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Both oceanic and overland multipath data are analyzed to provide delay-Doppler characterizations of the
channel. Specifi c analysis outputs presented include the delay-Doppler scatter function , delay spectra . Dopp ler
spectra. frequency and time autocorre lation functions , spread parameter measures , tota l scattered intensity
and time-domain statistics. Oceanic results are compared to expectation through the use of physical optics surface
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PREFACE

The L’ S. Department of Transpo rtation (DOT) aeronautj c~l test progra m entitled‘Air Tra ffic (‘ontrol Experimentation and Evaluation Using the NASA ATS-6 Satellite” waspart of the Integrated ATS-6 L-B;ind Experiment. The overall ATS-6 L-hand experiments~as coor dinated by the N.AS .\ ‘Goddard Space Flight Center (GSFC) and was internationalin scope. The following agencies were participants in the experiment:

NASA /Goddard Sp;ice Flight Center (NASA/GSFC)
DOT Federa l .-\ vkit ion Adminis tration (DOT/ FAA)
DOT Tr:insport;ttton Systems (‘enter ( DOT’TSC)
DOT U.S. Coast Guard IDOT ’ tJs( (;)

- — DOC \1.irit inte -~dmin istratjon ( DOC/MarAd )
l uropean Space Agency ( ESA)
(a nadt an Ministry of Transport and Department of Communications,

Each partictp; int performed tests in one or more of three categories: aeronautical , maritimesa fety - and maritime fleet operations, All tests were conducted in accordance with an over-.mll integr. ite,l t est  plan coordinated by NASA/G SFC.

I he I. .S DOl Aeronautical test program was under the direction and sponsorship of theFederal As iat ion Admi nistration , Systems Research and Development Service (SRDS), SatelliteBranch . with the 1)0 1 I S( conducting t he technology tests and the FAA/ NAFEC conducting the ATCdemonstrat ion t es ts . rhe technology tests tnc luded multipath channel characterization , modem evalua-tion , and aircra ft antenna evaluation. Results of these tes ts are presented in volumes III through VII,and the results of the ATC demonstration tes t s are presented in volume ii. The DOT/TSC test programwas supported by the Boeing Commercial Airplane (‘ompany tinder contract DOT-TSC-707 . Mr. R. G.Bland was the TS( Project Engineer and Contract Technical Monitor.

This volume di scrihe s the multipath channel character~,atjon test. All work was
perf~ rmed under contr ct DOT-TSC-707 . Sections 5 .4.6 . 6.5. and most of 5.5 , as well as
appendix C . were prepared by CNR. Inc.. under subcontract to the Boeing Commercial
Airplane Company.
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I. INTROI)UcTION

[he [ S ,ic ron.iutteal tec h no logy t& ’sts were conducted by the (i S. Department of 1’runsporta-
tion , 1 ransport. iti ui Sv’~tern s (‘enter I DOT TS( ’ I as part ot the Integrated L.-B ind Experiment ( re t ’ . I - I ) .
I he ,ive i.dl ob je c t ive  it t ht ’se tests wa s (C) provide data ( ‘or the evaluation of advanced system concept s

and hi:mrd ~i are .q’p lk .ible to the design of future satellite —based air tra itic contro l systems.

I hret- ty pes ol ieroIi:iut II i i  technology tests were conducted by DOT ‘TS( :

a. J !u/ upath ( ‘Iuvznel ( ‘/larucleri:ation; Pseudo—noise I } ‘N code mod tihet ed signals were
tran s tnt t te d (rum the K(’ - 135 using several dilI’er ent an tennas  and various polart,.itiotis .
A f ter  rel ;i~ l’~ \TS-b . the signals were rece ived at Rosman . prolesse d 1w the multipat l i
‘otelht l ,ieronaut ica l channel prober ( SACP~ eq utpment . recorded, and later anal yzed to
obtam n a eh;ir.tcteri iation ot the multipath channel.

h . %lode,n I. ‘a / u i i ’E on ’  Several voice . digital data , ranging, and his-brid voic e dat a tnodems
were te~t~- - .l us ing signals transmi tted from Rosman through A FS-o to the aircraft . Modem
demodu lator outputs were rI-cor ded onhoard the aircraft and analyzed t o determin e per-
(O r ru . ’ kC (or variou s carr ier—to—noise det isi ty I C’N~1 I and si g na l—to— mu ltip a th interleren ve
(S I) rat ios . Modem evaluation tests are described in volume V I.

c . . - ln lennu 1: i-a1ii ~, tu,, i: A cw signal radiated by Rosman through ATS-o was received by (lie
Va r io us at rcr a t t  antennas under test.  Data was recorded and analyzed to evaluat e antenna
ga i n ,i id ni ultipat Ii ret ect m om i as - t function of geomi~etry. The antenm ia evaluation te s ts  are
leVI r it ’ cd tn ‘ i(litile V II.

lhis vo lume describes the tnu ltipath test s .  Section 2 summa ri/cs the results and conclusions.
Sei lIon 3 €lescnhes the tes t  itnplenientat ion. and section 4 provides a summary description of t he more
important ‘ ( . t ( a  a n.t lys is procedures (a detailed descripti on is ~tven in vol. IV Section 5 provides 

-ex per imenta l results t i ,r the ovc rocca n ttiiilt pal Ii tests  and compares t h e m  with t l teo ret ic a I prediction.
Sect ion 6 describes the ph ys ica l optics s cat ter  model used to predict t h e  overoce;in mnult ip ath channel
character ist ic s . Section 7 descr ih’t ’~ resul ts  obtained for (‘ONUS multipath tests .

I - I ,  1-2
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2. SUMMARY OF RESULT S AND CONCLUSIONS

Mobile communication Systems such as those used by aircraft are subject to mult ipath inter-
lerence due to signal ret lections from the earth’ s surface. The degree of system performance degrada-
tion caused by suc h in erterencc depends on many factors , including ( I) electromagnetic and roughness
parameters of the scatterin g surface: ( 2) relative geometry of the aircraft , satellite , and scatter ing
surt , ice , ( 3 1 a irc rat ’t antenm ia pattern and signal polarization : and (4 ) type of message and modmilation
signal design. The oscra ll test objective was to characterize the multipath sufficiently to provide the
technical basis for design of bot h the signal structure and the hardw are for aeronautical satellite
COtt itli unmcation applications.

S test signal for probing the multipath channel was formed by PSK modulation of three pseudo-
noise ( PN codes on separate hut frequency-coherent L-band carriers . The three PN codes had different
code delays hut were otherwise ident ical. Typically, chip rates of 5 or 10 MHz were used. The test
signals were transmitted t’rom the KC-l 35 using selected aircraft antennas and signal polarizations. After
relay h~ A I 5-6 . the signals received at the ground station were processed by the satellite aeronautical
channel prohcr (5 - 5 ( P)  ha rdwar e and were recorded (or off-line computer analysis.. Overocean multi-
path data w as  acquired (‘or satellite elevation angles between 3° and 32°. Over land multipath tests were
conducted (‘or various terrain types for both summer and winter conditions. Analysis of these data has
concentrated primarily on determining the channe l’s de lay-Doppler scatter function and its associated
integral and I ourier parameters. In addition , for the oceanic multipat h channel , a scatter mode l was
validated , the spatial filtering effect of the prober antenna was isolated , and se lected data sequences
were processed to determine time-doma in statistics and cross-power spectra.

2. 1 OCEANIC N1t 1.TIPA fU TI/ S F

A major portion of the oceanic multipath analysis effort was directed toward verification of an
appropriate scatter model t hat could extend the experimental results to the prediction of performance
for future aeronaut ical satellite systems . Toward this end , a vector formulation of t he widely accepted
ph ys ical optics very-rough-surt ’ace scatter m odel has been used to correlate theory with experiment. In
applying the rtiodel. the scatter cros.s section , coupled with complex polarization transmission coeffic-
ienls , was numerical ly integrated over t he total effective multipatli surface. Model predictions were
generated for a va riety of surface rms s lope conditions and were shown to closely emulate the measured
mult ipath channel ch:ir.icter istics . These predictions and the corresponding comparisons were conducted
at the level of the delay- Doppler scatter function and its associated lower order integral and Fourier
parameter s .

2 - I



The delay-Doppler scatter function . S(r .~~). was found to have quite pronounced dependencies
upon gra t i ng angle , a ircra lt heading, and rms se.i slope. Sea-slope dependencies were investigated
matn ls I hrough use ot model predictions. These pred ictiori s were base h oti an isotropic slope distri hu—
tt o t i  possessing a G.iiissun form. Sea-slope distri butions used in model predicttot is were verif ied by
sea-st a t e buns measurement data. With the exception of the absolute level of its power spectral densit y .
SI r .w ( is  only niildls dependeti t upon the electromagnetic polarization (horizontal. vert ca l . or circular )
of the incident probing signal. This is particular ly t he case for the high-angle data. whereas at the lower
grazing angles the effect of the vertical polarization ref lection coefficient ’s spat ial variation is in
evidence. Tile sea-surface slope strongly influences the dispersion in both flit’ de lay and Doppler
coordinates More specifically, an increase in rms slope results in both increased delay dispersion and
Doppler dispersion. The distribution of energy in the Doppler coordinate is also i strong function of
grazing angle and aircraft heading. As the flight direction departs from the cross-plane direction, the
energy distribution in t ile Dopp ler realm is no longer symmetrical with respect to the specular-point
frequency. This asymmetry increases as the flight direction approaches the in-plane condition and
results in the negative-frequency realm of S(r.w) being significantly more spread than the positive-
frequency region. ’ Elevation angle effects are primarily related to the Doppler frequency: for a
decre ase in elev a tion ang le . t he dispersion in the Doppler coordinate also decreases , while (he asvm-
metr s of t i e  mn-p lane S ( r . w )  function increases . Hence . S(r. w) has maximum asymmetr y for a
cotnhination of low-grating- -angle , high-sea-surface slope , and in-p lane Ilight geom etry .

When S(r a~.,) is reduced to lower order parameters via integral and Fourier t ra rtstor m operations .
its properties are genera lly more self-evident. Using t hese techniques . the channel’ s de lay spectra .
Dopp ler spe ctra, frequenc y autocorrelation funct ion, and time autocorrelation function have been
derived. The observed delay spectra exhibit the expected monotot lic dec.is as a (unt tmon of tap
number . wi t h the specular-point tap possessing the maximum det isit s - Tile dela y-spectra data showed
no significant dependence upon grazing angle or flight direction. Model emulations show that the
dispersion ot (lie de lay spettrum increases suhstantially for an increase in surface slope. The Doppler
spectrum measurements exhibited a Gaussian-like distri bution ass ociatl -d with the cross-pla ne (light
com idmt ions .ind a very .isymmetrical “ramp-like ” relationship for the in-plane direction. For a decrease
in er.iimng angle - the vart ance o f the cross-plane ( ,iilssiatl l)oppler spectrum decreases whereas the ramp
slope of the mn-pl .ine distribution increases . with the spectrum possessing an abrupt upper t requency
l mmtt .  Aca it i . imiode ! t’mi: lati o mt shows that an iticre,tse in sea slope resu lts in an it i c rc as e in the disper—
sion of the l)oppler spectrum. The f requency autocorr elation function and t he delay spectra are a
I-uuri ’r Irans i niti pair . simi~Iarls - the time autocorrelatton function and (lie Doppler spectra are

I he frequ ents re,ilni correspondi tie to scat te r  f rom u ( t i e iegion (in f i l l’ “stib aircr ; mt t ” side of the
specular point will exhibit the larger spread . I-or these tes ts . (lie in-plane flights were toward the
s atel l i te and Itence 11w negat ive-freque~~ ri~aImn shows t h e  larger spread. I-or mn-plane flights
.iwav from (lie sa tel l i te , the posit se- (eq iit’ncy realm would have the larger spread -



atiother Fourier transform pair. Thus t he time autocorrelation and frequency autucorrelation
function dependencies upon grazing angle , flight direction , and sea slope are extensions from the
above discussion (i.e.. an increase in spread of a function results in a decrease in spread of its
Fourier transform ) . These inverse relationships are clearly visible between the Fourier transform
pair elements calculated from (lie data. It is of interest to note that , compared with the Doppler
spectrum properties . (lie shape of the time autocorrelation functioti is not nearly so dependent upon
aircra ft iie.iding. 1-lowever it is apparent that the in-plane result is somewhat heavier tailed than the
cross-plane result - as exp ecte d -

The tot -a l energy content of the scattered signal and the spread measures of the above spectra
amid autocorre lation functions represent (lie lowest echelon of channel characterization and were
calculated ,is a function of polarization and grazing angle. Horizontal and vertical polarization total
scatter coefficients w - ’re found to be within I or 2 dB of results predicted by the physical optics
sector scatter model. The experimental scatter coefficient dependency upon sea slope was not deter-
mined exp licitly because sea-slope measurements were not available for t he exact times and locations
of (lie multipath tes ts . The model predictions~. however , indicated that the scatter coefficient
t~agnitudes.. t’or grazing angles above l0° .were only wea kly dependent upon sea-surface slope. With
the exception of the low-angle vertical polarization data , the scatter coefficients are roughly equivalent
to the product of the divergence factor and Fresnel smooth-earth reflection coefficient. The low-
angle vertical results are som e 3 to 5 dB above this relationship : this is not unexpected and may he
explained hs the concept of “l3rew stcr angle fill-in,” which is discussed in more detail in section 5.2. (-u .

( hartnel spread me:msures were presented as a function of grazing angle. No appreciable grazing
angle dependence w as apparet it for (lie delay spread data. Average delay spreads were almost constant
( less (lii ii 20~ chia tige I (or grazing a ngles ranging betweet i 10° and 30° . The 3—d B deta v spreads
ranged miii .u low of 0.25 p5cc to a high of I -~~ psec and had a typical value of 0.8 p5cc : the l0-dB
delay spread s ranged t rom 2.2 to S t  psec and had an average value of 3.2 p5cc. Similarly, the 3-dB
coherence handw idt Its did not exhibit a strong graz ing angle relationship and were observed to vary
over a range t ’rom 70 to 380 kHz . with the higher values being associated (very weakly) with the
higher gra,tng angle s . Doppler spreads exhibited a very strong dependence upon both grazing angle
arid amrcra u heading . For the in-platte geometry condition , very small Doppler spreads are associated
wtth the low grazing angle s . (or examp le , at a graz itig angle of 80 . typmca l 3-and l0-d B spread
measures of 5 and 44 lIz were measured . These results are s ig nifi ’ -ant ly lower (by a factor of 4 or
tnore ( than th os e oht,iined for the cross-plane Ilight vector and .igree w ith predictioti. This plienomem ion
does riot imply a l v i  sea—s ur(, lce slope and in act , as shown b~’ t lie model predictions , (lie low—angle
in-p lant ’ I )oppkr spreads ri las ac t ua l l y  decrease for :iri increase in sea slope. At (lie high end of the
gralmng angle range . the (light direction v e c t o r  had l i t t le influence omi Doppler spread. For example , at
30° . the 3- amid I0-d B l)opplcr spre.uds or in-plane (light wer e 140 and 350 Hi: the c~ rresponding
value s (or cross —plane Ilight were only about 30~ larger. Measured values of selected ‘oceanic mnult ipat h
para meter s are summarized in table 2-I -
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TABLE 2- 1. SUMMARY OF SEL ECTED MEASURED OCEAN/C MUL TIPA TH PA RAMETERS

Typical value at grazing
Parameter Notes Measured range arw~le specified

______ _____________ 
8° 15

0 30~
RMS scatter coefficient (horizontal polarization) b -5.5 to -0,5d B -2 ,5 dB - 1.0 dB -1 .0dB
RMS scarter coeff icient (vertical polarization) a -15 .Oto -2 5 dB -14 .0 dB -9.0dB .3 5 dB

Delay spread b
3-d B value 0.25 to 1.8 p sec 0.6psec 0.8psec 0.Bpsec
1O-d B value 2.2 to 5,6 p sec 2 .8psec 3.2 psec 3.2psec

Coherence bandwidth (3-dB value) b 70 10 380 kHz 160 kHz 200 kHz 200 kHz

Doppler spread (in-plane geometry) c
3-dB value 4 to 190 I-4 z 5 Hz 70 Hz 140 Hz
1O-d B value 13 to 350 Hz 44 Hz 180 Hz 350 Hz

Doppler spread (cross-plane geometry) c
3’dB value 79 to 240 Hz 79 Hz 110Hz 190 Hz
1Q-dB vatue l8O to 56OHz 180 Hz 280Hz 470 Hz

Decorrelatiori time (3-d B value) d 1.3 to 10 msec 7 .5 msec 3.2 msec 2.2 msec

Notes: ~At 10° grazing angle
a Strong dependence on grazing ang le . especiall y lear Brewster angle
b No strong grazing-angl e dependence
c Strong grazing-angie dependence
d- Strong inverse dependence OII grazing angle.

An additional dimension of the interrelationship between the oceanic surface and the complex
vector nature of electromagnetic propagation was investigated by determining the degree of correlation
between the simultaneous vertical and horizontal probes and by separately using right- and left-hand

circular RII(’ and LHC) polarization probes. With the exception of the received signal’s abs olute

amplitude , the circular polarization data was shown to possess attributes similar to those of the linear
polarization probes. With respect to the total received scattered energy during tests with circularly
polarized (CP) probes , the results illustrate the phenomenon of surface-induced polarization sense
reversal. This is evident since probes transmitted from the aircraft with L1I(’ polarization are received
more t ’avorahly at the right-hand circularly polarized satellite tham i rirohes transmitted with RIIC
polarization. The degree of correlation between (lie probe’s horizontal and vertical polarizations was
investigated by determining the amplitude of (he correlation coefficient betweem i the two signals and
by examining the phase of their complex cross-power spectra . lii both cases, results are in accord with
vector scat ter  theory and indicate that the orthogonal polarization multipath processes are highly

t-orre lated , with the Fresnel reflection coefficients providing the appropriate phase relationship
between the scattered vertica l and horizontal probes.
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Invest ig at io ns were made pertaining to (lie complex Gaussian wide-sense stat ionary uncorre-
hated scattering (W SSUS) properties of the oceanic multipath process . After rather extensive testing.
we have s t , t t i s t  ic-a l bases for support of both the complex Gaussian stat ist ics hypothesis and the assump-
t ion (hi-at the scatterers are uncorre lated. Also , the c han nel’s wide-sense statiom iary characteristics were
examined os-er a relatively short timespan and appeared to exhibit time-invariant statist ical properties.

~ mile this test was by no means com prehensive . it is though t to he representative of expectations in
that (lie scattering physics are influenced primaril y by the surface ’s slope probability distribution
function (pdf) . which changes in a manner roughly proportional to t he square root of the wind
velocit y . Thus , one may confident ly represent the oceanic channel a s a  comp lex Gaussian WSSUS
scatter process. Under these -onditions the S(r .w)  function completely describes a ll statistic -al
attr ibutes of t h e  channel. Since th is function arid the lower order measures are well duplicated by
t he physical optics vector scatter model, the results of this test may he easily extended and applied to
detailed ar ia lysc s and design of future oceanic 1.-hand systems.

2.2 coxI s MULT1PATI-l TEST

One of the most obvious character istics of (lie overland CONUS scatter data is its high degree
of signal structure nonstatio narity. This was readi ly confirmed through a visual ohserv:ution of
several dt ’ lay -s pcctra time history segments. Similar ly, t he signature of the channel’s delay- Doppler
s c :u tter f’unction varies markedly with specular-point location and was used to isolate periods of
very low spreading. modest spread ing, biased positional scatter , large irregular Doppler spectra return .
:mnd mixed scatter process return. Th ese data were used to delineate the salient feature s associated
with terrain type s falling under t h e  categories of heavy vegetation cover , coastal harbors , large cities .
large lakes and sn ow-covered plait is and mountains,

The above properties of nomistationarity appear to mask out any systematic grazing angle,
flight direction , or polarization dependencies (li-at might exist or the channel’ s rms scatter coefficients
and spread parameter measures . Table 2-2 summarizes (lie observed range and typical values
ass ( uc ia te d wit ii the unmdmm iiension a I channel parameters .,.

