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ABSTRACT

Previocus experiments have shown that an ocean surface represents &
strong source of high~frequency (HF) backscatter., ‘The author has. used

a:2.5 km recéiving antenna array--the world's. largeést~-to study. such

backscatter both from the Gulf of Mexico and the Pacific Ocean. The

narrow beamwidth .of this antenna- (1/3 deg avergge), together with SFCW

\riad

sounding, confer unusually good azimuth and time-delay (range) resclution,

a ) The~resuiting detail and clarity has- mdde possible more precise quanti-

g iegol i e

tatilve studies -of sea Dackscatter, A -particular goal 'of these studies is
to .develop a method of locating storms, or areas of unusual cdlm.

During routine .sweep-frequency recordings, it was found fhat the
high-resolution data revealed a hew ‘type ‘of amplitude variation--periodic
in both time-delay and cadio frequency-~which roughly resembled large
thumbprints on the time-delay~versus-frequency plots. This was clearly
\arnew phenomenon, ‘seen oniy durihg the fall and winter months. It was

‘hypothesized that magnetoionic splitting in- the ionosphere prodiiced a

polarization-rotation modulation on the .received backscatter signals and
that the continuity of tlie sea cross-section polarizetion dependence was)
; responsible for making the 1lines visible only in backscatter from the sea.

" Theoretical development of this hypothesis.led to simple trigono~

‘r;m»,— Lt A e

‘metric expressions which desﬁribg the received voltage, Using an .approxi~

TR

mate .computer raytracing technique;, and representative ionospheric models,
synthetic backscatter records ‘were constructed which agree wery well with:
the "thumbprint" line-families observed experimentally, The computer-
-aided predictions also showed that the inabilify to detect "polarization
modulation” during the summer is due to the more sensitive dependence ‘of

o SEL-70-36
iii -

e e o e B o o
e A e e e mmt ke o

| S ——



LS A A "aq'vdrhf\‘:jk‘ e TR C o)

polarization rotation -upon frequency; time-delay, and azimuth -during
that season, - 7 -

Conclusive prooifr of ‘the theory .came when the transmitted polariza—r
tion was changed while successivé frequency sweeps were recorded, When
the transmitter polarization 'is switched from vértical to approximately
¢ircalar, the "thumbprint” lines: in the time-delay-vs-frequency data are
usually blurred. When "£ixed"-frequency, amplitude-vs~time-delay data:
were recorded, and when the polarization at the transmitter is switched
from vertical to;horizbﬁtal, the shift in the positions of the .enhsncements
in. slant range corrélated very well with the ‘theory.

When the equiivalent -beamwidth of the 2.5/Km array is broadened from
1/2 to 4 deg the polarization moduldtion is:usualiy undetectqble. Exam-
ination of azimuthsscanned, fixed-frequency measuyrements -and their
‘theoretically-synthesized counterparts explained this beanwidth depend-
ence very well, ‘It was found that a beamwidth -as small as 2 deg si5 not
likely to be sufficient to resolve pplarization’m dulation on an cast-west
backscatier path, which probably- explains why the gffectwasnot.positively
identified in-data taken before the ruseé of the'2.5>km<arxay. These con-
clusions do :not nec¢essarily apply fo north-south backscatter- paths,
howevei-,, '

The measurements showed thal the variation in backscatter gmplituQe
can easily be as: much.as 10 dB, and this also was ‘predicted theoretically,
Therefore, sny mecasurement of .¢lianges in -sea roughness versus distance
made with high sounder resolétion must account for "polarization modula-
‘tion," since it tefds to alter the otherwise smocthly=varying amplitude
of the backscatter with slant range, azimuth, and,@reqﬁency.» It was shown,
however;, that the effect -of this new modulation can be controlled by suit-

ably modifying the polarization .of the transmitting antenna,
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I, INTRODUCTION

! A,  PURPOSE

§ High-frequency (HF) radio waves which propagate to..or across the

: ) earth's surface are found’ to scatter from rough .areas therépn. an

é particular, it is known that an irregular ocean surfacezprovides~aﬁ

; excellent backscatter reflector, Thus, obliquely—iﬂcidebt HF radio _

;‘ waves can reflect from sea waves and -then ieturn fo\the vicinity of the
%; transmitter. The purpose of the researghudescrihéd~in this report was:

to investigdte .a new type of "modhlétron" oh sea-backscatter ecnoes:.

This. type of modulation causes the amplitude of the backscatter to pass

. ' ‘through successive peaks. and nulls in the dimensions of range (time
.delay), azimnth, -and fadio:frequency, The new modulation was fi:stgppre
\ trayed by families.cof lines -of signal enhancement resembling fhﬁﬁbprints
% ' onwsﬁepf—frequency §ea-baqkscattgr;fe§on§, This rémaykable phenoniciion
é was fgvéaiedAwhéﬁ a linear receiving artenna ar}gy 2.5 km- long was. put
é into operation in‘centrglzbalifornia,by Stanford. University.
i A specific -purpose of the investigation was to~verify a ‘hypothesis
; ' - that the newly-discovered md@uldfidh is caused by the rotation of the
? i " yiolarization: of ionospherically-propagated: radio wﬁvéérwhich illuminate
% ank scatter from a given:area ofitheﬂsea% ~Additidnd}.iy, i&"wps desired:
% to ;tudy the limitations. imposed. by antenna:beémwidth*on abilify to
%}‘ detect the new seaﬁbackségtter modulation. An aim of the work was to
- i afford: means for .identifying the ?polarizafion modulatién,” and thereby
%l' to make possible ‘better control of sea—backbcatter amplitude, and ‘to
gg" ~aid in “the interpretation of ionospherically propagated sea backscatter
%E . using hlgh aalmuthal resolutlon.
&
1 |
L 1 :
Ly
g *
E¢
1. -
3

<. e e e e A e e




It

T TR

T

b s,

T TR v e Y LT

DA M PR e I B

T
.

B. BACKGROUND

i. Ionosphivrically Propagated ‘Backscatter

The term "high-frequency -backséatter" is used to describe the
following process: A‘pulse of radio-wave energy is sent out from a
transmitter. After a d2lay on tlv order of 0 to 50 ‘msec some of that
energy is received whilde the transmitter is off, This iﬁplies that the
energy has returned. after reflection from a distant objeét, The des-
cription of this process centers upon the comparison of the received
cpexgy~with,the transmitted energy wave form, together with the delay
before the received energy iS~fecorded. At high frequencies
(vetween .3 and 30‘MHZ), the énergy can .propagate via line 6T sight
(ground wave) or via one or more ioﬁosphefic reflections. Because of
the--latter; one may observe backscatter from:irregularities on the
earth's»surface~(such as mountains: or sea wd?es) out ‘to distances fax
-beyond ihé visual horizon--on the order of 3,000 m}fes»and‘more. It is
also possible that "hlobs" of enhanced ionization: will act as reflectors.
Figure 1 iXlustrates this process schematically. ThquxcsentAwogk con=
cerns the ionospheric mode of backscatter propagation from iﬁe sea sﬁffﬁce,

Measurements of HF -backscatter date back to the Zlate 1920's,
when: investigators first recorded pulse echo returns with ﬁnusually dong
time delays. Im. 1926, Breit and Tuve [Ref. 1] proved that a “conducting
layer" existed in the .atmosphere, and it was propeSed in the same year -
by R, A. ‘Watson-Watt that this layer be called. ‘the "ionoéphere" {Ref. 2],
In 1927 Ekersley (Ref. 3] recorded pulse returns from longer ranges than
were typical from the ionosphere. In 1928-29, Taylor and Young [Refs. 1, 5]
observed the same phenomena and decided ‘that the echoes probably came
from the earth's surface via an iosnospheric reflection, They -also reported

that backscatter from the direction of the sea was unusually stfgng,
A great deal of debate then ensued in the 1iteratﬁie1 as to whether‘i

or not the returns actually came from the earth, rather than from
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‘Figure 1.  -rorms of backscatter.:
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irregularities in the ionosphere. (Wilkins and Sherman, [Ref. 6, 1957],

give a history of these debclopments.) The .arguments .were finally resolved

in 1951, when Peterson {Ref. 7] and Dieminger [Ref. 8] almost concur-
rently proved that what was termed "2 X F" scatter (that seen most often)
was due to backscatter from irregularities on the earth's surface. 1In
the same year, Abel and Edwards [Rei‘ 9] used a beacon transponder ‘to
return signals. from 700 to 2,000 miles distant, and by this means showed
that the backscatter originated from the earth and traveled»via the
ionosphere. There is still evidence that some backscatter comes directly
from fonospheric irregularities, both in the E and F regions. The latter
‘type of scattering is rare and has 'no bearing on the present work. It is

also true that electron-density irregularities ("blobs") in the ionospheie

~will disturb the pcopagation of radio waves between the soun-der and the

éarth's :surface, and hence will affect the amplitude of the -earth 'back-

scatter. The latter effect will be discussed in Chapter IV.

2, Comparison .of Land and Sea Backscatter

Early comparisons of land.and sea backscatter by Villard and
Peterson [Refs. 10, 11, 1952] fevealed essentially no difference between
the two. 1In 1956, McCue' [Ref. 12] observed that land was probably the
better scatterer, but his sounder illuminated z rather rough, hilly
terrain; from which the identified a:mountain. echo, and his-results
below 30 deg elevation angle are difficult fo interpret. In contrast,
‘Ranzi [Refs. 13, 14, 1559-62] reported that gea'backscatter‘proﬁagated
by the F2 layer .was much stronger than that from land' with smooth féxrain:
During this 'same period .cf time, Hagn [Ref. 15], uéing'an airplane,
measured backscatter directly from several earth sources and found that,

at elevation angles above 10 deg, the "scattering cross section’ per unit
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area, C ¥ was on the average about a hundred times ‘stronger for the -sea

o!
than for the land., Hagn used a 1 Hsec pulse length, which is much shorter
than is normally iealized in ionospheric sounding,

In 1965, Steele [Refs. 16, 17] reported the results of a well cali-
brated--experiment in which he ﬁeaéured the difference between land and
sea backscatter, .Using a comparatively broad-beamed antenna and long
(600- usec): pulses, he determined that Oy(sea) ¥ 10 Oo(1and)—for eleva-
tion angles higher than 10 .deg.. These results agree roughly with those
obtained by ‘Ranzi and Hagn, and for elevation angles above 10 deg they
represent probably the most reliable measurement of the average difference
between sea and land backscatter yet réporteﬁ; There is stillrnegd of
accdfa£e measurements of O, (sea) vs Oglland) below 10 deg elevation
angle, »

'WaghbgrnntRefs. 18, 1§]"ha§ obtained ahsolute numbers of Go(land)
using the same apparétus as the author of theé present work, Washburn
has conjectured that the éxézgggﬂscatteging Croés section per unit area
from land ié gf the order pfllo_srtc:iogéinwfth discreéte eﬁcugsions in

-1 .
-¢ rising to- 10 near mountains.
o)

3. Séa Backscatter

To date in the opén literaturé, values of sea backscattering

. - i o e R - 774
cross section per unit area at ‘HF have béen- measured to-be 10" * by

. - -4 .
Irgalls and -Stone [Ref. 20] and 10 ® to 10 by Hagn [Ref. 15)}. The

author Lﬁef, 21]) used: a new method for calibrating the go of the sea,

: ) -3 ..
and obtained a‘'value close to 10- in the :Gulf -of Mexico. It is clear

* A very useful parameter for defining the reflecting magnitude of a
scatterer is its "scattéring cross ‘section" per .unit area, g, , which
is defined as 0/A,, vhere G is the total scatterifig cross section .and

7’Ao is the illuminated area, O is defined as the power reflected from
the scatterer, divided by the incident power density, and is usually
expréssed in square: metexs, -
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that more such measurements are neceded; however, it is already apparent
that the sea gsurface represents a much more continuous scatterer at HF
than does the land.

The‘”dogplor dependcnge" of the sca ccho-~i.c., the way in which
the traveling sea waves. shift the Ireduency of the backscattered radio
waves-=was observed and explained by Crombie {Res. 22] in 1955. ‘The
same type of :doppler dependence was observed in 1956 by Anderson (Ref. 23],
in 1957 by Dowden [Ref. 243, in 1961 by Ranzi (Ref. 257, and by many
others. All observations:.agiee with Crombie's, and point out that the
sea~-backscatter doppler -spectium is usually confined to just two firequency
components. located bykequal amounts above and below the illuminating radio
frequency. These components are directly related to the -value of the
radio. frequency, so that they may be predicted with good confidence.

(see Chapter }I). ArdramgtiCijilization of the sea's doppler was shown
by Blair et al, (ref. 26] in. 1969, The backscatter from the land

was separated from that from the sea in both time delay and azimuth by
virtue of the difference 1in doppler, so that a map of Florida :could be
visuaiich. With regard to the correlation between the doﬁplef spectrum
and sea state, it was shown by Tveten (Ref. 27] énd ward {Ref. 28] that
ionospherically-propagated sea;chksca%ter spectra manifested second-
oxrder doppler .components which seem to increase in sizc with sea state.
Crombie (brivate communication) is also siudyiﬁg this property by
measturing ground-wave~propagated sea backscatter.

Very little experimental -data have been accumulated to show the

- polarization dependence of oo(sea) at high. frequencies. Ranzi [Réfs, 13,

14 ] concluded in 1961 that the sea's reflection was 26 dB stronger for
vertical as compared with ‘horizontal polarization. 1In 1965, Steeie
{Refs: 16, 17] reported a "knee" effect in the backscatter from the sea
as the lower elevation angles were approached, which he associated with

the pseudo-Brewster angle of the sea's reflection for vertical polarization,
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-Steele{s results may be interpreted by assuming that the sea backscatter
at HF iscprimérilyvverticgliy'polarizéd at the lower elevation angle.
Further measufements of the polarization dependenceé of 6O(sea)fare’great1y
needed, howéver, as is a--detérmination of its. relation ‘to sea state and:
to the radio frequency. Chapter II will discuss a theory which has. been

found- to agree with -measurements of od(sea), and which inclucdes terms

for the polarization dependénce of the sea echo.

C. APPROACH

The author ‘has had>the privilege of’:being the first toruse the
world's largest HF receiving,ahtenna;(to be describe@*later),,wixh which.
backscatter from the sea has béen.reqorded. Because of the high. azimuthal
resolutién afforded by this antenna, greater detail and clarity in back-
scatter data .can- now bé realized thaﬁ were previousiy pgssible, It has
therefore become .of majér interest to’ determine whether the state of thé
sea can be éstimated by studying dits 'backscatter characteristics through
use of the large antenna. Such information would p;oVidé;Qi§tdnt warning,
of storm éptivityiat«séa} or one mighf also be«ablé #o locate areas.-of
unusual calm., In this régard! current effort is directed toward the
measurement of the sea's backscattéring cross séqtipnwpen unit :area -and
its polarization dependence at HF. Futuré work should include the study
of the sea's second-order -doppler backscatter, wbiChi(onithé basis of
~previbus“researbh? should yield a mcre- selisitive indicator of 'sea state,

A‘secoﬁd.fopic of great sciehtificxinterest hﬁs,been‘the study\og the
general differences between 1and and sea backscatter that are revealed by
high.-aZimuthal resolution; 7 -

During fBé~QourSe of these .studies, a new type .of modulation. on <the

) seg/backéqatter echges qu'disgoveredi This, modulation was found to- be

unique téfpagkscattgr-from the §ea, -and appears -only when .a:weéyy large
sounding /aritenna is utilized., The appearance -of this modulation: initiated

7
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a thoxough stﬁdy f its source, which is shown to be the rotation of the
polarization of feceived backscattered rudio- waves, »

- The present report will proceed first to establish a reasonable
model for the sea's backscattering cross, section per unit area at HF,
Mext the -experimental equipment, system parameters, and antennas used
o vexrify this model will be. described; after which, data will Ye shown
wﬁich displkay the new type of modulation. A fairly rigorous theory will
be set down to explain the way in which polarization rotation can cause
the modulation, aad an approximate computer raytracing method will be
used tOsznthesize the effect bn;ﬁodel backscatter data. The last
chapter of the fcport will give conclusive expevimental proof thpﬁ

the newly observed modulation is caused by polarization rotation,
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I1, A MODEL FOR SEA BACKSCATTER

It was noted in Chapter 1 that not enough experimental measurement
of HIF go(sea) characteristics has been made. Most notably, the polar-
ization dependénce of sea backscatter has not been measured to good ac-
curacy. Fortunately, a very good mathematical model for the sea has
been derived -by .othérs. It is now intendeéd to review this theory in
ofdgf to supplement our experimental knowledge. A model for sea back-

scatter will then be summarized.

A, -BACKGROUND

1. The "Resonant" Character of Sea Backscatter

Early attempts to derive a theory forsea backscatter, such
as‘Hoffmaq'S*ERef.‘30, 1955],>were helpfull, but did not solve thec prob-
lem in general, In particular, it beiame known--first by Crombie
Trés, 22)--that the sea's backscatter-doppler spectrum contained well-
defined frequency cpmpoﬂents~whq3e‘values wvere dépendent upon the radio
frequency. Crombie said that any wind-driven sea would manifest a
continuous spectrum of sea wave lengths, L.(up to a maximum)--each of
which wouid travel at a different velocity ('see below and Kinsman-'s
excellent book [Reff 31] for details on this). Therefore, Crombie pos-—
‘tulated that the sea acted as a diffraction gra%ing, whereby the waves
'sﬁhéed by ‘multiples of haif the radic wavelength (i.e. L=mn k/é,
where n = 1, 2, 3, ...), did most of the scattering,,and.hencesdéterminéd
‘the value. of the discrete doppler shifts induced onto the sea echoes.
Physically, this meant that the backseatter fromradjacent waves would .

add up, in phase, whereas that from waves -with .othexr periods would not.




Mathematically, Crombie observed the following: the velocity, v, of a

sea gravity wave whose crests are spaced by L meters is given by

\§:
v = (5% L). .

where g is the gravitational acceleration: Then the doppler shift
(frequency shift) Of produced by such a sea wave on a radio wave of

wavelength A which. is reflected by this wave is :given by

i

2v gn
= = = = [= =
ot = Y AT A ’
N where L =nA/2, n =1, 2, 3, ..., and the (+) sign denotes waves
- . - *
traveling tcward the sounder,. and”(—).awéy. Crombie's data -agreed:
. well with this theory. Thefstronggst compenent in thé ‘backscatter

(by far) was that for n = 1xor L = 1/2)! which- will be denoted “first-
order scattering." Data taken: by other investigators agree with: this,

- but,as~mentioned‘a§ove, the scatter for n.= 2, 3, ... is .also being
-seen. It is hoped to cbrrelate the amplitude of these "second-order

doppler shifts with- stérm areas.

* The equation for 8f must be modified by -obliquity factors when a
bistatic sounder is used, .and when elevation angles are not low, This
, ) .correction amounts to calculafing the effective sea wavelength, L, viewed
L . by the sounder; but>this operation is straightfoivard and consistent
. with the above mechanism.
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2. . "The Ocecan-Vave ‘Energy Speétrum

The éketch in Fig. 2% is included to help visualize Crombie's
observation of the "reson. ‘t" character of scu gravity waves when they
backscatte;,‘ Here, the approximate behavior of the sea's encrgy (pro-
portional to the .squarec of the wave height) is plotted as a function
of the linverse sea wavelength (1/L), assuming various wind speeds. The
region of 1/L which satisfies L = M2 over the HF band ("first-order
scattoring") isféhown. The energy spectrum shown in Fig, 2 assumes\thaﬁ
for a given éurﬁe, its corresponding wind speed has been sustained for
a long cnough- period of -time and has blown over a sufficiently large
area (the "fotch"), to achicve stable conditions. The spectrum is some-
vhat idealized in this regaﬁd, since it assumes thati large sea wave
"swells" .are not present except ai-extremely strong wind ‘speeds. 1In
fact, -however, storms at sea can generate these large 'swell" .wave
trains whic* can propagate for hundreds of miles into an aréa which
@ould‘other&ise be calm. One must then add- the -energy in the swells to
the appropriate curve in rfig. 2, at the corteet inverse wavelength of
the swell. Backscattéer effects due to the -presence of high-energy
swells appear not to be common; but7Mu1drew [Ref. 32] believes—that he
recorded backscatter from such swells in the Atlantic Ocean, and Chapter
1V -discusses this further. For the present we may disregard. their
effect entirely.

Therefore,. referring again to Rig. 2; we note that for wind: speeds
greater than about 10 to 15 knots, the wave heights. which contribute to

the first-order HF scattering (1. = A/2) increase very slowly. When this

* This sketch is very similar to- one shown by Wetzel (Naval Research
Lab., Washingtor, D.C.) in an unpublished paper entitled "HF Sea Scatter
and Ocecan Wave Spectra". The author of the present réport benefited

"~ greatly by reading -this work and discussing it with its. author.
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condition is reached, the sea is said to be "saturated." 1t is then
clear from this model that for winds greater than 15 knots the L = /2
waves will present a nearly coustant surface to thd incident radio
waves which- backscatter from them. This will usually not be true for
the L = A, 3A/2, 2\, ... woves, however, so that for the higher wind
speeds the "second-order" doppler components in the sea cchoes can in-
crease--which is observed experimentally.

Tt is also known that ‘the spectrum of a given patch of wind-driven
sca is directional. Its energy is maximum in the dircction the wind
blows, and zero in the opposite direction. To first order this direcct-
jonality can be medeled by multiplying the energy spectrum by a direct-
jomality factor such as»coszs for 1ﬂ| S /2, where B is the angle be-
tween the direction of wind propagation and the .direction of in?erest,
and the energy is zetro for all other 8. (See Ref, 31 for more details).

It will usually be true, however, that an average .patch: of ocean will

contain waves coming from many different directions,; so that a direction-

al spectrum would he difficult to measuré, cspecially :when the wave com-

pdnents have reached saturation..

