE PHILL:PS SINGLE-ANTENNA DELAY-LINE
REPEATER. Also operstes with car-mounrted whip anteana,

and since GS is variable, the cross section is variable. Since the re-
peater is broadband, interference may rz2duce the available cross section
in that it may limit the value of GS that may be used without saturating
the amplifiers. Bandpass filters were helpful in reducing this limitation.
The largesi uncertainty lies in calibrating the anterna's performance,

but it is kncwn to within 3 dB.

This repeater was fully portable and was operated from a station

wagon (see photograpl.s in Figure A-4),
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FIGURE A-4(a) THE PHILLIPS REPEATER IN OPERAT!ON FROM A
STATION WAGON IN NEW MEXICO

658317

FIGURE A-4(b) REPEATER PROTOTYPE
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Appendix B

RESOLUTIOR IN TIME DELAY ARD AZIAMUTH

1. Interference Rejeztion

In ordrr £O assess the effect of a large time-bandwidth product on
interference signals, consider an SFCW sounder sweeping over a bandwidth
W Hz in T seconds (controlled by spectrum analysis integration time) at
a rate of Fc Kz/s. The receiver bandwidth is wr. A received SFCW signal
is deramped and proceeds through the processing chain as a narrow~band
spectrum. Fixed-frequency interference when deramped appears as a
linearly sweeping sipgnal as the sounder sweeps through its frequency.

The receiver is operated so as to limpit on aily such signals that are
larger than the desired SFCW signwi; this has the result of spectrally
spreading the interfexeace. Thesg, for thi< analysis consider SFCW sig-

nals to have the same amplitude as interference.

Now, impul<ive noise ideally lasts l/wr (s} in the receiver while
the interference signal persists the length of time regquired to sweep
over the receiver bandwidth, wr/Fc (s). ©Normally this is much longer
than l/h’r (s). The signal is integrated T s in the spectrum analyzer
while an interfering signal lasts wr/Fc (s); thus the ratio of signal-
to-interierence is TFchr. Furthermore, because the interference is
spectrally spread (by assumption uniformly over the anulyzer bandwidth),
a further gain in signal-to-interference ratio is achieved. The signal
lies in one resoluytion cell while interference is spread uniformly
throughout all resolution cells. The time-bandwidth produci of the

spectrum analyzer is T - wc, where wc is the frequency coverage of the

analyzer. Thus,
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W W for the Los Bancs sounder varied frem 1 for normal use to 0.1 for
¢ r

3 5
very high resolution use, while TW varied from 2.5 X 10 to 5 X 10 .

SFCW will thus provide nominaily 40-dB interference reiection for
a single interference signal (which can be tens of millivolts at the
3 recelver input) encountered over the band W (varying from 25 kHz to 500
» kidz). Each additicnal interference signal will decrease the interference
rejection accordingly. Firally, it should be noted that the receiver
used in this experiment did not react to interference in the ~1ideal" way.
E When very strong intecference impulse was encountered, the receiver was
| essentialiy inoperable for periods on the order of milliseconds. The

net result was that sizable time gaps occasionally appeared in the data,

reducing the average signal available.

4 2. Evaluation of Time Delay and Azimuth Sidelobes

2 It is assumed that the 7 and § domains are independent, both in

K terms of power returuned o the sounder and in terms of the subsequent

processing of the data. This approximation is not strictly valid, but

¥ is permissible for the purposes at hand. Thus, ¢'(7,8) = o’(r) 0’(9),

where the primes denote the backscatter cross section of the earch-

4 ionosphere combination. As far as processing is concerned, T and § are

3 independent for a monostatic sounder and for sufficiently narrow-band

B systems for which the signal bandwidth is less than 1C to 20 percent of
e

the carrier frequency.

Section II-A gave a description of the way a range-azimuth display
2 was obtained by slowly scanning the antenna array (normally 1/4 degree
per second) synchronously witn repetitive STCW sweeps. Azimuth informa-

tion was obtained by comparing energy in a range gate for successive

ST
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sweeps (which were made at adjacent antenna steer positions). To the
extent that the echoes remain fixed over the period of time it takes to
generate an azimuth scan, the azimuth "processing” is independent of the
SFCY processing, Thus the average power out of the sounder as a function
of 7 and & may be described by a superposition of returns--namely (as

given in Section I},

P (10) = [6’(r,0) hir,8) dr ag (B-1)
J

where h{7,@) describes the processing in delay and azimuth performed by
the backscatter sounder (antenns effects included). Both ¢’(~,9) and

h(r,p) are separable functions by assumption; so

P (7,0) =P (7) P (9) . (B~2)
T,68 T 5]

1t is a well known result in radar astronomy®® thai the average
power as a function of delay and Doppler is the two-dimensional convo-
lution of the target-scattering function and the radar-ambiguity function.