• Resu l ts  from analyses of data gathered (luring the airport enviroiiment multipath probe were
presented for lest seq ucnces entailing runway tax i , landing, and low-altitude-approac h airplane maneuvers.
I hiese probes were carri e d out via a single crossed-slot , low-gain antenna whose polarization was left-
hand circular , thus providing enhancement of t h e  mul(ipathi signal at the expense of (lie direct sigmial.

— 
Wi th (lie airp lane movin g on t h e  ground . the received signal structure possessed two rather distinct
attr ibutes: f I I fairl y large amp litude ( luctuatiomis of the energy received in the direct line—of—sight
s ignal taps were observed (possibly ca used by st all-delay miiultipathi components) amid (2) otilv very low
levels (a t  lea st 20 d l3 below the dire ct -path signa l) if mi t ult ipath power were observed for delays greater
than (( . 2 pset rl-l a sc to (he direct sig nal arrival .
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TABLE 2-2. SUMMARY OF MEASURED CONUS MUL TIPA TH PA RAMETERS

Typicat a
Parameter MeaSii Pfl range value

RMS scatter coefficient lhorizontat poiari zat ion) 18 t r ‘2dB -9 dB

RMS scatter coefficient Ivertica l polar izat,onh ‘.1 to -3 ((B —13 dB

)elay spread (3 d8h 0.1 to 1.2 psec 0.3 psec

Delay spread (10 dB l 0.2 n 3.0 psec 1.2 psec

Coherence bandwidth (3 dBl 150 kHz to 3.0 MHZ 600 kHz

Doppler spread 13 dBl 20 to 140 Hz 60Hz

Doppler spread (10 dB( 40 to 500 Hz 200 Hz

Decorre(ation time (3 dB l 1 to 10 msec 4 msec

d Grazing angle dependencies h f  anyl masked by nonstationarity properties .

For (lie a pproach and landing ph ases ot (lie airport envmronment test . (he data has been used to
identif y sever ,u l  fundamental characteristics of (he direct and nnultipath s ignal components . As expected .
a irplane banking maneuvers produce substantial changes in (lie relative direct and mul(ipa(h signal
levels. ‘[his was illustrated by an example that showed (lie antenna ’s S~I parameter undergoing a change
in excess of 20 dB over a time interval of about 15 sec . With respect to ( lie influence of’ the aircra ft ’s
alt i tude decrease during the descent and landing planes . a corresponding decrease in the differential
time delay and a re lat ively large positive differential Doppler frequency shift between the direct and
multi path signals were observed. The diffe rential delay is proportional to altitude only, whereas the
differential  E)oppler depen ds on angle of approach and aircraft velocity. For the JFK approach at an
altitude of approximatel y 0,7 km . a 34-Hz differential Doppler was measured . One further observation
relates to ( lie noted tendency for (lie multipath signal ’s delay sprea d to decrease with a decrease in
altitude. This is in :ucto rd with theory, which predicts a delay-spectrum d ispersion proportior~iI to the
a ltitude of the airp lane.

T he ( ONUS multm pa0 u test resul s provide an extensive (fat - a base relative to (lie overland
— . ( i i rwar d- sc :ut(e r mult ipat hi channel. T he  d: mm :u base yields valuable information pertaining to scatter

signatures asSociate (l wit Ii a varie y of terrain features , such as electrica l chiarac er is (tcs . macroscopic
roughness I plains . mo ur it :m ins . etc.  1 . amid se get: it mon cover.



3, M ULT I PATH TEST DESCR IF TION

NiulOpath i hannel chiarac (e r iiatiom i tests  were conducted both overocean and overland (CONt]S).
[his secOoni describes t h e  test ob jec t i ves , imp lementation . arid data acquisition procedures .

3. 1 OBJl:( ’T lV lS

[or mobile coniiniunication systems operating in (lie vicinity of random rough surfaces , the
received electromagnetic s ignal consists of’ (lie superposition of the transmitted direct signal plus
terrain-reflected signal replicas having random amplitudes , time delays , and Doppler shiff ~. These
muRipath et ’(’ects should be accounted t’or in (lie system design of an aeronautica l satellite communi-
cation system. Thus (lie overall test objective was o characterize the multipath sufficiently to allow
confident design of both (lie signal structure amid (lie hardware for aeronaut ical satellite communica-
tion applications. Specific objectives were:

a - Acquis it io n and analysis of overocean mul(ipa(h data to obtain a detailed delay-Doppler
charatterization of the oceanic multipath channel for various satellite/aircra ft geometries ,
signal polariia t ioiis . and sea s tates .

(a . Evahua ( iomi md verif ication of ami oceami ic scatter model.

c. Ac ilmiis itiO ii and analysis of overhand ((‘ONUS) multipath data to determine (lie essential
c h aracter i s t ics  corresponding to a range of satell i te/aircraft geometries , signal polarizations.
an(l terrain s l, ites . Terrain types of in erest included mountainous , vegetation-covered .
siioW-c(iver i.’d . barren (desert), urban (c i t ies) ,  lakes , ami d airport environments .

\-‘.ihidatuo n ut a laboratory mult ipahh channel simulator using the acquired muhtipath data has
also been identif ied as a DOT TSC goal. Analysis of simulator requirenients and processing of multi-
pat hr data for simulator app lications are planned future efforts to hl~ conducted by DOT/TSC .

3.2 MUI I IP.-\ II! L I S I  IMPI.EMI:N1 A IION

Th is section des c ribes the satell i te/ a ircraft link , the multipath test concept , amid the imistru—
mrme n(al ion at Oue a ircr ,i lt  and ground s t a t i o n  terminals .
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3. 2. 1 Satellite , Aircraft Link (‘ontiguiration

During (as k I ol tine rrogram , link’ ’,mn~il~ yes were performed to (‘ va lu.ite tine s pected perform-
anice of both ( he forward ( Ros t uia n/AT S— (i/ai rcrat ’() and return f :i ircr aft A ’l S-t Rosnna n) link
configuratiom is (or multipath data acquisition. These analyses “bowed that ( h i  in eit h er case , the
,ic hn ievab l e link performance was determined almost entirely by (lie ai r c ra tn sa telh i :e 1.-hand scgmc’nit .
( 2 1  the vert ical polarization case was One most critical probe in the si ena l’t o-nti i ise ratio sense becaus e
of (lie higher reflection loss at the sea sur face , and (3 )  (‘or (lie critical vertical-polarization probe . the
return-link configuration (assuming a l00-W aircraft L-bftnd tr&iSmit(er)of ’k’red a signa l-to-noise ratio
advantage of approximately 7 dB compared wit h the forward-link mode. Other adva ntae cs of the
return-link configuration were : ( l b  it resulted in a simpler and more practical aircraft installation
and ( 2) it provided a convenient means of separating direct path signals and multipathi prohes using
coded time delays as described in section 3.2.2. As a result. (lie return-link configuration was selected
for implementing the multipath tests .

Tine basic RF link configuration used for all U.S. aeronautical technology tests is shown ir
figure 3-1. For multipath data acquisition, the test signals were generated onboard (he KC- I35 air-
cra f ’t and were transmitted to t he ATS-6 satellit e for relay to (lie NASA/Rosman ground station.
Forward-link transmissions received at the aircraft were used only for test coordination purposes.

The ATS-6 satellite transponder was configured t’or 1.-C . C-L frequency (ranslation and
normally operated in t he coherent mode. T he uplink reference carrier needed for coh erent mode
operation was Us(ially transmitted from (lie NASA/Mojave ground station. This mode of operation
reference d (lie frequency-conversiom i operation of t he satellite transponder to a stable ground-based
frequency standard , thus eliminating downlink freq uency uncertainty and drift associated with the
satellite internal master oscil lator.

The ATS-~ L-hand antenna was used in the fan-beam mode for all oceanic multipat lu tests
For (‘ONUS tests , tine pencil beam was used for several of (lie test legs flown .

3. 2.2 Satellite Aeronautical (‘hannel Prober l est (‘once pt

A block diagram mll us ra(ing (lie satellite aeronautical c h uamin c h prober I SACP) test concept is

shown in figure 3-2 . ‘I’hree pseudo-noise (PN) sequences havimig d i f fe rent  lime delays but otherwise
idemitucal were generated by tine SAC I’ modulator. ‘line values of 1) 1 and 1)2 were selected to allow
ve p ,mr :m t momi of (he t hree smg mial s by correlat ion tech nn i iq ues at the SACP receiver , l hnt ’se PN codes were
PSK nrnxlul~mk’d onto R F carriers and were transmit te(l f ’roni (lie aircra ft as (lie multipat lu chaminel
tes t  signals . One of t hieve signals was trai istnit(e~ directly o the sa le lh ite fbr relay to (he ground
station , where it Was used as a reference signal. Ihie 0111cr two signa ls served as (he multipath channel
probes .ini(l were usually (ransmiued by downward-looking antennas that had select able pointing am i d
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polarization. The three transmitted RF carriers were derived from a common frequency source and
hence we re coherent - .-\ lfliough consfant RF ph ase differences might have been present due to path
lengtt n dift ’erences in transmitters . t h ese differences were of no consequence for most of the subsequent
data analysis ,

At the ground station . the direct path tracker of (lie SACP demodulator utilized coherent
demodulation o track hie carrier phase and PN code received over the direct path. These were used
as delay and Doppler references f’or the Il 2 complex cross-c orrelators that processed the received
reflected signals. The multi pat h channel measurements consisted of 11 2 complex cross-correlation
operations between a locally generated PN sequence and (he probing signal received over the link.
The resul tant measurement corresponded to the sampled impulse response of the channel.

The SACP prober h ardware was furnished by Stein Associates , Inc.2 Principal design features
are given in table 3- I. A more detailed discussion is available in reference 3- 1 and in appendix C of
this volume.

3 .2.3 I~rmin~[1n~trunientation

3 ,~3.J K( -135 .1 ireraf 1 Terminal - ..S, functional block diagram for the mul(ipa(h test is shown in
figure 3-3. T he  SACP modulator generated three PN-PSK 70-MHz IF signals that were identical
except (‘or preset time dela ys between the PN codes. The triple up-converter coherently translated
the three signals to I o50 MHz to drive (lie three multipa(h transmitters , Each transmitter was connected
(oa selected 1.-hand antenna. The reference signal (with code delay, T0) was transm itted directly to
ATS-6 via the quad-helix antenna. The other two PN-PSK signals (with code delays D 1 and D,)
drive the h orizontal and vertical polarization arrays of the selected multipath antenna - usually the
t’orward multipat h antenna. Alternately, a single transmitter could be used with the LWSD/RWSD/
TOP slot-dipole sys eni . with ( lie crossed-slot (XLT) antenna . or w ith the FMP antenna operating in
one of its circular polarization modes , Airborne system parameters were recorded on computer-
compatib le 800-hpi seven-trac k tape (six hits plus parity) using a Kennedy 8707 recorder. Three
HP 435A power meters used in conjunction with directional couplers allowed the RF power output
of cad hi channel o be monitore(h and recorded. Other recorded parameters included lRlG-R time
code. SACP modulator code length and chip rate , selected multipath antenna and polarization mode.

I l’he transmitted RE phase d if t ’eren nces and the ef fec ts  of (lie ATS-o antenna are of significance for
port tons of (tie hor i z ontal - vert ical  polarization cross-corre la(ion analysis. A first-order treatment of
these effects us included in f lit’ appropriale data analysis :;ections of this report.

2Ste in Associ ates , Inc.. “Instruction Niantual for (he Satellite Aeronautical Chaminel Prober: Volume I
System Desc r iptmoni m d  Operation ,” contract DOT-’rsc-634, June 1974.
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internal power monitors of eac h multipath transmitter , a ircraft heading, pitch , roll, alt itude . and INS
groundspeed. Details of (he recording format are given in volume IV.

Nominal RF power outputs of 20 W were used for (lie direct path and horizontally polarized
indirect path, while a l00-W transmitter was used for (he vertically polarized indirect path or whenever
an operational-type antenna was used. These levels , based on the Task I link analyses , were designed to
provide adequate signal-to-noise ratio at the SACP demodulator while not exceeding a signal-to--noise
ratio o f - IS  dl3 in the ATS-6 satellite 40-MHz IF bandwidth. This hatter constraint was necessary to
ensure that multipath test signals would he processed linearly by the ATS-6 limiting transponder.
Other L-hand participants such as MarAd, w ho used the ATS-6 L-band return link concurrently, also

TABLE 3-1. SA TELLITE AERONAUT/CAL CHANNEL PROBER (SACP)
SYSTEM FEATURES

SACP Transmission Subsystem

Modulator
Probing rate (selectable) 0.5, 1.0, 1.25,2.5,5.0, 10Mbps
Modulation ±90° pseudo.random PSK
PN sequence length (se lec .able) 1023, 511 , 255

IF frequency 70 MHz
Power output I into 75 ohms ) 0 dBm

SACP Receive Subsystem

Demodulator
IF interface fr equency 70 MHz
Video PN rates (selectable l 0.5, 1.0, 1.25. 2.5, 5.0. 10.0 Mbps
Number of multipath complex demodulator taps 112
Output multipath tap low-pass filter bandwidths
(1 dB) (selectable ) 37.5. 75, 150, 300, and 600 Hz

Output tap dynamic range 40 dB
Number of direct path complex demod ulator
taps and filter characteristIcs 6 at 20 Hz (3dB)

Real-Time Display

Display method Standard oscilloscope
Parameter displayed Average power at each complex demodulator output
Number of outputs displayed across scope face All complex demodulator taps (10’tap selectable

zoom)

Averaging time 1/16.1/4, 1 , 4 sec

Input dynamic range 40 dB

Input bandwidth 600 Hz (3d B)
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subtecle d their tra mism,sstons o (he same com istraint (< - IS dB S/N at the satellite IF point) . In
addition . t’requencv assignmilents were such that co-channel and adjacent-channel interference either
did not occur or was lucId w an acceptably low level.

? 2  3.2 Rospnan (;r oun d Station — The return-link signal was received from ATS-6 via he 85-ft
antenna and (‘-hand receiver , This signal was down-translated to the 70-Mh z IF and was routed to
the SA(’P receiver where it was demodulated , processed , and formatted along wit h time code for
red ording on widehand analog tape.

The TSC Ampex FR-1900 and the Rosman station Ampex FR-2000 tape recorders were used
to direct record the multiplexed output of the SACP receiver system on seven-track , 1/ 2-in, analog
tape. Recording speed s of 1 20 ips were used for both oceanic and CONUS data acquisition. For
oceanic tests. 7200-ft tape s were normally used to provide uninterrupted recording for a period of
I 2 mi For CONt’S te s ts , 9600-ft tapes provided uninterrupted recording for 16 m m .  Data tracks
recorded included two multiplexed SACP receiver output data streams (recorded in dsmp hicate for
redundancy, t hus occupying f’our tracks), lRlG-A time code . IRIG-B time code , and a hit-synchroniza-
tion signal. Detiils of tIre multiplexed SACP receiver output format are given in volume IV .

3. 2. 4 K(’ - l 35 L-lland Antennas

The approxim.i(e locations of the L-hand antennas used on the KC-h 35 test aircraft are shown
in fut ure 3-4 . M:mjor features of these antennas are summarized below. Unless otherwise noted.
a ntenna polarization ns rigbn-hand circular.

a. Quad-He lix (Qil) .-Inte,mna. Th is antenna was used for transmission of the direct signal
to ATS -o during all multipath tests requiring transmission of a separate direct path signal.
[he antenna has a conical beam shape approximately 19° in widt h at the 3-dB points.
The antenna is mechanical ly steerable to provide coverage throughout the forward
region o f the upper hemisphere and provides about l5.5 8 gain toward the satellite for
elevatio n angles above 1 5°.

h~. Front .‘~1ulr ipa th (FMP) Antenna. The FMP was (lie principal antenna used for trans-
mission] of t he terrain-reflected signals during bo hi overocean and (‘ONUS multipathi
tests [he antenna , located within the nose radome . emp loys a two-element waveguide
array resulting in I .dll heamwidths of 20° in az imuth and 50° in elevatiom i. Gain was
appro x mm iia(ely 6 dB and polariza ion was selectab le between RIIC. I.II(’. and dual linear
((lie h orizontal and vertical polarization poii.~ were simultaneously accessible on separate
transmission lines) . Details of the polarization switching unit are sh own in figure 3-5.
T he antenna was m ounted on a two-axis positioner . which permitted it to he mec hanically
steered anyw here between (he horizon and 90° downward in elevation and ±S0° (to
either left or right) from the aircraft nose in azimuth.
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Figure 3-5. Polarization Switching Unit

c. Three-Antenna (L WSD/R WSD/TOP~ Slot-Dipole Sy stem; This system consists of three
flush-mounted antennas. Side coverage is provided by the left (LWSD) and right (RWSD)
side antennas mounted in the upper wing/body (wing-root ) fairing areas at station 766.
h igh elevation angle and fore/aft coverage is provided by a th ird antenna ( TOP) mounted
near the op centerl ine at station 805. The LWSD and RWSD antennas were used during
overocean multipath test runs involving operational antennas.

d. crossed-Slot (XL T) An tenna: Also referred to as an orthogonal-m ode cavity. (h is antenna
was installed at station 746 near the top centerline specifically for acquisition of (‘ONUS
multipath data during t he February 1975 tests. It was used primarily during approach .
handing, and tax i sequences at selected airports. A limited amount of overocean multi-
path testing was also perf’ormed using t his antenna, The antenna may he connected for
either LHC or RIIC polarization.

Although the following antennas were not used for data acquisition during the multipath test
progiam. a brief descript ion of each is included for completeness.

a. Side-Mounted Multipath (SMP) Antenna ’ This antenna, located at station 804 and
waterline ISO, has a fixed beam that points approximately 15° below (he h orizon and
100 aft of broadside. The 3-d B heamwidlh is about 20° in elevation and 45° in azimuth.
and peak gain is approximately 13 dU. Polarization is selectable between dual linear.
RIIC . or l.I-l(’. The polarization switching network is identical to that of (lie forward
mu ltipath antenna. Because (lie forward multipath antenna beam s hape was more
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desirable and could he steered in both azimuth and elevation , (lie side mult ipath antenna
was regarded as a backup for (lie forward multipath antenna and was theret o re not used
I’or mo lt path data acquisition.

h. Rig/z t !Le ,~’t Slot-Dipole (RSD , LSD) Antennas ; These antennas were mounted at station
I 1 3~ approximately 35° down from the top centerl ine. Due to (he more favorable
location of the LWSD/ RWSD/TOP slot dipoles , t he RSD/LSD antennas were used
primaril y as backups and for auxiliary transmission/reception functions.

c. P/z a,ced- , lrra n ’ (P11.1) Antenna ; This antenna was mounted on the right side of the
aircraft at station 420 . 4 1° down from the top centerline. With this location (lie main
coverage was approximately broadside to the airplane. The beam was lixed in azimuth
and was electronical ly steerable in elevation in increments of about 10°

d. Patch (PA T)An tenna; Because of its low power-handling capability, this antenna was

used onl~’ for receiving. It was located near the top centerline of t h e  fuselage at station
270 to provide forward “fill-in” coverage for the RSD/LSD antenna system.

The front multipa(h antenna and the LWSD/RWSD/TOP slot dipoles were furnished and
insta lled by Boeing3 for t his test program. The phased-array and patch antennas were furnished and
installed specifica lly for the antenna evaluation tests and were not used during mul(ipath tests. The
side multipa(h , RSD!LSD slot-dipole , and quad-helix antennas were developed and installed by
Boeing for the earlier F..\A A TS-5 tests (ref. 3-2 ) . The crossed-slot antenna was furnished by Boeing
under an earlier contract (ref. 3-3 ) and was first used by DOT/TSC for th’ieir balloon test program.

3.2.5 Sea-State Buoy

Sea-state measurement data was acquired using a wave-following sea-state buoy furnished by
the U.S. Navy USE. and deployed from the USCG Cutter Gallatin. Buoy instrumentation included
a magnetic compass . gimballed roll and pitch gyros, and three-axis strap-down accelerometers. T he
roll and pitc h gyros provided angular information for determination of wave-slope distributions.
w h ile (hue accelerometer outputs yie lded data relative to (he spectra characteristics of the ocean
sur face. Small- sca le undulations (waves of leng hi less huari approximately I m) were sensed by an
array of 10 wave staffs . During data acquisition . (he buoy was tethered to t h e  USCG ship and imifo r-
m~mt ion was conveyed via cab le to the ship, w here it was recorded on magnetic tape.