B.  THE GENERAL THEORY FOR SEA BACKSCATTER

In view of the discussion above, the consideration of how the sea
scatters radio waves at HF is greatly simplified. Specifically, the seca
exhibits a "resonance' characteristic, whereby the wavelengths L = A/2
are usually found to Pproduce most of the scattering. This is consistent
with the mechanics of ocecan waves, and one may conclude that for HF
backscattering the sea surface roughness does not appear to be random,
but rather, it is smooth and periodic.

In 1965, Wetzel (private communication) -used the "Kirchoff approxi-=

mation" in rough-swface scatter theory, and with the Neuman gpectrum

14
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he showed that the 3ea should scgttgr<primérily‘at the predicted 1/2 wave
spacings, with an average cross section'per unit area, oo, of‘3(10-3) at
saturation, aiong‘or opposite to the wind's direction, This value changes
little over the HF band. He showed that when the radio waves illuminated
the sea wave train in the direction of the latter's energy prapégation,
the doppler was. minus. Likewise when viewing the waves "head on," the
doppler is plus. All this agrees with experiment and intuition; but this
approach does not account for the polarization dependence of the sea 'back-
scatter (althgugh Wetzel thought that there should be such a dependence).
A theory utilizing the "Rayleigh-Rice perturbation method" has
been developed, however, which -does yield the polarization. dependence of
the sea backscattering cross section per unit area. There is a long and
detailed ‘history underlying this approach, and many have used it. The
author is inclined to employ the results of Barrick and Peake [Refs. 33,
34], who seem to have used the theory a great deal. The theory is valid
for small roughnegss scales relative to.a radic: wavelength. By examining
the wave hzight (bnerg§)~spectrum for 2 saturated sea, one can show
that for ‘backscatter at HF from gravity waves and at microwave fre-
quencies from capiliéry waves, it is true that thls roughness criterion
is usually satisfied. (Barrick, private communication.)
7 After some inspection, it is seen thai Barrick and -Peake's results
are almost equivalent to Wetzel‘s? when oine multiplies the latter by a
fﬁnction which .accounts for polarigation dependence. From Ref. 34, this
function is Sin4¢10ﬂe|2, where ¥ is the angle oi e‘].evatd:onr-amd‘(’1',n is.

% 1

given in the paper referred to. For a perfect conductor, |d is equal

Te
2.2 4 X
to (1 + cos“§)“/sin § for vertically polarized inéident waves, and 1.0 for

. ) . 2
horizontally polarized waves. Thus the ratio of laﬂ 1 for vertical over
. e, - :
horizontal polariza‘iion becomes very large at lower elevation angles.
Using realistic values for sea conductivity (4 mhcs/m) and relative

dielectric constant .(80), the relative polarization depehdgnce,

15




Iy (vertical polarization}/Cy (horizontal polarization), is ‘plotted in

Fig. 3 using Barrick and Peake's cquations .for an . According to this

e
theory, it is clear that for elevation angles normally encountered in
HI backscatter (¥ < 30 deg), the sea should represent an almost verti-

‘¢ally=-polarized reflector.

C. VERIFICATYON OF THE THEORY

Tt should be noted that the theoretical work just described- neglects
the offect of shadowing by adjacent waves, ‘which appeﬁrs difficult to
take into account. Also, the development is strictly valid only for

wave heights «< radio wavelengths. A filst-order verifdcation of the

theory has been published by Munk and Nierinberg [ret. 35}, however,
. in which they used Barrick and Peake's results to show that for a sat-

-3 .
urated: sea, S, & 5(10) at low elevation angles. Munk. and Nierinberg

; used the "Philips saturation spcctrum" to get this value, but note that

=3

3 it also agrees with Wetzel's prediction, 2(10) ., using the "Neuman
spectrum”. Both these values agrez roughly with experimental measure-

TR

ments of O, (sea) [Ref. 21].
It also appears that tlie résults in Fig. 3-agree with the small
amount of experimental evidence that ‘the sea as a reflector of HF radio

waves is primarily vertically pclarized. However, probably the best veri-

S Y Y R

fication of the theory's prediction of the Ob(Sea) polarization -dependence

‘has come from :ts application to backscatter measurements at microwave fre-

TR

it

quencies. The history of such measurenents -dates back ‘to World War 11,
;. when radar sea "clutter” became a nuisance. The most up-to-date com-
parison between theory and experimental sea backscatter at these fre-

quencies was given by Guinard and Daley [Ref. 36), For our -present

purpose it will be sufficient to note the results given by Wright

TR

- - ) -3 1
-Refs. 37, 38], who generated. water waves in a wave tank with wave
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"Figure 3 Theoretical- sea cross-section. magnitude gain- for ve;tii:al'
over -horizontal -polarization, after Barrick [Ref. 34].
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heights equal to about 0,01 the radio wavelength,

Barrick and Peahe [Refs. 33, 34] compare the theory to Wright's
experimental data (as does Wright himself), and very good agrcement is
shown, It is clear, therefore, that at -HF, the backscatter from sea
waves ouly a few feet high will correspond with Wright's "model" measure-
ments, hence with the theory. .Barrick (private communication) says that
the theory should hold for wave heights up to about 0.1 times the radio
wavelength, Somewhere beyond this limit we should undoubtedly observe

the ratio o, /Gh to decrease,

D.  THE MODEL FOR O, (sca)

When a large sca-backscatter area is observed, it will often be
true that more than-one sea state will be present. Using supeérposition
(incohcrently), the power returned from-each sea state is .added, and it
will therefore be more difficult to measure a direqtiona} spectrum for
the sea-wave energy. Because of the saturation principal, however, one
expects to Jind little difference in tiae backscatter betwéen single and
multiple sea-state patches, so that the theory'for the homogeneous sea

still applies (Wetzel, private communication). It ‘would .appear, there-

fore, that the amplitude of sca backscatter should be very continuous--<
varying little, or slowly, from point tec point. ‘“This circumstance will
be contrasted with the irregular behavior of land scatterers.

The perturbdtion theory appears to account very well for thé magni-‘
tude and polarization dependence of backscatter from water waves at
microwave ‘frequencies. The conditions for applying the theory at HF are
satisfied, and there is no gcod reasca to suspect that it should not
work, Within an order of magnitude or so, the theory appears to explain
results already obtained at HF, but more experimental -data must be taken

» verify the megnitude and polarization dependence of HF sea backscatter.
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1t is clear, however, .that a most reasonable -(first-order) conclusion is.

that the sea's backscattering cross section per unit area, Ty is pri-

-3 .
marily vertically polarized, with a value of about 5(10) at elevation

angles normally encountered at HF.

The consideration of the sea's doppler spéctrum and its relation
to sea state is a separate topic, not directly related to this work.
However, if the second-order backscatter (L = M, 3)/2) does become
appreciable in storm-generated seas, the waves which are responsible for
that scatter will be large, hence will manifest a different O, polar-
ization dependence than for the first-order (L = \/2) backscatter. This
circumstance might alter the character of the "polarization mnodulation"
on sea backscatter to be described below, which in turn would aid in
storm .detection using the HF backscatter. The detection.¢f such a
change would .be facilitated: if the first-order dobbler returns could be
filtered out, and the ionospherically-induced doppler .shifts [Rets. 39,
40]~accogqted for.

In the remaining chapters -of this study, the first-order-scattering
polarization characteristics of O, will be used in understanding the way
in which polarization #otation causes. the amplitude of sea backscatter

to« fluctuate with time.delay, frequency, and .azimuth,
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IIT; EXPERIMENTAL FACILITIES AND ANTENNA CHARACTERISTICS

In this chapter, the equibment, sounding waveforms, and antennas
used. in the backscatter work will be discussed, and mathematics will be
presented tc medel the system sufficiently well to understand the experis
mental hata. A map of the field sites is shown in Fig. 4. The receiving
site is located- near L§s~Bans, california (Lat. 37° 9' 39.0" N, Long.
120° 57 9;5":W), and the backscatter transmitter is located at Lost
Hills, California (Lat. 35° 4%' 54,6" N, Long. 119° 57' 4.7"W). An ad-
ditiohal transmitter is lpcated:neariﬁearden, Arkansas (Lat. 33? 44’
33,0" N, ﬁong.»92° 37' 38.0" W), vhich provides oblique -soundings of the
ionosphéreetp the receiving site.

In ‘the first section.of the chapter, the -equipment and sounding
method will be escribed, while the\antenﬁa§ will ég discussed separately

in later sections;. The purpose. here is not to. repeat work that has al-

_ready been published; the reader Willvbé referred .to the many papers and

xreports written-on the subjects.

A. THE SFCW ‘SOUNDING METHOD
1. “History

All .of the experimental data on sea backscatter wefe taken- us-

" ing the "§weep-Frequ§ncyeContinuous?Wave" (SFCW) sounding method. The

tebhpique is not new, It has been: described under various fitles—such as
"FMCW" and "chirp," and is discussed in most radar texts (see Ref. 4l for

example)-.
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a. HE Oblique Sounding . .

For application. to HF sounding;, the SFCW method was de-
vised comparatively recently by R. B, Fenwick and G. H. Barry (Ret. 42],
while working at Stanford. It has been -used with great success in both
oblique and backscatter sounding research. Fenwick and Barry [ret. 431
first described its usec -in oblique sounding. Later, Epstein [Re;s. 44,
45] used it in oblique soundings, with which he measured the effccts of

Faraday rotation with frequency. Sweeney [Refs.46,47] has described

its utility in conjunction with mode-resolved reception of ionecspheric
signals on a wide aperture receiving array (to be described below). Fen-
wick and Lomasney LRef. 48] used the 'SFCW waveform in vextical incidence

soandings of the ionosphere.

b, HF _Backscaiter Sounding

The use -of the 'SFCW waveform in backscatter studies is rela-
tively new, and very little has been :published. on this application., The
method ig, however, identical to the onc-Way oblique ionosﬁheric studies
(just described), except that a sometimes more-.directive transmitting
antenna and morc transmitter power are usually used in the bdckscatter
work. The reason for this is' that backscatter cnergy is usually attenu-
ated by 40 dB or more, as compared to energy propagated over the corre-
sponding one-way path. at the backscatter range. T. W. Washburn was the
first to use the Stanford backscatter sounding system; and a preliminary
analysis of his data was given at the 1968 Fall URSI meeting [Ref. 49].

In 1967, Croft extended his computer raytracing techniques (to be dis-
cussed later) to the interpretation of certain portions: of Washburn's data,
which established the presence of traveling ionospheric irregularitiés
[heﬂ. 50]. A more trecent example of an interpretation of earth back-

scatter SFCW data was given by Crust and Washburn [RQf.'Sl]} Reference 18

o
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will -contain a complete summary of the work done using the Stanford SFCW.
system as applied to the backscatter from the land--rather than from the
sca, The work on sea backscatter, described -herein, has not yet reached

the open literature,

2, -General Descripticen of the System

The SFCV sounding method is ¢ complished by transmitting and
simultaneously receiving (after a propagation delay on the order of sev-
éral milliseconds) a: CW carrier, whosSe frequency is swept linearly with
time between two preset frequencies [Ref. 42]. fThe rate of the sweep may
vary (in preset values) betweén less than],kHz/éec to as niuch as
10 MHz/scc, depending upon the equipment inruseJ The author used ratés of
250 and 500 kﬂz/éec, which proved best for :data reproduction. Photo-
graphs of the equipment usedfat:the transmitter and receiver are shownin
Figs. 5 and 6, respectively. VA simplified block diagram describing the
essence of the backscatter system is -shown in Fig. 7.* The eléments in
thié figure are very similar to those used before [Ref. 42; 43, 48]. The

“reader is referred to Ref. 43: for a description of the SFCWwaveformgenecrator.

The transmitter used at ‘Lost Hills consists of three 10 kW auto-
matically tracking.units. When éither of thé>quge transmitting -arrays
is used- (not described herein) all three ttransmitters arce connected., When
the 9rossed—LPA system i3 used, the output of a single tranémitter is split,.
and 5 k¥ is fed into the feedline going: to cach antenna. 7The receiver
-at Los B@ﬁbs is a. Hallicrafters Manson (showﬁ within the dotter area :in
Fig. 7), which is prectuned to 18 MHz., The instantaneous [requency f£ of
the- SFCW ‘generator at the receiver is therefore exuctly 18 MHz higher than

-

* The equipment used for oblique sounding over the Los Banos/Bearden path
(see Fig. 4)- i$ cxactly the same as. that shown in Fig. 7, except that
the trangmitter is lower-power and wideband. Furthermore, a crystal
rather- than a cesium-beam- standard- is- used at Bearden.
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Transmitting equipment at Lost Hills, California.

Figure 5.
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Figure. 6. Receiving equipment at Los- Barios, California.
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‘sess the accuracy uf the cesium-beam -Standard. This. accuracy is 1 X 10
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that at the -transmitter site; This signal, when mixed with the transmit-
ted (backscattered) signal yields a difference frequency which is very
near to 18 MHz, but differs by’én amount proportional to the propagation
time delay, which will be discussed below, The receiver has a synthésizedr
local oscillator, which is“tuned to 18 MHz plus the intermediate fre-
quency (IF) (125 klz); the bandwidth of the IF scction is set to 6 kiz.
Finally, a synthesized BFO is sét to exactly 122 kliz and mixed with the

IF output in .an external mixer. The output of this: last mixer contains

all the information one ineeds to dedugo’the time delay and amplitude of

.backscatter components. -

The SFCW system~jusf described differs from others in only one
majqf aspect. Namely, both time and frequencs are controlled with ex;
treme accuracy. This is accomplished through the accuracy of the primary
cesium=beam standards, which are periodically calibrated against one an-
other. All frequencies used in the éystem are synthesized tuSing Hewietts

Packard- (HP) model 5100A/5110A synthesizers], and their frequencies pos-
11

-which is equivalent to-:an: accumulated time inaccuracy of less than.

£1 wgeg/gay since calibration. This accuracy is mainly important in en-

suring that the frequencies in use -will be: extremely stable with the pas-

:sage; of time-<from minute to minute and from day to day, etc. As -an addi-

tipﬁal benefit, the backscatter time delays may be measured :lo extremely
good. accuracy, This accuracy is, in fact, much better thﬁn isfusually

needed, because for most measurements neither the ground range to the

‘backscattér area, nor the height of the ionosphere sre known, .So that

neither angle-of-elevation nor actual range calibration is made,

3. Processing the Receiver Output

The signal output from the rcceiver in Fig, 7 will be repre=-

sented by the variable A(t), where t is real time. To obtain the
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backscatter information, A(t) is Fourier analyzed, so that it is necces=-

sary first to understand how -the frequency spectrum of A(t) will behave,

Q. The Frequency Spectrum

Suppoée thatAthc Irequency sweeps at the transmitter and
receiver begin at cxactlyithe same time (as cqntrolleﬁ‘by‘fhc cesium~-bean
frequency/time standards). Figure 8 compares the behavior of thé fre-
quency at the transmitter (iﬁ) to its value at the receiver (fr) as a
function eof time; the difference between these two. {requencies is de-
noted Af., It is clear that £, will always be less than ft’ and that
AI will increase for larger round-trip -propagation times, T. Since
f; = ft + 18,0 MHz, tﬁe output of the first miker, which is fed :into the
recciver front end. is equal to (ft + 18.0 MHz - fr)’ which .equals
(18.0 - Af) MHz., The signal with the latter frequency is then amplified
and,bdssed through more mixing stages. until it reaches the final
intermediate~frequency (IF) amplifier whose frcqueuncy is.125 khlz,.

The last IF output is mixed with the BFO frequency of
122 kHz.. The output signal then céntains the backscatter signal infor-
mation. which. will pass through ‘the 6 kilz IF bandwidth. It is found ex~
perimentally that the f»etguency of tnp output signal, fs,‘is equal to
3 kllz - Af, Thus if of exceeds '3 kHz an ambiguity in fg eXists, since
negative frequencies then appear to-be positive, If the BFO weré set to
any lower frequency, however, the amplitude of Signals with frequencies
sﬁch that Is = 0 would be aﬁtepuated, since they would lie putsidévthe
passband of the last IF (which is. %3 kHz). ‘Thus the limit on Af is
3 kHz,

In order to _allow for greater values of Af, the start
time of the receiver SFCW ggncrgtor is delayed: by an amount Afr,

This is- done simply by adjusting thumb-knobs on the cesium: ocam standard
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Simplified .illustration -of the frequency behavior
stransmitted and received signals, f.(t) and f.(t),
respectively.
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in as low as 1 usec steps. Given that we know the sweep- rate, i = K
(kHz/Scc), the oquivalent change in Af is oqual to KAT, Thus, allowing
for the trausmitter and receiver to begin sweeping at different times,

Ts = (3 + KAT) - Af KkHz . (1)

A(t) is ‘then Fourier-analyzed :n an elecironic spectrum analyzer (the

Federal Scientific model ‘UA-7), which produces the signal spectrum S(fs),

b, Interpreting the ‘Spectrum

For applications described herein, it is not necessary to
prescrve the phase of S(fs). The result of this analysis is that the
backscatter amplitude is proportional to the magnitude of S(fs), while
the time delay T is proportional to Af, From the many references on
the SFCW technique, T = Af7f = Af/K. From the spectrum: analysis, we
get finally:

3 - f
T = [{5 + KAT) = fsj/x = ——K—s * At (2)
where frequencies are in kllz, and K hasfdimensions~of'kHZ/éec. For
: sweep- rate K = 250 kﬂz/éec, the quantity dT/hf; has the Qalue of
17% = ¢ msgc/kﬂz, and for K = 500«kn2/sec, the value is 2 mseﬁ/kﬂz;

The backscatter records axé thus a .plot of spectrum fre-
quency versus time, with amplitude as a third dimension which is displayed
on a photographic grey scale witﬁ a dynamic range of 10 to 15 dB. The
records are calibrzated as a group time delay T, vs frequency £, accords
ing to { =*£t. The latter is obtained from the property that
£ = f(sgarting) + K(t -~ to)j where t_ is the time at which a sweep

begins.
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c. The Equivalent Pulse Length, AT

Thé equivalent pulse length which results fiom the spec-
trum analysis is the last remaining item of the SFCW technique which
need be discussed, It has been customary to define the pulse length
(or time~delay resolution) At as the inverse of the rrequency bandwidth
over which the backscatter is iniegrated. Conversely, a pulse of length
At will 'have a frequency spectrum approximately 1/AW wide, so that if a
broad enough receiver bandwidth is uscd, the minimum resolution in time
delay, AT, will be realized. The receiver IF boudwidth of the SFCW
technique is -made purposely narrow (G kHz in the'present'applicatidn)
in- order to improve the -sigunal-to-noise ratio. Since the frequency of
the sounder is always increasing, however, the equivalent bandwidth of
a received pulse is simply proportionui to how lohg an integration takes
in thé spectrum analysis process. The integration time is therefore
inversely proportional to the equivalent receiver sigaal bahdwidth., For
the data presented herein, all of the spectrum analysis was performed
on the -eléctronic- analyzer, which produces 500 discrete outputs which
appear as 500 lines across. the frequency band of analysis., <Each line
répnégénts‘the-OUfput from an individual filter whose bandwidth ié\lﬁsoo
of the total possiblé frequency range displayed, The bandwidth of ‘éach
of these filters .determines the integrfation time required to- £ill them
up with -energy. This integration time, when -multiplied by the sweep
rdte,'gives the frequgncy;bandwiath\ngr which the integration takes
place., The inverse of the frequency bandwidth is the -equivalent pulse
iength or minimum obxrainable resolution cell. It is undersiood here
that the energy from this pulse is by no means fully attenuated outside

this bandwidth; however, the encrgy is so low that its peak may be

determined within the bandwidth,
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From the discussion above, the following expression may

be used to calculate the equivalent pulse length, Ar:

At =

ER

" (3)

($3
[
o

where W = spectrun-analyzer bandwidth, In the experiments it was always

true thut AT was small enough so that resolutions weré limited by the
ionosphere through. dispersion and magnetoionic splitting [Ref. 45}, or
at least the observed changes in amplitude with time delay occurred over
several pulse lengths. Therefore, it will really not be important to

tonsider the effects of pulse length any further,

B. WIDE-APERTURE RECEIVING- ARRAY

The most important factor-determining the feasibility and success
of the work described in this report was the use of -an: extremely widée
aperture receiving array. The design and construction 6f this array was
supervised by L. E._Sweeney, Jr., and has alréady been described in great
detail [Refs. 46, 47, 52]. =~ brief description will be -given here, so
that its charac eristics may be understood: well enough for application

to the backscatter soundings. ) .

1, General Cliaracteristics

The: antenna is a bidirectional broadside array of 256 vertical
monopoles, spaced 30 meters aypart; the overeéll arfay 1ength“is~2.55"km.
The axray axis runs due north and soufh, so that its,poresight,reception
is true east and west, Figufc 9 is a photograph taken. from ihe south
cnd;of the array, The terrain is rélativeiyrsmboth and continuous,. and
the radiation vertical screening angle duc to local footﬁi}ls is on the

ordgﬁiof 2 deg to the west and 0 deg to the east. The vertical monopoles

are 18 ft high, and are fed with 52 ohm coaxial cable, which is grounded
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Figure 9. Wide-aperture receiving array at Los Banos, California.
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s by means of a strip of ground screen 72 ft wide running the length of
the .arrvay. No attempt was made to match the impedance of the elements
to the feed cables, which means that the absolute gain of the array
should -be a marked function of frequency. Quite to the contrary, how-
ever, no prohibitively deep nulls in the array gain appear in its dircc-
tion of maximum "fire" (i.e., the main lobe) as the radio frequency is
sweptq*

The theoretical -3 dB beamwidth of the array varies from about
1 to 1/hwdeg, between- 7 and 30 MHz, respectively. The -6 dB beamwidth
is 38 .percent higher than these -values. Thus, sufficiently continuous
azimuth vaerage between :boresight and 15 3/h deg from boresight is
achieved by phasing the elements so that their maximum reception occurs
at intervals of 1/4,degm This is accomplished by switching various lengtls
of coaxial cable in series with 235 of the 256 clements in order to prop-
-erly: phase the elements to achieve maximum gain in an off-boresight
direction. 'This is called "slewiung" the array and. is quite ccmmon
practice -[Ref. 53, Chap. 4].