By assumption, Doppler here is identically zero, and thus
P 2
P_(1) = o'ty (v -m,00 a0 . (B-3)

2
The ambiguity f{unction ¢ has been extensively studied for the type of

waveforms used here,*%,*S

To evaluate the form of Pe(e), consider a fixed delay gate and de-
termine the output from a scattering element o’(e) when the transmit
antenna is steered at eo and the receive antenna is steered at el. For
this incoherent azimuth processing, intensities add and the power re-

ceived is proportioral to GT(e - eo) GR(e - el) g (9). QT(e) and GR(e)
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are antenna power gains vs, azimuth. The total power received from all
azimuths is obtained by integrating over §. The transmit steer is usually

kept as close as possible to Lhe receive steer (el p:eo), and thus
’
- - [¢] . 1_4
Pe(elg & J GR{G 911 GT(B el) (9) dg {B~4)

The essential behavior is contained in a# convolution of the combined
antenna patterns with the modified scattering function o’(g). The side-
lobe structure of GR(Q) GT(B) will indicate the self noise due to a

scattering surface extended in azimuth,

For the purposes at hand the contribution of delay and azimuth side-
lobes will be evaluated for two cases--first, the "close-in" behavior,
and second, the average contribution of all sidelobes. The close-in
sidelobe contribution within a few pulse widths and beamwidths of the
peak may justly ignore the many loss factors in the radar equation, for

they are essentially constant for small changes in 7 and 9.

2
The function § (7,0) is

2 2
o (1l dsin brlT - 7))

. - A :

5 (7,0) (1 T ) \ br[T - || ] ) Il =

and is identically zero for \—\ > T. For a specific case of interest
here, T=1s, and W = 5 X 105 Hz. In order to reduce the magnitude of
the sidelobes of ?2(7,0) at the expense of slight broadening of the peak,
the data are weighted with a Hanning window.** The largest sidelobe is
-32 dB, and the effective pulse width is 1.6/W (3.2 ps for this example),

2
Figure 6 in the main text is a plot of the weighted function y (r,0).

2
This plot of 4 (v,0) is for an ideal linear SFCW waveform. The
actual SFCW generators used were a step-wise approximation to a linear

sweep. Phase discontinuities may increase the peak sidelobe level to
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-25 dB,%® although little broadening of the pesk occurs. Th2 actual

sidelobe level varied depending on the frequency interval swept and the

sweep rate.

Approximate evaluation of GT(e) and GR(e) may be accomplished
anulytically, although measured antenna patterns would be most desirable.
It is assumed that the antennas are collocated and that the angle to
which the array is steered is azimuth (in fact this angle is a combina-
tion of azimuth and elevation). The suboptimum phasing of the <lements
of the receive array when steered away from broadside is neglected;
Sweeney13 determined that little sidelobe erhancement occurs as long as
the steer is less than 12 degrees from broadside. Close to the rain
lobe these approximations are certainly valid; far away from the nain

lobe, only the integrated sidelobe effects are of interest.

The receive-array gain pattern is readily calculated®’ with the
modified Doiph taper installed at the 32-element subarray level. The

power gain is

n 2
z 2i + 1 |
1
= ( — Y -
G, (8) 26, (8) > @ oS T (B-3)
1=

where n = 8, gl = (2ndl/A) sin §, and dl = 320 m (subarray spacing).
The taper coefficients are ao = 1.0, al = 0,794328, az = 0,562341,

d3 = 0.354813. The subarray voltage pattern is

*2
3 sin k E_
G ( = - — B-6
RO ; (B~6)
sin —E
2

where k = 32, §_ = (2nd2/A) sin §, and d2 = 10 m (element spacing).

2

For this calculation the midband value of A = 20 m is used.
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QT(QS may also be calculated froz Eg. (B8-3) using the following
parazeters: n = I8, 7 Q‘(zzdlfa) sin 5, 61 =12 m, ay = 1.0,
o =, = 173, 93-:{.‘; = %2, a§=e'5=a7"=a3=fi7:i_, N =20 n. Gs(i)
for the transsit arrs” IS the elexewnt paiera tor a single arvay elexent
that has been derived ro:x wodel range measurexents. 1l should Lo noted
that zuteal-coupling cifects are not taken intu account evenr: though they
are thought D influence the radiation patteras. Fimally the back-side
bchavior of the tramnsxit arrvay is approxixated as the mirror irmage o£
the front-side pattern reduced by 20 dB. Trkis front-to-back selectivity
is previded by a backscreen. GR(S) and qr(e) Zave teen calcukated nl-
ready in Figures 35 and 36. liere the interest is in the prodluct GR(Q)

-0

qr(a), which is plotted for » = 20 m and -5° < § S 5° in Figure 7.