3Descnhed in “U.S. Aeronautical L-Band Satellite Technology Test Program Terminal Design.”
Material submitted under contract DOT-TSC-707 . August 1975.
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3.3 Mt l TIP -\Th I TI- S F ( ,FOMFTR IFS ..~ND S(’ENARIOS

I e~t ’. s~ere conducted in accordance wit h a preplanned scenario specified by the tes t  Opera-
tmon s plan. The te st operations plan specified the flightpa(h. te st  parameters . and schedule ot all
csse rn m al Ops ’ r.it to ns to he performed onhoard the aircra ft and at the ground statio n.

3 .3 . 1 Oce,inic \ l i i l t tp ath Tests

.-\ nvp i ca l  oceanic multipath flightpath is shown as (lie portion between waypoints F and J
mn figure 3-u . Tests were I hr in duration and consisted of four legs with thre e te’i t headings. directly
toward the .\TS-6 s ub s ate ll ite. 45 ° offset , and 90° offset. The reference direct pat ti signals were
alw,i~ s transm itted via the quad-helix antenna. Additional details are given in table 3-2 .

TABLE 3-2. TYPICAL OCEA N/C MUL TIPA TH TEST SCENA RIO

Test antenna
Heading Relative

Way . relative to time , Direct Polari’ Azimuth , Elevation
Leg point ATS -6, deg mm antenna Type zation deg deg

1 FG 0 00 to 12 OH FMP H,V 0 -35
12to 18 TOP RHC — —

2 GH 315 18to 27 FMP H,V 4~i -35
27 to 32 RWSD RHC — —

3 HI 0 32 to 38 FMP H,V 0 0
38 to 42 FMP RHC 0 -35
42 to 46 FMP LHC 0 -35

4 1.1 90 46 to 55 LWSD RHC — —

55 to 60 OH FMP H,V 270 -35

Additional test parameters:
127 chips, 02 

— 490 chips
CR = 5MHz , CL = 1023 bits

0.2 D1 ~ ec, r2 = 0.2 02 ~sec.

Prior (ii the s tar t  of a data run , the SACP mod ulator code len gth ((‘L) . chip rate (CR). and
code deIa~ s (D I and D2) were set to the specified values. The two code delays were selected to allow
nonamb iguous identification and separation of the three prohimig sigmials (direct , II . an d V t at (lie

SAt P receiver . n.uking into account the aircraft a ltitude and satellite elevation angle for a particu lar
Ilight. (‘ode c hnp rate s were typically eit h er 5 or 10 MFIz, and the max murn code length of 1023
h i t s  was used or all tests . The nominal aircra ft altitude was 30,000 f t  for all tests and nominal
utroundspeed ~~ 4( 1(1 kn.  For ( Inc major portion of cacti test leg, t he multipath ch annel probes
were transmitted by (lie forward mul(ipath antenna. The dual—linear polarization mode (siiiiultaneous
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Modem/Multipath/Antenna Test

Da’te Novembe r 21 , 1974
Transmission mode: TG 4

D N45° 15’
W 37~ 15’

-3 dB ATS-6
- antenna gain

contour
E C

L Start MP
End MP N 400 25’ 8 Laies , Azores
N 38° 35’ G W 390 50’ N 38° 4 5’
W 4 5 ° O0’ W 27° 05’

M

H ~ N

A Start modem 100 elevation to ATS- 6
N 37° 50’
W 35° 10’

200 elevation 1 ~O elevation

u 4hr , l lmin

~~V V I V 1 V~~ V
1 

MP 
1

0
1

D/V
1

Ant
1

Type I) _. ..4.u.. Type 
~~~ HType i..1

Figure 3-6. Modem/Multipath Antenna Evaluation — Fllghtpath No. 4
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11 and V probes) w as mliost f requentl~ used . alt hough data w. us .icituired for RhI( ‘ and LI I(’ I ~‘nna
polarizations on a few selected fligh t test s . During d ata acqui s t tu i iu i . line forward m n u l t i p - t l i  antenna
wa s niornia hiv pointed toward t ine subsateilite direction in az i muntb n and w:is depressed below the

horizon to illuminate (lie e ffective scatter region in the v ic m ni l  v ot t ine spec ular ponnl . l’or .i portion
of an in—plane leg I flight direct l y toward the subsatel hite point I u) nu each tlighit. ( hue ,;] ‘ s’nn,i w as

pointed at the l’orward horizon to provide a direct l ine— o f—sig h t ihl i iuni ination oh t ine sa t _ ’ t h i t e .  l ) ;t , i

acquired in th u s nnam nmne r termed ‘‘up—look mode ” was gat hered to pr w ide inh. ’nnat ion re l:in ye

no t he satellite amitenna ’s polarization ellipse. .is well  i~ ca hi hr:ituon chata used in t ime dt ’ n e r m in ia ( ion

of (lie sea—surface reflection coefficient magnitude. Usually , a por tiom i of eac h test let ’ Wa s d evot ed t ( .)

t he acquisition of data wh ile (ransmiui(ting the probing signal through an opcr:ition:i l a ntenna.  I or ill
cases the ca ndidate operational antenna had high multipath discrimination , w it  In (lie ri-s u It t h at (lie
received multipath energy in each dehay tap was well below (lie recei ver ’s noise densntv .

At Rosman. data was recorded for the last I 2 mini of eac h test  leg. Rcu r~ter (urn-on w as
timed so that (lie end of the 7200-ft ta Pe (at 120 ips) would coincide w i th  the en~h iii (lie tc s t  leg.
The first part of each test leg was used (‘or reacqu isition of the signal 1w the S.\( ‘P receIver following
the aircraft turn and for tape changes on the instrumentation recorder .

3,3.2 (‘ONUS Multipat h Tests

(‘ONUS (light tests were either 4 or 4.5 hr in duration, This test time was divided into legs
typica ll y 20 miii long. Test headings for the legs alternated between directly toward or 90° ( i t l s C t  from
the AT S-6 direction. En route data was usually acq itired w~t Ii (lie forward multi path .~ nte nna operat-
ing in its dual-linear polarization mode. Some testim ig was performed with an aircraft operat ional-lype
ant enna. During the February 1975 tes ts ,  the crossed-slot antenn a was uSed to acquire dat ,i during
a pproach , landing , ant i t ax i  phases at three airports: Namao ( Edmomulon , Al ber t a ) ,  O’llare ((‘ hilcago 4.

and JFK 1 New York ) on three successive days. Selection of code length, code rate, T 1 and I 2 .an d
antenna pointing pa=anle(ers were subject to ( hue sa m e consi deration s as (or oceanic tests .

‘J o enhance the power level of (he multipat hn (ref lected ) signal recenvcd at Rosnnan, the
- - ATS—6 1.-hiand antenna was operated in the pencil-beam nnode during miian~ ol ( lie ( ‘ONUS te s ts .

Since the antenna ’s 3-d R heamwidthi is only 1 .5° in (lie penici l-beamii mode , repoi nt nn 4 ~ of tile space-
craft a ntenna was usteally requnired once or tw i c e  during a 4-hr te s t .  Thins nei h ut i r enn ent ‘.‘. .us easy to
sat n s t v and was routinely accomplis h ed by NASA/GSF(’ in unIv lew min mnles . .  \ n Rosnnnan. iI,lt . I wa s
norm ally recorded (‘or (he last 16 nun 01 cacti 20—mim i test  leg.
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3.4 \IULTIPATII DATA AC QUISITION SUMMARY

Overoccami tec hnology test f lights generally involved a mix of ’ test types . A single flight, b r

example . might provide oceanic multipath . antenna evaluation , and several t \  pes t i f  niaoulcnu esatu at-

(ion te sts . Oceanic niultipath test data was acquired on 18 separate Ilighits over a range of sa tel h i le

elevation angles between 3° and 3 2° . Tests were spread over a 7-month period ending April I

Table 3-3 summarizes tests conducted.

Ocean buoys were used by DOT.TS(’ , US(’G to acquire sea-state data on one day in Janu a ry

1975 and on f iv e days during March/Apri l 1975. During the March/April series , three ot t ine t i ~ c d:i~ s

on which sea-state measurement data were acquired corresponded to days on w h ich mn u ltmpat h channel

c haracterization tests were conducted. T he multipath tests and sea-state measurements were not ,

however, truly time coincident: typically t h e  times of test conduct differed by several hours for (lie

t wo t e sts in each of the above three cases. Additional sea-state buoy deployments were made for

system calibration purposes during February 1975.

Sea-state data obtained from the overocean tests is presented in section 6 .5 . Detai l’. of ’ t ile

sea-state data ana lysis are descr ibed in volume IV . appendix B.

(‘ONUS multipath tests were performed overland over various parts of the U.S. and (‘ anada.

These (lights were devoted exclusively to the acquisition of CONUS multipath da(.i. Dedicated ..\TS-(”

spacecra ft L-hand test time was also required because of the special L-hand anutenna beam modes and

pointing needed for coverage of the geograp hic areas of interest. (‘ONUS multipath te s ts conducted

are summar ized in table 3-3.

3.5 KC-135 TI’RMINAL RE CALIBRATION

3.5.1 Power Monitoring and RF Insertion Loss

.

~~~~ 

To analyze and inte rpret (he multipath data , it was necessary to know tile relative RE power

levels at (he inputs to (lie three transmitti ng antennas ( i c . . the direct path antenn a amid the H amid V

polarization ports of ’ the mul(ipa(h antenna). RF subsystem calibration measurements were t h ere-

fore made to aciluire the insertion loss data needed to derive t h e  input RE power levels at the antennas

from the HP 43 5A power meter monitor values .

The power monitoring subsystem used f ’or ill multipath tests except t h e  Marchi 1.’\pr il 1Q7 5

series is given in figure 3-7 . A ll insertion loss values of interest are given, i’hese values allow (he RE

power meter readings to he used to calculate ( I)  the RF power leve l at any antenna input and (2 ) the

RI power level at the output port of eac h transmitte r,
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TABLE 3~3. MUL TIPA TH DA TA A CO U/SI TION SUMMARY

Eleva tion Test
Date , angle , duration ,

mo-day-yr deg hr + mm Remarks

A. Oceanic
9-24 74 30 1+00 Nominal

10-24-74 18 to 23 1+00 Nominal
10-28-74 8 to 12 1+00 Nominal

11.14.74 3 to 8 1+00 SACP receiver data sign bit inoperative causing all
11-15 .74 8 to ‘3 1+00 Doppler data to be of one polarity. S(r .w) function
11-16-74 3 to 8 1+00 could not be calculated , Delay spectra data unaffected .
11-21-74 19to ..~ 1+00

1-23-75 - 3 to 8 1+00 Partial data acquisition , faulty 100-W PA t30-W TWT
used)

1.27-75 8 to 13 1+00 Nominal
1-28.75 19 to 23 1+20 Aircraft maneuvers due to weather avoidance
1-30-75 3 to 8 1+00 Nominal

2-27-75 30 1+20 Nominal

3.25-75 15 0+20 TOP antenna only
3-27-7 5 10 to 15 1+00 FMP antenna fault
3-38-75 3 to 8 1+Ut~ FMP antenna fault
3-31 75 l O t o l S  1+00 Nominal
4.02 75 7 t o l l  1+00 Nominal
4.03-75 16 to 21 1 +00 Nominal

18 hr Oceanic Tes t Hours

B. CONUS
9-19-74 30 to 45 4+00 Eastern U.S., nominal
10-30.74 30 to 45 4+00 Eastern U.S.. nominal

30 to 45 4+00 Northwest U.S., 50% of data acquired

16 to 27 4+30 NW Canada to Edmonton , 50% of data acquired, no
useful airport landing data

27 to 40 4+30 Central Canada to O’Hare, nominal
220 75a 28 to 37 4+30 N. Quebec to JFK , nominal

25.5 hr CONUS Test Hours

aAcquired data with both I an and pencil beams of ATS-6.
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For (lie March/April 1975 test series , (hi’ power meters and directional couplers .USSU)L mated
with cacti of (he two indirect path transmit (em’s were relocated to a poin I following the forwa nIh RU

control unit, Two 3-dR h y brids were a lso added to allow relative RE phase meas u rements to he nuade

( discussed in next section). Th is monitoring configuration is shown in figure 3-X and includes all
insertion loss values (if interest.

3.5 . 2 Relative RF Phase Calibration

Measurement of the relative RF phase between (lie honzon(al and vertical prober signals as

input o the antenna was desired to support the cross-corre lation and cross-power analyses of  lion-
zonta l and vertical tap outputs.4 The instnnmentation used for t h ese measurements is illustrated in
figure 3-9. During t he fall series , relative phase measure m ents were made on only one occasion due to

the unavailability of required test equipment. The discussion will th erefore be limited to measure-
ments during the spring 1975 series .

With respect to figure 3-9h, relative RE phase measurenien(s were made by ex Lit ing (he S.’V’ P
modulator in the cw mode. The two unmodulated cw signals were up-converted, amp lified , and
connected o the antennas in the normal manner. Samples of the two RF signals were ciiupled out

for relative phase measurements using in HP 84 l0A network analyzer. RE cabling between (lie
coupled points and the antennas was des igned to have equal path lengths for the two ch annels in
terms of phase. This was confirmed by measurement. Auxiliary calihr~tions of all couplers . li~ brids .
etc . were performed as nr~eded. This system allowed RF relative phase measurements to t ie made h~
simply chang ing the operating mod e of (he SACP modulator to cw . Especiall y significant Is (lie fact
that ro cable or connector changes were required in the RF subsystem. The two 3-dR h ybrids also
allowed power meter monitors o operate simultaneous ly without cable or connector changes ,

Relative RE phase measurements made for (lie U and V channels during (he March April
series are given in tab le 34. Some day-to-day variations , as well as time-dependent variations within
a given test , are evident , These variations are attributed primarily to temperature effects in trans-
mitters . up-converter , etc.  The variations were ohset~ed to stabilize following a lengthy w.m rmup ol

- - 
p equ ipment. Warmup periods of 2 hr or more were normally used for tests acquiring relative RI- ’ phase

data.

4 For a complete characterization of equipment effects on (hues -c measures . one must ,u lso include the
perturbations caused by the antennas onhoard (lie aircraft and (he ATS-6 sa elhi(c
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TABL E 3-4. MUL TIPA TH RELA TI VE.PHASE MEASUREMENT SUMMARY
FOR MA RCH 1975 TEST SERIES

L\Ø
Date , Time , (V leads),

mo-da y-yr GMT deg

3-18-75 1530 98
1700 82
171 5 80.5
1720 79.0
1725 83.5
1730 83.0

3.1975 1250 65.0
1520 71 .5

3-21-75 1505 58.0
3-24-75 0745 83.0

1330 70.0
3-25-75 0900 71 .5

1430 59.0
3-27-75 0830 70.0

141 5 69.5
3-28-75 0817 80.1

1404 66.2
3-31-75 0800 90.2

1239 71.2
4-2-75 0703 97.5

1242 71.0
4-3-75 1103 71 .7
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4. M UL .T I P , -\TH l) ..~T, -% REDU CT ION AND ANALYSIS PROCEDURES

This section gist’s a brief descrip 6omi of the data analysis procedure s amid analytical oh te ct t ves
ol the major processing blocks. Volume IV provides a comprehensive discussion of this suNect.

4. 1 DATA PROCESSING FUNCTIONAL FLOW

Figure 4-I depicts (lie processing steps involved in (he formatting. reduction, and analysis of
the recorded multipat hm SACP signal arrays and the aircraft-transmitter parameter tape.

Received SACP signals were direct recorded in a standard telemetry analog format (serial
PCM, NRZ-L). Redundant recording was used on the analog source (ape. with each of the PCM data
hit streams and IRIG ti m e-code signals recorded on two separate tracks. At (lie Boeing ground
station facility, the data and time trac ks were initially processed by telemetry front end (TFE) equip-
ment. which for t his particular application routed the played-back serial signals through its PCM sub-
system to the programmable data distributor(PDD). The PDD merged time words with the data and
distributed the information to one or both of (lie PDP 11/45 computer I/O buses. The dual PDP
computer system performed three basic functions: ( 1 )  conversion of the analog-recorded data tapes
into digital format computer-compatible tapes . ( 2 ) quick-look processing of the multipath data, and
( 3 )  calculation of the time-ordered delay-spectra arrays that are used to generate the time history of
the multipat h channel delay spectra . The normalization and three-dimensional plotting of this data
were performed in the (‘DC 6600.

Detailed analysis of the prober data was a lso performed in the (‘DC 6600. This analysis
provided a comprehensive characterization of the multipat h channel for horizontal and vertical polari-
zation , gathered over a down-looking antenna. The primary output of (his routine was the delay-
Dopp ler scatter function of (he channel. Also included were (he channel’s tota l scattered intensity.

— delay spet rum. Doppler spe ctru m , l’requeney autocorrelat ion function , time au(ocorrelation function ,
spread parameter nieasures . and t he time-domain statistics of the individual lap processes .

Sea-state buoy data was reduced and analyzed by (‘NR, Inc. Analog tapes were stripped and
reformaned into computer-compati ble digita l (apes at a DOT/TSC faci l i t y .  Detailed processing as

, described in append is 13 of volume IV was performed on the DO I’/l’SC PDP 10 cOmPuter.
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4 .2 ALGO RITh M l-X F(’UTION sI - c) :l-:N(’U AND ANALYTICAl. OBJECTIVES

The algorithm execution sequence f’or processing the multipa(h channel dat a is given in figures
4-2 and 4-3 and is described hrii’f lv as follows .

4 .2.1 Quick-Look Real-Time Play back Data Analysis

The quick-hook output, directly available from the PDP 11/ 45 system , provides both oscillo-
scope display plots and hard-copy numerical output. Fror i th is information. t h e  operator may
investigate receiver parameter configuration , tap t’requeney spread , delay power spectral density. and
analog magnetic tape staflis descriptors. The quick-look output is used to review overa ll data quality
and to ident if ~ candidate data intervals for detailed ana lysis . i.e., intervals t hat provide both steady-
s tate receiver conditions and multipath scatter phenomena of particular importance.

4.2.2 Reformatted SACP Digital Tapes

Source ana log tapes are processed to provide computer-compatible digital tapes that represent
the complex tap voltage time-domain data of (he SACP receiver. Typically, those periods of data
identified by the quick-loo k analysis as being of particular interest (e.g.. active multipath returns .
large cit ies , land ’w:i ter interfaces ) were re formatted for the CONUS tests . For the oceanic tests , (lie
hulk (if  (he valid data was converted to digital format.

4 2.3 Delay-Spectra I utile History

For all periods of valid data collectiom i. (lie sc atter Lhanm iel’ s delay power spectral densit y ( psd )
is determined in .1 ime-runnimlg nonover lappim ug manmier. with psd estimates being calculated over a
2-sec interval. The outputs , which occur once every 2 see, are given in both numerical and three-
dimensional plotted formats. Respectively. these data provide both a quantitative and co mpre hiensusc
overview description of t ilt channel’ s t ime—variant de lav-sp ectr ;u characterist ics. This analys is is of

— particular importance for the ( ‘ONUS scatter , where terrain roughness and electrical characteristics
vary rapidly wit h distance. One use of the 3-D overview plot is to isolate time and tap hank intervals
that possess Ja (a for whic h it is desirable to either ( 1 )  reference the numerical output to obtain
quantitative ilclay-spe lra information or ( 2) su bj ect the data input string to detailed delay—Doppler

• psd corn puter h rocess m ng.
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4.2.4 Delay-Doppler Sc~itte r Power Spectral Density: S(r.w)

This function represents the distribution of ’ diffusely scattered power arr is ing at the receiver
with Doppler frequency w and time delay r. For the zero-mean complex Gaus~i . 0 ran(Iom-scatter
process. SIr .w) comp letely characterizes the channel stat istics . For each test condition. at least one
detailed S(r ,w)  function is generated. The output is given in numerical and three-dimensio nal plotted
form. Furt hermore , since this parameter i s of such fundamental importance for the interpretation ,
modeling, and app lication of the sca uer channel phenomena , S(r ,~~) is also preserved on magnetic
(ape. This provides a convenient and compact basis f rom which future analysis may he conducted
without going through (he time-consuming and expensive computer processing steps required to obtain
the delay-Doppler psd from the reformatted SACP d igital tapes

4,2.5 Integral and Fourier~~pçrations on S(r .w )

The scaUer function S(r ,~~) contains all the ingredients needed for the derivation of equiva-
lent and lower order channel parameters. Software modules are contained within the CLX’ 6600
routines to derive the joint time-frequency autocorrelation function ~~~~~ time autocorrelation
function R(~ ,0), frequency autocom-relat ion function R(0.~7), Doppler spectrum D(~~). delay
spectrum Q(r) ,  and tota l rms scattered energy <1112>, The mathematical expressions for these
quantities are:

R(E,~~
) ff 5 (r.w)  e~

(
~~ T + 

~~~drdw (4 - I )

R(E.0) ~ff
S(r,w )  dre ’~”do., (4-2 )

R(0j2 ) ~~,[f S(r.w)  (IW e~~Tdr (4-3 )

) 

~~~ dr (4-4 )

Q(r) fS( r .w)  dw (4 -5 )

<1112 > fl~(r .~
) drdw) ( 4-b )

Th~ time-frequency au ocorrelation function and its respective axial cuts measure (lie degre e
of correlation between two signals delayed in time by ~ and offset in frequency by ft These f’une-
(ions art’ complex and therefore arc formatted in terms of (heir amplitudes and phases in (lie software
output.
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4 . 2. (‘ (‘Ii a ii nd S prea d l’a ma inc te rs

From (lie D w ) . Q(r . R(~ .0). ant i R)O .U I distributions . li wer echelon tu rs t—o rt l er c hannel
parameters suc h is (lie Dopp ler spread - delay spread - decorre lau on time. ‘ mmi i coherence bandwidth of
t he scatter ch annel are c’asi lv est im:il ccl .