In order to economize on cable and switches,. anﬁ in order to be
able to taper its amplitude distribution, the array is first subdivided
into 8 "subarrays", consisting of 32 elements each. A single feedline
connects each subarra& to the main equipment trailer, which is ngdr the
center of the array. Low-noise, wide-band preamplifiers are placed at
each end -of these .8 cables in order to overcome the losses introduced
in the cables. In addition, certain amounts of attenuation are placed
in series with each subarray in order to produce an amplitude tapex

across the array aperture.

* It might be conjectured that the mutual impcdance between adjacent
elements in the array causes sufficient coupling to modify the cur-
rent distribution-~hence improve the impedance match--of cach monopole
at the frequencies of non-resouance.
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Each subarray consists of a “tree" of 32 clements [Ref. 471,
whereby two elements are first paralleled, those two are paralleled with
the adjacent pair, and so on, until 16 elements are finally fed in parallel
with an adjacent 16. Each onc of these conncctions forms a 'sub-tree",
which -has its own slewing network of matching cables, This procedure
allows substantial savibg in the amount of phasing cables and in the
number of switches required for slewing the array in 1/4 deg steps; and it
reduces the probability of switch failure and total attenuation in tho
system, On the other hand, the saving in cﬁble and switches results in
a suboptimum element phasing which increases the sidelobe level of the
array, but does not change the position at which the array's maximum
gain occurs.

Accovding to Sweeney, the sidelobe enhancement is nonexistent
at slews of -0 and 8,0 -deg from boresight, and is relatively insignif-
icéant between boresight and +12.0 deg (i.e., between bearing = 90 ox

270 £12.0 deg)-

2. Mathematical Model

The uncertainties in the element gain and the effect of mutuzl
coupling between elements of theAarfﬁy are of no: consequence in the
research revorted here. However, the azimuthal dependence of ‘the antenna
gain is needed to determine the equivalent azimuthal angle over which,
if the gain- is assumed to be constant at its~maximum, all -of the received
backsiatter power would enter. It will be necessary to know that some
portion of this cquivalent beamwidth is small compared to a period of
polarization rotation with azimuth when range and frequency are constant,

As mentioned above, the array is broken down into ‘8 subarrays,
which are tapered in amplitude. Thus, the receiving antenna gain vs
azimuth, Gr(qﬁk may be calculated by summing the electric field phasors
Irom each subarray, while considering eqch subarray gain pattern, GSA(@),
to be an element in the 8 element array ERefs. 47, 53 ‘
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k=1

where Gro is a constant which determined the maximum gain (for a given

h

elevation angle and frequency), bl is the tapering gaxin in the kt sub-

3
array "'element' shown in Table 1, and Yo is the phase angle on each

subarray, given by

21d

r =
Yoo = X (cos o = cos 60) , (5)

where qr = distance between centers of adjacent subarrays (320 m),
A = the radio wavelength,.
® = angle ‘between main lobe: ("line of fire") -and array axis,
80 = steer angle (slew) of the array,

Table 1

TAPERING -GAIN -OF THE SUBARRAYS

) Atfenuifion
, b ,
o ok (dB)

1, 8 0.35355 | 9

2, 7 0.56233 5

3, 6 0.79434 | 2

4, £ | w.00000 - 0.

For low elevation angles, 6 is very nearly equal to the projected azi-

muth, ¢, of the incoming energy. © is calculated exactly according to:
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cos 9 = cos y cos @ (-6)

where § is thie elevation angle,

The calculation of GSA (cxactly) is not very straightforward,
hecause of the non-optimum phasing of the array elements. As mentioned
preveously, however, the sidelobe enhancement is not very great for slews
up to #12 deg [rom boresight, so to a very good approximation- for these
angles, the well-knowe array factor may be used to describe the normalized

gain of the 32 element subarray [Refs, 47, 53]:

L sin (1GYEL)

G(‘?)=_'"T———-—.5‘ (7)
SA 32 | sin { Eu/g !

where
2,17(101
I 1 6 - cos & 8
YeL 5 (cos € = cos 0) , (8)
and d_, = element spacing {20 m).

For slew angles between %12 1/4 and #15 3/4 deg, Eq. (7) is considered-

to be at least a moderately good approximation [res. 471, Figure 10

shows the behavior of G,(®)/[G.(max)] as a function of azimuth for a slew
angle of O deg (voresight), computed at a frequency of 22,35 hMHz, assuming
that ¥ = 0. deg. As noted, ihe ~3 dB beamwidth o) this array function is

0.32 deg, and tne -6 dB beamwidth is 0,50 deg.
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C. THE CROSSED=LPA TRANSMITTING ANTENNA.

The transmitting antenna which proved to be most useful in the
studies of polarization effects on backscatter amplitude was the crossed
LPA antenna shown in Fig, 11, The LPA's were manufactured by Hy-Gain
{Model LP-1007), cover a frequency range of 13 to 30 MHz, and exhibit
negligible mutual coupling. The front-back-ratio (F/B) of each is 15-dB,
and the horizontal beamwidth of these antennas is extremely hroad com-
pared to the recelving beam, The horizontal clement is mounted 53,5 ft
(16.3 m)and the vertical element, 76.0 £t (23,16 m) above the ground,

As discussed by Epstein rers. 44,45], the antenna had already been used
successfully in polarization studies of waves transmitted over one-way
obliquely-incident ionospheric paths. The design of the crossed~LPA
system and a preliminary analysis of its behavior has recently been
published by Lomasncy and Barnum [Ref. 54].

The antennas are unique in that: (a) the transmitted polarization
may be switched from vertical to horizontal very quickly, and (b) the
antennas can be fed together, but out of phase, in order to produce
elliptical (ideally, circuiar) polarization, wvhich matches the polariza-
tion of oﬁe of the magnctoionic components of the ionosphere (to be .dis-
cussed later). When these antennas are operated separately (oﬁe at a
time)., it will no% be necessary .t6 consider their absoluté gain behavior
{since it is never needed in this gase); Moreover, the polarization
characteristic of cach antenna is linear and well defined, being very
nearly 90 deg removed from tﬁe othér in space at .all transmitting azimuths
and elevation angles used,

By contrast, when the antennas are fed together in order to produce
a given eclliptical polarization, it is neccessary to consider the relative
magnitude and phase of the radiated fields from the elements in the pres-
ence of the ground, The desired polarization for matching the magneto=

ionic components in the ionosphere is circular under almost all
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circumstances (to be shown later). As .shosn by Lomasney and Barnum
{Ref. 547, however, such a condition is difficult ‘to achieve over 2
broad range of irequencies and elevation anglus, Buf it was also-
shown that nearly circular polarization may be obtained over the widest
ranges by placing a phasing line {coaxial cable) in series with the
vertical IPA e™ement in order to adjus{ ’“he relative phase between the
antennas to Ve the necessary 90 deg. For the studies to be reported
here, the electrical length of the phasing line was 27.27 ft or 8.313 m,
and the antennas wére fed with equal power; the phase was such that the
top half of the vertical antenna was in phase with the vright half of
the horizontal antenna, while looking in the:direction of "fire."

The ground underneath the antennas was flat farm Yand, but the
s0il was not ''rich’ and—thereﬁoie cannot be assumed to be 'good"; it
was -thus considered to be “me&ium" ground, with a .conductivity :of
10: mhos/meter, and. relative dieléctric constant .of 10.

Using the -approach described in Ref. 54, the relative magnitudes
and phases of the two LPA's were calculated from the‘éq@n{ions for
their vértical pattern gains (magnitude and phases), whiie*including
the fixed phase-difference intioduced by the phasing cable. With this
information, the calculation of the trangmitted ellipticity, €, and
the tilt -angle; efo; (by which the major axis of the ellipse deviates
£rom. the horizqntal) is :traightforward.* Tnis cualeulation was- carried
on by means of a digital computer. The onpﬁt is plotted in Figs 12
and 13, -Thé~formefrshows how the ellipticity ¢ waries with- elevation
angle for difﬁerepf frequencies. Assuming a‘3§0‘km«virtua1 height In

the ionosphere, the approximate variation of € with slanti runge is also

* If interested, the reader will find the derivation of the equations
for ¢ and ero in Ref. 55, o
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shown. The ditection of rotation of the ellipse is siven by the sign

of the ellipticityé@rigﬁtehanded for a negative sign, and left-handed

for a:positive sign., If the phase of thé antennas were reveised it

wouls be necessary to reverse the direction of rotation [Ref. 547.
_Figure 13 §hOW$ZﬁJW<9rO varies with elevation angle dnd slant range,
When - the ellifiticity is less than»d.Z'or‘so, the transmitted wave is
nearly: linear, and the tilt angle;shows,hdw much its plane of poliriza-
tioh differs from the borizontal. The significance of these figurés wiil

‘pe discussed further when the experimental datd axe interprgted.>
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1. fLeadiug‘Edge" Focusing

Begiuning at the lower left corner of the figure we see- the
1, 2, &, 4, and 5-hop vertical-incidence returns directly from the trans-
mitter, via the (Fall) F layer, as wé increase time delay. Beginning at
5 msec delay, the lower leading edge of the backscafteﬁ émanates frém
the 2-hop vertical-incidence return. Xhis-¢dge represents the "minimum
time delay"” of the buckscatter, and is diiferent from. the delay to the
skip+distahce except at the ‘loifiger ranges, as shown by Peterson (Ref. 7].
ian:d Diemirnger fkef;’B]. The .3-hop verticalzincidence trece produces a
higher leading edjge which is the tiwo-hop backs¢ atter. In. Létwoen ithe
1- znds 2-hop leading edge, a faint trace of a third eage is seen which
‘has :2: components. This third edge is backscatter from the Pacific'Ocean,
via- the westward lobe of the Los- Banhos receiving.array. f:s leadiig -édge
i§ far to the left of the eastward hickscatter because: the ﬁwnosphefiq
density to the west is much lower thaﬁ to ‘the east .at this. tiae of di:
(0724 PST). The iwo cumponents of the westward edge are undoubtedly due
to-magnetoionic spiit+ing (by analogy wiih typical vertical-ini.idence
data showing the "o" and "x" modes){[Refs. 48, 56, 57], which were appar-
ently (buc not clearly). observed by Silberstein [Ref. 58]. Judjing from
the relative strengths of the east and west backscatter, the &ffective
F/h of the transmitting antenna is about 10 to 15 d% or iore. The back-
scatter propagation viewed at these frequencies is entirely by -the'F
layer, and no evidende'éf eitvher normal oxr sporadic E propagatior is

apparent.

2. Discrete Echoes‘

The most important backscatter detail which appedrs to the left
of the l-hop lecading edge in Fig. 14, can be divided in‘o essentially
tvo categories: The lines representing cchoes firom discrete echoes: in

1ghd‘backspamier, and those representing focusing of -the backseatter due

52




1. "Leadingﬁﬁdge" Focusing

Beginning at the lower left corner: of the figure we see the
1, 2, 3, 4, and 5-hop vertical-incidence returns direc¢tly fLrom the trans-
mitter, via the (Fall) T layer, as weé increase time delay. Beginning at
5 msec delay, the lower leading edge of the backscattei emanates‘frém
the 2-hop vertical-incidence return.. This»éﬂge represents the "mipimum
time delay"‘oi the buckscatter, and 4is different from. the delay to the
skip+distance except at the lotiger ranges, as shown by Peterson [Ref. 7]
and Dieminger ﬁRef;’B], The* 3-hop Vertiéaigincidence trece produces 2
higher leading edge which is the two-hop backs«atter: In bétﬁsen ‘the
1= and: 2-hop leading edge, a faiut trace of .a third edge is seen wnich
;hasiz‘cgmponents. This third edge is backscatter from rhe Pacific Ocean,
via- the westward lobe of the Los-.Bahos receiving array. fos leading -édge
is far to the left of thLée eastward hidckscatter because the i mospheric
density to the west is much lower than to 'the east .at this tie of di:
(0724 PST). The two -Luhiponeuts of the- westward edge are undou§ted1y due
to magnetoionic spiit¥ing (by analogy with typical vertical-iniidence
data. showing the "o" and "x' modé&s).[Refs. 48, 50, §7], which were appar-
ently (buc not clearly). observed by Silberstein [Ref. 58]. Judiing from
the relative strengths of the east and west backscatter, the &ffective
F/B of the transmitting antenna is about 10 to 15 (B or iore, The back-
scatter propagation viewed at these frequencies is entirely by the'F
layer, and no evidence :of eivher normal or sporadic E propagatioir is

apparent.

2. Discrete Echoesv

The most important backspattef:detail which appears to the left
of the 1-hop leading edge in Fig. 14, can be divided info essentially
two categories: The lines representing echoes from. discrete echoes. in

1and backscatier, and those representing, focusing of the backscatter due
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DATE: .i0-21-69
TIME: 1524 UT

BEARI’NG=‘{IOQ°(B‘X;
98°(Tx

SWEEP
RATE: 250 kHz/s

INTEGRATION
TIME: 0.1 sec

RESOLUTION

M

LiMIT+40us

DELAY (méec)

23~

3450

— e —

SLANT RANGE {(km).
DISCRETE

15 20
FREQUENCY (MHz)

i 450_— -
27

Figure 14.  Example of SF.‘CW' backscatter data. (Subtract 8 hours from
' UT (Universa! Time) to obtain- local standard time at
transmitter for all SFCW .records.)
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to-jonosrleric irrggularities. The former, .and to some degree the lat- :
g, afeusubjecthdiscusséd'at great length by Washburn [Ref. 18].

There is a third mechanism which can modulate sea backscatter intensity,
and which has an appeérance simiiar to that of the focusing regious;
however, its cqnsideration will be presentéd in the next section.

The nearly hQrizont&l lines in ‘the lower half of the data are
always 'seen in backscatter from tle land, but never from the sea surface.
This fact at cuce dllustrates th~ first uhique feature of sea backscat-
ter, in that its cross section is a very smooth -continuous :function with
azimutb. ‘Washburh [Refs. 18, 19, 49]xhas identified testain echoes of
these tjﬁes as arising from. mountains, and, in :general, it is character-
i'stic of these echoes to jut~6ut to the left of the leading edge of ‘the
backscatter and to possess the shape of a forward oblique ionogram- to
‘the vange of the scatterer (but with the .time delay doubled): If the
.echo is strong enough it can be identificd as Such .even with a relatively :
small antenna,as shown by Silberstein tRéf, 587.. By -contrast, as Washburn
‘showed, when a .narrow beamwidth -antenna is used, it is possible to re-
solve several ionospheric modes in' the echo, aiud observe effects due both
to the bistatic sounder geometry, and dué to the passage of traveling
ionospheric disturbances (TID's). It is ‘characteristic of these echoes
to be rather discréte in azimuth--wifhin the beamwidth of the Los Bafios
receiving array. It is also clear from these echoes .wthat the upper
(Peterson) ray propagation is greatly attenuated, .hence it may be ignored

(except very mear the leading edge).

3. Focusing From Ionospheric Irregularities

The second set of lines at the top of the data in Fig. 14 are
seen: in backscatter from,bbth sea and- land, without distinction (most of
the -data represent backscatter Irom the land). These 1linés are clearly

distinguished from thé discréte scattering echoes, in that they are
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always brodder in range .extent, much less sensitive to changes in azi-=
muth, and typically move with time. F -rthermore, they aré more nearly
horizontal than vertical, but are rarely as smooth and' straight as the
land echoes. They appesr here to be rather evenly spaced and’.alimost
parallel, ‘but these lines will be distinguished from. anothar (new) type
to be discussed shortly.s 7

Scveral authors have observed these fluctuations in backscat=
ter intensity, in both fixed~ and wide+swept=fréquency data [Refs. 50,
51, 59-66] and some havé considered their eause. Im 1957 [Ref. 607 and
1961 [Ref. 617 Tveten reported: Seeing regularly-spaced striations in
F -propagared ‘backscatter signals, wliose rauge varied: with- time. He
associated these with TID's. Dueno sdw ;similar variations [Ref. 627,
Using a more directive antenna, Hunsucker and Tveten [Ref. 63, 1967]
showed that the variatioms. are also a tuiiction of .azimuth~--they are
usually tilted. Recently, Georges and Stephenson [Ref. 597 modeléd
these variations ﬁ§1ﬁg 3~dimensional -computer ray-tracing.

The appbarénce of the lines in»wide-sWept—f?equencg7baékscat-
ter was reported by Bolgiano [Ref. 64, 1962] and Gilliland [itef. 65,
1965]. It was characteristic for ‘these lines to be very nearly horizon-
tal when viewed with antennas having beamwidths of 2 deg (Bolgiaro)
with that of a single rhombic (Gilliland). 'In 1967 Croft [Refs. 50, 667
published an excellent analysis of the striations:seén in Gil}ilandis
data, ‘and some'data’ERef. 50] taken using the Lo§ Bafios array. Using
computer raytracing, Croft showed that the effect of irregularities is
to focus the radio waves onto the»eaxthis surface, over a comparatively
narrow range increment at a given frequency, thereby praducing the stria-
tions. These irregularities almost always oécur more -often in the even-
ing than the morning, and in general more so in the summer, igsé in the
fall, and least in the winter. They are definitely correlated. with mag-

rstic storms in the ‘tonosphére (probably the auroral electrojet [Ref1 63])3
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. and' they occur more often when the .sun ‘shines on the ionogphere more 3

directly.

B. A NEW BACKSCATTER FEATURE SEFN ONLY FROM: TIE -SEA

This section will present data which reveal -inique featuré of ioug=

; spherically-propagated sea backscatter which has been recorded using the

; wide-aperture array. The cause of this feature will then be: hypothesized;, ‘
g and the remaining chapters will .prove it, and will demonstrate the way ?
i ipiwhich‘it may ‘be controlled-

A
!

The records shown in Fig. 15 were recorded by Washhurn

?E 1. The Experimental Data

§ , = - =

3 Figures 15 and 17-27 contain exaniples of wide-swept-frequency

4 backscatter data which reveal this unusual phenomenon. These data were

A recorded: in exactly the same rashionasfor Fig. 14 except that different .
A transmitting and receiving ‘bearings were used, and for Fig. 17 onward (ex-

i . : .

1 -cept Fig.26), only a single LPA was used to transmii to. the Pacific Ocean.

Y ¢
- a. "The Gulf of Mexico

3

during -a study of land backscatter: 'They:are presented here, with his
permission, in. order- to revedl some characteristics of backscatter from

the Gulf of Mexicu. The .data were taken on 20. September' 1968, with the

Lost Hills array slewed to 94 deg. The times and receiver bearings are

indicated at the top of -each record, aund the system paraméters arc listed

Ty e

below: The time delay corresponding approximately to the division bhe=
4 tween land and sea is:also indicated on the data.
Q Applying knowledge already‘ga@ﬁed, wve -cah then see that

several echoes from ‘discrete reflectors occur in the portion from the

TR

i

land, but none from the sea. There arc also some heavy, wide families of

; - Iocusihg lines between (roughly) 16 and 20 msec. The abrupt change in
4 :

4 57
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the l-hop backscattor on the left-which- resembles a leading cdge--has
been recéntly explained: by Croft and Washburi [Ref. 51].. The difference
in brightness change in the right hnif of each record is due to a manual
adjustment of the receiver gain.

The new features in these data are two sets of line fami-
1lies which do not at all resemble the focusing lines, aud which have 23&1
been observed in backscatter from the sea surface. These 1ines~appeér
between 22 and 24 and 18 aud 20 msec (approximately), in two. different
forms. The lines between 22 and 24 msec are clearest on the record for
1954 UT, and those between 18 ahd«20 msec are clearest on the othér rec-
ord. The>former set are quite easily seen, but the latter set 'are less
dirk and more closely spuced-<about 6 pel msec--mdaking them less discern-

itle; more data will be- shown, however, which bring this type out more

- ¢learly. It is characteristic of these lines to be tilted in the range-

frequency display, becoming more nearly parallel to the 1eading,edge;aé*
they approach it. When two layers, are present, causing the second focus-
‘ing edge on the Yeft {Ref. 51], the lines tend to be parallel to it also,
which meauns: that tﬁgy can bécome tangent to the horizontal somewhere be-
tween the two'cdges. This characteristic of the lines clearly distin-
guishes them from discrete land: echoes.

~,Secondly*, the new liies are usually quite parallel and
Yegulqr{y spaced. Betause of thisg, the fact they are seen only over the
séaa and ‘the :above characteristics, make them quite distinguishabie from
thefchusing lines due to ionosphevic irregularities.
recordé of backscatter from the Gulf of Mexico which show these,liﬁes
clearly., It is still not absolutely clear why they occui relatively

infrequently over this path,
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‘b. The Pacific -Ocean

The backscatter paths to the Racific Ocean, where the re-
turn from all azimuths, rvanges and frqquencios came froim the sea surfacn,
prpved to be much better for studying<thesc new lines, since the elfect
is associated with the sea's surface. Figure 16 shows: the geometry of
these paths. A beamwidth of 125 deg is indicated on Fig. 16 fox the
vertical elemenf of the crossed-LPA's, &715—3/4 deg from boresight (270
deg); the single LPA was essontially omnidirectional to the west, with

its radiation about 15 dB lower to the -east,

(1) February 1969

Figures 17-20 are examples of data taken on 5 February
1969, shortly after the westward LPA's had been erccted at Lost Hills.
Referring to Fig. 17 first, it is evident that there dre no discrete
echoes fus we expgct), and only oue clear focusing line «(hetween 15 and
17 msec and 20 to 25 MHz). The 1l-hop westward leading edge is cleal,
and a faint trace of the eastward edge‘ﬁear the bottom of the data is
also present. Betwcen 11 and 15 msec, and 13 to 15:MHz, a second focus*
1ug edge is seen which is either* 2-hop backscatter, or an E~layer lead-
ing -cedge. The latter seems to be the best interpretation.