Figures 3 and 7 are the respective deloy and azimuth responses for
T=1s5,%W¥=5X% 105 liz, and A = 20 m, at least within the few pulse
widths and beamwidéhs from the origin that have been plotted. In order
to ascertain the self clutter levels Zrom all the sidelobes it is appro-
priate to take a different approach, while still considering the two

domains separately.

First, very large TW-product SFCW waveforms have a knife-edge ambi-
guity function in the (1,f) plane,’4 Because the (small) Doppler com-
ponent is ignored, this function may be crudely approximated by the
"thumb tack" ambiguity function sketched in Figure B-1. The average
sidelobe level is found from the volume invariance condition to be
1/(4TW), which is net exact because the main peak is in fact broadenec

diagonally in the (r,f) plane,

Following Rihaczek,3® consider the scattering region of dimensions

2
&t and Af to have less extent than the pedestal of ¥ (tr,f). Assume there

arce N discrete point scatterers in this space with total cross section

ot and average cross section ¥ = Jt/N' The pedestal height must be scaled
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FIGURE B-1 THE THUMBTACK AMBIGUITY FUNCTION ¢2(-.f) USED IN ASSESSING
INTEGRATED-DELAY SIDELOBE EFFECTS

by this cross section to evaluate the self clutter C. Thus,

The echo of interest has cross section 0; thus the ratic of signal to

self clutter is

S _ 4oTW
C No

Now consider a continuously spread echoing region as a set of poini
scatterers separated by the resolution-cell size, Thus N equals the
number of these cells in the total scattering region; that is, N = 4TWATAF.

The echoing region is spread in the delay dimens.on only, and thus
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X = 2a7%  Substituting asbove,

olu
]

aja

%1

Adonting Soxe accentable Talues for SSC (say, 1 for simplicity),

this relation

0

ays that 0.0 = A+/2T =must hold for observation of O.

g

Equivalently, for 5 = 0 one requires T 2 A7/2. This piuaces a restriction

on the minitum aceeptable signal duration (integration time) T Fialer,39

through a somewhat differemt argument, also found that the ratio of sig-

nal to self clutter was proporticnai to T.

For the cas2 at haad the echeing region in delay is that spproxi-

mated by Figure 5 where At == 20 ms.

Since the effective cross section

of the earth-ionrosphere combination changes rzapidly with v, it is of

interest to attach some meaning to ©.
value of the effective cross section
Then one could assess the ability to
Alternatively, an average valuve of ©
of 20 ms could be evaluated. (It is

the example used here.)

For the processing done in this

0.5, and 1.0 second,

Turning to considerations of azi

kution from all the sidelobe region,

One could simply let @ be the
at the peak (the leading edge).
observe o reirative to this peak.
over the backscatter delay depth

about 0.2 times the peak valuc for

study, T was variously 0.1, 0.25,

muth, there is a self-noise contri-

However, treatment of its average

effects cannot proceed as before. Generally speaking, the narrow beam

was uded to localize the azimuth from which backscatter energy was

arriving. The signhal-to-clutter ratio in the azimuth domain should vary

as G 0/¢, where 0 and G are now the azimuth counterparts of the echo

cross section of interest and the average echo cross section, G in this

case is the gain of the whole antenna system and can be evaluated for
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specific cases by integrating the combined anteana gains over the shole

sidelobe region.

Antenna sidelobes will degrade the ability to observe a decired ©
in the prescence of 8., This is parvicularly true when one recalls that
the ezr¢h~ionosphere combination of acho strengths in delay and azimv+h

are not only quite extended but ars also extremely variable.

Numerical estimates of the contribution of self clutter require
(1) knowledge of the ionospheric profile in all directions from the
sounder, {2) measured antenna gains, () iaclusion oX elevation-angle
effects, and {4) specific inicrma.ion as to the levels of cross sectilon.
The back~side response of this syst m is one particularly important factor.
Backscatter to the west is from the Pacific Occan, and it is thought that
ao (ocean) ~ 1T oo i.1and) on the average (see Ref. 20 and references
therein).

Only by carefully cheosing operating times, antenna steers

and range gates could east-west ambiguity be avoided in backscatter

returns.,

A convenient means of measuring the self-clutter ckaracteristics
is available that does not require measurement of antenna patterns. 1If
the repeater return is shifted out of the greund backscatter, a time-

delay-vs,-azimuth data format will detcrmine the point response in these

two domains. Care should be taken to average out the various sources of

fluctuation present. An experiment for meacuring this point response is

planned.
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