4 .2. 7 Nousc Determination amid Removal (ND:undR

The outputs of (lie SACP mult path corri’ Ia(or cOntain desired signal d.mt. i . spur uiu us signal
ermiis , low-pass additive t h ermal noise , and receiver a r i thmetic noise. t ’ nder normal SACP operating

conditions , the NDanch R algorithni stat i s t ic a l l y  e l im im iates hese noise terms fro m the data on a
tap-b y—tap basis . rlie nois e-tree est imate of the deIa~ -Doppler function may (lien be normalized for
(lie los~ -pass fi l ter at tenuat ion and s uhtect ccl to  (lie u i t eg ral . h~oLIrft ,r t r;insiorm , and spread deterni i na-
(ion steps as p r e v i o u s ly outlined.

4 .2.8 Antenna-Pattern -Effects Removal

Design criteria for the forward mult ipathi antenna were established to provide a radiation
pattern with near ly’ uniform coverage over t h e  e ffective scatter region. However. for certa in flight
ii ur c ’etion headings the fidelity ’ of (he channel measurement may hc enhanced by applying the antenna—
effect s-ren ioval algor i t h m. This routine operate s on the noise-tree St r.w ; estimate to pros ide an
equivalent scatter funct ion that would be miieasured with a umitfor iri gain antenna. Flue multipath
process performs a 2-into— I mapping operation , wherein two surf ’ace returns .irc mapped into one
delay~Doppler point. Application of t h is algorit h m is t h us restr ict ed to (lie in—plane geometry cases
where the cosymnmetry of (lie delay contours , Doppler contours , and scatter cross sect ion (isotropic
sur face u is exploited.

4 ,2 ,9 Tap Amplitude and Phase Distributions

I )o ’ m er m nation of (he fundamental stat is t ica l  properties ot (he scat I L I  process req litres that
the receive d sig ital s ’ lime—domain f luctuati omis he characterize d . The l)rohahi~ity distribution and its
.uss iuc ualed nw.un and variance for t h ese f luctuati uuns are derived for each tap ’s I co mpo uie uut . Q
coiiiponent . and ph ase angle. ‘l’he pr ocess composite signal . wh ic h is constructed b vcct o r ia l lv
sum ming he delay tap uuutput s . nu:u v also he subjected to hese operations . Ihie ex periment a l dist ri-
html ions ire corn u ,uro ’ul wt (h ( heoretuc al exp ect a ti omi for (lie comi iplex ( .uussu :un c hami nel. I hese corrt’la—
:ons ,ure impkmnented v ia  time x2 good u u e s s—o u l — l  it lest .
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4 .2. 10 l i p  Process Hank (‘ross-(’orre l.i(ions

The degree ~ul co heren cy between any two taps in a particular tap hank or in riiss piu la ruii ’ t t
l’anks (i.e.. one horizontal , (bit ’ other vertical) is measured through use iii t he normaliied c- ruus s- c uu rr c l:u-

ion function: i.e..

R — <Xui ~ * ((~~) > , 4~xy~~ ~ l<X f f lX *f f l ><Y (t )Y *(t )>l 
- - I

w here:
X = comp lex tap process in either hank
Y = complex tap process in either hank

= time-lag variable.

.~ s an optmo uu . RXy ( E) may he evaluated for conditions where the means have been removed ir

are lef t  included ii the X and Y time arrays. In general , the results should be closel y equivalent
I.’ \ c L’l~~t for he case where the specular tap contains a significant “coherent ” component. Similar
options are :uvailahle f ’or t h e  operations discussed in sections 4,2.1 1 and 4,2. 12.

4 .2 .11  Tap I and Q Dependency

For random roo ighu-s urf ace scattering where t h e  electromagnetic wave undergoes deep ph ase

modulation at the inubtipath interface , we expect that (lie I and Q components of t h e  received
signals are stat ist ical ly independent. This condition is explored by determining the zero-lag normalized
correlation coefficient between a tap ’s orthogonal components : i.e. ,

- 
<lQ>

~~~~~~~~~~~~~~~~~~~~ 
(4-8 )

4 2 .12 I . ipG . i iu i  - \u t u0o rr c ’ I .u t i on Function: t t ) T .~~)

,\ii o ’s t  inia(e I iii t he channel ’ s tap —g a in a im(oco rrela(ion fu nction , U(r.~). us derived through

app lication u I  ( lie lollowing operati on.

I An alternate derivation uuf t his function may he obtained by an inverse Fourier t r :u , us t o r uuu , u i  ion of

thit ’  SI r .~ fun c t ion  s~ t hu res pect to (lie w variable.

4-8



‘I r ,~ I = <X~It I U- ~)> ‘ I 4-~ I

v, hic ’rd
r de l.m y tap v:uf ue

= com plex process of tap r in hank N l i e . .  Iuoriio iital or vertical )
= m ine-i.i~ varia b le,

Thus lunctiun measures the au(ocorre lation function of (lie multipath process on a tap-b y—ta t )
h.isis ,mn d us .u’,.uilab he I miiagmi i ude I us a three-dimensional output plot from the software package.

Two prograttu optiomis exist  in this algorithm: ( I I  cross-polarized estimate of U(r ,~ ) and
I 2 ) a I rst -order noise el t ects rem oval from Ut r.~ ) .

The ~ross-po l.iriied est imate of Litr E) is calculated by replacing the conjugated variable in
equation 14-Q I wit h t h e  appropriate V ap of (lie hank comitaining (he orthogonal polarized return.

•~ssuumiu1 ~ t h e  independence of ’ multipath and noise , we arrive at a noise-free estimate of the
tap-u!ai n au mo co rrelatmon function, I. n r (r . E) .  as follows:

= <X~
( t )  X ( t  - ~

) > E <X~
(( ) X~ (t - E)>’ (4 -10 )

‘~ lucre is t t ic .oun pIes OUtput of a mnultipat hi-f ’ree tap ( usua lly taken from a region of the hank
preceding the spe eu u l . u r-p om nt return)

T~ pmca lly . Iu  X~ u t - El> hi:us significant energy omily at the zero-lag value , and thus we
ire iii e ssence removing au i e st mate of the average noise contribution to the ~ = 0 value of the U(r ,~)
function.

4 2.1 3 Sv stemn ( .mluhr. i iii in P.irameter Data

Magneti alI~ reco rded d ,ut ,i pc’rt~u uu u i m i g to receiver system operation (i.e., direct and multipath
c f ian uucl c ’a ins, e t c . ) .  tra nsmrt i t te r  power a mt ip hi f ’ier ou tpu ts . and aircraft flight paramileter descriptors are
computer reduced t u i  aid in t ilt ’ uiormalizat ion of the scauer ch annel power returns . Th ese data also
so r t  c’ as .i data col lection integ r ut~ measure and are used primarily to augment the logged flight test

data.

4-9



4 ~ ME’ IT IPAT I I  D..\ I .
~ lt \SI

The d,i(a h,tse delivered to 1)0 1 ‘I S( - re l.itive (0 11w mult ipatlu ch annel ch u ar a c t e rm ,a t uo n te st
Ci i t ls is t s of t he t i  illittt lug ut t ’nis

I u b r,urs of analog SA( P receiver su u ui r co ’ cl:i t ,u ta pe s . Th ese da ta  were recorded at (lie
NASA ground st ,it uor u on 9b00— or 7200—ft reels ot I j  2-in , magnetic instrumentat ion tape
using Ampex FR-I 900 and -or FR-2000 recorders . The recorded data corresponds to the
uunprocesse h data obtained from t h e  outputs of (hit’ SACP receiver during test conduct.

h. Library of reformatted digital data tape s (Dl ) ,  Th ese I fuOO-hpi nine-track digita! tapes
contain (lie SAC P receiver output d a t a  in computer-compatible d igital format. The tapes
are gene rated by the Boeing PDP-l l 4 5  facility and buiive a I’orma( is dc - ’ ’r ibed in volume
IV . section 4.22. I .

c. Library of d elay-spectra timi ie history ’ (apes (D3) . These I hOO-hpm ntne-tr ack digital tapes
contain (lie d elay-spectra time h istory arrays computed by the dual PDP I 1 4~ eon.puter
sy s t o ’uii . In most cases , (he files containing t hese data are physically located on the same
(ape as the corresponditig reformatted digital data d escribed as DI I a bove ) .  Tape bu rmats
are described in vo lume IV , section 4.22.3.

ol. Library of Sn(T .W) save (apes ( 1)2 1. Tape D2 contains the computed uiois ‘prese t ] ?

estimate o f (lie channel’s d elay-Do ppler scaUer function. The tape for mat is described
in volume 1V , sectio n 4 .2 2. 2 .

e. l ibrary’ of airborne syste m param eter source tape s . 1 hi csc ’ 800-hpi. sev e ui- t  rac k , computer-
compatible digital tapes are recorded onboard the K(’-l 35 aircraf t  term inal using a
Kennedy 870 7 recorder. The tapes contain 

~~~~~ 
lesel cahm hrat io i i  data and other imi t ’or-

mation relevant t o (lie test parameters during test comiduc (. Inlor mat ut iui contem it and tape
format are described in volume IV , sect o ut) 4 .23 .

- . f . (‘omn puter programs (card decks )  and h us t i m ig s  eorrespotich imig to the pniugr . ms used for
detailed .in .uhys is of ’ the reform atted multipa t h uha t a (Dl ) lapc ’s. Do’s~ ru p t u iun ’~ of algorithms
are gut cii in volume IV , sect omis 3 and 4

g. (‘omputer progra rums I car d decks) and list out s c u urres pouio h tu g Ii the pfi s ’ s mca l op t ics vect o r
sc a t te r  model ilt ’ sc rm l o’ul mi vo lume IV . sc ’c t  i i iui 5.

li. Punch paper (apes providing radiation d istrm h ut io m i plots oh aiitennu range dat a Ii i  (lie

‘ front mult ipathi a ntenmi a for various polarizations and poimi(ing angles .

4- 10
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I lie lolloss tri g .uddi t mona l oh a ta base resulted from :u subcontract to (‘NR, m c :

Retornmaued 800—h pi . seven—tr a c k - mult ipath comiiputer—comp atih le digital data tapes
ge nera teo t I’rotti se lected Boein g PDP 1 1 . 45 . I (uOO—b pi, nine-track Dl (apes.

h Transposed miiu ltipat hu digital data tapes identified in section 5.4 .h.

0 . Se,u - s t . i to ’ hue’y 800-hpi seven-track digital data tapes comitaining measured buoy variables
stripped from t he amialog buoy data source tapes. (Tapes correspond to data acquired
on .i, u i u .u r\  2°) and 30, 1 9~~~. plus Marc h 25 through April 2, I 975 ,) These PCM data
stripping operations used a capabi lity existing at DOT/TSC.

d. H.ickup program tape containim ’tg t h~ programs util ized for sea-state buoy data reduction,
Il-V ciu r r o ’ i , i tuo n and statistical analysis, amid transpose and scattering function DRandA.
The programs referred to are those identified in volume IV , sections 4 .21 and appendix B.
Programs o i l] hc ’ run on time DOT TS( PDP 10 in time-share or hatch processing modes.

t I  I 4 - 1 2
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5. OCEANI(’ \H’ LTIPATH TEST RESULTS

Probes i3 t  t h e  iceam l ic mnultipath medium were conducted on IS separate occasions cove rm ng a
rat ue ’ of d e s  ,it li ip angles f ’rorni 3’ w 37 ’~ amid a variety of North Atlantic sea cond m(ions. Results from
t h ese te s ts  ire presented Iii i l lustrate the delay-Doppler scatter function , outputs frotn Fooirier and
itite izr.i i i)peratiot i t in the scat ter  function I e ,g.. delay spectra . autocorre lation function s , total

~,c.~t lemc ’ l energ\ . (lit ’ spread value ’, of the delay spectra. Doppler spectra and autocorrelation func-
trons . ,tmic l tu ,irj ct e ru , : i tto n uuf the comnplex rece ive r ’s time~domain s tatmst m cs. Most of (he docu m ented
resu lts pertain to the sin t ultamicous dual-linear probe transmission s th at have both vertical amid hori-
ionmal polarization e0 t o rs . \ limited a m ount of data f’or left— and right—hand circular polarization
(ransrmi msstu n~ ire a l’.iu included.

Lut t ea r pol. ruia t iomi results are compared with prediciions based on surface integration u f  the
pluvsi~al opti cs ve ctor ‘,ca l(er model Idescribed in sec 6)  as applied o a very rough surface possessing
an usoi ropre ‘.lope distribution ot the Gaussian for m . When applicable , the rneastmred channel
parameter - . are a lso compared wi hi t heoret ical predictions based on “stee Pest descent solution to (lie
integral for mmu u latuon s t h a t  develop under (lie closed-formii approach to (he channel ch aracterization.
Sc ’.i- s t a t c  measurement data w,is acquired for o n e  day durimig January and for five days during \larch
\ pril I~

) “5 by oleplovnnen( of a ra t h er  sophisticated buoy sensor . Results pertaining to t his surface
ch a rac t c ’ri,a(ion el t o r t  ire presented or section 6, Since (lie sea-st ate measurements and the multipath
tesis s~ere nese r truly cuu incj dc ’nt in either ti m e I so ’veral h ours of separation were typical cur location, a
iU1~’ - t O—Ofle iiunp,uri’ .un if ex perimental results and theory for a specific measured sea condition was
n u t  poss ible. A range of rms slopes and an assume d t~’pical value were t h erefore used tu ) r (lie hulk ol
the corr c ’ l , m tuo n between experiment and theory. The measured sea-s late data was u sed for va ltdat ;on

it the r.inge of s e :u- s u i r lao  o ’ slopes encountered . as well as for validation oil’ ot her assunip(ions rel atm v e
t ( u  Sd’li’slop e dist rib t i t i o t m s .

As os it h a n y  remote e lect numnagnet ic’ ’.e nsinig e xp e rim imetit .  the spatial filtering e l f  ec t s  of the
prober .irit em ina m Li s t  lie ta ken into conskhe ration, These eff ’ect s are evaluat ed iii se ct ion 5 b f ’or
se k’c- t i ’o h d ata ense m ble s e t s  and . w h e re  possible . genera lized results are applied to lime pert mnemit sect io n
iii ( bums do cum t nie nt  Oilier equipment c’ t ic’ o .ts arid h in u u t : u t mo ns  ott chanmiel characterization mc’as uremnents
ar .’ ~le ’sc rml ’c ’ ot III .i ppl’nuot cc ’s A . 15. and (‘.

c I Il l I \\-l )OJ ’Pl I R St ‘s I1’I R h ’ t N ( ’  I It )N St 1 W )

For oL’c’.unic xc .it ter it I -li ,umi d frequencie s , ( Imere arc’ scient ific reaso n s h:used on (he t mile-series
.m mi a ls st ’s of se . t ion ~ 4 to believe that (lie mult mpath channel mx at leq um at elv ohescr ihecl as a zero—in ca ii
complex ( i: imiss man pri to ess . Since t he exp e rmm nc ’ nta l t e s t  condilion~ are proces se d tn time segment ’ . on

S-I



t he o r l c ’r oI Ii see , we may ulso as sum mic in ~c’neral t h at t hi~’ effect ive sc.i t (er tL’L’j Ot i  t r : iv c ’rses a sur face
.irea oute r w hnic ’ii (lie si gn mt ’ica mi( e lectr ical and st at us ue: ih physical parameters are relativel y’ invariant
l’m m t e ’r n tues o ’ comidit Ions the delay —Doppler sc a t tc ’r f u nc t io n , SI r ,w I, comp letely ch a ra c to ’rj ,c ’ s ( hic ’

-‘ t a t u s t i 0 s  ot ’ t hic ’ channel I rc’ t 5- I I, S(r .w) rc’presemits (he power spectra clenxi t~ ot ’ mul(ipat h c’nerev
.m rru s m u g  ,it the recc ’ uvc ’r w i th  deh ,iv and Doppler frequen cy shif ’t . It is oheriv ecf by taking (lie Fourier
t ra ns b trill ot t l mc ’ co ni pIes Ic’ Li y tap pro cc’ ssc ’s .

Several t ’unda mnentj l  observations have been made relat ive to the energy’ dis tribution depen-
clenc ues ot SI r ,W I upon grazmng angle) flight direction , and polarization, Ivp ic:illv , these f unct iona l
relatiom i’ .lnps are tnost easil y dusc usseci when the sc atter function is rc’duced to lower e’chelon relation-
s hi i p~ suc h .is the Dopp ler spectra. spreads . etc. Observations relative to the lower order parameters
are found in section 5 .2. In thins sect ion we discuss some of t he more distin ct properties tha t are
vu s ua h ly  evident in t h e  plots 01 S r .WI. Before disecissing sp~~ific S)r ,w ) obse rvations h owever , we
oO niniemm t on four features of the receiver ot a t , i  red uction procedures (h-at are vi s~hlc ’ in sc ’vc ’ra l 01’
mime t h ree-ti itr me ns nom tal plots .

T h e  t i rs n feat ure re late s to (lie SA(’P receiver ’s t wo ’s-connp lement arith mne ( ic tic bias , which
in t he DRandA noise-removal algormt hm is removed oni a stat ist ical  basis and thui~ ex hib its a residual
0-lit component. The res no hua l component itself varies statistically on a tap-b y-t ap basis: however,
w hen integrate d over the total lap bank , such as for Doppler-spectra estimation , (he overall e ffect is
observe d to be completel y imisign ifi cant.

TIme sc’cotid c lmar act c ’ rnst ic pt ’ rtam ns to (lie well— known ahiasing phenonienon thaI occ u rs whe n a
sig nal is iunidersa tinpled. This ef fec t  is most pronounced t’ot the high—angle in-plane flight condition
where (t ie Dopple r fre q u e n c y  I fleg at isc’) f’rom the suihaircraft side of the specular point increases
ra pio Ib~ w it h del a y- ta p and q t i ick lv ex c c ’ e t s  the Nvq umi s t rate of (lie sigm ial- proce ss inug algorithms , I An
es,m m nple’ that i l lu s trate ”, t he negan vO ’ Doppler ene’rgy hc ’ing ali:isc’d into the posi( ive-l ’requency realm
is gtxc ’ n later in lug c.6

Third . we note that the spc ’c ular - pu imnt return ( m e . .  the first niulti pa h  conl ponem m to arrive
i t  th ic ’ rt ’cdnse r Is riot usually ,isso uat t ’d s~ mth (he beginning tap of lime correlato r hank. — This results

I in t h i s  t o  Io lu ’ rut the te rnu graztn e ang le us usc’cl to represent t he local elevatio n angle assoc i , it ed wit h
( b i t ’ d c 0  t p m,uent ’ tic w ;u s o ’ .u s m nc nolc ’ n t a t  (lie specular point - It us referenced to the local horizontal
tangent plane .umd . for s~ nicinronous s ate lhute - lo- ar r  r. if l geometry, ts to se ry’ c’luso’ approxima(iomi
equa l nit  the c’) ’s, i luon ang le id t ine l mr o ’c t  l ine—of— s ig ht  r.iv at (lie .uirplane.