The backscatlter in Fig. 17 is comparatively smooth and
continuous with range and frequency, -except for the family-of lines on
the data which resemble a thumbprint. Once again, it is seen that these

lines are parallel %o both the left and right (E- and F=layer) leading

edges, and are quite uniformly spaced. The thumbpFint lines are hori-
zont«l only over a narrow fregquency range where they curve down from one
leading edge aund up again to the other. Figures 18-20 show very similar

behavior, except that the line patterns taken on different shapes as

time-of: 43y progresses. Some lines appear below about 10-iisec which are

not as rcleaxr as those above, and which are very nearly horizoutal., It
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DATE: 2-5-69 23 e
e

TME: I91F uT

:BEARING: 270°

SWEEP 1O mimmmmi
RATE: 250kHz2/s <o

INTEGRATION:

TIME: O.1 sec

‘RESOLUT'ON
LIMIT: 4(:‘),9.5

TIME DELAY {msec)

5 | " I . ]
13 d5 20°
'FREQUENCY (MHz)

1914 UT.
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Figure 17.  SFCW backsatier from thie Pacific Jcean on 5 Feb. 1969 at

o e s




DATE: 2-5-69
TIME: 1918 UT
.BEARING: 270°

SWEEP
‘RATE: 250kHz/s

INTEGRATION
TIME: O.] sec

RESOLUTION
LIMIT: 40us

‘Figure 18..

S ST

25 — 3750

 BES] [] ¢
li t Pk ' X' [ ! 5
.:!jvlj 'I L |
23 b et -
© ‘A . ‘.
". sy }‘
[ !r ;1
2l o

-

TIME DELAY (msec)

SLANT RANGE -(km)

FREQUENCY { MHz)

Same as Fig. 17, tbut taken at 1918 UT.




DATE: 2-5-69
TIME:-195% UT
BEARING; 270°

SWEEP
'RATE: 500kHz/s

INTEGRATION
TIME: O.1 sec

RESOLUTION
LIMIT: 20us

TIME DELAY {msec)

s M
q::'v\vt IS li’
wam‘f‘ i

el

FREQUENCY (MHz)

SLANT RANGE (km)

Figure 19.  Same as Fig. 17, but taken at 1953 UT, and the swégp rate:
was doubled.
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DATE: 2-5-69
TIME: 2014 UT
BEARING: 270°

SWEEP
RATE : 500kHz/s.
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TIME: O:l sec
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Figure 20. Same as Fig: 19, but taken at. 2014 UT.
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is probably truc that these are not due to- scatter from the east, and
they are too regularly spaced to be focusing lines. It would appear
therefore, that they are of the same type as those whlich are nearly par-
allel to the F-~layer leading edge. Figures 19 apﬂ;20~show this distinc-
tion most clearly. } 7 -

The data for February 5 werc so encouraging that more ex-
periments were run two days afterward; and as seen, Figs. 21-24 illus-

trate the same things as the above. On this same day, the transmitited

-polarization was changed in certain ways in order to sce what effect it

had on the characteristics of the thumbprint lines. This experiment
gave positive results, but its discussion »+%1l be dererred,.siuce it will
be better understood after the theory for the lines is developed.

Figure 21 is very similar to Fig. 20, except for the fol-
lowing: On both figuvres (and.on the others) there are lines down to 8
msec, but they are not horizontal -on Fig. 21. Therefore, on the latter,
they more nearly rescuble the lines oun the .upper half of the data. Sec=-
ondly, on cach figure there is an E-layer leading edge, but on Fig: 21,

a 2=hop F~layer leading edge emanates j» it to the léft «of that from the
E-layver, and extends beyond 10 msec in time delay. ‘When this extension
occurs, -the backscatter-frequency spectrum tries to cross zero frequency
(at the top of the figures):,, hence begins to "fold over" into the figure,
extending downward, The same is true lWere for the 1—hop~F-1ayer leading
cdge. The seriousness of this effect diminishes quickly as it -progres-
ses downward in (apparent) time delay, sincg this energy lies odtside

the 6 kilz IF pass-band (Chapter III).

In order to examiné the backscatter behavior at these
higher time delays, the time delay window was>reset 2 minutes afterwards,
as shown in Fig. 22. By comparison with data taken with .other systems,
it is surprisiug that the ‘backscatter intensity was high out to 3,400

km-~since the effective rqdiaied power was ohly 2 kW limes the -gain of a
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DATE: 2-7-69
TIME: 1741 UT
BEARING: 270°

SWEEP
RATE: '5C0kHz/s

INTEGRATION
TIME: O,1'sec

RESOLUTION

LIMIT: 20ps

TIME DELAY (-msec)

: o
107 ; l‘ 1500
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25
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Figura 21.
the sweep rate is. doubled.
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TIME: 1743 UT vl ‘
v 23 s . e
BEARING: 270° T ”
SWEEP GG
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Figure 22 Same -as Fig. 21, but taken at 1743 UT. The polarizatson modulation
at the higher time delays is now revealed.
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single LPA. It has bécome clearn; :however, that the receiving -array dis-
criminates against intenfeieucé from other users, which increases Lhe_‘
signal-to-interference ratio. TFigure 22 reveals Lhat the I'ines are ab-
sent in the 2-hop return (1égx), but appear almost vertical in- the J~hop
backscatter between about 17 and 21 .msec. It is clear then that they
can occur out to 3,000 km ranges. 7

Figures 23 and 24 show the behavior of the new line fami-
lies most dramatically. Figure 24 is an - eapanded version of the data in
Fig. 23 vetweén 13 and 17 msec, taken two minutes lator., The lines are
seen to be almost parallel with the l-hop leading -edge, and decreases
their width. and spacing as it is approached. In Fig. 23 it is seen that
the lines tilt less vertically toward the left, and their bottoms begin
to curve, By comparison to the .earlier data, it is conjectured that this
curvature would-.continue if the lines were still resolvable, aad that this

‘effect is -associated with the E~layer leading edge .on the left offFig;'Zzu

(2) July 1969

It will now be instructive to.consider the behavior of
thuse lines. as a function of season. Figure 25 shows SFCW d#ta taken on
30 July 1969, Thg system waé sel .nearly identically as for Figs, 17-24,
(anELthe reéwiving .antenna bearing was the same 6270”deg).7 The snmmer and
winter iomnospheres were much different, however, and at the same time the

new .type of line familie$ cannot :be seen. Evidence wilil Tater show that

the liney -might be seen at the ionger ranges. To check this, the upper

portion of the backscatter was expanded between 16 and 24- msec. There

are .a few veértical enhancements in.this data, but most of these scem to

b2 dque to intérieriug stations. SomeXQ£>the Jines around 20 msec, and
between 22 and 24 msec -could be real. It is quite clear frem this and
other data, tﬂht, in -general, the summer backscatter has a groat‘deai

more ‘irregularity in its structure than in. the winter, and correspoadingly,
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DATE: 2-7-69
TIME: 1818 UT
‘BEARING: 270°

SWEEP
RATE : .500kHz/s

INTEGRATIGN'
TIME: O.1"sec

RESOLUTION
LIMIT: 20pus

TIME -DELAY (sec)
RANGE (km)
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Figure 23.  Same as Fig. 21, except -at 1818 ‘UT.
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_ DATE: 2°7-69 166 H
- TIME : 1820 T
BEARING: 270° 16.2 =
F«  SWEEP

RATE 500kHz/s
S INTEGRATION:

TIME: 0:25vec 15,4 wrks

o

; RESOLUTION ey’
: LIMIT: 8is. 15.0 aa w 2250

i

TIME DELAY {msec)
SLANT RANGE (km)

’" , v!* %

e et e B g st wpotsy
" wa o,

A

3.0, ilJ‘;.L.. 0 R .
3 15 20 25
FREQUENCY (MHz)

Figure 24. Same- as Fig. 23, except that the time is two minutes later,
and: the.-portion of the data between 13/ and' 17" msec has
been- expanded tc show more ‘detaii. -
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BACKSCATTER FROM PACIFIC- OCEAN
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Figure 25. SFCW backscatter from the -Pacific Ocean on 30 July 1969.
- showing that the mew modulation was not detectable at
that tin.2.
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many more focusing, lines. It so far secems that the thumbprint-lines .are

simply not resolvabie, except occasionaliy, in summextime -backscatier.

(3) October and; November 1969

By contrast, it was already shown that they were seen in
September 1968 (Figf 15)r and’ Figs, 26 and 27 show that once égain they
apprared in -the autumn, The data in Fig. 26 were taken by transmitting
from Stanford, rather than<Lost Hills, using a bi-directional rhombic
antenna, Because it was late in the afiérnoon (locally 1714 PST), it
was possible to isoiate the westward backscatter from the east as
designated -on the figure. Once again, the line families appear in
regular spacings,. nearly parallel to the- leading edge. It is also note-
worthy in Fig. 26 that the lines can he éeennright‘Up to the eilge .of
backscatier-~-which usually does not happen, The .explanation fof this
is that the upper- CPederson) ray propagation. wvas attenuated all the way
to the backscatter focusing edge, which.may have résulied from reduced
radiatica at the higher elevation anples by the rhombic antenna.

The data in Fig. 27 were -also taken in fthe afternoon, but
several days later, usihg the singie‘LfA;qt»Lost Hills. These data look
very similar to those in Fig. 18, except that thére gre less focusing

7irrégu1dr§tig$ presént _in the.iatten.

2, -Conclusions

_It may generally be concluded from the «data that:

(&) The newly observed line families are never seen in back-
scatter from: the land.

(b) They are nearly always seen in the awtumn and winter
-during daylight hours, in backscatter from the Pacific
Dcean,

(2) They are very rarely seen in the summer, and then only
vaguely. )
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DATE: 10-22-69 3
TIME: Ol14 uT '7""
BEARING : §70°(Rx; - , .
1270°(Tx . 5 e Ll ?
: LEADING
SWEEP o 3 gy~ EDGE
RATE: 100 kHz/s s "
o |5
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TIME:0.5 sec >
- . <
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Figure: 26. SFCW backscatter from the Pacific Ocean on 22 October 1969:

) transmitter at the- Stanford .campus rather than Lost Hills. The
backscatter from east and west: is separated: by virtue of the -
late time of day {0114 UT, 1714 local time at transmitter.)
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DATE11-5-69,
TIME: 0052 UT
BEARING:+ 270°

SWEEP
RATE: 250 kHz/s

INTEGRATION
TIME: Q.| sec

'RESOLUTION
LIMIT: -40pus

TIME DELAY (msec)
SLANT ‘RANGE (km)

13 15 20. 25 30
FREQUENCY (MH2)

Figure 27. SFCW Lackscatter from the Pacific Ocean on 5 Nov. 1969.
Transmitter .at Lost Hills. -
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(d) It is characteristic of the lines to be more nearly
parallel to the main leading edge of the backscatter,
and to increase in number .as thcy approach it.

(e) They are clearly distinguishable from both discréte
echoes and focusing lines; however, they can become
horizontal over a certain frequency .rangé when an
E-layer leading edge is also present; since they can
curve around in a manner resembling a thumbprint,

(f) They are most clearly seen at ranges below 2,500 km,
but they can also appear at ranges beyond this.

3. Hypothesis

To form .a hypothesis to. explain these lines we must first .ask
ourselves what is different about the scattering behavior of the sea

surface, and we must account for the fact that the lines have probably

-never been seen before.

a, Continuity of the Sea s 06 and the Effect of Swells

The conclusioy: of Chapter II predict the sea surface to

have a nearly uniform, -or slowly -varying cross section per unit .area

with azimuth and range. This model should hold true except when large
wave swélls travel through. the scattering area under observation, since
these swells are not .predicted by theory, and they can represent a sizable
discontinuity in -the sea surface struéture. The backscatter from these
swells should have a high doppler shift (since they move faster) when the
radic waveléngth is correct for .coherent (Bragg) reflection. Addition-
ally, if the sSurrounding (steady-state) sea is moderately calm, the

amplitude of the backscatter from ‘the .swells -should be quite strong at

~those correct frequencies. Foilowing this line of xhoughtAIurther,

imagine a swell wave tirain emanating from a point source, thereby causing

the wavefronts to expand outwards in concentric shells, Suppose that one
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thel, illuminates this whole system of waves with a relafively broadbeamed
antenna (1ike a. rhombic). The scatter from the swells will be a maximum
when the wave spacing--normal to the .direction. of radio-wave pﬁbbagation-f
is an integral number of half the projected radio wavelength, But, the
range at which this comstructive interference occurs exactly .should be
frequency dependent. “Thus, there will be a line of'amplixude<enhancer
ment in a range-frequency display of backscatter, for each harmonic number
of radio half=wavelengths. This could result in families of lines which
could then be tilted with a negative or positive slope, depending upon

the direction from which the swells came (Which way thé wind was blowing):.
Maldrew [Ref. 32] believes that he saw this exactly, and the above ex-
planation is his. He was stationed in Ottawa, and used a rhombic antenna,
He believes that the lines could not have been caused by any ionospheric

phenomena, and gives good evidencé to support the Atlantic-Ocean swell

‘hypethesis. His arguments are quite appealing, and: evidence will be

given-laterrwhich suggests that a rhombic antenna is ﬁuch too -small to

use in seeing lines like those ravealed in Figs. 17-27.

Muldrew's observation is, the only one of its kind, His
-proposed technique ceuld very well ‘be used as,.another aird. to the detec~
tion of storms at sea:which generate &afgg sweélls. TFor the present, it
ig sufficient to- note thht'h@s type of observation. is not seen nearly
as regularly as the thumbprint phenomena. Moreover, the appearance of
the swell lines is different, in that they are not parallel :to the back-
scatter leading edge, and they sometimes bend in the ‘opposite direction.
It is safe to say that the sea surface normally does not contain. large
swells. travelling through. it, with sufficient amplitude to override the
backscatter from the more numerous, iore closely-spaced sea-wave componénts--
as assumed: by the {heory. It is therefore safe tqrsay that the thumb-

prints are not due to backscatter from swells,
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“ b, The Polarization Dependence of the Sea's .
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The other property unique about the sea surface is that

not only is its sc¢atter magnitude reiatively constant over a large area,

but as shown in Chaptexr II, it follows that its polarization. dependence

will bé alco. In fact, the sea. should be most neariy a vertically-

polarized reflector at low eclevaiion angles, except perhaps for exiremely
rough seas,
By contrast, .reflectors on the land can, statistically

speaking, favor any -polarization., It has been felt by some [Refs 15, 11]

QML AT LAY S RN D

that on the average the Yand also favors vertical over horizontal polar-

-

ization. This may be true, but measurements. of localized areas do not

séem to confirm this: Indeed, Ranzi [Ref. 67] found that the "background”

Sy oy

scatterers seemed to favor ¥értical polarizations, while large discrete

g ‘echoes from powexr linés and mountains favored horizontal polarization.

% It is therefore true that when a narrow beam antenna is used, the small

? slice of terrain appearing in one resolution ceil can have a polarization
é' dependence different tlian the adj. <eat cell--such as-when comparing scat-
;’ ter from vertical metai'poles or trees, tpo horizontal .power lines.

ék

T
-

c. -Hypothesis

- Lastly, it must be considered that -the thumbprint linés

e S ST

:have probably never been seen before, -and 'a. very important .difference

3

between the author's:'séunder and others, is that the Los Bahog array is

the widest-aperture antenha ever built to operate at HF. “The apperance

SIS LI g LT 2 At e S

of the lines is- therefore probably associated With antenno beamwidth,

ey

KD

Because of the last property, the lines may be presumed

to be associatéd with ‘some phenomenon in the ionosphere. The only

TR

phenomenon which might be sensitive to antenna beamwidth is that which

causes the plane of pnlarization of down-coming radiowaves to rotate with

~
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range, frequency, and azimuth-~Faracday rotation., The [lact ithat the sea
cross section and its polarization dependence is uniform from one -posi-
tion to the next, makes it possible four the amplitude of sea backscatter
to be a function of range and frequency accoxding to the instantaneous
value of the radio wave polarization. For instance, providing that the
polarization does not rotate appreciably acfoss the main rpceiving beam,
then if at a fixed frequency and range the polarization comes,-down -hori-
zontal, very little sea scatter will originate, By contrast, if the
polarization comes down vertical; and if the receiving antenna's polar-
ization. is correct, a maximum in backscatter amplitvde will be achicved
(ignoring focusing and scattering irregularitiss ié the ignosphéfé).
Thus, the fact that the antenna is:big»pnough makes this phenomena pos-
sib¥2, ond the continuity of the sea'’s icross-section magnitude and
polarization dependence make it appear  only in sea backscattér., This
is ‘thé” hypothesis, and the rémaining chapters will introduce sStrong

evidence in its. favor,
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V. THE MODULATION OF SEA-BAGKSCATTER AMPLITUDE BY
. POLARIZATION ROTATION {'THEORY)

RSEE A Ui ety

The purpose of this chapter is to provide a theory, ‘based on the

nypothosis stated- at the .end of the last chapter, which will be -used to
explain, the "thumbprints’ i1 swept-frequency sea backscatter records,
The first section will discus$ the concept of "polarization votation,”
' which will be applied in the development of the theory.. The theory

assumes only that ordinary and extraordinary modes are equally atten-

T T PR N I
- ' PR

uated in the ionosphere, and that they are circuiarly polariiedEWhen

exciting the ionosphere. The simplification due to a mohostatic ‘sounding

% geometry will then :be shown, and the fourtli scction will express the con-
g ditions under which- the "po}érizatioh modulation' will be present, The

; 1hst section  wiill demonstrate the ‘use of an aproximate computey»faytfacing
é technique to synthesize model backscatter data which show ﬁhe'ﬁéw modu-=
% Iation, The next chapter will show experimgntal data which verify the

% theory.

é A, THE ROTATION OF POLARIZATION AFTER AN«IONOSPHERIC‘REFLECTIO§

%l It has lgﬁg been known that the earth's magnetic field will affect
% f the propagation of ‘Fadio waves, Ratcliiié [Ret. 68]), Buiden [Ref. 57],

5 and others have given excellcnt,historicai accounts of the development

% -of icnospheric research. Ratcliffe points out that the work of his‘book
? ‘was-mainly based on the theoretical work. published by Appleton in 1927

E [Ref. 69J. Appleton's theory derived an expression for the -complex: re~

E Tractive index in the iohpéphere; which was fully -published by 1932

? [Ref.‘70], In 1934, Booker [Ref.,71],interproted-t@e‘equﬁtions with

; regard to polarization, andfhis conpiusions are summarized by RatéLiLfe
] 95
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[Rer. 681, 1R 1952, Snyder and Helliweli Dief. 72] publishud a
"Universal Wave Polarization Chart for the Magneto<ionic Theory,' wliich-
is quite helpful in visualizing the behavior of the polarization of
radio waves,

In Appleten's results from Ratcliffe (Rret. 68], it is seen that the
éarth“s magnetic ficld. causes the energy of a linearly polarized wave
to split into two ¢lliptically polarized waves, which travel vith dif-
ferent phase and group velocities, and. in general do not fo;low the
same ionospheric paths. The proeéss is called magnetoionic splitting,
The two waves have the "characteristic polarizations™ of the ionosphere;
these are usually denoted the "ordinary” and "extraordinary," for the
waves whichr are least and most affected by %he-earth*s magnetic field,
respectivcly.

In the cvent that an.elliptically polarized wave is trangmitted
into the ionosphere, it will also be broken down into the two character-
istic wnves;'bgt the components will have unequal amplitude., In fact,
if one transmits a wave which cxactly matches one of the characteristic
polarizations of the ionosphere, the other component will nét be excited
{excapt to a small degree, perhaps, duec to the fact that -the ionosphere
i: -wu completely homogencous), This will be discussed later,

When both ‘magnetoionic components are excited, two- phenomena occur,
If the experimenter transmits a short enough: pulse of energy over a one-
way path through the ionosphere (and if the ionosphere will suﬁborf the
necessary pulse bandwidth), he will observe that the received energy will
be sblit into two pulses, delayed-by O to 4 psec,. due to the difference
in +he group velocity of the "o and "x" modes, Usually, one sees a
deiay of 1 to 2 psec, On the other hahd,»ii thé transmitted pulse is
leager than the time-delay scparation or-the "o" and "x" modes,rif the
receiver bandwidth is too narrow to rcsol;e the Fourier spectrum\of‘xhgr
stort pulscé, or if a range-extended backscattering surface is used{

one will obscrve that -the -energy from the two characteristic waves

G6




N will add, Tn the duthor'§ work, it will always be assumed that the "o
¢ and "x" modés are géver resolQed in group time delay; however, if the
reader is interésted in considering the effects of the latter, .and. the
implications- on usable receiver bandwidth, he is referred to the excellent
work done by Mark Eps.ein while working at Stanford [Refs, 45,73].

When the energy Lrom the "o" and "x" modes add, the difference in

; their EEEEE velocities, -cause the resultant polarization to vary accord-
?1 ing to the phasc difference between thé two modes. Assuming that the

; attenuation .of the two magnetoionic components is equal (which is es-

% pecially true at higher frequenbies), then the resultant polarization

E‘ will be linear, aﬁd'its oricntation can be anywhere between vertical and
1

4 chorizontal, When one uses a linear antenna he will see the amplitude of
? a received Golxage vary with time, and it will reach a maximum when the
é arriving polarization is aligned with the antenna. Eckersley [ﬁef. 74]
2 .obscrved this as early .as 1929, after Appleton's theory had just been

% published, 1In 1935, Martyn and Green (Ret. 75 ] measured therpolarization

of downcoming radiowaves from nearvverticai ihcidqnce.

A cleay demonstration of the éffect of o-x splitting (when the two
modes: are not resolved in time delai) was given in 1958 by ledlund awd
Edwards [Ref. 76), Thesz workers used 100 psec pulses, which were tr.us-

mitted over a 1000 mile oblique path, using only 1-hop F-layer, lower

L AR e T LR
R

ray propagation, Thegpulses—weré received on both vertical and horizontal

1

b antennas, from which it was -observed that the signal amplitudes faded with
A  the same period, but exactly out of phase, This is usually called "Faraday
i B ) d o ke

1 rotation," and has heen described in detail by several authors [Ref. 77
{ : as an example ]

b Appendix A is included at the end of this report in ordexr to show
“ : .

;A how Faraday rotaﬁ@pﬁ develops, An unambiguous expression is given with
o s e P - . y

: which the instantaneous value of polarization rotation, , can.be com-
2 ! 1!

o . )

3 - puted, This is given by -

- . '
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where ko is the freespace radio wavelength, and Rx is «the polarization

of the extraordinary (x) wave when exciting the ionosphere (given in A
Appendix A); Ustally the QL approximation holds, so that when the down-
coming waves are parallel to tne éarth's magnetic field, Rk = +i, and
when they are anti-pa¥allel, R =i, When X << 1 (Appendix A) the phase

paths Po and P‘c arec given by

PO = Iuods
o path -
(a12)
= "1 d
P Juoas
X path

where the o and x paths are in general ‘different, The refractive indices
for the o and x modes, uo and ux, are functions of -the radiofrequency, f,
the electron density, N, the earth's magnetic field intensity, H, and
the direcction of propagation, 8, as commonly noted in ionosphéric texts
[o.g. Ref.,GS]. It is also seen that uo Z‘Hx’ but it not necessarily
true that Po 2 P¥ between tweo- points, as sométimes assumed,

The expression for Faraday rotation is denoted by the instantancous
value, fﬁ, not the total‘vaiue, (%, as it is usualxy referred to [e.g.,

Refs, 44, 81, 77], since the latter only has meaning when it can bé shown
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that R* does not chgnge éign‘during»the integration to detérmine Po‘anq
Px. Dulk [Ret. 77] used a-techniqﬁe which sometimes ovércomes this
problem, which will ‘be discussed. later, For the“present:purp6se, it is
sufficient to note that the concept of "polarization votation in. the iono-
sphere” is fictitious Lor oblique ionospheric propagation, since the o

and x modes follow different paths, and it is therefore necessary to con-

sider 'polarization rotation as the sum of two separate circular waves,

according to Eq, (A15).
Hereafter, the subscript "i'" wili be ¥emoved from fg, but it is
understood that, the instantaneous valuc of polarization rotation i's

still assumed,

B, 'THE MODULATION OF SEA-BACKSCATTER. AMPLITUDE BY POLARIZATION ROTATION

Since the expression for Q is a function of £, N, H, and 8, in-
tegrated through the ionosphere, it is cleay that Po and P# (hence 53
arce functions of {frequency, range (or time delay,. T) agd.azimhrh, o,
Indeed, by constraining thw range and azimufh té6 be constant, Epstein
[Rets, 44, 45, 78; 79, 80]%obsepved;the.vgriafion of Q with changes in

frequency, Croft [Refs,'SI, Szﬂ‘wrotg a computer -program based on Dulk”s

-method [Ref. 77],’With which he approximately calculated Q versué:ﬁange

at a. constant ireqdency and azimuth, Using: the same program it can dlso
be shgwﬁ that Q varies with azimuth at! a constant range (or time delay)
and frequency., ) 7
‘Returning to Eq. (A15), the effeét of polarization rotation on
backscatter amplitude must in some way 'be -derived- from the way in which:
ordinary and extraordihary:modes,return to the receiver and inteviere--
according tc their phase pgth,difierenceéa Additionally, this interfer-
ence musi. be céhtained in some cxpression- which can bé integrated over

the frequency bandwidth (Af), the time delay resolution ( AT), and the

29
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azimuthal beamwidth (Agﬂ specified by the sounder, in order to- yield the
received power,

Qualitatively, the process by which the backscatter modulation is
produced is as follows: a wave is transmitted via the ionosphere, and
if its polarization is dinear, it generates equal-amplitude 6 and x waves
which .travel to the rough surface of the sea, Ipr: general, there are an
infinite number of such "rays" which emanate from all elevation angles
and azimuths, Each of the characteristic waves strikes the s=za surface,
and if its polarization is linear, i scatterns new-o and x waves which
arce returned to the receiviig antienna., The net result is that the re-
ceiving antenna sees o and x waves, which add up lo produce a iinear wave
whose orientation could change to produce an amplitude modulation on the
received echoes; this is termed "polavization moduiation,” By coaparison,
if the transmitted polarization is ciccular, only one characteristic mode
is excited, and if the sea were polarization-independent, only one mode

30ald- be reflected--thereby causing no modulation at the receiver., If

in the latter case, the sca still generated o and x modes from the -single
mode transmitted, the interference at the receiver would exist, but would
be different than in the first case, The same would be ‘true if the sea
were polarization-independent, but the transmitter excited both charac-
teristic ques. '

To model this behavior, it must first be realized that each mode
which is returned to the receiver is gated out in time delay by the
cquivalent pulse resolution (and avcrqged), so that fhe constraint on
these modes is that their time delays are all equal, This may be con-

trasted to the onc~way communication path, in which the ranges -of tie

modes are equal, Therefore, let us consider a particular .time- delay,

using a fixed frequency. Furthermore Sweency (Raf. 47] has shown both
exper'mentally and by using ithe 3-dimensional raytracing program developed

by ESSA {ret. 833, that the lateral deviation of o and x rays is less
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than the beamwidth of the receiving array, so that a particular azimuth

may also be assumed at which the o and x modes will have equal amplitude,

Since the scattering surface has uniform characteristies from one point

to the next, it scatters exactly the same from point to point, so that
the constraint of constant ground range need not be made,

Thus we willi assume constant f, T, and ¢, and derive an expression

) for the ampiitude of the received energy for these particular parameters.

(Later, the expression will be integrated over th: sounder’'s Af, AT, and:
A¢p) To form such an expression, we must account for the modes which
arrive at the receiver with exXactly the same time-delay. There is a
transmitted ordinary mode (ot) which scatters and produces (in .general)

both ¢n o and an x mode, Assume that the o mode is received at ithe cor-

rect time and label it or. The x mode will, however, not return with

the correcct time delay, so it is necessary for another transmitted o mode,
labeled oé, to produce the received x mode (x;) which will -detrive the
correct time delay, Likewise, the xt mode produces -an xf mode, and the
x; produces the‘oé mode. Therefore, in.general, the receiver adds 4 modes
(or, o;, xr, x;) to produce thp‘nef amplitude of ‘the received energy.
Figure 28 depicts the model just discussed, -except that, for con-
venience: and simplicity, a monostatic sounder geometry is-depicted and
the relative separation between the sounder and scattering points is

greatly exaggerated, It is dindicated that the o and or mcdes follow

t
exactly tbe same path (since their time delays are equal by recipro-
city), but this does not in general hold tiue for the bistatic geo-
metry. This is also true for the xt and xr modes. As seen, these modes

land on (and scatter from) different ground ranges, but it is remem-

bered. that the total group paths for the recturned modes are equal,

. Sy s ’ . . L
Likewise, the x1 mode is scattered from sumewhere in between the o
q ) r

and Rr modes, in order for the time delay of all thyee modes to be

equal, The same is true for the o; mode. By symmetxry, for the mono--~
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static sounder, ihe o; and o; modes follow identical paths, as do the
xz and=x; modes., This will not hold true for the bistatic case, however.

Thus, in general, there are 4 transmitted modes, 4 points of re-
flection, hence 4 received modes for the bistatic geomelry, as depicted
in Fig. 29. The four rode combinations are depicted as (ot-- Or)’

(xt-- xr), (gé-- x;), and (xé-- o;), the time delays of which are equal.
This case will be considered first; then the next section will illustrate
the simplifications which result wheh using a monostatic sounder,

We can proceed to define the phase paths, hence the equivalent
polarization rotation of the returned mode combinations. It will be
convenient, however, to divide this intb 3 classes: 1) The sounding
antennas and scatterer are lineariy polarized, which proceeds directly
from thé above; 2) the scatterer is polarization-independent, but the

sounder is linear; 3) the scatterer is linear, but one of the sounding

:aantennas is circularly polarized.

1, Sounding Antennas and Scatterer dLinearly Polarized

The total phbase paths of the two returned o modes, pol and

P and -of the x modes, P and P, can be written as:

o2’ x1 x2

= + P
- ol ot or !

= P + P

02 xt o’y ? (o)
= P  + P

pxl xt xr !
= P + P

px2 o't x'y !

where P denotes the phase path of thé o, mode; P , the o mode,

ot L or e
ete, A fixed frequency, time delay, and azimuth are still assumed, For
reference purposes, assume that all of these phase paths are calculated

or measured when the sounding antennas and scattexer are all vertically
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Charactéristic-wave: modes at the backscatter. surface;
‘for a: bistatic sounder.




polarized, The effect of other linear polarizations will be accounted
for later, We can then sum two pairs of o and x modes, to form two
linearly-polarized resultant waves at the receiving antenna, This sum-

mation is most easily understood by taking P ~ P and. P - P
ol x1 02 X

2,

which gives (after rearranging terms):

1

P01 - pxl (por - er> * (Pot - pr) !

p02 E sz 7(po'r B px' ) "’(p ¢ i Px‘ )

(10)

Equivalent polatrization-rotation angles, Q, are defined from

thése phase paths according to:

3 R

? a AT o - . _ X

f 1 Ko [(Pof pxr) (Pot th)]’ilnxl EXTT !

(11)
? A m Rx

6 8, = A_o [Py s = ) = Py = Pe)] J._II?:'— EXTT

: |

g The term‘Rx/ilel is equal to 1.0 times the sign of Rx’ and it will be
? the same for Ql and/Qz, since- all four modes .arrive at the receiver

E very closely spaced., In order for the sign to be different, it would

% be necessary for d downcoming mode to be "QL" ‘with cos 6 positive in

Z c¢ne case, and -negative in the other (Appendix A); this condition is not
; likely to occur. Furthermore, in oxder to verify that the sign of R

E did not chiange for all of the experimental conditions -used by the author,
E Rb and Rx were calculated at the bottom éf the ionosphere (height =

% dekm), assuming X << 1, for the antenna bearings, frequencies, and

; elevation angles used in the experiments. It was found that from Lost
s

:

Hills and .Los Bdgosvthg sign of R‘ was always negative for reception,
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and positive for transmission into -the ionosphere to the west, These

signs are reversed when gounding to the east., Moreover, it was deter-
mined that the "QL' approximation was always valid for the exiting or
entering waves--which means that they were nearly circularly polarized
21l the time, Allowing for the sign of Rx to be (+) or (-), but the
same for all modes, we can define the following equivalent polarization

rotation angles:

Q 0 (p » )
r A or = xr !
o
n )
= 4 —_— =~ P
& A (p t xt) '
(12)
T
Q' = &£— (P, =P
T A ( o'r x'r) !
o
4
Q) = +— (P < P l
t A (o’t x’t) !
o
such that & = Q +Q and Q = Q' - Q' . 1t is not clear how the
1 r t 2 r t

paths for por and er, and the others, are determinéd,, since the con-
straint of constant time delay applies to the resultants given by
Eq. (9). Thus it may be difficult to calculate these angles for
the bistatic geometry. For the nioment, however, it is only necessary
to see that they exist, and that their net signs are determined by
whether the difference in their respective phase paths. is positive or
negative, Section 4, below, will discuss. this furtber.

Thus, one receives the equivalent of two linearlyepolarized waves,
which, when they rotate with time, frequency, time-delay; or azimuth
can produce a modulation on the received pdwar. However, note that

the reference at which. the various phase path differences are measured or
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calculated, has been -Gefined .as that for which the sounuing 5nteﬂhas and
scatterer are all vertically polarized. T¢ account for this, it is

first noted that Qr and Q; have phase path terms which include only o

and x paths from the scatterer to the receiver. Likewise, Qt and*f%

contain terms for o and x modes sent from the transmitter to the scatter= -
er, Hence, if the transmitting antemnna is rotated from the vertical

by some angle, this angle will modify the .phase paths forming Qt and Q;
by an amount which is equivalent to a polarization rotation., Thus, if

one stands behind the transmitting antenna, the angle between its polar-

ization and the vertical; measured in the CW -direction, is equal to an

equivalent positive polarization rotation, denoted Aﬂt' Then, if the

scatterer is linearly polarized, and if its zangle rglétiye to the vert-

ical is measured CW when viewing it from- the transmitter, then this

angle will tend to subtract from Aﬂf (i.e. the scatterer and transmittex
polarizations becomé more nearly alighed). Call this scatterer angle )

Aﬂgt} which is thus positive Wheh<measured in the CCW direction as
viewed from the transmitter. Following the same reasoning, the .energy
is retrensmitted from the scatterer with a poiar;zption-rotatioh~"lead"

in the positive directioén when ‘measured in tye CCW direction when viewed

from the receiver. This angle is denoted AQsi’ and 'is equal to AﬁLt
-]

when the scatterer has the same polarizatiqn‘when‘vieﬁing both the

transmitter and receiver. When the receiving antenna is approachked, its

angle from the--vertical, measured in- a CW direction- as viewed from

behind it, will add an amount AQ . Calling Q , Q' , & , and ' the
r rn°  an tn’ tit

“net' polarizations, then all of this is summed up :as
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Q Q + A0 + AQ
r T 3

™ S
Q' = Q'+ A0 + A ,

rn by I sr ‘
B, = Qv M0, )
Q;n = Q; + AQt + Aﬁgt 3

where X7 and AQt are pusitive when measured .CW and when standing
1 [ — = —— ‘ =

behind the antennas looking towvard the scatterxer. Likewise, Q and

P —

~ - =~

Cgt are CV positive when 1ookingitbwafd the sourdler from behind the

— e ——— ——

—

scatterer,

Aésuming that the downcoming modes ars .¢iréularly polarized, we
can now write down the general expression which describes the way ih
which polarization rotation will modify the. received backscatter ampli-
tude. We noie that we receive the equivalent of two linearly-polarized
waves, whose planes of polarization have rotated through angles of

(¢ +0Q )and (Q° - Q) respectivély, with respect to the position
™ tn rn tn : —

of the receiving antenna; Heiice, if we define

A = A0 o+ MY+ MO+ AQ )
r t sr st

(14)

! — A - 1o -
e R P L

then the ielative (RMS) receiver voltage, v (normalized to 1.0) is

given by

Vo= %Jcps (Qr + Qt + AQ) + cos (Q; - Q: +.AQI)1 . (15)

r

(sounding antennas and scatterer Ilinearly polarized)
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This expression is generally applicable when the sounding antennas and
scattérer are Yinearly polarized, but not necessarily in the sam2 way.
This- result is very interesting, because one could change one or
both of the sounding polarization and then note .a change in the back-
scatter power at some frequency, time delay, and azimuth, As an example,
suppose that the receiving antenna and scatterer are vertiicaldy polarized
and fixed, but that the transmitting antenna is switched from vertical

to horizontal, From :the above, when the transmitter (T_) is vertical,

Py

Y = A = 0, but whken it is horizontal AQ = AQ/ = * ﬂ/2! so
that
T t) = % + : -
v, ( . vert) %|cos (Qr Qt) + COS ((E. t)l ,

(16)

T 1‘ i = .1‘ i ‘ + i C’ - - , ~L *
V., ( « ioriz) %|sin (Q} + Qt) sin ( L Qt)l .

Thils, in general, anoticeable change in receiver voltage Qill occur when
the transmitter polarization is switched -between vertical and horizontal--
providing that the condition .of "fixed" frequency, time-delay, and

~azimuth. is approximated,

2, Sounding Antennas Linearly Polarized, Scatterer Polarization

Independent . o ' -

If the scatterer is said to be “polarization independent," it
is meant that it will scatter the same mode which impinges upon it. An
example of such a reflector is a large, flat copper sheet. If a CW-
circular wave strikes it, it is reflected as a CCW uwode {when viewed from
‘behind the waves in each:case). Both the incoming .and reflected waves
will satisfy the condition in the ionosphere which enables both of them
to bxopqgate as o modeg or x modes; (i.e., the sign of cos © is different
for each direction, thus accommodating the different rotations of the two

~modes). Hence, an o mode will be reflected as an o mode, and .an X mode
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/
as- an x mode., Therefore, the cross-coupled modes combinations, ot -— X
7 - 4
and xt - oT, arc ecliminated,

Then, referring to Eq. (12), Q; = Qé = 0, so that
= Q Q Q 7
v, | cos ( MR )|, (17)

(Scatterer polarization independent, antennas linear)

where it is also true that A = A2 =0, so that AQ = &Q + &Q , If

' sr st r t
we specify the recciver to be vertically polarized, then AQ = AQt’ Hence,
when the transmitter is vertical, A&Q = 0 and when it is horizontal,

AQ = 1/2, so that

' Q Q
Vr('lx vert) |cos ( L t)l ,

(18)

it

v (T horiz) |sin (Q, + Qt‘)l .

This expression says that the peaks and nulls will .exactly intérqhange
in the (hypothetical) backscatter record=-manifesting changes in

(Qr + Qt) with changes in time delay, frequency, or azimuth--when the
transmit polarization is switched from vertical to horizontal.

We see that if the scatterer were polarization-independent, and
if (at least) one of the sounding antennas were circularly poldrized,
then we eliminate the reception of all ‘but one of the four modes. 1In
this case polarization rotation would not occur. Likewise, if both the
transmitter and receiver were circularly polarized, polarization rotation
would again be eliminated. Hence only one moré case needs to be

considered. -
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3. Scatterer Linearly Polarized, One Sounding Antenna Linear,
the Other Circularly Polarized

G raui oty

- In this last casc, we receive only two modes., If the receiver

is vertical, and the transmitter circular, the received phase paths are

i ven

gt o

Pol and qu,‘or P02 and‘Pxl [Eq. (9)]) depending upon whether the trans-

mitler excites an o or x mode (rcspectively). If we reverse these

polarizations, then the received phase paths are Po and Poz’ or Px

1 1

and sz.

We must now combine these phase paths, subtracting them in

R i el 2 oo e

such a way that a difference between an o and an X mode exists. The

results have a different form than before, and new angles, denoted Q;

ki“r&;‘fw ¥

must be defined. These may be listed in the same order above, as:

b0y}

i

. - Rx-LINEAR
5 '/
4 . = & — - / o0 000
ﬁ ) Q1 Xo [(Pot * Por) (Polt + Px’r)] ) TY-o MODE
3 p
E i “ ) - RY-LINEAR

Q = i —— P P N - -~ LI I I N

2 A [( x't * o’r) (th * Pxf)] T_- MODE

G Lt

R -o MODE
X

' = =L [(p P ) - (P 1 ...
A [ or T ot) ( x't T Po'r)] *T_~LINEAR

g :‘Ta ’STJ'AE (DT pia

R -x MODE
X

Q" = = [(p + P -(r + Ceees .
4 A [ o't x'r) ( xt pxr)] ’ T _-~LINEAR

To- account for different orientations of the linear elements
(492"), note first that when the transmitter is circularly polarized

AQt Z°0, and a difierence betweén an o arnd x mcde occurs over the re-

ceiving ﬁath. Thus, AQr and Aqu contribute to AQ'. It is also true in

this case that the difference between like transmit modes occurs.
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Therefore, the effect of adding a phase to one of these modes by rotat- i
ing the scatterer polarization from vertical is cancelled: when the other
(;ike) mode is subtracted, ‘Thus, AQSt = 0 when the transmitter is cir-
cularly polarized.

The same reasoning may be applied when the receiver is cir-
cularly polarized and the transmitter linear, to yield AQ” = AQt + Aﬂst'

Summarizing, weé have:

/! /
= MY = a0 Q

‘Aﬂl 4 2 & r A'sr !

I A Y Yo' (20)
3~ T4 Tt st

Hence, - :

v o= Jeos (¥ + 209 . - (21) ;
- i T3 : V

(Scatterer linear, aither T or Rx is cireular,
the other linear.): ’ :

In this expression Q"+ AQg are determined from equations (19) and (20) as
Q{ + AQ:, q; + Aggefc. where j =1, 2, 3, or 4, It is clear that if

the transmit polarization were switched from linear to ci?cular, a marked
<change in V_ would occur, as when,cqmpariné Eq. (15) or (17) to (21..

More will be said about this later.

4,  Further Interpretations: The Sign of "Py - P."

The results of Appendix B show that an o mode Wwill always
accumulate more ''phase path length” compared to "group path length"
than will an x mode when both- modes travel through‘nearly the same iono-

sphere in nearly the same direction. Thus, when these conditions are
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satisfied, and when the group paths (i.e., time delays) of an x mode
and o mode are equal, it will Le true that Po 2 Px. This means also that
‘when the time delay of a sum of X modes equals that of a sum of o modes,
then P = Zp ,
o X
Therefore, referring to Eqs. (10), (1l1), and (12) we can say

that the sign of (4 + .) is equal to the sign of Ry. For the bistatic

— — — — q—

geometry, however, we cannot be sure that this always holds true for Qt
and Qr individually,

Secondly, if incoming modes with equal time delay involve the
combinations of o and x modes, then it will be true that the mode com-
bination which contains the greatest number of o modes will have the
greatest total phase path. However, for the bistatic geometry (at least),
we cannot determine which is the greater of two modes which have the same
number of o and x modes. Therefore, we -cannot specify the sign (0; - Qé)
in general. “

We can, howevér, say the following, referring to Eqgs. (9):

P sSp and P sSpP
x1 x2 02 ol

(or) (22)

< ¢ <
(pxt+1>xr) (Po/ * P ), (P, +1>Q,r) (pot+p )

t r xt or

Therefore, referring to Eq.. (19), the sign of 93 is the same as (O + OQt),

since the différence ‘between the phase pailhs, determining both angles,

is greater than zero. Furthermore, since IQr + Qtl = IPol -<leln/Ko,

. 1a” ;
and since lQil always involves the difference between o and x modes

(or o + 0 or x + x modes), it is true -that

U
os ol <o+ 0 (23)
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This last result means that if the receiver and scatterer:were linear,
and the transmitted polarization were switched from vertical to circular,
then comparison of Eqs. (i) and (21), in light of Eq. (23) shows that
the period of onc cosiane component would be reduced--that is, the changes
in (Qt + Qr) and @ with changes in time delay, frequency, -or azimuth.