— ( ire must I t ’  m ,i ko ’ u u not to i& lc ’ r u i m l ’ the d i f f e r e n c e  between time Iur s t tap amid t i u c ’ specular—po int tap
v- it h thy dm 1 te ’ retitmal de lay- between the elirc’ c-t inc h mn iuhtip ~it hi returns (i. e ., (lie’ total ii,~t / ‘an/ ~ is in
genera l c ht f (c ’oh l~ .u g s t ’n delay offset from tIme ’ direct path t r a c k s ) .

~ ‘—‘s,. ‘ ~~ ‘~~~~=‘— -~‘
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Iro tim an iuiten(iot ial receiver operator procedure tha t was carr ied out to avoid contanninatiot i of the
signal structure with taps n ear ( lie batik ormgmm i wI n ch, on occasio n , were observed o malfunction.
T he specolar-poimit I or ,.ero~Je l.u y ) op is iefen iti l ieel by several obvious featur es. Specifically, it is
(he f i rs t  tap ol’ t he hank to contain signil’icant energy ( in f ,uct , it is generally (lie strongest of all taps l.
w hich in uirni is dispersed ott er a s er y n arrow Doppler ramige.

Fourth. it is well k nown  that (lie outputs fronn a periodogram analysis such as that used for
t Ine SIT.W f estimations d o  niot converge to their mean values us the number of input poimits increases.
To 0 mrc et mvent this , we use (lie following lhiree devices: a data input tapering window . a spectral-
average sliding window , and ensemble averaging. Different configurations of these devices are, in
general. c’mployed for each set of syste m parameters. However, the net c’f I’ect usually provides us
w ith a sm oo t he d  s pe ctra est i mate by including on (lie order of 160 imidepeniclemi samples in each output
point of Str ,tc I . Wi th (he ex ception of (lie et ’usemhle-averagimig proceot ure , (hese smoothimig tec h niq ues
tend to bras t I-ut distribution I i c ., va lleys are overestimated amid peaks are underestimated ) while at
(he same time (lie e st i mate ’s rms uncertainty is reduced to approximately 8’ of (lie output a lue.
When we oPerate on S(r.w to obtain Doppler spectra. etc.. these biases and uncertainties tend to he
red eiced.

T hi ree -dmmi ietisiom ial plt ’k of t he exper itnemita llv derived scatter function are guven for a range
ol nest parameter pe rmnut . !o ns .us outlined in (lie cro )ss- reference of table S— I . In (he associ ated
f’igures ( figs. 5-I through 5 - 1 2 1 , the S(r , w) fu nction us accompanied by its de lay spectra . Doppler
s (iCc t r,i . and umimcfi mn iensmo n , i l autocorrelation function s . Results presented emphasize horizontal
polarization s~ t hu imi ’pfam ie geot lietry (i.e .. KC-I 35 living along a great circle route directly toward

TABLE 5-7 . OCEAN/C MUL T/PA TH PA RAMETERS: FIGURE REFERENCE

Eleva tion
angle, Flight

Polarization deg direction Figure

Horizontal 31 ln’plane 5-1
Horizontal 21 Imijilane 5-2
Horizontal 16 ln’plane 5’3
Horizontal 10 ln.plane 5-4
Hor ujonta t 7 In’ptane 5’5
Vertica l 31 In-plane 5-6
Vertica l 16 ln’plane 5-7
Vertical 10 In-plane 5-8
Horizontal 18 450 heading 5-9
Horizontal 12 45” heading 510
Horizontal 21 Cross.plane 5 11
Horizontal 11 Cross-plane 5-12
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.~\1’S-oi since these conditions furnish (lie h ighest signial-to-noise fidelity and represent (lie pref ’erred 3

flight direction. To provide estimates of the gr;utung angk’ dependencd’. t h ese cIal~ are ~!iVd’ni for a
seri es oil’ o’Ievatiomi angles ranging from 30° to 7°. A somewhat smaller , vet  representative ’ , sample
selectioni us used to illustrate the influence of polarization and flight direction on the sca t ter  f’unct ion
c har , ,c terust ucs .

‘flue lack a l a  soff icientls broad collection base at ’ near ly simultaneous (to the elcctromagneni~
probes) sea-surface characterizatio n m easurements makes it itinpossible to furnus hi experim ental results
that dle linea(e . in a omie- to~~ne manner, the effect s of the surface ’s slope distribution upoti S(r .w) ,
However , t his imif luence. w hich is known to he rather signif icant , is well demonstrated in t he model
emulation results presetited in sect ion 6.

Ret ’0’rring to the fi gures delineated in table 5- 1 , we begin by noting that (he s c a t t e r  funct ion ’s
energ~ distribution in the Doppler variable coordinate exhibits a pronounced dependen ce upon tine
direcifap, of the air craft ’s velocity sector . For cross-plane flight directions (i.e.. K(’ - 135 flying broad-
side to ATS-6 direction), S(r ,~ possesses a hngh degree of Doppler coordinate svm met r~ - ( lie bias
to ward a slightly higher energy content in the positive-frequency realmni m a y  be a(t r i bu(eo l It ’ -I

physical constra int ( h a t  prevented the antenm ia fromii being pointed in (lie broadside dmrectioni I i.e ..
poin ed ~O off t he nose as opposed to (he optimniumin 90° ) ami d to nose—h ulkheaol s hie lot inuz c i t  ects on
the front miiultipafli antenna for this flight geometry . On the other hand. for the 45° .un d in-p lat ie
ve locit~ direction , t he asy mmetry of the scatter function becomes increasingly significant. In t.u0n
for (he m i-plane case we note that as the de lay tap number increases , the negat ive-frequency disp e rs ion
of a particular tap ’s Doppler spectrum iticrea ses accordingly whereas (hi ’ positive-frequency r anigd ’ is ,
in compariso n, rather limited and has a bandwidth relatively invariant from tap to tap. We ;uls ii n ote
t hat for a particular in-plane delay tap IT ) the resultant Doppler spectra has two very dis t im ict  spedtr al
“humps” (hat correspond to t he upper and lower ‘req uency limits over w hich physically possible
multmpath is returned . These aircraft heading dependencies are in agreement with the tnode’ l-predicto ’1l
results of section 6: as out lined there , we may ascribe (lie spectra l “humps” of (lie mi-plane otata sets
to (he following two (act o rs :

a. For in-plane flight directions , t he surface elements responsib le for returning emiere~ into
the upper and lower Doppler limits of a particular delay tap lie along the gre.it c i rc le ’
path joining the suhaircraft and suhsate hhite points and thus may he shown to h ave

3 Prefer red in (lie sense that ( I )  for in-plane geometry the probing antenna is more isotrop ic than it
Is b r  other azimuthal pointing angles and (2 )  synimetry conditions that exist only for iti-p l.une’
d irect toni of flig ht tiiay he exp loited to uve’rcomne the 2—i n to —i surface mapping operation s~ hic h
a llows antenna spanal filtering effects to he re m oved , as descr ibed in section 5.6 . A dd h it iom nal dus-

ussmon of (hue scatter geometry and he asso c m/m (d ’ dI mat h ematical d’x press iomm are gis d ii un ri- leremices
S-2 through 5-5 .

5-1 ( 1



signit ’i ca m nt lv larger scatter cros s section t !,u n any 01 the other elements that return
et ierg\ uihu the dte lay (a p.

h . The scdondl and perhaps more iiilportan( t’actor is a consequence of (lie large area

(maximum for eac h tap ) that gets mappe(l mnto (lie extremities of a particular ta p ’s
Doppler spectrum. This occurs since the dela~ contour and its maximum Dopp ler shift
contours have tangential intersection. Mathematically. this is equivalent (o the Jacobian
(ref 5- ! ) of (lie transformation from surface spatial coord hinates to the delay-Dopp ler
coordl m ates of (he receiver becoming niaximn urn -

TIne phienonsenon described in item h above us valid f’or all flight test directions : however , as the

direction moves mnc rd ’ ;Is imig ly aw;uy from (he imi-plam id ’ case , ( lie tangential intersections between the
deLis’ contours ,u~id their extreme Doppler contours move further away from (lie great circle path

and are accordim ig lv associated wit h reduced scatter cross section l ie . ,  we have a tradeoff condition
between area intercept and (lie atfcn d an ( scatter c ross section s ) . For the low delay tap values associated
with the 45 0 and cross-plane hicadimig cases , we are able to observe that (he area intercept factor out-

weights the reduced scatter cross section .und prodluces a distribution (ending to he heavy tailed. T he

opposite conclusion appears to he true for (he large delay tap values .

W iil~ respect to the grazing angle dependence of ’ S(r.w ~, one observes a defin iute decr ease in
Dopp ler dispersion f ’or a decrease iii grazing angle. ,.\ decrease in grazing ang le is also accomp ams ied by

an increa se in the asynimetry properties I)f the in-plane scatter function. This factor. in turn, is
respo misi lsl e for increasing the dissitnilarities between the alternate flight direction S(T .w) functions

as (lie gr~mt ing angle decreases Note (hat for an tipper grazing anigle limit of 90° (he scatter funict ion

will not he infloiemiced by the dlirec(ion of the flight velocit y vector.

To properly interpret t h e  it s-plane low-am igle Doppler spectra characteristics (se e sees. 5. 2 . 4
and 5 , 3 . 3 i . in us important to note the k.w~zrai.ing-angle beh avior of S(r ,w) ’s positive-frequency

spectra “h umps.” Referring to figure 5-5 . for exatnple . we observe that the scatter function ’s positive-
frequency s h oulder quickly beco m es asy m ptotic to a relati vely low-f ’requency Doppler value. Thus
all re (urmus with signific ant energy from t he suhs ;mtclh i le side of ’ (he specular point have nearly identical

P Doppler shi(’ts and produce ;u resultant compos ite signal Doppler spectrum wit h a ~cry pronounced pea k
— deuis it~ -

TIme capability t u u  simultaneousl y cond oct h orizontal andh vertical polarization surface probes
— ,ullo ws onsu.’ to draw comparisons between t he two probes under identical surface conditions. .‘~~ visual

ana lysis of the appropriate data sets of table 5- I reveals that the vertical and horizontal S( r ,~~
Itiflct iOiis have. with (lie exception of (heir absolu e magnitudes . distributional shapes fiat are quite

sunmn ilar. For (lie lower grazing angle condition (e .g.. comnpare figs 5-4 and 5-8) . we are able to discern
that (he relative weig huting between a tap ’s negalive amid positive Doppler returns is larger for the
vertical polarization data ( hami it is (‘or fine horizontal polar ization counter part. ‘l’hiis phenomsenoms.

5 -17



predicted hs the miiodel results of section 6 (see figs 6-7 and 6- 19), is produced by the fact (hat as the
s d ,In ter e’l~ t iicnit ’. miio os e ’ toward the suhaircraf( location ( i c.. negatm v e Doppler returns), their local eleva—
ioni ,uuigk’ s mmlc reasd ’ .is op pose ’~t to a decrease f ’or locations prog ressmv clv closer tO the suuhs~i(elh ite

lo~,it uo ui S umu co ’ t Ime e rtic a l reflection coef f icient I (‘or gra/ imig angles greater t han (he Brewster angle)
mtic rea ses w i th  an m nidr e ase in usraz ing angle whereas the horizontal polarizatioti coef ’t’icmem s t is relatively
ci ’ Ius t , ini t , t his co undit iomi results in (lie negative l)opp ler return for a particular tap havimig a larger ratio
ot sc rti c .uI-to-h or t ,omi t a l scattered energy than t Ine positive Dopp ler returns , For ou hvious reasons we
refe r to t h i s  phnenonienon. discussed f’utrth ier in section 5.2 ,6 . as “Brewster angle fill—in. ”

In sectio mn 5. 6 estimates of the prober antenmia ’s spatial filtering character istics are derived .
Due to mapping ambi guities associated wit h forward-scatter propagation, these effects can he
removed ants for the mn-plamie geometry flight direction vectors. For the higher grazing angle condi-
tions , t he antenna\ spa(i .u l filtering e ffects on the S(r ,w)  function were found to be small enough
to he’ ms eg le ci e ’d. [however , ,It the low end of the grazim ig angle test conditions (~ 7° ). the antenna
characterist i cs are su ch t h a t  the miegative-frequency return at (lie Doppler extremities (i.e.. the spectral
hunnpsl us accent uu at e d with respect to the specular-poim it return 1w as much as 2Ot ’~ : the positive-
frel hm ld’ncs spectr .u l sh o u lder us attenuated by roughly t h e  same percentage. This justif ’ies (he antenna-
effect s-removal a lgor i t h m diescribed l mi section 5.6.

5,2 l\fl GR,\ I ..\ND FOL ’RIF R OPERAT IONS ON THE S(r .w) FUNCTION

To obtain an alternate representation amid in some cases an easier interpretation of the multi-
path scatter c h arac te r i s t i cs , we subject (he delay- Doppler scatter function to a variety of initegral and
Fourier oper.utmo ns that ield the following channel parameter estimates.

Jo imit t ime-I rectue micv a utocorrelation function
Delay spec m ru
F req t ue mnes ;mu(ocorrelation function
Dopp ler spe’ct ra

— ‘fum mue autocorrelation function
‘Fotal rn/s scattered energy,

These data are related to (lid’ S r.w function via t h e  mathematical expression illustrated mi
sec t ion 4

5 t )~



5 2 . 1  1 um n e — F- ’reo lule nics .- \utoco rrc la( ion Funictnon ; R( E.~
)

isa complex quant ity representing the degree of correlation between two received
c.u rrmer s se ’ p.Ir.itedl by ~ hertz amid tram ism nsi t (e d ose r the samiic.prop:igation paths ~ seconds apart.
A s s ta t eot iii so ’ctioii 4 ,2 . we derive thus c hannel paraniseter through a double inverse Fourier trans-
toi rmi i at iot i  operation on the esper i n ie t i t a l  SIT .w) (‘unction. Hence R(~~

’
~) amid S(r .w)  are equivalent

.is t a r  ,us t hìeur order ut m easurement degree us concerned. However , from the standpoint of relating
Itue m mm u il t m p a l hu results to surface characteri s t ic s and scatterer location . the S (r .w)  function is in most
re spects preferredt to t h e  jo int autocorre lation distrihurion. For this reason (he milajor emphasis of
t he hugh-echelon dha ta a m ia lvsi s has been direc u - l toward characterization in ternis of the de lay-
Doppler s~,ut t ~’r tu uict ion. The extension from this t r w )  domain to the I~~ ’21 domain may he easily
est mnn iate d t h roug h use of t Ime well—known inpu(:output Fourier transform relationships. To illustrate
t he tinerdependence between fine two dom ains . we present data t’or mid- and low-grazing-angle
Co lm id l itmons in cotii hinatmo n wi t h in- and cross-p lane fligh t directions, For each combination of system
parameters , hothi (lie Rt E.~Z I and S( T .W)  fuunictions are given. Th ese data are found in figures 5-13
t in rou ug hi 5-I  Is For the in-plane geometry conditions. (lie R(~.~~) d istribution is quite asymmetrical:
tss o atnern iate pomm its of view have therefore been inctuded for these cases ,

fo relate the e’.perimenta l results of ( his sectio ns to theoretical model expectation. we make
re’terenc e to figures 6-2 1 ami d h-22 of section s 6 .3. Because many of the system parameters of the two
da t a se~~s arc not mti exact correspondence ’ (e.g. , grazing angle. sea slope , antenna pattern 4), a direct
correlation between experiment and theory cannot he made. However it is apparent thia the major
charac ter is t ics  1 s t  the miiult ipath measurement results are in general accord with the model predictions .

As uuidica ied fromi s figures 5- 13 and 5-14 . for example . we observe that the R(~~
’2) a m plitude

dis t ru hu tmo n i  is sugnif ’ic ami t ls  imif l tuenced hs’ (lie direction of the fligh t test vect o r.  Corresponding to the
svm umme t rs properties uu f  the Sb r .w)  function , we note t hat fine cross-plane R(~~ 2) function is quite
s s m me ( rmc al where as (lie in-plane estimate illustra es a definite asymmetrical ch aracteristic in the ~
vari.ihle. km parti cular. the in-plane R(~ .&2 distribution for a given nonzero f’requency lag is observed
III possess a definite minax imu mni that does not coincide with the zero time lag value. Furth ermore , the
E location of thi s local m/ xim tm nii is seen to increase with an increase in frequency separation. 5 For
time l.a’s g reater  t h a n  (lie toe d maxi m um. (lie RI E,~2) function has a precipitous decay to a level

Ito ’ e’x pern m iic ntal resu m lt s were derived from (lie mioise-removed , antenna-pattern -presemit version of
the S(r .w )  lunctioni ,

5 lmispec mon ot equation (4-I (, w h ich relates R(E.~
’2) to S(r ,w l .  revea ls (he following property of

ss m ii i m ue t r ~ RI E.~2 I = R4 —E , —~2 ) . h ence . tot’ nega(Is’ o’- f reque nc\ lags (lie R(E.&2 ) maxima will he
associated with a neg a t mvo ’ time separat ion
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r S I t ~~lly eqo m u s .itent nil the s att i c at i t s  mirror image locations on (lie negative side of the axis ,  Usim ig

usi e Fourier nran isf ’orni properties , one can relate (his ridgelike R(~ .~~) structure to (he negative—
trequen icv shi o u m lo ler 01 t lie f ’uuncti on ’s SI r .w I cotimi terpart. The positive S( r.w I Doppler shoulder ,
whic h ruins in n .u miear ls parallel d irectm omi o t lie delay axis , nnay  be shnown i to produce tine msearl y syrn—

Inlet r u0a l uitidler iv imig dhism r ihu ( io n in tIne Rt E.~2) funmctmon i se’o’. for examp le. f ig  .5 —I S t .

t.’nsder isotrop ic sur face and antenna illuminatioms conditions , one expects  t hat S(r .w )  will
tie highly ~vm iinietr ical w i t  Is respect to the Doppler variable for cru )ss-p lane geometry. Hence equation
4 4 — I )  predicts th:ut

IR ( -

Ins geno’r,ul . the cross-plane experimem ital results of figures 5-14 and 5- b suhst a n(ma(e (his
ss mi innetrv relationship, u.s t In the observed slight departures most likely dime to antenna influence on
(lie Su roi l function. This a itemina perturbation (discussed in sec 5. 1 i ins general provides more

t .uu. or ,uhle cross-plane illtumination to tine positive Doppler returns. T he  mno(iceahle difference in the

structure of R(~ fl1 between t he experiment and model f’or large &2 separations us also though t to
arise from (he mio rmum iif ’orm antenna patterni illuminatiomi lie., comparing figs.. 5-14 and n-22 , we

i hse rse that ‘or cuts imivolving (lie extreme values of ’ ~~. the model function h a s  peak density at the
= 0 value w he reas the experimental distribution peaks at a value of ’fset fronni (he axus l .

Finally, we note that an axia l cut along ~ = 0 through R(~~~2) (equivalent to the channel’ s
f reu iuuo ’mic ~ autocorre lat ion function) produces similar distributions fo r t he inn-plane :und cross-pl a ne
go’om iiet rs case’s . 1 his is to he expected since R(0 ,~2) is related entirely to the delay spectr um . which
is iniu.hependent if flight direction and , as shown in tine following sectiom i . is a lso re lzm tn ve ls untm ntli iem nc ed l
hs the u~r.izing angle parameter.

5.2.2 l)o ’l,~ Spectra : Qfr

I st im u l a te s  of the ninultiputh delay spectra . QIr). are obtained by integrating the “noise-removed”
miehav Dopple’r scatter function over the Doppler variable , ‘[hums Q(r) represents (he power spectral
dle ns ut s  iu f  (he scattered signal component that arrives at the receiver with delay r. In this report we
select (lie specu ilar- poinit return us tIne zero reference value , A compreh ensive s o t  of experitiien(al ly
derived d e l i s  -spe c tra d h m st ri h ut io m is is conitained in t he data setS used four tine SI r,w I ol msdu ss mo mn,  these
dat ,i mtm a s be related to s 5 s (d ’ mii paramiie ters through use iul table 5- h - In tur in . the expcrinnen(:ml delay-

spectr a res ults m nas he com nnpmired wit h t heoretical expecta tion through tIne figure cross-reference
conta ined in (able (s -I -



\t l ob~ mous ch aracteristic of (lie delay-spectra measurements is (he very sma ll amo unt of
oh~sers ’e d flight d ircctiotn or crazing angle influence on the energy distribution. The flight direction
mn dependem ice us . i ) f  course , expected. Relative to t he grazing angle effects on the delay spectra , we

note that for a com stant-surface slope condition the model predictions (both spectra and spreads) of
s e c t i on ~ sin nimla rls predict a relatively small influence.

Prober polarization influences on the reflection process are observed ~o produce de lay spectra
f’or vertical polarization (hat are mitc h h eavier tailed than (heir horizontal polarization counterparts.
Furthermore , (his effect becomes more significant as the grazing angle decreases and. as illustrated in
section 5 . 1 .  is related to the phenomenon of Brewster angle fill-in.

-\ comparison of the experimental data with (he theoretically predicted delay spectra of
sect ion 6 rese ’a ls that the above observations are fairly well duplicated by the model. In general , the
model results appear to exhibit the greatest degree of similarity to the nneasured spectra for t he
assumed sea-slope condition of 6° . For example , compare the delay spectrum of figure S-I with that
of figure 6-4 (which represents the 6° slope case ) as opposed to figures 6-3 and 6-5 )which pertain to
the 1 2° and 3

0 slope predictions. respectively) .

The e ffect of the prober antenna ’s spatia l filtering characteristics is discussed in section 5.6.
In general , the antenna-induced perturbation on delay-spectra measurements is relatively insignificant
over (he bulk of the dis (rihutio mn (i.e., for the low- and h igh-grazing-angle conditions analyzed , the
antenna-induced perUurhations at a spectral density 10 dB down from the specular-point tap are
shown o he 3’ - and 7’ , respectively).

5 .2.3 Freque nmcs .~u(ocorrehat ion Function: R(0 ,~’2)

‘rhe t re ’quencv auno lcorrel at lon function , R(O ,~
’2), represents the degree of corre lation between

twu u rece ived signals separ ated by ~‘2 hertz and travers ing idenitical paths through the channel. In
t his report (he dire ct litne-of-sight signal component is excluded and thus R(0.~~) is obta ined in a
straightforward nlunmie’r by taking the muverse Fourier transforni of the multipath delay spectrum.
\gain we refer to table 5-I for a delineation of the sa m ple R(0 .~~) results presented and the ir
corresponding sy stem r m parameters .

As for the delay-spectra ch aracteri stics, we observe that t he magnitude of R(0.~
’l) exhibits

alniost us u n dependence on aircra ft heading or system grazing angle. l’heoretically. aircraft heading
should have no influence on flue delay spectra or the (‘req uency autocorrelati on function. Th ese
results are in accord wi th the model predictions of sect ion 6 tinder the constraint of a constant-sea-
surf ace rms slope.

5-27



Prober polarization is observed to have by h’ar t he most significant e ffect on the frequency

autocorrelation function , witlu the Isorizontal results being heavier tailed th an their vert ical polanza-
( ion counterparts. The extent of this eff ’ect is seen to increase for a decre:ise in grazing angle. Again
these results are in agreement with tIne model predictions of section 6 and are direct ly related to t h e
observed polarization effects on t he delay spectra (vertical polarization spectra are h eavier tai led than
the horizontal results), whic h in turn are related to the phenomenon of Brewster angle vertical polari-
zation fill-in.

Prober antenna spatial filtering perturbations on (he frequency autocorr~lat io mn function :mre
rallier minimal 1)0t h for the high- and how-grazing-angle conditions (see sec. 5.6).

5.2 4 Doppler Spectra: D(o )

A Doppler f’requency sh ift is induced upon (lie individual components of a sc ’a t te ’red s mg mn a l
when a rdat ive motion exists between the rough surface and the transmitter/ receiver terminals. In
general this frequency shift is expressed as (he sum of two terms , one arising from the surface d ’,-
namics and the other being due to terminal motion relative to ( he instantaneously st a t ic  su rface. In
our case ’ t he ATS -tu satellite is suitionary and the velocity of the KC-l 35 jet airplane is su mff i cm e n( lv
large to consider the oceanic surface to be frozen. Hence the Doppler shift associated wit h a p:ir mcul:ir
surface scatter ele m ent is a fumnction only of aircra ft -oriented system parameters . As previously ount-
lined in section 4.2 . we obtain an estimate of t he total scattered signals ’ Doppler power spectral density .
D w) .  by integrating t he S(r.w function over its delay variable. Thne Doppler coordinate var iable.
on , is established relative to the frequency of the direct line-of-sight signal. For cross-p lane fiig lmt
direct jons, (his reference is identica l to the specular-point Doppler sh ift : for in-plane direct iomis . a
differential Doppler on the order of 4 Hz exists between (lie specular point and direct signal pat h s .

Sannple Doppler spectra for a variety of experimental conditions cross-re f’ere micc’d in table 5- 1
are given in figures 5-1 through 5-1 2 .

1’Ise experimental Doppler spectra distr ibution may he compared with the theoretical nnodel
P predictions of section 6. A visual corre lation of the two data sets reveals that (he model results , as

evaluated under the h°.slope assumption (and for some cases tIne 12 ° slope condition), c losely
emulate the experimental spectra. TIne experimental ila(a sets show that the ch ianmie l’ s Doppler
spectrum is very dependei~t upon grazinig angle and flight directio mi system parameters . ,.S~5 would be

expected froni fi ne corresponding S (r . w)  distrihutioms . (lie- Doppler spectrum is h igh ly sym innnne( rica l
for the cross-plane flight geometries (equipm nemit - ineluced .isymsn me(ries were duscus seet us sec . 5 . 1 )

and resemb les a zero- m ean Gaussian distribution whose var ianice decreases with a decrease in grazing
ang le. 1 hest- characteristics also apply fair ly well to (lie -15° flight direct ton : h owever. there is a
tendency for the negative-spectr a realm to l)e slightly more dispersed and thus h eavier ailed (ham the

positive region.
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On (lie other h and , for the in-plane flight direction the Doppler spectrum is highly asymmetric.
with the eh istrihu t ionn being very h eavy (ai led iii the negative-frequency region and possessing a spectral
misaximum t h a t  coincides closely wit h a frequency upper limit in the positive Doppler realm above
which the energy distribution has a precipitous falloff. Comparing figures 5-2 through 5-5 reveals
t h a t  these in-plane geonnenrv attr ibutes beconne increasingly pronounced as the grazing angle
decreases. In tact , at (lie lower grazing angle values (e.g., fig. 5-5) we note t h a t  the Doppler spectrum
has an extreme high-density peak at a very low positive Doppler value above which no energy exists
and an exponential-like decay for the energies whose frequencies lie below the Doppler upper limit.
As wi ll he shown in section 5.3.3 . this phenomenon results in very low Doppler spread measure for
the low-angle in-plane geometry conditions. -

With respect to thie Doppler spectrum ’s in-plane geometry polarization characteristics , it may
he observed that , especially for the low-grazing-angle cond itions , the vertical polarization results
have a significantly higher percentage of energy in tine negative-frequency portion of their distribu-
(ions than do t he corresponding horizontal polarization data (e.g., compare figs. 5-4 and 5-8). The
brewster angle fill-in phenomenon that produces this result is also observed for the model prediction
and is discussed in sections 5. 1 and 6.2 of this document.

Unlike the results for (lie delay spectrum , the antenna pattern influence on the Doppler
spectrum is shown in section 5.6 to he significant enough to merit consideration. Specifically, for
thu’ in-plane flight geometry case we expect that as the grazing angle decreases the Doppler spectrum
wi ll he subjected to an o m’erestirnation bias in the central portion of its negative-frequency realm.
This innnplies that a region on tIne suhaircraft side of the specular point receives more antenna gain
than is directed toward the specu lar point because of the antenna beam pointing factors discussed in
section 5.6. As a quantitative measure . (he low-angle (7° ) in-plane Doppler spectrum for a typical
case is predicted to he biased h’.’ roughly +l0~ at its spectra mid-decile level and +30% at its lower
deci le’ level.

5.2.5 ‘fime Autocorrelation Function: R(~,0)

-. R(~ ,0), t he time autocorrelation function of the multipath channel , represents t he degree of
correlation between two received signals that arrive at the receiver after being transmitted as cw
signals wit h identical frequencies hut offset in ti mns e by ~ seconds. We restrict our attention ent irely
W (he multipath conipomient of the channel and thus obtain the R(~ .0) estimat e by performing an
inverse Fourier tra misform on the scattered signals ’ Doppler spectrum. Experimental results from this
analysis for a variety of test condifiotns outlined in the cross-reference of table 5-1 are presented in
figures 5-I through 5-12.  For comparison wit h t h eoretical model prediction , ref ’er to the data sets
:issociate d wit In table (i-I
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From the examples . we observe th at (lie R(E.0) ulistrihutioni has characteristic dependencies
upon aircraft h eading, grazing angle , amid probe polarizatioms. While the influence of the aircraft ’s
flight vector dlirec(ion is noticeable , it u s mnot nearl y as distinct as it us for R(~ .0)’ s Fourier transform.
fine Doppler spec rumnl. In general we note than (lie in-plane flight direction produces a time auto-
corre lation f’umict iomi t h at .uppears to be heavier tailed than its cross-plane counterpart .

,.\s expected. the elevation depem idenc e of R(~ ,0) is seen to produce an increase in spread
for a decrease in grazing angle. Also , as would be predicted from the Doppler spectra nneasurements .
(he horizontal and vertical polarization R(~ .0) results heconie increasingly dissimilar as the grazing
angle decre ’ase ’s . wi th  the horizontal results ex h ibiting a much slower decay (han their vertical polari-
/at mon e0uum1te ’rp~Irts.

In general (lie model emulationi of section 6 duplicates tIne above observations to a fair ly h igh
de ’ui re ’ e’ As for (he other unidimenisional channel distributions, the degree of correlation between the
ex perimental and theoretical ti m e autocor relation functions appears to he the high est when the sea
slope is chosen to he 6° or somewhat higher (for example , compare fig. 5-I wit h fig. n-4).

The ef fects of antenna spatial filtering on the in-plane R(~ .0) estimates are give -mi ins section

5 .6. [ h e ’ high-angle data is relatively uninfluenced by t he antenna pattern. whereas the low-angle
data exhi bits e f fec ts  t h at  are ’ eoni s istcn it wit h t h e  observed effects on (he Doppler spectrum. In other
words . (he l)oppher spectra overestimation produced by the a ntenna perturbation is translated into a
time .uutocorre latiom i function effect that cause ’s fine distribution to decay too rapidly (rou ghly 30~
at tIne origin I.

5.2.~ Total RNIS Scattered Energy

I s ,  e l a t e  the inntensity of fine multipath sca ue’r process to a quantitativ e mineasure . t he chsanneb
tneami square ’ scat te r  coeff icient ( I’) bias beets derived for both hnor uzomn ta l l v amid ve rt ical ly polarized
data.  ‘[lie term F - sh e - f ined is the ratio of total energy scattered into tIne receiver re l:m ti v e to (lie
energy incident upon the sun-face , is obtaine d f’rom t h e  f’ollowing formula t ion:

<1112 > GD
- +

~~~~~~ ( 5 - I l
<ID;2 > ebB 

C1 dil

where ’

~
_ l III> = mean square mult ipath p(lW u ’r obtained by unite-gratin g SI r .w 1 over i t s  ulelav

innd l)oppler eariah les
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= mean square direct-path signal obtained by coherently summing the “direct ”
tap outputs to form a composite signal , whic h in turn is subjected to a mean
square calculation
adjustment factor t o  account for direct and indirect channel gain differences,
etc

In calculating CL)! C1. (he following f’ac (ors le-x pressed in dec ibels) are included:

GD Gl = 

~D’~ l + A D/A ! + L~Ø1 + GRX D/GRX I + GLPFD/GLPFI + L 1~ + Ltrunc~ 
(5-2)

w here ’
= ratio of direct power to indirect power as delivered to the inputs of the

transmitting antennas (includes line losses etc.)
= ratio of direct signal antenna gain to multipath signal antenna gain. The

multipath antenna gain is ta ken to be equivalent to (he gain directed
toward the specumlar point of t he surface. This should not introduce an
appreciable error due to the re latively broad-beam characteristics of the
antenna and fine capability for pointing it toward (lie effective glistening
area of t h e  surface. For the quad-helix direct antenna, a gain of 15.2 dB
was used when (lie elevation angle of the antenna relative to (he tangent
plane on the sk in  of the aircraft was greater than 12 ° . For smaller angles ,
(he aircra ft sk in effects influence its beam shape , and calibration measure-
ment data obtained from up-look modes of the flight test scenarios were
used to obtain t he following empirical relationship: A D = 15.2 dB +
(0 ’ - 12 ° ) (0.65) dB: where 0 ’ = elevation angle of quad helix relative
to its local ground plane.

L~Ø1 = a 3-dB adjustment factor to account for polarization mismatches at the
satellite (i.e., ATS-6 has RHC, quad helix has RHC. and multipat hn antenna
hu;us linear polarization )

CRX D/ ’GR X I ratio of receiver direct to ind irect channel gain , obtained in a data analy-
- - - 

,
~~ sis program minodule t h a t  operates on the SACP system parameters embed-

ded on t he data tape containing the receiver time-domain samples
(ilPFD;GLPFI = t h e  ratio of tine receiver ’s low-pass filter gains for (he direct and indit~ct

channels , This parameter is derived fro m the SACP filter coefficients
- - 

. and inc ludes a factor to nmcc oum n( for the filter mode, such as “zero-stuff ,”
wh en applicable (i.e. . at 1 0-MHz chip rate and 300-Hz bandwidth, GLPFD/
GLPF1 = 14.8 dB. w hereas at 5-MHz chip rite and 300-Hz bandwidth (a
zero-s uiff mode for the indirect channel) it equals 20.8 dB)
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= an adjustment factor necessitated by the fact that the <1112> estimation
technique is in essence’ equiva lent to an incoherent power summat ion of
tIne de lay tap outputs . This summation does not give a true estimate of
(he total energy content because ( I )  adjacent taps one chip apart have a
realnn of commona lity in the delay area over wh ich their auu(ocorrelation
funct ions are nonzero and (2) the autocorrelation function of the probing
signal’s PN sequence is not unifornn over a chip width hut for the continuous
ana log case has triangular distrihutioin wit h a peak equal to the sequence
length and a base equal to —1 at locations t I chip from the center.
Assunining the multipath’ s de lay spectrum is piecewise constant over a chip
widt h, the above effects arc calculated to yield L1~ values of 1.7 , 1.25 .
and 0d B f’or prober chip rates of 2.5 . 5.0, and 10.0 MHz, respectively.
A coherent summation in effect provides a single tap experiment with
uniform correlation over the entire tap hank range : this procedure is
used to estimate <1D12>.

Lt r u n c  = a factor to account for the finite delay-Doppler range over which the
receiver is able to capture energy. For the nnajority of ’ the oceanic mult i-
path probes , the transmitter / receiver parameters were chosen to provide
a tap width of 0.2 ~jsec and a low-pass-filter bandwidt h of 300 Hz. lInus
assuming the specular-po int return is placed in the mid-20’ s region of (lie
correlator bank (to avoid malfunctions occasional ly experienced with
de lay taps in the neighborhood of taps 1 7 to 19). we have a receiver
configuration that will capture sea scatter returns whose delay ( r)  and
Doppler 

~~~ 
va lues satisfy both of the following inequalities: r

( 110 -  25) 0.2 = 17 psec and 
~d ~ 300 Hz. The incoherent sum of all

energies lying outside this region is referred to as the system truncation
loss component (Ltrunc ).

Using the physical optics vector scatter model (sec 6). Ltrunc was

predicted using the expression

- - I 7psec +300 Hz

f f S(r ,c , )  drd~~
— i~~~ r°0 f=—300 11,.

trunc — — u iog —

f  S(r,o )  dr dw

The value ~~~ 1trunc was ca lculate-uI for typical system geomc r~ con-
figurations and f ’or assume d se-a-sl ope’ conditiotns. An obvious re-st ilt
from this analysis is that t.tr( inc increase ’ s with an incre.use’ inn the
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surface rms slope. Wit h respect to the grazing angle dependency, we

observed that a tradeoff occurs: the r constraint was more significant
with a decrease in grazing angle wh ile the Doppler constraint was more
significant as grazing angle increased. Aircraft h eading, as expected , had
no influence on the delay requirement. However , for the Doppler criteria
it was observed (hat as the aircraft heading changed from cross-plane to
in-plane orientation , the receiver , on a relative bas is, capture d more of
the subsate llite-oriented returns and less of the subaircraft -oriented scatter.

In general . Ltrunc was calculated to be relatively small. For
example , at a grazing angle of 13° and for average and precipitous sea
slopes of 6° and 12 °. truncation loss values of 0.10 and 0.30 dB, respec-
tively, were calculated for the horizontal polarization in-plane flight
geometry , Since the sea slope was unknown, we have taken 1t runc  to

equal 0.2 dB for all cases.

Figure 5-17 presents the experimentally derived values of the ruins scatter coefficients as a
function of grazing angle. Also shown are scatter model predictions representing expected results (‘or
assumed rn’ns sea slopes of 3° and 12 ° (see sec 6.3) Individual 90% confidence intervals of roughly
± 2.5 dB may he attached to each of the data points of the figure. These confidence interval measures
are ca lculated in a manner similar to that employed in the ATS-5 data analyses (ref 5-6) and are assumed
to be dependent only tupon the normalization factors used to derive GD/GI. Hence we assume the
sample space size in estimating <1h12>/<1D12 > is sufficiently large so that its estimation variance may
be neglected.

In general . (he experimental and theoretical r values predicted by the physical optics vector
scatter model are inn c lose accord and agree well with experimental results reported for the FAA ATS-5
oceanic mumltipat h tests (ref 5-6 , fig 13) . Other analytically derived estimates (ref 5-5. table 2-9)
agree we ll for the circular polarization modes and somewhat less well for (he horizontal and vertical
linear polarizations.

We note that for grazing angles greater than roughly 10° the model predicts that rms sea slope

p 
has a very small effect on the total energy content of the scattere d signal. The scatter coefficient depen-
dency upon sea s lope could not he deter mined explicitly experimentally because sea-slope measure-
nien(s wit h a one-to-one correspondence to the multipath measurements were not available. The experi-
mental data for t hese elevation angles, however , does appear to be cons istent with this observation. At
t he lower grazing angles the rms scatter coefficients do not appear to be totally immune from the sea-
slope influence, For angles in the vicinity of the Brewster angle (

~ 6°), the vertically polarized F
va lues tend to increase with an increase in slope , w hereas the opposite occurs f’or horizontal polariza-
(ion. In the limit, as the surface slope app roaches zero , t he theoret ica l curves take on values predi cted
by the relations hip IDRI2 , w here D is the spherical-earth reflection coefficient and R is (he smooth-
eart h Fresnel reflection coefficient as evalu ated at (he specular point. This result corresponds to the
“stee pest descent ” closed-form integral solution to the scatter phenomenon (ref. 5-7) and , with the
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ex ception of the ser t ic . i l l~ po lariz e-e l data iii fine v ic in i ty  of fine pseudo-Brewster angle. yields predicted
I’ re l.u tu ssus ’ du ips thai .ug re ’e’ quite well  w i th  both the- theoretical and experimental results of figure 5— 1 7.
\t  tIne pseudo-Brewster .ungle . fine cx pre-ssiomi l) R 12 for vertical polarization is on the order of’ -20 dB.
w hm ich us see ’m i to be rouughl~ S etB below (lie exper itiien (a l data and tIne scatter model surface integration
resu lts ,

Simi l.ur ehepart e ire ’. hn a se also be-cnn observed f’or numerous VHF experimen (s(re f 5-8 , p. 320)
.ss w e ll ,u’. t s r  .uru \ IS-S 1,-band tiuu l( ipat hn experiment I re-f 5-6) . Th ese departures are a direct result
s t  t h e  d i f fuse ’ nature ot t Ine sca t te r  su urfac c : i.e., over tIne effective scatter region (lie reflection
coet hcment ass ue mate -el w i th  (lie idle-c/ surface facets responsible for favorable reflection into the
rc ’ce ’iser wi ll d i f f e r  from tlne reflection coefficient at the specular point. This e ffect is termed by us
as ‘‘Bre~~st~’r .in~ le fill-tin, ” ‘I’lne ef fect  is m ost pronounced for (lie vertical polarization probes at a
gra zui ng .iungle equal to tIne Brewster angle’ since the ref lection coefficient ch anges rapidly with local
gra zing angle amid all sur face scatterers will h ave a reflection coefficient at least as large as (if not
in uc h l.irger t h u a ii I (lie specular—point value.