J

The consideration of a monostatic geometry will shed more light on this.

C. SIMPLIFICATIONS WHEN THE SOUNDER IS MONOSTATIC

Under monostatic conditions, Fig. 28 applies directly. Therefore,

P =P = P =P =i, P = P =P and P =P =P
ot or o’ «xt Xr x' o't o'r o’ <t x'r x"
so that @ =Q =0, and Q' = Q. Furthermore, AQ =40 = AQ .
by t r t sy st s
The time delays--hence, the "group" paths, P’--of the o--o and
x-<x mode combinations: are equal. Thus, P; =-PiL and using the nota-
tion of Appendix B, the paths of the o and x are determined using
a(wp ) a(wn )
— = | —— 24
0 ds = . aw ds , (24)
o path X path

which holds for X << 1. If the latter condition is not satisfied, P; =
P: still holds, but the equation for P’ is mbre complicatead,

For the o’ and x’ modes, it is true that theirrranges are ‘equal, and
that the sum of ‘their group paths. equals twice the amount given Ly
Eq. (24). Thus, to determine the o' and x' paths, in order to calculate

P « and ‘P ,, we have
o X

Range (o’ path) = Range (x’ path) (25)
and
/ 7 %)
¢ d\wpo) 1 + d(w}‘{)'ds = (26)
aw % o dw’ - : =
o’ path x’ path
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(24

«hich specifies that the time idelays of the mode combinations o —-x',

’- / i /
X --0, and o -~ 0 are ecquakl.

1. Sounding Antennas and Scatterer vinearly Polarized

Using the resuits from the last section, Eq. (14) becomes:

A = 8+ AQt + 240
\ s (27)
A = A0 - AQ
r t
Equation (15) becomes
Vi = (1/2)|cos (29 + 4Q) + cos (8Q°)| , (28)

where the subseript "m" denotes "monostatic,” When the scatterer and

receiver are vertically polarized, Eg. (16) becomes:

. : oL 2
vrm(lx vert) (1/2) feos (2Q) + 1| = cos”(Q)

(29)

K " : :1,4‘?‘ : 20 N
Vrm(lx horiz) ) |sin (20)}

which shows that nulls appear at the position of the peaks in wr' when
tﬁe;polariiation is switched from vertical to circular, and the peaks

double in number.

2. Sounding Antennas Lineally Polarized, Scatterer
Polarization -Independent: | o ’

Equation (17) ‘becomes

v = |gos (2Q + Aﬂl , (30)

rm

and (18) is simplified to

, t 0
vrm(Tx vert) leos (20)] ,

(31)

(Tx horiz) sin (20) | .

™
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3. Scatterer Tinearly Polarized, One Sounding Antenna Linear, the 3
Other Circularly Polarized ) ) ) i

Equations (20) become

[ //
Aﬂl = A02 = AQr b AQ.S , (52)
AQ/I - v i “"

. AQd = AQt t AQS ,

and Eq. (21) is still given: by

v o= Jees (€ + AQ" )] 33
m = Jeos (& a0 (33)
where, from Eq. (19)
0o Vi ) L -
Q= o = = [op - (p ,+:Po,)] ,
o X (34)
Q" = @ = x—T[(p ,+P /) - 2P ]
9 4 )y [( x/ Aol) X
o
From Eq. (23):
: o s |0 s {20 . (35)
3 J
3
% Wher the receiver and scatterer are vertically polarized, and the trans-
3 mitter polarization is switched from verticul to circular, we note first
4 that A = AQ7 = 0, and Vl takes the form
m
1 J .
3 cos (Q) ---*Tx vertical
“ .
- \Y = 36
3 rm - (36)
5 cos(Q") --- I circular
J X
] (j =2 or 2)
. It is again clear that the character of the receiver voitage fluc-
tuations with changeé ipr and Cg will be different for the two trans-

mitter polarizations. For the monostatic sounder geometry, the following

. ’ :
may also be noted: when an. x-mode becomes an x mode, and an o mode an
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o’ mode, such that the x' and o' modes cover the same ground range, it
is reasonable to assume that the changes in phase path (Po - PO/) and
(Px - Px/) are nearly equal, but opposite in sign. Stated otherwise,
(Po o+ Px) = (Po/ + Px ). Further justification for this relation is
seen. when it is considered that the o--o, o'--x', and x--x mode combin~
ations cover ground ranges which are very nearly equal {raytracing shows
the o--0 and x--x modes to b2 about 500 meters apart, and the o--X mode
somewhere in betWeen). Thus, changes in group path are very nearly
cqual to changes in phase path over these small range increments. But;
since the total group path of the o'e-x' mode equals that of the sum of
an o and X mode, and since each sum contains an "o" and "x" mode, it
follows that the net phase paths should be approximately equal.

From this result, it is secn that

> Q;’ = Q (monostatic) , (37)

- which satisfies Eq. (35).

Examination of Eq. (36) in light of (37) means that the character
of Vrm changes from cos2 ((D to ~pproximately lcos (CDI when the trans-
mitter polarizationvis switched from vertical to circular, Therc may be
a~qonstént phase difference between Q; and 2, but this is neglected, as
it is not important in determining the relative shape and period of vrm
when the polarization is switched, By symmetry, the samr results-will

hold true if the recciver polarization is circular and the transmitter

is linear,

D. THE CALCULATION OF TOTAL BACKSCATTERED POWER, INCLUDING POLARIZATION
MODULATION

The last two .sections. have yielded formulas for the bhehavior of the
received voltage in response to a backscattier signal which undergoes

different amounts of instantaneous polariczation rotation. These equations

K]
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for vf were derived while assuming a -particular time delay, frequency,
azimuth, and time of day (all of which were constant). When an actual
backscatter record is made, however, it will be true that any expression
fcor backscatter power at discrete £, T, and é must be integrated over the
frequency beamwidth (Af), time-delay resolution (AT), and the azimuthal
boamwid th (Aw) specificd by the sounder. This integration determines

the cnergy returned from the minimum-size backscattexr resolution cell,

and° must be repeated for all frequencies, time delays, and azimiths cn-

-countered. while recording the backscatter record. It will be assumed,

however, that the data are recorded sufficiently rapidly to exclude the
necessity of considering changes in Q with time of day. This latter as-
sumption is equivalent to saying that the integration time of the spec-
trum analyzer (‘see Chapter I1I) is much less than the time for ( to change
by #/2 radians, But the integration time was always. less than 1 sec, and
the time for the ) charge is typically 15 sec or more (Ret. 56], so the

assumption is valid,
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1. The General Technique

Much work has been dcne to describe the behavior of backscatter
amplitude analytically, so that it may be caldulated'using computer ray-
tracing., Croft [Refs. 84, 85] developed the general method applicable
to two dimensions--no changes in the ionosphere with azimuth--while
Georges and Stephenson [Ref. 597) extended the method to three dimensions,
This previous. work was quite justified in ignoring .polarization moduia-
tion, since it has bécome clear that the smaller sounding antenhas--
normally encountered at HF--have beamwidths which are téo broad to
resolve the effects of polarization rotation. It is clear, however,
that the present theory must account for the effect of the éaéthis
magnetic ‘field when calculating backscatter amplitude.

The backscatter power, dPr, from the sea can be written as.

P = XG G o dypdT 38
d r KGr t\on d ! (38)

whefe  the symhols have already been defined except for K. The latter

accounts for the transmitted power, range attenuation, .antenna capture

‘area, angle of elevation dependence, ionospheric focusing enhancemen?:s,.

and ‘ionospheric absorption. It is here that Croft's techniques prove
most -valuablé, .in that computer raytracing can be employed to calculate
the fluctuations in X. "To construct.a synthetic backscatter record, a
receiver besring, frequency, and time delay are chosen, &nd dPr is
integrated over all azimuths and within the time-delay resolution AT.
Assuming that the bearing is constant, new frequencies and time-.delays
are chosen and the process is repeated until the record is completed,
In general, the transmitter azimuth o’ can be found- from the receiver

azimuth ¢; ‘and ‘the time delay T represents the sum of the time-delays

from transmitter to scattering point, Tt’ and that from scatterer to
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the receiver, Tr. It the bistatic separation 1s great, raytracing over
both the transmit and receive paths may be necessary., TFor a monostatic,
or necarly monostatic sounder, the integration in Eq, (38) is obviously

greatly simplified,

2. Including Polarizufion Modulation

To include the effect of the earth's magnetic field, it is
necassary in general to compute the deviation of the o and x modes from
the "uo field" rays, account for the differential absorption of these
two characteristic waves, and finally to calculate the effect of
polacization rotation on the receiver voltage. For the puipose of
modeling "polarization modulation,” it was already assumed that the
lateral deviation of the modes and their differential absorption were
small enough. to be neglected.. These assumptirss. appear to be very good
in practice, and the only exception is that .one occasionally observes
a large difference in signal strength between the o and x modes, 'This-
circumstance is rare, however, as testified by the great amount of
one-way 'propagation data containing signal fiuctuations*dug io ‘the
interference between o and x modes causing polarizqtibn rotation,

Having made these assumptions, the expression for dPr can be
made to include polarization modulatior by multipiving it by the appropriate
expression :or-vi (or vim)f Since Vr can vary rapidly with frequency,
however, it is now necessary to compute its average over Af. The equa-

tion for the average received -power, <P >, can théin be written as
¥

{ ¥ 2 (39)

, - . . _ 4

<p i) = = f J J¥oG6 v dgaras 39
AL AT ©
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3: The Ability to Detect Polarization Modulation

Since Vi contains terms involving sines, cosines, and constants,
if the neavily weighted part of the integration in Eq. (39) carries Vi
through one or more half cycles in Af, AT, or o, one will not detect a
noticeable difference in'<Pr> between two time delays, frequencies, or
azimuths, due to the rotation c¢f polarization,

We can visualize this more clearly by first noting that the
most heavily weightud portion of Eq. (39) is probably due to the antenna
gain product Gfth To investigate this, Grthq*was intggrated using a
digital computer; as- described in Appendix C., From this ths equivalent

beamwidth, Aq;? is -computed which is defined as

360°

A 1
b S Togtmnld  GO0Y (20)

It is normally found that when~Gr = Gt’ Aq% is the -3 dB beamwidth of
the: sounding éntenna*[Refs. 41, .86]. For the Los Banos-Lost Hills
anternina system it is fbﬁnd,that Aqg is close to the ~6 dB beamwidth of
Gr’ and this result ‘should be independent of the radio frequency. 1t
was giso computed that the contributions to the Aintegral were down

13- dB outside the main beam- of Gr’ and were down about 8 dB outside
Aqg. Therefore, it is clear that the most significant portion of qut
is that spanning Aq%;

To first order, we -can. then estimate the expectéd variation
in backscatter power due to .polarization modulation, First, assume
that KooGrGt changes very little overrbf and At; (i.e., that its average
is -equal to its "midband" value). This is a very good assumption.
Secondly, assume that the contributions from this factor ;re negligible

'outside'A¢%, Since;@o to the -east is from the land, its average value
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should be at least one-tenth that over the Pacific. It is therefore
really assumed that X is no larger to the east than 10 times its value
to the west. A previous calculation [Ref. 217 shows that this is a

good assumption. Having made these assumptiqns,AMcb may ‘be removed

from the integration, Theu, if Vf = 1 -over A@e in~6ne range cell, and
vr = 0 in another, the difference in amplitude between these two range
cells will be at least 8 dB., But, if fhe backscatter from east and

west is separated, (as in Fig, 26), this variation could be much greater,

As a consequence of the above discussion, we can define the

following as the criterion for the detection of polarization modulation:

2 1 2
v, m,0) = ——— [ [ | Vao.adr az (41)
r Af AT A:)e Af AT A(De

wvhere A@eis the -6 dB beamwidth of Gr. This specifies that tae average

2 .
of Vr over the resolution cell (AT Awg) and frequency bandwidth: is' approxi-
mately equal to its. value at discrete f, 7, and ¢. As a pictoriaiexample

of this, consider the simple result for me given by Eq, (29)3 and

consider the transmitter polarization to be vertical, so that Vrm
9 )

cos . The orawing in Fig. 30 intends to show lines of constant
vertical polarization (Q = 0, #, 2m, etc.) in the AT‘AWeplane at con-
stant frequencies, £ > £ > f_, ‘

au 1 I3 7ty T Yy
frequencies, surfaces of constant peclarization in the AT A Af volume

e

When the lines are extended to .new.

are traced out, as shown, In this case, we see that for a fixed location
and value of AT, and fixed‘AQe,as f increases a gi&en line moves toward
lower 7 until one line is iost, and a new one added, Since more than
one surface intersects the volume in Fig. 30, Eq. (41) is not satisfied.
If, however, AT were redriced by something greater than a factor of two--
while not making Af = 1/AT7 too large--it is evidént that polarizafiop

modulation would be detected in the hypothetical backscatter recoxd.
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Figure 30,  Sketch- showing the way in which- the ability to detect
polarization modulation may be visualized. Tne shaded-
surfaces are those of constant. polarization- for the
monostatic geometry.
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o AN APPROXIMATE COMPUTER-RAYTRACING INTERPRETATION

Using the computer program developed by Croft {Refs. 81, 82],
which was referred to at the beginning of this chapter, one may compute
approximately how polarization rotation varies with range, frequeuncy,
and azimuth. The method assumes that the "QL'" approximation is valid
over the entire ray paths--as is commonly true when tracing rays between
the ground and satellites at very high frequencies. Dulk [Ref. 77]
achieved good correspondence between measured and calculated polarization
rotation using this method--even when rays became perpendicular to the
earth's magnetic ficld lines. There is currently some debate about
the reliability of this method when applied to oblique propagation,
especially when radio waves do not really satisfy QL conditions. Epstein
discussed this briefly fRefs. 44, 48], Since the methoa often computes
values of () which agree with those calculated by tracing individual o and
x modes [Refs. 81, 82], the author is inclined to accept its results as
providing at least a rough, first-order indication of the variation .of
Q with time-delay, frequency, and azimuth, It is felt, however, that
one should anot attempt to use the method to compute a "total Faraday ro-
tatien" over a given oblique path unless it is known that the QL approxi-
mation is always valid, or at least that the ray does: not become perpen-
dicular to the earth's magnetic field,

The computer program traces a single ray through the ionosphere,
using the no-field expression for p (Appendix A), while the incremental
increase in Po - Pk is calculated and summed along this path. One
finds that a confusion over the proper sign of Q can develop, but
tiis will be of no consequence in what follows, since 00520 is
cevaluated. Two types of ionospheres were chosen: Those with an E
and F layer, others with Fl and F2 layers. The first is typical for

winter-daytime conditions, the second for the summer. The equation
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for electron density, N, versus height, h is given by the Chapman

function used by Croft [Refs. 81, 84 and Barnum [Ref. 87):

N(h) = Noexp[l-z-ce ]
h -~ h
T TR (a2)
hm = height of maximum density, No
hS = a scale height

Table 2

PARAMETERS USED FCR IONOSPHERES

Icnosphere No—elec/bhp h (km) hs(km) h (km)

‘MGin f 104 130 A 30“ 50 s h s 163
F 106 300 65 164 = h < 300

62 E 105 130 25 55 s h < 180
F 106 300 65 181 s h = 300

M63 F 4.5 (10)5' 200 50 50 < h < 227
F2 106‘ 300 65 228 < h £ 300

M61K -same as M61l, but with Na replaced by 1.48 No

M63K same as M63, but with No replaced by 1.48 No

Table 2 iists the parameters used for the different ionospheres. A
dipole magnetic field was assumed for the earth, with its coordinates

misaligned with the get;physical coordinates, placing its South pole

near Thule, Greenland [Refs. 56, 88]. The upper (Pederson) ray piopa-

gation was assumed to be of lower amplitude, heunce it was neglected.
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The first set of raytracings was done with ionospheres "M61",

"M62", and "M63", at a constant bearing of 270 deg. frow Los Banos.
Choosing constant frequencies ‘between 10 and 28 MHz, 2 was calculated
versus time delay and plotted as a family of curves parametric in fre-
quency. Assuming a monostatic sounder geometry, and that the trans-
mitter, receiver, and scatterer are all vertically polarized, Vr = coszﬂ,
Eq. {29). Thus, for this geometry it is meaningful to plet the locus ol
constant = n7, which therefore gives the position of maximum signal in
the time-delay frequency plane. This was done graphically by stepping

(¢ in intervals of 7 radians (or 1/2 turns in rotation), and recording

the time delays at which the parametric curves interscctled each value of {,
These points were then transferred to the time-delay frequency plane,

and- then connected by best-fit lines. The ‘time-delay scale was doubled

to account for the two-way backscatter propagation time. The results

for these first three ionospheres are shown in Figs. 31 to 33. Each

line represents a line of constant (vertical) -polarization.

Neglecting all other properties which affect backscatter amplitude,
it is still apparent that the periodicity and general character of ‘the
lines closcly resemble L ose in the experimental data in Figs. 17 to 27.
When the maximum density of the E layer was increased, Fig. 32 shows
that a new leading edge (from the E layer) is scen on the synthetic
record. This cccurrence seems to exﬁlain the data in Fig. 23 quite
well. Figure 33 shows that the summer ionosphere produces lines which
are more closely spaced, and therefore more "“fficult te resolve.
Morcover, the lines from the Fl layer are superimposed on those fLirom
the EZ layer over a large range ol frequencies and time delays. To
first order, this could explain why polarization modalation is not
apparent on backscatter data recorded in tihe sumner--except perhaps

at the longest time delays.
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Same as Fig. 31, but the E layer is assumed 10 times
larger. The “thumbprint’”’ -phenomenon correlates very
weil with experimental data.
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The gecond set of raytracings was dona at 20 MHz, using ionospheres
"M61K" and "M63K". The new M61K is different from M61 in order to match
the minimum time delay of the synthetic backscatter with certain experi-
mental data. MG3K was different from M63 in order to make a consistent
F-layer size for Figs. 34 and 35. The effect of these changes is small,
and for the present purpose we may ignore them entirely. The raytracings
were done as before, except that different azimuths were used. Thus,
the computer output was plotted as before, but parametric in azimuth
rather than frequency. Values of 1= nu were again assumed, and lines
of constant \vertical) polarization were plotted in the time-delay
azimuth plane. Assuming a £.5 deg antenna beamwidth, 1t is apparent
from Figs. 34 and 35 that Eq. (41) can be satisfied in the winter, but
not during the sumher at the time delays shown. Furthermore, the use of
a 2 deg beamwidth or more would render the lines undetectable during the

deytime for both seasons.

F. CONCLUSIONS

The theory just described could explain. the' observed periodicity and
continuity of the new type 6£ line families described in the last chapter.
Since polariiatlon modulation should become visible only when the mag-
nitude and polarization properties of the scatterer are relatively constant,
the fact that lines are seen only over the sea can be explained. The
results using the approximate computer raytracing meihod show that the
lines become more dense near the backscatter leading edge, and can curve
around to re.emble a thumbprint. These also agrece with the experimental
data.

The next chapter will give experimenta! prooiAthat ‘the new type -of

line fumilies are caused by polarization rotation.
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Figure 34, Synthetic backecatter showing lines of constant polarization
in the time delav-azimuth plane, assuming a winter ionosphere.
Shows why ‘large antenna beamwidths cannot resolve polarization
modulation. - -

136

'V\VI"“" Pl BT R At RS GTR "“4\«“??4":1 S e R L e e D S A A o S S LGRS K
) . g N s o




T I 1 I T |‘ T
\ LOS BANOS

M63 i
20.0 MH
F. LAYER Qe=nmr

-

TIME DELAY (msec)

9 - = ! -
280 279 278 277 276 275
ANTENNA BEARING (deg.)

Figure 35. Same as Fig. 34, but using a summer ionosphere. Even the
Los Banos array should not be able to resolve polarization
modulation during the summer, as observed experimentally.

=37




otz

AP oAt e BRI

VI. EXPERIMENTAL EVIDENCE OF POLARIZATION-MODULATION ON SEA BACKSCATTER

The purpose of this chapler is to demonstrate the wey in which con-
trolling of the transmitier polarization affects the new typc of modu-
lation on sea backscatier. Two types of experiments were performed. In
the iirst, the transmitter polarization was switched between vertical aad
clliptical polarization for alternate wide-swept frequency records. In
the second experiment, narrow-band "fixed" fiequency data were recorded,
wvherein the transmitter polarization was switched between vertical and
horizontal every 19 seconds. The r¢<ults correspended ~rith the theoreti-
cal predictions in the last chapter, and prove conclusively that the back-

scatter modulation was associated with polarization rotation,

A, TRANSMITTER POLARIZATION SWITCHED BETWEEN VERTICAL AND ELLIPTICAL

1. Experimental Data

Figures 36 and 37 show oblique ionograms taken bhetween Los Bafios
and Bearden, Arkansas (i.e., to the east from Los Bafos) on 5 and 7 Feb-
ruary 1969, respectively., These data were recorded at nearly the same
time of day, before each day's backscatter run, Tigure 37 shows a modu-
lation of the l-hop (lower) trace due to polarization rotation with frec-
quency [Epstein, Refs, 44, 457, Figure 36 shows this condition clearly
only near the maximum usable fiequency (MUF): and it is conjeatured thot
o and x modes were unequally attenuated over other porticns of these data.
Sweeney [Ref. 477 has shown a great deal of data which demensirates that
as a rule, polarization rotation with freguency is seen much more often
than not, Thkis has als> been the author's experience while operating the

system. Jt is therefore evident that the JLos Bafios receiving array is
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pt taken on 7 Feb. 1969, at the same
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u-~ually not too large to discriminate against polarization rotation.
Hence, during the period 5-7 February 1969, it was conjectured that the
"thumbprint” line families appearing in the wide-frequency swept data of
Figs, 17-24 were associated with polarization rotation, Indeed, the
periodic nature ol these lines closely resembles the expected hehavior
ol V.. from the last chapter,

On betl duys, the crossed~LPA system was used at the transmitter,
and it was relatively simple Lo feed these antennas one at a time; or
togcether (out of phase). €n 5 February 1369, it was found that switching
between vertical and horizontal polarization on alternate records pro-
duced no consistent difference between the appearance of the lines-~-exiher
their position or their spacings. It was believed that ihis was due tc
the 1 minute time lapses between these records, causing the lines to
change because of the passage of time.