5,3 0(1 ANI (’ SCATTER PARAMETER SPREAD VALUES

Some- of ’ the most useful and fundamental measures of (he oceanic multi path phenomena relate to
t he spread values associated with the scattered signal’s delay spectra , Doppler spectra , time autocorrelation
tUin~ (mon . and fr equi e ’m ic ~ autocorre hation f um nctio mn . In t h is section . t hese- d a ta  are’ given for both lion —
,otnta l .u rid se ’ r t ie . i t  polarization probes as conducted e lumrmn g tIne in-plamie amid cross—plane flighnt directions.
E:or the - delay md Doppler spectra. the total two-sided 3- and lO-d B spreads are presemi ted . whereas
,sr i lv tIme one-sidled 3-dR spread us g i se - mi f ur t ine autocorrela(ion f’unc fions,6 Figuire 5—18 i l lustrates (lie-se
q Luat i ( t ie - s  for (lie’ respee’t i s e c h annel cl istrihutions,

In ci)niipar imig t ime experimental spread re-s uu l (s to theoretical expectation. primary emphasis is
placed on pre - dm c tmom ns derived from tIne - ~urf ace’ imntegra (ion scatter model (see sec 6). Model results
gemierated for mis total sea slope ’s ut 3° , (~~

‘
, and 1 2° tend to indicate t h a t  (he majority of flight test

condit mo un s were ’ Iss u e ua(ed v, (h tI m e high er slope values. hleu nce ni t hn t s section we use thie average of the
model predictions fuu r flue (s and 12 ° se-a slope ,us our t h eoretica l expectation standard . Although this
procedure us riot rigorous , line mni a~ cons idem t h is to be repre’sentative of model results roughly

~lor time ’ auto corre la(mon functions , lIne - 1 0-d R spread values occasionally exceed the resolution
L.u pahm lut u s ’ s i5S ( ue u , i t e ’d wi th tIme prober chip rate ’ anul Fourier transforms processing algorithm.
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corre ’spo n ic t mti g to ruins sea s lope ’s sin fine order of 9° .~~ For comripanison , we note that flue ave- rage of all
f ’iltere ’eh \e’unma min spec t rum)  se ’ :u slopes observed h’or tine Nor-tin Atlantic ATS— 5 experiment (ref 5—6 )
was y~ 

‘ , svu fln maxitnum and minimum valu es of 12. 1 ° and 3.4° . The concept of’ filtered slope is
introe hue ’ed to uc e ’o tm n n t f ’or ( lie- finite spatial resolution c :ipahi litie-s of the 1.-hand electromagnetic wave-
length I i. e . - ( lie’ s uu~a hh-sca le snructure’ o f (lie surface d oes nio( appreciably affect fine- f ’orwar d— sca uer
mec fianis nn, huit umn a ~ comprise a sug n ificamit cornp o mnem nt of (lie- actual surface slope - ) .

Uhmroughout this discussion, cotniparisons hetweem i measuurecl re-sti l ts amid predictions based on
t he- closed fo rtmi “ste ’cpcs m descent ” integra t ion techniques are also made .

5.3 .1 Delay Spread

Delay spr e ads for tI ne- h orizontal and vert ical  polarization probe-s are given in figures 5-19 and
5-20. re’spe’ct uvel~ . TIne s uhid-l ine relationships in th ese figures correspond to tIne scatter mod el surface-
integratiom i pree huctio mi as eva luated for tIne average of tIne 9° and 1 2° rmns sea-slope conditions . A very
we-ak inc-re - u s e ’ iii spread value t’or an inc rease’ in e’levation angle is e-xJiihited by the horizonital polar-
ization data and by (lie 3-d B spread values of fine verti cal polarization data. For the 1 0-d R vertical
polarization resu ults . we - observe a small increase in the spread for grazing amigles in tine vicinity of the
pseudo-Brewster angle. Both (lie-se re-stilts are predicted by t h e -  scatter moelel , wit h the - Brewster
amigle ef f e ct  ,ils s heimig i l lustrated mildly by (lie verti cal polarization 3—d B spreads. Tine - it icrease- in
t he spread’ . f’u r  t ine se r t meal polarization probe in tine vicinity of 6° is related to the same phenominenon
re- terre - cl to prev iusosl ~ as “Brewster ang le fill-in.”

Fs ur elevation :umngles between 10 ° and 31 ° . fine h orizontal polarizatiomi 3- and I 0—dR spread
m eas u res arc t\ pucall~ 0.7 and 3.0 pse ’c , respectuve l~ : for the vertical polarizatiomi case. (lie-se mnie-asur es
are s lueh i t l~ larger ami d take on typical values of 0.9 ant I 3.3 pse ’c. ‘l’he’ dispersio mn associated with tine
e x p e r i m e n t a l dat a may um nost cer (amn ly he ascribed to day—to—day ch anges in the surface m i s  slope.

-\n ~‘‘.t umate of (lie amitenna pattern ’s spatial filtering imifluence omn t ine- ehe - la~’ spre’ae h mnneasures
may he oh tat  tie -c l Isv re-fe rn ng to sect toni 5.6 . Even t hnough t h e  spatial filtering e ffects were evaluated

— . p for the ui-pl ans ’ hlight ge’o, uue ’ir~ eu)i lp le-d with a horizontal polarization mode, (hue elelziv spread land
cohere nce l’ ,um ie hs s me h t hi)  re-stilts slnould he so mniewbiat typica l for (lie other polarization amnd tliglnt dire-c-
(mon e’omi i buu u . i suns . I bus as a gemiera lized prediction we anticipate thna at tine - h igh end of (he grazing
angle range’ I i.e . 31 ° u tine 3— inch I 0—d R spread mnieasure s are umiderest inna(ed by 2 -  and overestinna (ed

7 Since’ tIme - :u ss ’r ;ug iuig u f  minodel-predicted res u lts f’or slope-s of 6°and 12 ° does tint r igc uro u mshv correspomnd
to nun ide- I sr ’ ’s l met us on’. Is ur slopes of 9° . (lie reader nnay_ as an alternative. compare th e c’x pe-rimenta l
re-s u its wi t h minhs ’ l t i re -clu e t o n s  for spec if ic slope values . ‘‘Model—predicted’’ curs e’s for slopes of 3° ,
6 , a n f  I 2° irs ’ give - ni  in sect ion 6 ton several mnu lt ipa(hn ch annel parameter s .
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h~ ~~~~~ respective ly. Similarly, at a grazing ang le of approximate l y 7° the 3- and 1 O-dB spr~’id m’a~urcs
.ire hoth overestim ated by II ‘~~ and 3’~ . res pectively

Closed-fo rm integral solutions of Mallinkerodt ret 5-9 ) and Bello (ref 5-1 may he used to
obtain tet pest descent ” results for t he delay-spectra spread values. Using Bello ’s formulation, WC

write t he delay spectra as:

Q(r)  -k exp [..(sin ~ 
+ 1/sin 7)]. ((I/sin 7 ) -  sin ( 5-3

where:

Q (r)  delay psd
r = delay time

= grazing angle
K = a parameter embodying the m s  sea slope , aircraft altitude , and speed of light.

For the oceanic probe configuration, the aircraft altitude was roughly constant For the entire
flight series. Thus , in our case K varies according to the tins slope changes onl~’ Assuming a constant
slope , we may use the above relationship to predict the grazing angle dependence of the 3-d B spread
values. Relative to the spread at 5°, r 5 (5 °), t hese values are:

r 5 ( lO° ) / r 5 (5° ) = 1.5

r 5 (20° ) / r 5 (5 °) = 2.4

r 5 (3 0°) / r 5 (5 ° ) = 3 .1 .  (5-4 ,

Similarly, for the 10-dR spread angular dependence we have the following relative valu es

= 1.238

r 1 ( 20° ) / r 1 (5 °) = 1.234

r 1 (30° ) / r 1 (S ° ) = 1.185 . (5-i)

For the horizontal polarization results of figure 5-19 , the above relationships appear to follow
the trend of the experimenta l data quite well. Since the “steepest descent ” spread parameter es tim a tes

are not dependent upon the polarization of the electromagnetic wave , theyohviously are incapable of
predicting the observable difference between the horizontal and vertical polarization data sets .
Compared with the phys iLal optics vector scatter model , the stee pest descent estimates in genera l
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provide a somewhat poorer representation of the lower graz ing angle vertical polariiation data results
shown in figure ~-2O. ‘[his , of course . is to he expected since the steepest descent integrat ion techn ique
assumes a ll deterministic surl’ace parameters take on their specular—point values , and thus it does not
account (or the rather extensive variatio n that the vertical polarization reflection coefficient experiences
(15cr the ci (cci ye sc a tter surf ’ace.

5 .3 .2 I’req ut-nc~ Coherence Bandwidth

[he term coherence bandwidth is used to describe the spread parameter m easure associated with
the multipat h\ Irequency autocorrelat ion (‘unction. It in essence provides us with an upper frequency
limit to which two simultaneously trans mitted L-hand carriers may he separated yet sti ll meet a
spec it icd degree of correlation at the receiver. For this presentation we are concerned with the 3-d R
coherence bandwidth ( i . e . .  the received signals have a correlation coefficient of 0.5). We deal only with
the sea-ret urned energy and do not include t he effects of the excess time delay between the specular-
point et um n and the direct line-ot~sight signal. For direct plus multipath signal analyses, this excess
diff ’erential delay is very s ignificant and hence one cannot use the results presented herein to direct/i
predict t h e  coherence bandwidth of the composite channel.

Figure 5- 2 1 contains as a function of elevation angle the experimentally measured 3-d B
coherence bandwidth values for both horizontal and vertical polarization probes. Because the frequency
autocorrelation function is derived solely from the channel’s delay-spectra distribution, it is notdepend-
ent upon the airplane heading direction. Thus the results from both in- and cross-plane geometries have
been combined, It is observed that the experimental results range from a low of 70 kIlz to a high of
380 k I l t , wit h a typical value of 200 kHz. The data trend does not exhibit a strong dependence upon
grazing angle. although we do note a slight tendency for the results to increase with an increase in
grazing angle. This dependency is in accord with the model prediction curves , which also predict a
3-d R coherence bandwidth value that, over the range of elevation angles of interest , is on t he same
order as the average of t he experimental results. We also observe that for the lower grazing angles, the
vert ical polarization results are generall y lower than their horizontal polarization counterparts whereas
th~ opposite trend appears t’or t he larger grazing angles. Again , t his observation is in agreement with
t he model prediction results.

As shown in section 5.~ . antenna spatia l filtering ef f ects on the 3-dB coherence bandwidth
measurements are predicted to he rat her minimal , with underestimation percentages of 4” and 7’~’f
being assoc iated with the low and high ends of the grazing angle range , respectively.

Steepest descent integration predictions of t he multipath coherence bandwidth may he
obtained by using t he following expression ( see Staras . ref 5-7 ; or Bello . ret’ 5-I )  for the frequency
autocorrelation function:

5.41



IA— C’)
0.
~~ C

C
C

c —  I O r i

~~~~~~ 
.— .~~0~~~I> ‘.5.!

~~ET

ii ~ IA

0
• r.i

I
I0O I C q~0

1 C.)
.!
w ~0 El

U

II
G E l

IN 0
0 0

zu~ ‘ 4tPIMPueq eOuoJeqo3

5-4 2 

• ~~~~~~~~~~~~ 
. — .— — ... —. —.- - .___________



R(0.~2) = [(i + 
~~n~P) 

( I  + i 2irK sin ‘v )] ~ (5-6 )

where.
R O.&2t = complex frequency correlation function

frequenc y separatio n
7 gra/ ing angle
K = a parameter embodying the surt’ace slope, aircraft a ltitude . and speed of light

As in the delay spread discussion, one may assume K to he constant and thereby generate the
grazing angle dependence of RlO.~2) . Relative to the 5° grazing angle, tile following 3-dB coherence
bandwidth relationships are obtained:

= 1. 95

= 3.3

= 4.0 (5-7)

where ~~5 a is the 3-d B coherence bandwidth at elevation angle ‘y.

W ith the exception of the slight polarization biases exhibited by the respective data sets , this
relationship is observed to provide a fairly good fit to the grazing angle dependence shown h~ figure 5-21.

5 .3. 3 Doppler Spread

Results from the spread measurements on the multipath’ s Doppler spectra are given in figures
5~2 2. 5-23. and 5- 24. The first two figures correspond to in-plane flight directions for horizontal and
vertical polarization probes . respectively, whereas the third set presents t he cross-plane spreads for both
polarizations. The solid curves in each figure represent predictions derived from the surface integration

p - scatter model. A’, previously discussed , the plotted model results are tile average of predictions for m s
sea slopes of 6° and I 2 ’ and thus represent a first-order approximation corresponding to an rms slope
condition of )° 1 see discussion and footnote 7 . page 5-37) .

• E:or a ll four combinations of ’ prober polarization and aircraft flight direction. the experimental
data trend s and model predictions are in fairly close agreement. In particular . it is observed t hat:

a. The data trend sl ows a definite increase in Doppler spread for an increase in grazing angle.
h. Both the 10- and 3-d R l)oppler spread values are appreciably influenced by flight direction,

with tile in-plane geometry (espec ially for the lower grazing angle conditions) producing
smaller spreads than the cross’plane condition.
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Figure 5-22. Oceanic Doppler Spread Results — Horizontal Polarization, In-Plane Geometry
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Figure 5-23. Oceanic Doppler Spread Results — Vertical Polarization, In-Plane Geometry
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e. For I he in-phi i*e dafa ensembles . t he spreads corresp i nid ing to sert ft il pola riza tion Ire
i~ pica hl y larger than thi ir horizontal counterparts.

The pflvsl cdh expian.ii ion of the .ibove ohserv~ i i n s  is discussed in section 5 .2. 3. which relates to ( lie
mull pat II Dopp ler spectrum . f iara cl t ’rist cs.

Two hurl s ignificant factors are predicted to provide an oi’er ’stimaIImi bias to tile in—plane
low-ang ’ ‘ ler spread experimental measurements. One factor relate s to the antenna ’s spatial
fi lter whicll. as shown in section 5.6. result in overesti m ation biases on tile order of ~~‘ and

2’ ‘ ,i,ing-angle Doppler spread 3-and 1 0-dR measures , respectivel y . Antenna pertur-
6 igh-grazing-angle conditions are riot nearl~ as signiticant . with the 3-d R measure

,~ t imated by i~’~ and the ID-dR spread measure heine overestimated by ~~~~~ The second
ose rcstima t ion bias factor pertains to aircraft heading meanders that would cause t h e  flight direction
vector to deviate somewhat fro m the true in-plane geometry condition. As discussed iii sectIon 5.2 .4 .
t ile’ Doppler spectrum for low-grazing-angle’ in-plane (light direction conditions is ver y peaked and t h u s
possesses a relatively small spread measure . As the’ flight vector move’, wa~’ from t he in-plane direct ion .
tile spectrum becom es increasingly more Gaussian-like and consequentl y is associated with a larger
spread value. Assuming the aircra ft flight vector is offset by 70 from the in-plane direction . the sc atter
model of section 6 predicts that for a 9° rms surface slope t he Doppler spreads for (lie 10° grazing
angle geometry are larger than their in-plane 3- and 1 0-dR counterpa rts by 89’~ and 4~’ . respectivel y .

Steepest descent channel parameter estimation techniques preel i~ t . (;:iussi, il Doppler psd wi th

bandw idth given by:

f(7)~ ~~)0siope Sifl 7 + (5~~)

wit crc
( (7)  = 3- or ID-d R Doppler spread measure

= carrier f requency

p c = velocity of light
°s fope = rms surface slope

7 = grating angle
V = ,ni r i f t  cross-plane ‘,e i()cil V

V 1 ,iircr att in—plane’ veloc i t~

For t i c  flight tests . 4 V~,
2 )1 

was generall~ on t h e  order of 200 ill see: thi ns or constant sea-
s lope condit ion, t Ime above relationship iued cts a sin 7 grazing angle clei~ ndeiice for 60(11 Doppl er
spread measures



In general , this relationshi p adequately de’scri hes the cross-plane geometry spread results which .
like the “st eepest d escent ” pred ict ions . have previously been shown to he associated with a spectru m of
tile’ Gaussian form.

Since the in-plane flight direction Doppler spectrum is highly non-Gaussian (especially for the
low-grazing-angle conditions ), it is not surprising that tile “steepest descent ” spread relationship fails to
prov ide a close fit to the trend of the experimental data. For example , from figures 5- 22 and 5-23 we
observ e that between the range of grazing angles from 7° to 19° the observed typical Doppler spread
results increase h~ approximately 9OO’~ , whereas the sin 7 relationship yields a predicted increase of
only i70~~.

Again , as for t h e  delay spread predictions , we also note th.~t t he steepest descent results do not
account for the observed polarization dependencies of t he data sets.

5.3.4 Decorrelation Time

Decorrelation time provides us with an upper limit on the time separation for which two L-band
carriers , transmitted at t he same frequency, will still meet a specified degree of coherency at the
receiver. It is derived from the time autocorrelation function of the multipath channel , and for this
document we have selected tile 3-d B spread measure (i.e. . that time separa t ion that produces a norm-
alized correlation coefficient between the two received signals of 0.5). As in the coherence bandwkith
presentation. we restrict our attention entire ly to the multipath signal and do not include any effects
that would arise from the presence of a direct line-of-sight rece ived component.

Since the time autocorrelation (‘unct ion is derived exclusively from the multipath Doppler
spectru m. one expects tile decorrelation time measurements to exhibit a flight direction dependence.
For this reason the’ results are segregated into cross- and in-plane data sets , w hich are presented for
both polarizations in figures 5-25 and 5-26 , respective ly. Also contained in these figures are the spread
relationships as derived from t he surface integration physical optics scatter model.

P The experimental results are in relatively good agreement with theoretical predictions. For
holh (light geome’try directions, the data trend implies a decrease in decorrelation time for an increase
in elevation ang le. Typically, t he data set averages imply decorrelation values on the order of 7 to
ID msec and 2 to 3 msee for grazing angles in the vicinity of 8° and 30° , respective ly. It is apparent
tilat tile vertical polarization probes and tile cross-plane flight direction produce modestly smaller
decorre’lation times than their respective ort hogonal parameter counterparts. This tendency appears
to he maximized for graiing angles in the vicinity of the Brewster angle.

Antenna spatial filtering effects upon the decorrelation time estimates for the in-plane geometry
case are given in section 5.6 and indicate that for both high- and low-grazing-angle conditions the
antenna influence tends to decrease the channel’s true decorrelation time estimate. The decrease for
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3 Horizontal polarization
A Vertica l polarization

Model prediction—
horizontal polarization

10

£0
3.dB decorrelation times, msec 

Model prediction—

1 vertical polarization

Note: The solid modei’prediction curves are
the average of values predicted for sea
slopes of 9° and 12°.

.1 I I
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Elevation angle , deg

Figure 5-25. Oceanic Decorre/ation Time Results — In-Plane Geometry

3 Horizontal polarization
A Vert ical po larization

10 Model prediction—hor izontal po larization
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Note: The solid model’prediction curves are
the average of values predicted for sea
slopes of 9° and 12°.
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Figure 5-26. Oceanic Decorrelation Time Results — Cross-Plane Geometr y

5-48

___________________ — —. - . . - —-



the high gra,ing-angte case is rather modest (~ 7~ I. whereas for the low-angie condition tile under-
estimation bias is approximate ly 30~~. Referr ing again to figure 5-25. we note that the trend of the
ex perimental data points as compared to the trend of the theoretical predictions is consistent with
this contentiorl .

Since the Doppler psd and time correlation function are Fourier transform pairs . the steepest
descent solution to the time correlation function yie lds a Gaussian distribution w ’ l  spread bandwidth
inversely proportional to equation (5-8 )~ i.e.,

= 
irf 5(’y ) ~~ I/sin 

~~~, 
(5-9 )

where:

~ ~(‘y ) = decorrehation time (3 dB)
f 5(’y ) = Doppler bandwidth spread (3 dB)

= grazing angle.