On 7 February 1969, the crossed LPA's were-arranged so that
they could also be fed simultaneousiy, out of phase, as described in
Chapter III, It was desircd to transmit nearly circular polarization over
some portion of a backscatter record--at some frequency and slant rangce,
Figuares 38, 392 and 40 show the resuits of the experiment in which the trans-
mitter polarization was switched between vertical (only) and the phased
condition described in Chapter III. These data were obtained in exactly
the same fashion as jin Figs, 17-24, The system parameters are li:sted on
the figures, When the transmitter polarization was clliptical it was de-
noted "circular", as the latter was the intended poiarization, As for
Figs., 21-24 taken on the same .day, the sweep rate was 500 kHz/sec. However,
the records in Figs., 38 and 40 were reprocessed at double the time taken to
record the data, so that the effective sweep rate was 250 klz/sec as noted,
This circumstance represents only a reprocessing convenience,

From Fig. 38 it may be concluded that there is a noticeable dif-

ference between the thumbprint lines when the transmitting polarization
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is switched between vertical and so-called “circulax’, It is seen that
the clarity of the lines is reduced when the polarization is "circular",
From Chapter III, it may Ye concluded that circu’arity should be most nearly
attained at the lower left and upper right portions of these data.

Figure 39 shows some of the data of Fij,. 38, but more highly
resolved. The same character of line clarity is seen, and near the top
half of the data, the polarization lines are 1esmoved almost entirely--
when the transmit polarization is "circular". Essentially the same thing

was seen 3 hours later, as shown in Fig, 40.

2. Comparison With Theory

I* is clear that when lines appear in the data their spacings
in the time-delay and frequency dimensions are regular and periodic, as
predicted by the expressions for V, which contain sines and cosines,
Referring to the work of the last chapter, the appropriate theoretical

predictions of the character of received voltage, V versus polarization

!
rotation, 0, are those for which the receiver polarization is vertical,

It is most reasonable to assume that the sea also favors vertical polari-
zation, Thus it is true that AQ = AQ' = AQ” = 0. (This w:ill also hold

if the sea is polarization-independent,)

The results for the monostatic sounder given by Eqs. (36) and (37)
predict that enhancements in V., due to a favorable polarization aiign-
ment will be less discernable for circular transmitted polarization--as
when comparing c052 Q to lcos Ql. It appears that something similar to
this simplified result has occurred, even though the Stanford sounder
is bistatic,

The expressions for V , when the sounder is bistatic, and when

r
the transmitter polarization is switched between vertical and circular
[Eqs., (15) and (21)7, unfortunately do not lend themselves to ready in-

terpretation or comparison,
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Just previous to the time at which these data were recorded,
wide~frequency-swept data revealed ''thumbprint" lines, so that the peri-
odic backscatter enhancements shown in Fig, 41 represent a cross sectiou
of the lines in tae time delay dimension, averaged over a 240 kHz band-
width, Even though the 16 and 8 ysec data do not utilize the full Af in
the spectrum analysis, this type of display prohibits the realization of
smaller Af's--since the sweeps are repeated once per second and are -closely
spaced, thus causing the human eye to average over what might be a se-
quence of slanted lines at each enhancement,

The sweeps were short enough so that changes in the line struc-
ture from sweep tc sweep were very small, Therefore, it was advantageous
to switeh the transmitter polarization between vertical ("V") and hori-
zontal ("H") ss noted on the data. This made the two polarization states
well defined, thus escaping the uncertainties which arise when attempting
to transmit circular polarization, For convenience in data display, the
polarization was §witched every 10 seconds as shown,

The results of Fig. 41 give conclusive proof that this type of
modulation on sea backscatter is associated with polarization rotation.
In fact, the amplitude of the backscatter fror many time delays can be
controlled by simply chkanging the transmitter polarization, It may be
noted further that given backscatter enhancements for a given polariza-
tion slant downwards with the passage of time, Heince, at a constant time
delay, the backscatter amplitude fluctuates with time of day. The period
between a maxima and minima in this case is about 2 minutes (extrapolating)
which agrees with. past measurements of polarization fading on one-way-
propagated signals., A discussion of the specific patterns of the polar-
ization-modulation fluctuations will be given later, For the moment, it
is sufficient to note that the fluctuations are regular and periodic,

as predicted by the equation for V.
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The dynamic range of the display in Fig, 41 is about 10 dB,
This indicates that the difference in backscatter amplitude between a
pealk and a null is aiso about this much, To investigate this further,
single sweeps occurring at 2359:59 and 0000:02 UT were reprocessed to
display backscatter amplitude versus time delay (A scans), Figure 42
shows this. A portion of Fig, 41 is included for ease in reference,

The record at 2359:59 UT is actually the last sweep recorded in the
continucus-time data, at which time the polarization was horizontal,

The second data, recorded 3 seconds later, was that for which the polar-
ization had been switched to vertical., This segment of data reveals

a periodicity in backscatter amplitude; and, if the scans for the two
polarizations are carefully compared, one notes that a near minimum

in backscatter amplitude shifts to a maximum after a period of just 3
seconds-~during which the transmitter polarization was switched, The
clearest examples of this occur between 10,6 and 12,2 msec, It is noted
that the amplitude displays are linear in voltage, and that 10 dB -ex-
cursions between adjacent peaks and nulls are not uncommon,

The data shown in Fig. 43 were recorded just a few minutes
carlier than that in Fig, 42, and are presented now in order to dom-
onstrate the dependence of polarization modulation on antenna heam-
width., As noted on the figure, approximately the left half was recorded
using 1/8 of the full receiving array (i.e,, a subarray) or a -6 dB
beamwidth of 4,0 deg, Then, at 2351:45 UT the full array was switched
in to operation, decreasing the beamwidth to 0,5 deg., In both cases,
the receiver was AGC controlled, so that the average receiver output
voltage was about the same, When the full array is used, the polar-

ization modulation "bars' are clearly discernible. However, when a single

subarray is ased, it is difficult to identify this phenomenon. It is
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CONTROLLED - POLARIZATION BACKSCATTER FROM
THE NORTH PACIFIC OCEAN: (4 NOV 69)

/8 OF FULL ARRAY —a——f—= FULL ARRAY

TIME —= 2350 235 2352 2353
138" : L ‘ A : '

TIME DELAY (ms)

TRANSMIT
POLARIZATION

Figure 43.

BEARING AT LOS BANOS: 280 DEG.
FREQUENCY: 20.22 MHz
BANDWIDTH . 240 kHz
SWEEP RATE 250kHz/s, | SWEEP/sec
INTEGRATION TIME- 0.5 sec
0.5 DEG. ( full arroy)}

ANTENNA -6d8 BEA"""‘”DT”’{z;.'o DEG. (1/8 of ful! array)

Same as Fig. 41, except that the receiving antenna beamwidth
is 4.0 degs on the left and 0.5 deg on the right. This record
shows the effect of antenna beamwidih on the ability to resolve
polarization modulation.
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probable that this result explains why polarization modulation has not
been identified by other workers using smaller sounding anteunnas.

Figure 44 shows data that were taken in an attempt to display
the behavior of polarization modulation with azimuth while it was being
observed to vary with time delay., Thus, immediately after cach frequency
sweep, the receiver bearing was stepped in 1/4 deg increments, The data
on the left were recorded exactly like Figs, 41 and 43, but with a bearing
sean of 280° to 275-1/40, as noted, The data on the right were taken two
weeks earlier, and are included for comparison, From the previous data
we expect to see polarizaticn modulation between about 9,8 and 12.2 msec
on the left two records, A careful examinaticn of the data betweon tnese
time delays reveals periodic sets of lines which slope upwards while pro-
gressing to the right, These look similar to those which appear on the
data for 22 October 1969, although one cannot say for sure that the lat-
ter are due to polarization rotation, The heavy, somewhat blotchy ampli-
tude enhancements between about 11,4 and 13,4 msec on the left are most
likely caused by ionosphieric-irregularity focusing, Reference to Georges
and Stephenson's work [Ref. 59] supporis this conclusion, It is clear
that if a 4,0 deg beamwidth antenna had been used al this time, both the
potarization and focusing variations would have been averaged over, which
cxplains the data in Fig, 43,

2l

=, Comparison With Theory

The results of Figs. 41-44 demonstrate (on the day of measure-~
menc) that thepulse lengths (A7) of 16 to 4 usec are obvicusly small
enough to render the polarization modulation detectable over most ol
zhe data. Indeed, the amplitude peaks are spaced by 100 to 200 usec.

It is also clear that AL and Ag for the full array are small enough, -
It may be true however, that Af is too large near the skip distance (o}

minimum time delay) since it is known that the Faraday wrotation with
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probable that this result explains why polarization modulation has not
been identified by other workers using smaller sounding antennas.

Figure 44 shows data that were taken in an attempt to display
the behavior of polarization modulation with azimuth while it was being
observed to vary with time delay, Thus, immediately after ecach {requency
sweep, the receiver bearing was stepped in 1/4 deg increments, The data
on the left were recorded exactly like Figs. 41 and 43, but with a bearing
scan of 280° to 275—1/40, as noted, The data on the right were taken two
weeks earlier, and are included for comparison, From the previous data
we expact to see polarization modulation between about 9,8 and 12.2 msec
on the left two records, A careful examinaticn of the data betweon these
time delays reveals periodic sets of lines which slope upwards while nro-
gressing to the right, These look similar to those which appear on the
data for 22 October 1969, although one cannoi say for sure that the lat-
ter are due to polarization rotation, The heavy, somewhat blotchy ampli-
tude enhancements between about 11,4 and 13.4 msec on the left are most
likely caused by ionospheric-irregularity focusing, Reference to Georges
and Stephenson's work [Ref, 597] supporis this conclusion. It is clear
that if a 4,0 deg beamwidth antenna had been used at this time, both the
poiarization and focusing variations wouid have heen averaged over, which

explains the data in Fig, 43,

2, Comparison With Theory

The results of Figs., 41-44 demonstrate (on the day of measure-
menc) that thepulse lengths (A7) of 16 to 4 usec are obvicusly small
enough to render the polarization modulation detectable over most of
the data, Indeed, the amplitude peaks are spaced by 100 to 200 usec,

It is also clecar that AL and Ay for the full array are small enough,
It may be true however, that Af is too large near the skip distance (6r

minimum time delay) since it is known that the Faraday rotation with
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SWEPT-AZIMUTH BACKSCATTER FROM THE
NORTH PACIFIC OCEAN I

(5 NOV €9) i (22 OCT 69)

0019 UT 00IS UT l 0i37:30 UT
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%0 bbs 2snbs '2"/6[2%‘ 23e] 1274 bielets beletd a76l e |
280 280 280 280 280 280 280 280 280 275 270
LOS BANOS ANTENNA BEARING (deg)
BEARING SWEEP: 280° — 275 1/4°, 1/4°/5€C....ccovcerivinnnnns Farevnnennes 280°—-270°, 1/4° /sec
FREQUENCY: 20.22 MHzZ........cccoiiiiiimieniinicn i * ........... 29.22 MHz
BANDWIDTH: 240 KHZ ...oiiiriiiiiieiiieiiriereviinininiieeaneneens | P .450 kHz
SWEEP RATE: 250 kHr.s, | SWEEP/seC....... . ....ceceeerenndine 2one... 500 kHz/s, | SWEEP/sec
INTEGRATION TIME: 0.25, 0.5 SEC......cociriiiieiiniiiinievrenensn .{ ........... 0.25 sec
ANTENNA -6dB BEAMWIDTH: 0.50 DEG. ........oovvvvivvneneridenennnnen.. 0.34 DEG.

Figure 44. Data similar to Fig. 41, except that the transmit polarization was
always vertical and the receiving azimuth was scanned in time. This
record shows why a larger antenna beamwidth will average over th.
fine-scale polarization modulations, as proved in Fig. 43.
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frequency rate increases near this region, This probably explains why
the polarization modulation becomes blurred between 9.8 and 10,6 msec,
as it also blurs near the backscatter leading edge of Figs. 38-40.
Furthermore, it may also be true that a certain amount of averaging in
the frequency domain occurs for the data at the higher time delays,
wvhich could modify the expected change in Vr vhen the polarization is
switched, However, since thne dynamic range of the polarization modula-
tion is about 10 4B, it 9ppears that such averaging is usually minimal,
For a vertical receiving antenna and scatterer, Eqs., (292) pre-
dict che change in Vom for a monostatic sounder to be such as to compare
cos® Q (Tx vert) to %!sin (2Q)| (Tx horizontal), The general results
for the bistatic sounder give Vr's of lcos (Qr + C%) + COS (Q; - Qé)l

and

sin-(Qr + Qt) + sin (@ - Qé)l {Eq. (16)] for transmitter (Tx)
polarizatious of vertical and horizontal, respectively, One thui: expects
torsee a shift in the maxima in backscatter amplitude and perhaps a
change in the periodicity for the two transmit polarizations, It is
observed in Fig., 41 that such occurs, Over very limited portions, one
sees something similar to the prediction for the monostatic sounder
geometry, In other portions of the data, such as around 12,6 msec,
values of Q] - Qf = 7/4, 5n/4, etc would yield V.'s to explain the
half-period shifts of the backscatter enhancements, It is also true,
however, that the Vr expressions for a polarization independent scatterer
[Egs. (18)7] would yield the same resuit at these time delays, but since

it fails at others, the data amd theory suggest that the sea is not

polarization-independent,

It again becomes evident that unless the specific relation
between 0., Q, Q;r and Q{ is known for the bistatic sounder, one
cannot uniquely prove the theoretical expectations fox V,,. It is
clear beyond reasonable doubt, however, that the expected character

of V_ is reproduced by the data, and that the new trpe of backscatter

167




amplitude modulation is caused by the rotation of polarization., 1t is
probably true that as one proceeds higher in time delay, the value of
(Q; ~ Qé), as well as (Q,. + ), chany2 so that the degree of period
shift in amplitude maxima (with change in polarization) varies with

time delay.

C. DISCUSSION

The periodic behavior of the line families in the backscatter data
clearly resembles the expected appearance of V. in the frequency, azimuth,
and time delay dimensions, The fact that the modulation changes when
the transmitter polarization is switched, gives conclusive proof that
polarizalion rotation accounts for this new type of behavior., Also,
the dynaanic range of the modulation was about 10 dB as expected
theoretically.

The changes in the position and periodicity of the polarization
moculation in the data can be explained using an appropriate V, expres-
sion from the last chapter; however, since the sounder is bistatic, it
was not uniquely possible to verify a single expression for Vr from the
theory, It is clear that if the expressions for Vr are to be verified
exactly, a monostatic sounder would be extremely useful, More theoreti-
cal work regarding the bistatic geometry is also needed,

Although the frequency bandwidth, Af, may have been too large in
some portions of the data in Figs. 41-44 to satisfy Eq, (41), both it
and At were small enough at other time delays to permit polarization
modulation, These AL and AT are not difficult to obtain, and many
other workers have done so, It was shown that antenna beamwidth, Ag,
is really the major constraint on the visibility of the modulation, from
which it is concluded that "polarization modulation" is not likely to

be seen using an cast-west backscatter path when smaller antennas are
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3 used, For example, over the Pacific-Ocean path the use of a 4 deg

E ~6 dB beamwidth renders the polarization modulation undetectable,
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x VII, CONCLUSION

It will be recalled that the purpose of the research described
herein was to investigate a new type of periodic moaulation on back-
3 scatter echoes from the sea, This modulation first appearsd on swept-
frequency backscatter data of which Figs, 17-24 are typical., The purpcse

has been fulfilled as follows:

A, SUMMARY OF RESULTS

A brief history of general backscatter rescarch was given, then the
topic was narrowed down to the consideration of sea backscatter alone.

In particular, it was noted that the sea possesses a "resonant'
scattering behavior, whereby the sea-wave components (in the continuous
sea~energy spectrum) whose crests are spaced by hal{ the radio wave-
length usually do most of the backscattering, In view of this, and
because the energy in these sea waves "saturates” ai moderatzly low wind
E, speeds (10 - 15 knots), the sea's cross section per unit arsa should be
much more continuous than the land's, versus range and azimuth from the
sounder, On the basis of these observations, a theory was developed by

others which predicts that the sea's backscatter cross section per unit

} area should be primarily vertically polarized at elevation angles below
4 30 deg, This theory agrces with previous experimental measurements at
? both HF and microwave frequencies, but more HF measuremenrts of the

magnitude and peclarization dependence of the sea-backscatter crops sec-
tion are clearly needed, Using the 2,5 km receiving array and the SI'CW
waveform described herein, one can achieve areas of illumination more

highly resolved than -ever before, Hence, it is possible to isnlate and
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stidy aew features of sea backscatter., ‘The first evidence of this came
when, during routine recordings of sea backscatter during the fall and
winter months, it was found that tne more highly-resolved data vevealed
a new type of modulation--periodic in time-delay and frequency--which
usually resembied th-mi, ciuts on the time-delay-f{requency plots, Super-
freially-similar lines had been seen on backscatter data before, but
these already bad been explained as resulting from ionospheric focusing,
The "thumbprint” lines were decidedly different from "focusing" lines,
and morecover, the former w:re seen only in sea backscatter, while the
latter are seen also over the land, Muldrew [Ref. 327 suggested that
large swells ut sea could produce backscatter enhancements which also
appear as lines on swept-frequency data, Such lines were seen using
compwratively broad-beamed aatennas, and Muldrew decida2d that an iono-
spheric mechanism could not have produced them, It seems rather that
the sea's typical behavior is to be more continuous in backscatter
amylitude, and that the "thumbprint” type of backscatter modulation was
decadedly due to an ionospheric phenomenon. The only reasonable hypothe-
sis was that magnetoionic splitting in the ionosphere produced a polar-
ization-rotation modulation on the received backscatter signals, and
that the continuity of the sea cross section polarization dependence
was responsible for making the lines visible only over the sea,

This hypothesas was interpreted by writing the expressions for the
phase paths of tne various ordinary (o) and extraordinary (x) modes which
could travel from the transmitter to the scatterer and combine at the
receiving anft. .na, Simple trigonometric expressions which described the
way in wnich the rotation ot polarization can moduiate sea-backscatter
amplitude were then devived, The expressicus were first listed for the
general, bistatic geomelry, assuming different polarizaliqn states for
the transmitter, the sea, and the receiver. Laler, the expressions

were simplified greatly by assuming a monostatic sounder, Then, using
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* an approximate computer raytracing technique and representative iono-~
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spheric models, synthetic backscatter records wer. constructed which

showed (approximately) the expected characteristics of what is termed
3 "polarization modulation', The predicted thumbprint :ines agreed very
well with those observed experimentally, which lends some credence to
the mathematical theory, Tt is concluded further, that the inability

~

to detect polarization modulation during the summer is due to its more

sensitive dependence upon frequency, time delay, and azimuth during that
bj season, In general, since the thcoretical expressions for received vol-
; tage contain sines, cosines and constants, these expressions can be
adapted to explain the continuity and periodic hehavior of the thumb-
print lines on the basis of polarization rotation,

E Conclucive proof of the above theory was established experimentally

by changing the transmitted polarization while succe: sive backscatter

4 ) records were recorded, figure 39 shows that when the transmitter polariza-
1 tion is switched from "vertical" to "circular" a distinct change in the
i ' "polarization modulation” occurs., It is usually seen that for "circular”

i polarization the thumbprint lines are more blurred, The .data of Fig, 41
2 represent the clearest evidence that the new type of backscatter mecdula-
3 tion is caused by polarization rotation., The shift in the periodicity
3 and "phase" of the enhancements were correlated with the theory, It was
concluded that the sea-backscattering cross section was net pelarization-
independent, but rather it was linearly polarized, as predicted by its
most up-to-date model (Chapter II), Recause of the complexity of the
theory for the bistatic sounder geometry, however, it was not possible

: to verify a unique expressicn for received voltage changes as a function
i‘ of transmit polarization,

By virtue of the results shown in both Fig, 41 and Fig, 42, it was
e concluded that the variation in backscaiter amplitude can easily be as

i - much as 10 dG, as predicted theoretically. This also shows that the
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quasi-longitudinal (QL) approximation (Chapter V) holds much of the
time, for waves entering and exiting the ionosphere, This was also
predicted on the busis of the model,

It was also shown that the ability to detect "polarization modula-
tion" over the ecast-west Pacific-Ocean path depends on the effective
antenna beamwidth of the sounder., For the Los Banos srray and single
LPA combination, the -6 dB beamwidth of the former is appropriate to
use as the "equivalent” beamwidth, As Fig, 43 dramatically illustrates,
when this equivalent beamwidth is broadened from 1/2 to 4 degrees the
polarization modulation is undetectable, The azimuth-scanned fixed-
frequency backscatter of Fig, 44--and its theortical counterpart, Fig, 34--~
explain this beamwidth dependence very well., In fact, a beamwidth of
2 deg is not likely to be suificient to resolve polarization modulation
over the east-west backscatter pathk, Previous backscatter sounders have
achieved frequency bandwidths and pulse lengths as narrow as those de-
scribed herein, but the narrcwv-beamwidth capability of the Los Banos
receiving array has yet to be achieved elsewhere, The azimuthal-dependence
of polarization rotation therefnre probably explains why polarization
modulation on sea-backscatter amplitude huas not -been positively identified

in previous work,

B. APPLICATION OF RESULTS

The results just described should be applicable to future hack-
scatter studies using high azimuthal resolution in the following ways:

(1) Once identified, polarization modulation could be controlled
bvr(a) c¢. ngine the transmitted polarization, (b) allowing time to pro-
gress (if conditions are suitable), or (¢) changiang the radio frequency.
I{ desired, this modulation could be eliminated entirely by using

circularly-polarized transmitting and receiviny antennas,
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(2) Since the character of the modulation is a function of the
polarization dependence of the sea backscatter, and since this dependence
could change slightly with sea-state changes--more so when the first-
order sea doppler is filtered out--one might be able to detect changes
in the polarization dependence of the sea-backscattering cross section
per unit area, This factor should be correlated with storm activity at
sea,

(3) It is clear that the measurement of changes in sea state at
a distance using high resolution, must be able to account for polariza-
tion modulation--since this effect tends to alter the otherwise smoothly
varying amplitude of sea backscatter with slant range, azimuth, and
frequency.,

(4) "The fact that polarization modulation may be predicted to
first order using computer raytracing, means that variations in iono-
spheric structure (e.,g., the shape of the profile) may be studied by
the way in which they affect the modulation, This information could
then be used to interpret ionospheric structure from the experimental
backscatter data, Furthermore, the polarization modulation line structure
may be predicted for any part of the world, (It is clear, however, that

more accurate computer programs should be developed.)

C. RECOMMENDATIONS FOR FUTURE WORK

(1) Determine the allowable frequency bandwidth and range resclu-
tions for detecting polarization rotation, How does this bandwidth
change as the mininum time delay cver the backscatter path is approached?

{2) Record the polarization-rotation amplitude modulation on Sea
backscatter at night.

(3) Measure the polarization dependence of the sea's HF hack-

scattering cross section per unii area, versus the sea state.

175




{4) sStudy the effect of sea state on polarization modulation., If
possible, filter out the first-order coppler components of the seca':
backscatter.

(5) Counsider what happens to the polarizaticen~-modulation lines
when the polarization ¢.pendence of the sea's backscattering cross sec-
tion is well defined, but not linear.

(6) Consider the behavior of polarization modulation when the
o and X modes are unequally alteuuated or are not circularly polarized,

(7) Investigate the effect of ionospheric irregularities on the
structure of pnlarization-modulation lines. TFor example, record such
data durivng the generation of ionospheric turbulence by a solar flare.

(8) Develop a more accurate method for predicting polarization
modulation using computer raytracing.

(9) Investigate the behavior of polarization modulation when

sounding along a north-south backscatter path.
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Appendix A

THE POLARIZATION OF THE MAGNETOIONIC COMPONENTS AND FARADAY ROTATION

In recent years, the concept of "total" or accumulated" Faraday
rotation has been us2d to define polarization measurements con signals
transmitted from satellites to the ground. For HF oblique propagation,
this concept can lead to confusion., Therefore, after reviewing the
basic Appleton equations [after Ratcliffe, Ref. 68], an unambiguous
de*inition of polarization rotation will be devived herein., This
groundwork is absolutely necessary for the proper development or the
theories regarding "polarization modulation"” on sez backscatter

amplitude,

A. THE BASIC EQUATIONS FOR POLARIZATION AND REFRACTIVE INDEX

¥ Assuming chat the ionosphere is homogeneous, slowly varying, and
stable, ray theory [Ref. 68 may be used, and the expressions for wave
polarization R, and refractive index }, may be written explicitly,
After Ratcliffe, the coordinate system shown in Fig. 45 is employed.

The z axis is always alaigned with the wave normal (WN), in the

direction of phase propagation, The earth's magnetic field intensity,
H, lies in the y-z plane, such that its longitudinal component lies
in the z direction, and iils tangential component in the y direction.
From Ratcliffe, the complete expression fox the polarization, R, of the

characteristic waves is

E 12 1y :
R al iy 2T = £ v (A1)
= 2 = 3 + . £
E 1-X - 1z 2
. y L,l * (1 =X - i2) L
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This expression describes two elliptical waves whose electric field com-
ponents in the x and y direction, E and E respectively, have a relative
X y

amplitude and phase determined by R,

2,2
The quentity "X" is equal to uN/m , where w = 27f, the radio-
I\

2

frequency in radians/sec, and v is the "plasma frequency"; u§ is equal
to (2’7)2 8.061(10)7N, where N is the local electron density in
electrons/m3 Thus
80.61N(10)_6
X = ————— (A2)
fM

where fM is the frequency in MHz, It was always true that w > u& in the
author’s worl,, so that X > 1, and usually X >> 1,

The quantity "2" is equal to Vv/w where V is the frequency of colli-
sion of electrons with heavy particles. Budden [Ref. 57] indicates that
v £ 10°, Also, using formulas for Vv given by Ratcliff [Ref. 68] 2 is
found to be less than 10-2 in tre HF band (3-30 MHz), in the E layer,
and less than 10-'5 in the F layers, Clearly then, Z << 1, Finally,
since it was usually true that X << 1, 2 << (1 - X) at HF, so that Z
can be neglected.

Defining ® =B lelH/m to be the "angular gyro-frequency,” then
Y, = - cos e%{/w, and YT = - sinAeuh/uL where, from Fig. 45, 6 is the
angle between the WN and Bo‘ Using the values for the uo, and e/m for

4
an electron, [Ref. 561, 3.52(10) '1(2m), so that

31
0.0352 H
Y, =-cos O —
M
. 0,0352 H
Y, =-sin e . . (A3)
i
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The refractive index, p, of the ionosphere [Ret, 68) is given by:

2 X
. e —a Ad
K i i R) (ad)

When one neglects the earth's magnetic field, YL = 0, so that “V fno field)
{

is given by

2
By = 1-X (no field) . (as)

B, THE INTERPRETATION OF R AND p

Using Eqs, (A1) and (A3), denoting R and R, as those when the upper

and lower sign are taken in R, and noting that RuR£ = 1, we can write

-1 cos ©

Ry = 2 2, R 3 ()
) YT sin 5 ’YT sin el
— + cos 9 + EE
4(1 - X) :
1
Rﬁ = E- .
u

It is noted that IRuI s lnzl, and since {1 - X) is always positive, the
denominator of Ru ig always positive, so that the sign of Ru is determined

solely by the value of 8, Since the phase of Ru and R, is #® 90 deg, the

L
ellipse traced by each wave will have its major axis aligned with the x
or y axis, depending upcn which R is greater, Accordingly, the two
eilipses are perpendicular, It is also seen that lRul determines

the ellipticity (or axis ratio) of the two waves.
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1. Defining the o and 'x Waves

Referring to Eq, (A4) we can rewrite the expression for @ as

pu and By corresponding to the upper and lower signs in R, as

2 X
o= 1 -

u 1 lY R I

Lu
(A7)

2 X
B, = 1 - —————r

“ R

Since it is true that lRuI <1, p, deviates further from u_ (no field)
)

than does uu. Accordingly, it has become the convention to dencte

"

Ro = Ru for the "ordinary" (o) wave, and Rx =R, for the "extraordinary

(x) wave, Likewise, uo = uu and~u¥ = uz. It is then seen from Fig, 45
that, since |Ru| <1, lExlo £ lEon’ hence the major axis of the "o"
ellipse is on the y axis--most nearly aligned with the H field. Likewise,
the "X" ellipse major axis is aligned with the x-axis, perpendicular +o
the field--hence acted on more so by it. ffinally, since !YLl XK 1 for
the frequencies used by the author, uo 2 ux.

These two characteristic waves {o and x) will be generated
when a linear wave goes into the ionosphiere, and will propagate independ-
ent, of onc another unless mode coupling occurs, Since we can neglect
collisions (% = 0), and since X << 1 mode coupling can only occur if a
ray strikes an irvegularity in the ionosphere; this effect is assumed

to be small, thus negligible,
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2. The Direcgion of Rotation

The direction of rotation of the o and x waves are determined
by the sign of Ro and Rx. After referring to Fig. 45, 1 0 =28 =2 90° |
so that the sign of Ro is minus, then since R = Ex/%y, the o wave will
rotate countercliockwise (CCW) when viesed from behind the wave (in tie z
direction). It then follows that the x wave will rotate clockwise (CW).

When 90 2 6 2 180°, the direction of rotation is reversed.

B. THE "QL" APPROXIMATION

It is often true that a considerable simplification in the expressions

for R and g can be made by assuming that

4
Y

(QL) —% << |1 - x|2 . (A8)

Y
4 L

This is called the "quasi-longitudinal” (QL) approximation. Using
Eqs. (A2) and (A3), assuming that X << 1, and letting H = o= 25, it is

calculated that the QL approximation is valid over the following ranges

of 6:
" 63.5° 3 MHz
(QL) & within { * 8U.7° » from 0° or 180° at {10 MHz . (A9)
+ 86.8° 30 MHz

Clearly, the QL approximation will be valid over most ray paths--excepti
those along the magnetic equator (which were not iunvclved in the author's

work). The polarization and direction of rotation then become
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and the proper sign of Ro % is preserved, Hence R ~ #* i, and tho
)

characteristic waves are circularly polarized. Then, for the two

characteristic waves, Eq. (A4) becomes

W

|Lo = 1~ -1—+—x]—Y-T (ordinary) ,

L

(QL) (A11)

X
w = 1= (extraordinary)
X 1 IYLI

These expressions and mode identifications also agree with Ratcliffe
fRet. ©8].

Since X <= 1, and lYLI << 3, it is again concluded that B Z B
but that the direction of rotation of the o and x modes will change when

the sign of cos 6 changes.




oA IR R i o)

(A A S it Sy o Vi

C. FARADAY ROTATION

When a radio wave enters the ionosphere and splits into the o and
% waves, each of these components will accumulate a different phase while
it propagates enroute to a receiving point or scattering region. When
the time delay of the two modes is not resolved (using long pulses and/%r
large scattering surfaces% the addition of the energy propagated by the
two paths will determine a resultant polarization. The ellipticity and
orientation of this polarization is determined by the relative magnitude
and phase of the o and x modes, and by |R| which defines the elliplicity
of the two wave components.

The relative magnitude of the two components is determined by
propagation losses and the exciting polarization. For the present it is
assumed that the o and x components have equal amplitude. It is also
assumed that the o and x modes will come down out of ionosphere circularly
polarized; or, equivalently, that the QL approximation holds at the bot-
tom of the ionosphere,

The phase acruamulated by each mode can be determined by integrating
its refractive index over the actual path followed by the wave energy.
When X <<1, the wave normal and direction of propagation are the same,

so vhat [Refs. 56,57]

P = d
o f K0S
o path
(A12)
PX = J‘ p,xds ,
X path

wiere Po and Px are the phase paths of the o and x mudes, respectively,
In principle, the o path and x path are not equal, so that the integrals
are separate. Moreover, these paths can be determined by constiraining

the ground distance to be the same (as in point-to-point communication),
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or by constraining the time delay of the modes to be equal; the latter
¢ase has application to backscatter., Thus, the phase between the o and

x modes is equal to
2
:!:—E[P - P ] : (A13)
xo o X

where Ao is the free-space radio wavelength.
When the two equal-amplitude cirenlar waves are added a linear re-
sultant will be produced. The angle, (., by which this resultant deviates
i

from transmitted polarization reference is given by [Refs. 44, 56]

|, %I(Phase difference) |

N
(A14)

1]
= —|p =P
).!o P !
o}

where the subscript "i" emphasized that this is denoted the instantaneous

value of Faraday rotation, The absolute value signs are present to avoid
confusion over the sign of (Po - Px)’ since one must examine this sign
ggg the sign of Ro, in order to determine whether Qi is a CW or CCW angle
(1ooking in the z direction). Often, it is sufficient to know only IQil,
but for others, it is not, For the latter, the following rules apply:

1. 1f (Py - Py) is positive, the o mode experiences a phase
lag, so that AQ; is in the direction in which x mode is
rotating,

2, Likewise, if{ (Py - Py) is negative, £0j is in the direction
that the o mode is rotating.
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These rules may be summed up by the following expression:

where the sign

o >0= CW
= -)\—; (Po - PX) [s:.gn (Rx)]

EXIT (< 0 = CCVW

(a15)

of (Rx) exiting the ionosphere is given by

[nx/&laxl] .

EXIT

This final result is completely general, and makes no assumptions

about the ionosphere except that if Po and PY are found using Eq. (A12),

then it must be true the X << 1 is satisfied. Also, if Z = 0, then

sign (Rx) = sign (cos g).

In the event that the dewncoming waves are not circularly polarized,

it is still true that each may be broken down intc a sum of a linear

plus a circular wave, and that the circular components vf each wave will

add to produce a Faraday-rotated resultant, according to Eq. (Alﬁ).

It is found, however, that the downcoming waves appcear to be very

nearly circular most of the time,
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Appendix B

THE SIGN OF '"Pg - Py

The purpose of this section is to show that the difference between
o and x phase paths, Po - Px, is greater than zero when the time delay
of the o and x modes is equal, and when the two modes travel through
nearly identical ioncspheres, in nearly the same direction.

The derivative of the phase path, P, of a characteristic mode

with respect to distauce along the path, s, is given by [Refs. 56, 57]

dp

E = P CcOos o , (Bl)

wvhere cos « becomes significantly different than 1 when 3 << 1. The

"group path,“ P', is proportional to time delay, and its derivative is

given by
dp’ d(wy)
= c o . B2
ds dw o8 ( )
If it can be shown that
dP_ dP; dP_ dP;
— 2> E (83)

ds 4s ds ds

then it will be true that the accimulated ratio of phase path to groap
path will be greater for the o mode. Thus, when the time delays (group

paths) of the two modes are equal, it will be true that P - p_>0.
) p
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Proceeding,

a(ww) wdy

!
3

so we must show that

duk duo
_> (BS)
dw dw

The complete expression for i, assuming that collisions are negligible

(z = 0), is given by [Ref. 68]:

2 X
= - - B
“ 1 2 /4 /2 (B6)
1 T E z + Y2
T 2(1 - X 2
( ) 41 - x)
where the symbols are defined elsewhere,
Let
D = D £D s
1 2
2
YT
D, = 1 - ————r B7
1 2(1 - x) ' (87)
4 1/2
[y /
| T 2
D2 = "—__£+Y .
[4(1 - X)

The upper (+) sign represents the o' mode, and the lower {-) sign, the

LA L

mode, since X, YT, YL <1, 1t is then found that

du X 2D dp
.(-16 = —-—-—2 [—(B- +E-u-,] (BS)
2D
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and that

Yz Y4
T
L) P S Y T (39)
(1 - %) 2 \(1 - x)
and finally,
2 4 2
Y'X Y ¥
L
3_: = ——-E—_-E 1+-——L-§¢nszi —-—3—3+-2- , (B10)
wu(Dl + D2) 2(1 - x) 2| 4(1 - %)

where the upper sign is taken for the "o" mode, the lower for the "X"

mode .

We assume that X, YT’ and YL are nearly the same for the two modes,

i > h D, -D )< .
and it is noted that uo ux and that ( 1 2) (D1 + D2), thus to

satisfy Eq. (B5) it is sufficient to show that

1 1
B {nxn} - . {"O"} >0
D1 - D2 D1 + D2

) (B11)

where the brackets are those defined by Eq. (BlO). After more algebra,
Eq. (B11l) becomes

2 .
;5-:—55 Lnl(n2 - K) + D2(1 +L)] > o ,
1 2
where
4 2
Y Y
K = 3} .__L—+?L , (B12)
2la(1 - %)
and
v2x
L = T > s
(1-x)
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which becomes

» 2.2 4

o v YLyT(l ~ 3X) YT(l - 2X) sz
| T T 5 * i|>o0 (1)
DZ(?l - D2) 4(1 - Xx) 41 - X)

But D2 > 0, and

2 2
Yoo+ YL(l - X)
D - = 1 = . Bl4

1 Dz (1 - X) ( )

2
This expression is greater than zero for X < (1-v ), as assumed for
2 2
HF oblique propagation., Furthermore, since YT, YL << 1, and for

X <0,5, it will be true that

3y> Yiyi(1 - 3X)
(B15)

2 4(1 - Xx) !

so that Eq, (B13) does hold.

Therefore, it is concluded that Po > Px, when P; = P;, and when
the two modes travel through nearly the same ionosphere (as from an
antenna to the sea). This was shown for X < 0.5, Since po > ux,
it will be true that Po > Px for larger X, but to show this requires
more work, For the frequencies normaily used by the author, however,

it was always true that X < 0.5,
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Appendix g

THE EVALUATION OF "EQUIVALENT BEAMWIDTH"

A, PURPOSE

It is known that polarization rotation is a function of azimuth
from the receiving antenna. In order to be able to detect ''polariza-
tion modulation' on sea-backscatter ampliiude, it was suggested in
Chapter V that it is necessary that this variation with azimuth be
small across the receiving antenna's main beam, The purpose of this
Appendix is to evaluate the "equivalient beamwidth," Aﬁg, which is

defined by

o

360
1
A¢g = |GrGt(max)| g' GrthQ ! (c1)

where Gr and Gt are the receiving and transmitting antenna gains as
functions 2f the azimuth from the receiving antenna (qﬁ. It is shown

later in Chapter V that the pclarization rotation with azimuth should

be small compared to A¢g.

B, CALCULATION

For the Stanford system, Gr is that given for the wide aperture
receiving erray {Chapter III), and Gt is that for a single LPA, The
computation to be described here assumes that the LPA is vertically
polarized (as it was for most of the experimental data)., Using Jasik's
equations (ref. 89], a known beamwidth of 125 deg, and a front-to-back
ratio (F/B) of 15 dB, G, may be expressed by
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0.0316 (-15 dB); 36° < @' < 144°

2
(‘ n = 4,410 ,

where @l is the azimuth from the backscattering point to the transmitter,

= i )
. n ¢’ - 270°
G = cos | ~———— | ; elsewhere (c2)

A simplified sketch of the geometry is shown in Fig, 46, The field
sites arc separated by do = 185,64 km, and for the integration, the total
(round-trip) range between the receiver, scatterer, and transmitter was
constant at 5340 km (which is a value that happens to apply directly to
another problem). The problem of finding @' cannot be solved in closed
form, since the ground range and elevation angle to the scattering point
arc not known for all ¢, This can be solved by trial and error on the
computer, but since over 2200 scts of calculations are necessary for each
pattern integration, the computer costs would then be prohibitively large.
Therefore, for the purpose of calculating € and @’ it was assumed that
the clevation angle was constant at 5 deg, Since this value is small,
without too much crror the planar gecometry of Fig., 46 can be used to
calculate ?' from ¢, Proceeding, we can use trigonometric identities

to express @' as follows:

1 Ko cos o
7 - o o]
= 2 tan ~— ! - (180 -~ 151.1
? t sin o ( ) !
where
(
5340 - d_ (ca)
K = —
o] 5340 + d
o
1 . - 151,1° - ¢ .
anc = D)
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The expressions in Egs. (C2) and (C3), and those for Gr were pro-
grammed on a digital computer to evaluate Eq. (Cl). A radio frequency
>f 22,35 MHz was assumed (which alsos applies directly to another problem,
thus saving computer time)., The osutput is plotted in ¥ig, 47, where 1
represents the accumulated value of the normalized integral of Eq. (c1)
as § increases., The azimuth scale is greatly expanded through the regions
of the major beams of Gr in the forward and backward directions, The
final value of I at @ = 350 deg equals A%E. The -3 dB, the -6 dB, and
the null-to~-pull Leamwidths of Gr arc shown for r:ference., Front-to-back
ratios of 15 and 10 dR werc computed for comparison and to account for
thu possibility of unequal ionospheric absorption hetwcen east and west.
The accuracy of the computcer integration procedure is * 3 percent,

These results show that the -6 dB beamwidth of the receiving array
is appropriate to usc as Aq%. Furthermore, the contributions to the
integral via the main lobe of Gr versus those from all other azimuaths
may be computed from Fig. 47 as follows: The amount outside the null-to
null beamwidth is down by 13.3 dB, and outside A¢g it is down 8,3 dB,
for the 15 dB F/B. The corresponding values for the 10 dB F/B are 9.4
and 7.6 dB,

It is found by other authors [Refs. 41,86] that when the same an-
tenna is uscd for both transmitting and receiving in a radar system, the
=3 aB beamwidth of this antenna is eppropriate to use as Aqg. Moreover,
this result is indepen’ent of the radio frequency. It is interesting
that this valuce would therefore be obtained if Gid@ were integrated
{ assuming a 15 dB F/B or so), rather than GrthQ. Since Gt does not
appreciably change with frequency (as essumed), it is likely that the
resuit for Aq; obtained here does not change with frequency~-such that

the -6 dB beamwidth of Gr always defines it properly. The value of the
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Figure 47. Plot of the accumulated value of the normalized integral (i)

of G,Gidpy versus receiving azimuth ¢. The final value at

= 360 deg defines the eguivalent beamwidth, Ag,. Front-
to-back ratios of 10 and 15 dB were assumed for the single
vertical LPA defining G;.
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Figure 48. Plot of the -6 dB beamwidth of the Los Banos receiving array
versus frequency. This beamwidth is approximately equal to Ag,.
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- -6 dB beamwidth will, of course, change with frequency, and this is
plotted in Fig, 48 for the Los Banos receiving array. As a consequence
of the above calculation and assumptions, the plot in Fig, 48 also de-

fines the value of A¢; with frequency.
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