For both the in-plane and cross-plane flight directions , the data sets are observed to exhibit a
grazing angle dependence somew hat similar to the above relationship. However , as for the other spread
parameter predictions . we again note the inability of the “steepest descent ” to properly account for
the polarization differences in the in-plane data ensembles.

5. 4 TIME-DOMAIN STATISTICS

Analyses f lave been performed on the SACP’s complex ta~ outputs to determine’ l’he following
statistical measures of the multipat h channel’ s time-domain representation:

a. Histograms of the delay tap ’s I component amp litude, 0 component amplitude , and
phase

h. (;oodness-of-fit . (x 2 test) comparisons of the above wit h theoretically predicted distri-
hut ions

c. (‘orre l” mon of a tap ’s I component with its Q component
d. Autocorrelation and cross-correlation of ’ the individual tap processes within a common

tap hank
e’. ( ross-correlations and cross-power spectra estimates of tIle tap processes taken from th e’

cross-polarization banks ( i .e..  vertical and horizontal).

Results from these measurements are given in the following sections.
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5 4 .1 Tap I and Q Amplitude Distributions

Amplitude probability distributions in the f’orm of histograms are derived for the I and 0
components oh a given delay tap through the application of standard num erical grouping techniques
Prior to f iistogram sorting, three operations are pert ’ormed on the input data.

a. The data ina~ he optionall y desampled to improve the independency of the samp le
space arra~~.

6. \ dither signal is added to each o(~ the desamphed data points . This is necessan~ s ince
the quantizing levels of t he digital SACP receiver ’s out put are not signit’icantly smaller
than the bin widths of the histogram. The SACP receiver outputs are given as eight-hit
entities ranging between -1 28 and + 127 ( receivervolt s) . In accord with tile two s-comple-
ment arithmetic of the receiver. the dither signal is chosen from an ensemble whose
values are uniformly distr ibuted between 0 and I, A new dither signal is used for each
signa l input value.

c. The mean and standard deviation of the desampled. dithered array is determined : i.e..

N
p
~~~~” X 1

a 2 = 

N 
)x

~ ~ ) 2 (5-10)

After the samp le ’s mean and standard deviation have been determined , the algorithm then
sorts time input sample arra~ into three histogram distributions, All three histograms arc calculated

-~~~ 

for eac h tap component. The sorting techniques are achieved as follows:

Histogra m I: Consists of 20 bins ranging between — and + oc, with the 18 interior bins
being of equal width and spanning tile range — 3a .+3o) .

Il,ctogrc,m 2: Similar t ’ histogra m I except bins are combined w ml h their nearest
neiglihors if the observed freq uenc v is less t han 2 of tile’ total elements in the sample’
space.

h istogram 3 Bin widths are se lected so tilat the expected frequency ( see below for
discussion pertaining to expectat ion model) f’or each bin is 5’ . Thus there are 20 bins
((II a

5-50



The three histogram distributions are then tes ;ed for normality. This is carried out via the x 2
goodness .of-fit test. The observed x 2 statistic ~s calculated as .

N I
~
EF1 -OF

~X ohs —

~~~~~~~~ 
EF

~ 
‘ 

(5- I l )

where:
N = number of bins in the histogram
EF~ 

= the expected number of data points falling into the ith bin
OF

~ 
= the observed number of data points falling into the ith bin .

Parameter EF 1 is based on the assumption of a Gaussian distribution whose mean and variance are
derived from the sample space array; i.e..

• EF~ 
= -

~~--~— 

~~~ 
(c~-~ ) da , (5- 12)

—I

where t~ ;s tile upper limit of the voltage range associated with the ith bin.

Knowing the x~ statistic and th~ number of degrees of freedom ( N-3 ) associated with each
particu lar histogram , we are (lien able to deter mine the following cumulative probability:

2 / N-3 \
Xobs ‘a” -l -y/2

P(X
2 5

~X~h5) = 

2(~~3) (i±~) (J y e dy- (5-13)

• This represents the probability that a sample space selected from a Gaussian distribution with the same
mean and variance as the test case w ill produce a x 2 va lue less than that of the observed sample (i.e..
if  P(x~ <x~3hS ) is consistently greater t han 0,9, we would have reason to doubt the normality of the
data ) . In the f’o llowing discussions we refe r to P(X 2 <x~bs) as the confidence level measure.

Sample histograms presented in figures 5-27 through 5-30 are representative of the results
obtained from the amp litude distribution analyses. Also presented in these figures are the tap ’s phase
distribut ion histograms, whic h will he discussed in the following section. For each distribution we
present t he experimental results and the theoretical expectation , w hich appear as the piecewise
constant and the smoot h curves , respect ively. The amplitude distributions correspond to histogram

5-5 1
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Figure 5-27. Sample Histogram Results — Noise-Only Present

5-52

“I
‘ T ~~ ’_ — ,. - —- ‘

~~~
-
~~~ 

-
~~~‘.‘~ ‘=.a~ic •-’-~’- 

. — — - — -  -,-. .—.—-- .—--
-- - 

‘ ‘ “ ‘“ 
-



0 3 / 3 1 / 7 5  HP X - P L A NE L O W  A N G L E
- 

INDIP(CT T S P

NC*N. I 75 50. II P MCSN. 1.1S so- i~ i

- M(A N .  - .14 50. I S C ~~~A U.  - - IS *0. 5 5

I I I I I.4,.*... . I , . & & .  L 4.. L I. & & I. & ...I....I .&,I- .L L .& & L. L I L L  I. & L. 4.. •

- TA P IS PSASI TAP 17 P~~I$(
SAISSI - IS I - ISO 0(0 SAISOt - ISO - ISO 0(0

Figure 5-28. Sample Histogram Results — Low Angle, Cross-Plane Geometry

¶ 

- 

- 
.. 

- ~~~~~~~ 
.. ..

~~



O4 .Q2 .75 HP I N- P L A N E  L 0 - A N G L E
551*5(1 TSP

_
*5SN ~ - .S5 55. 15.1 - $ 4  50. ~~

*5*5. - 15 ~~~ 14 .7  *5*5. - .01 $$~ *1.1

L. — 
& * I I I I I . L 4 I .  L I  & & I I I I I & I I t t I  1 4 . 1 1 1 1  &

VA. SI PeAle TAP 17 P5415
0*5.1 -III - ISO 0(0 *5551 -150 - 55 5CC

Figure 5-29. Sample Histogram Results — Low Angle, In-Plane Geometry

5-54



0 2 . 2 7 . 7 5  HP I N - P L A N E  H I - A N G L ES 
I N I IS I C T  P AP

55*S. - .14 55. A S S  *5*U. ‘ .41 SO. 5 .5

J I , . I , l , l l .I J . f l . I . . I . . .

*5*5. - .15 50. S . t  *5AN. - .51 50. S.S

~~~~~~~~~~~~~~~~~~~~~~~~~~~JLF
fl

~~~~~~~

,A,_i_ I L I  I..I.,...L .4,.,,,I,.. 1 1 1 1 1 1  4 1 1 1 1 1 1 1  I I L 4  1 1 1 . 1 1
- 

TAP II PeAse TAP 17 PeAls
- 

0*0CC -tU - ISO 010 •*50( -ISO - SI CCI

Figure 5-30. Sample Histogram Results — High Angle, In-Plane Geometry

5-55

S_i ._~~~~ .- - - _ _



so rtin g techniqu e’ I and thereby consist of 20 bins ranging between — 0 0  and +00 , with the I ~ interior
bins being of equal wi d th and spanning the range (—3u ,+3o), rIle sample mnean amid standard deviation
of eac Ii distrm hu f ion are presented directl y below tii~’ histo gramn descriptor.

In selecting t u e sample histograms for presentation. we’ have c hosen data that correspond to:

a. Noise onl~ I i.e.. a tap prior to spe’cuia r-point energy): figure 5-27
b . I ow angle , cross-p lane mu ltmpat h figure 5 -2~

Low angle’, in—plane niult ipat hi : figure 5— 2~
)

d. I u g h angle. in—plane muit ipat h: figure 5—30 .

rhese’ figures show the h igh degree of correlation that exists between experimenta l results and the
assu mption of . Gaussian amp litud e probability distribution,

Prior t~ pre senting qu anti t.i tmse ’ measures pert aining to the degree of correlation , a few obser-
vations regard ing tile noise-onl~ case’ of figure 5-27 dese rve comment . In particular: (1) the standard
deviation of the’ I component is signi fieantJy ~!rL ’;m te-r than that of the Q component and (2) each
component has a negative bias . These features , w hich also characterize the multipath-present tap
processes , are’ related to receiver quadrature component differential gains (most likely associated with
the analog-to-digital converters of the I and Q channels) and to the two’s-complement arithmetic
and ..\;I) conversion of the receiver (induces negative bias). Both receiver perturbations significantly
affect the phase distribution of the tap signal. as will he discussed in the following section. Additional
effects of these perturbations upon other aspects of the channel characterization (e.g,. S(r.w) )  are
small arid (I) may he reduced by noise-removal algorithm application (dc bias) or (2) can he shown
to he negligible (see app. B).

Results from the x2 goodness~~f-fit tests indicat.. that t he degree of ’ correspondemice between
the observed and hypothesized Gaussian distribution fo: both tap components does not vary with polar-
ization , flight direction , or e levation angle. In tota l , tile observed x 2 statist ics agree very well with
expectation and provide no bas is f’or rejecting the Gaussian hypotilesis . Results relating to the P(X 2 <
X~hs) confidence level frequency of observation arc presented in figures 5-3 I, 5-32 . and 5-33 .  These
data were obtained from histogram sorting techniques 2 and 3 and represent results for t h e  I compo-
nent , Q component. and lumped I and Q t es t  results , respectively. In presenting this information ,
we note that it’ the distribution hypothesis is true and as tile number of observations becomes large, the
P(X 2 <X ~hs ) frequency of occurrence will he uniformly distributed over the range (0.1 ). On the other
hand , as the actua l and hypothesized distributions become increasingly dissimilar , the P(x 2 <x~hS)
resu lts will exhibit a definite propensity to fall into the upper lim’nit tail of the (0 .1 ) region, Examina-
f ion of the results given in figures 5-3 1 through 5-33 yields visual evidence to support the uniform dis’
trihution for the P(X2 < x~hS) 

frequency. which in turn implies acceptance’ of the Gaussian amplitude
statistica l hypothesis. Quantitatively we observe that the I. Q, and sum total P(X2 <x ~i1s) distri-
hutions have mean values of 0.53. 0.5 I . and 0.52, respectively, values in close accord with the expected
results of 0.5 . As an additional quantitative measure , we compare the observed P(x 2 <X ~hs) distri-

5,5 ()



20

15

Number of occurrences 10

5

0 . 10 .20 .30 .40 .50 .60 .70 ,80 .90 1,00

Observed x 2 test significance levels, pt x 2< X

Figure 5-3 1. I-Component Amplitude Distribution, Observed x2 Significance Levels
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Figure 5-32, 0-Component Amplitude Distribution, Observed x2 Significance Levels
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Figure 5-34. Phase Distribution, Observed x 2 Significance Levels
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hutions to ti le expected uniform function via t he x 2 goodness-of-fit tests. These tests yield x 2
stat ist ics associated with comifidence levels of 0.70. 0.38. and 0.69 for the I, Q, and sum tota l compo-
nents , respectivel y . Hence we again have no basis t’or rejecting t he test statistic hypothesis.

5. 4 .2 Tap Phase Distributions and Joint Amplitude Statistics

5.4 2.1 P/ tate Dis tributi ons . We define the phase . ~~ , of t he complex tap-received signal as

Øi tan~ Q
~’~’ (5-14 )

where Q~ and are the’ ith samples of a particular tap ’s quadrature phase and in-phase components.
respectiv e ly.

TIle algorithm for determining the probability distribut ion histogram operates on the same
desamp lcd , dithered I and Q data values that are input to the amplitude statistics routine. Twenty
equa l-length bins are used for the histogram structure , w hich extends from —1 80 ° to +180° . Via the
x 2 goodness-of-fi t test as described in section 5.4 .1 , the observed bin demisities are compared to a
hypothesis resulting fro m the two imensional Gaussian distribution whose quadrature components
are ilklep enc/ eI? t Wit ll nonzero means and nonidentical variances : i.e..

W ( l ,Q) = 
2
~

oloQ 
ex~~( 

(~~~~ )2 
- 

~Q~~~~ Q)2) 
S- 1 5)

where.
W l .Q) = j oint probability density of the tap output taking on the specific I and Q values
01.00 = standard deviations of the I and Q processes

= means of tile I and Q processes .

r u e phase probability density may be derived by transforming the above re lationship to polar
coordinate ’s and integrating over the tota l extent of tile radial dimension: i.e.,

P10) = 
iro 1o0 

p exp 
[_

~~~~~~
:

~~
_ M 1)2 

- 

(psnø_ )Ap)~~ 
dp. ( 5-16)
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knoWi ilg P ~~f.  s~~’ the-n e . i lc u la te the e \ p e L t c ’d b u t  f r e l t r e n c l e ’s I~ iiii~~’r.iIing s et  the appropr iate

~ range and USC steps similar to those e lescribe ’el in th ic pn’s I Us s e c t  ion to i htaiii t he ~ s t a t is t i c  and
i ts  Ii I ic lence le ve l measure P(,X

2 < x~.bs).

Rece iver mittiti ences ( i .e .,  d iffere ’ntia l quadrature c.r ins :inel thc m ean lesel ne rz,.t ivc ’ ‘~ta s i  in
CCII c r 11  are sU ~h I ha I

0 1 
~~ 

(
~Q

and

1.1k ~

If .

ndcr the’ ..ndtt ions . th ie’ PIç~.) cIc ~ilsi i\ ~‘s liil i ts  a sinusoid a l—like distribution wi th  local maxima in
the S i c  i f l it i c ’ s of = fi~ .~ i f  ~ I ~O and local minima near ~ . Due to tile mieg ative ifleail

les ci ‘i IT I if  I and Q I ‘Inponc ’nts . we- also note’ t hat the absolute maxima occur near tir e
1 ~i t s ,.lue wiie re’,is the ~ 

= 4 i() region corresponds to the absolute nitnimum of t h e ’ function.
Ih es featur es ,r re s ’r\ e S  lent in both tile exper imental and theoretical phase probability distributions
presente d in tile e’ SJiil pIe’s of figure c -2 through 5-30.

I i’ proc c ’ ss ~ ci irrespond i ng to ii ig lt— and low —gra z i ilg— a rigie conditions coupled wit ii in—pl a tie’
m d  ross r l. ne aire r ,i t t tlmg f i t directions liase bee’ii Subje ’cte ( l to phase d istribution tests . The re-st i lts
from t lie’ .’ ana ls s ’ s  provide no indication that tile X 2 s ta t is t ic  is biased one way or the ot lle’r b~ an~
com hmn~ mon 1 the il OS e’ sy stem parameters. In figure ~ -34 t h e  occ u rrence frequency e)f tile’ X 2

test ’s c i  i i t ic l t ’ nc e level measures , P(~
2 < x~h5’)~ 

is plotted . In total , over 100 distribution tests were
conducted , an is e ’rage ’ cont ’iden~e level measure of O .o4 is produced by these results . This average
ts% h lc h is L onsi lerabi~ greater titan t he expect ed result ot’O.SO ) . coupled with the fact t hat the

P(~
2 < obse~vauon tre’quenci e’s are skewed toward tIle’ highs end (i.e., hypothesis rejection ) of ’

tIle distribution as opposed to being uniformly distri heited . gises so m e evidence that the assumed PlOf
d istr ib ut ion nt is he slightly inexact.  Since’ t h e  I and Q amplitude densitie s appear to be well
modeled ii~ the’ (;itissi Ii el istr ubut ion I see ’ previous sect ion ) .  we are led to conclude that the imulc ’pr ’n—
thui e .issiiinpt ion may not he totally valid . ‘this result is in accord with the results of section 5. 4 .4. 

—

where ss e’ o bserve f b i )  the ’ cross-corre lation coef ’uicient between f lie I and Q components was con-
smste ’nf l~ funnel to he- om i the ord er of 0.05 . Potential causes for tile slight degree of dependency appear
I)  he related to receiver device perturbations as discussed in section 5. 4.4.

S . 4 _‘ 2 loin! . 1 inpli lui l t ’ F’rub a/ ’i l : t i  Di,s tributi ,i I he pre ’cecl ing analysis relates to the’ phase’ il is-

tri iiution created by random variations associate d wmth i the orthogonal components of a complex tap ’s
output . (‘oup led with the results of section 5.4 . 1 . this is closely equivalent to the following discussion.
w hich pertains to t h e  joint amplitude stat ist ics of a tap ’s I and Q outputs.
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Using histogram so~~ing techn ique 3 (see sec 5.4 .1) as applied to the marginal dist~~~ut ion of
t u e  I,Q realm , we create the joint histogram of the complex process. Results from this grouping
operation are then compared (x 2 ) t o m  test hypothesis derived from the histograms of the individual
I and Q tap amplitude analyses under the assumption of statistical independence: i.e.,

EF(lm,Qn) = IEF(1m)IIEF(Q n)I ( 5 - 1 7 )

where :
EF( 1 mii’0 n~ 

expected number of complex receiver points w hose I and 0 values

simultaneously fall in the mth I bin and nth Q bin
EF( t m) = measured number of I component values falling into the mth I coordinate

bin
EF(Q n ) = measu red number of Q component values falling into the nth Q coordinate

bin

Results from the x 2 goodness-of-fit comparison tests are presented in figure 5 -35. In accord
with conditions implying hypot hesis acceptance , we note that t he P(X 2 <x~bS) results are fairly
wel l distributed in a uniform manner and possess a mean value of 0.54. Quantitatively we observe a
x 2 significance level of ’ 0.24 when comparing the P(X 2 <x~b5) results with uniform distribution.
Considering the results associated with the I,Q correlation coefficients and the phase distribution , one
might expect that the joint statistics analysis would produce a more significant bias in the P(X 2 <x~h5)
measures toward the high e’nd of the distribution (i.e.. the I and Q components are slightly correlated ,
most likely due to receiver perturbations). We note that this high-side bias is visually in evidence ,
especia lly in t u e  range 0.50 to 0.85 , with the relat ive diffe rences between this distribution and those
for t he phase P(~

2 <x~hS) distribution possibly being due to insensitivities in one of the histogram
grouping procedures.

5.4.3 Tap I and Q Dependence

As a first-o rder approximation , one may consider that a particular correlator tap centered at
delay r from the specular-point return intercepts all energy scattered into the receiver whose delays
lie within the range Ir —~~/2 . r +~~/2 I, where ~ is t he code chip width , Trans lated to the surface ,
t hese returns may be shown to define an ellipsoid-like hand that encircles the specular point. For
nonzero values , t u e  area included in each band is very extensive. Thus , if t he surface is asstmnied to he
random and rough in the electromagnetic sense (i.e., surl’ace is nonper iodic and has height undulations
greater than electromagnet ic wavelength ), we expect that t u e  phase of one return from this ire-a
relative to a ny other return is uniformly distributed between 0 and 27r . This implies that a tap ’s
in-phase (I) and quadrature-phase (Q) components arc statistically independent since at any given

S-b I
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inst .iiit of time ’ ther e’ should he’ numerous returns falling into each tap . W e test t his hy pothesis in two
s~avs ( I  I bx de’terniining t h e ’ t a p  phase stat is t ics histogram (see ’ se’c 5. 4 . 2 ) and 2 ) b~ calculating the
ie’ ro—la g corre lation coe’ f f ic i e ’nt he’tv. c ’en the I :imid Q data sample’s : i .e . .

(0) = <lQ> - <l> <Q> . ( 5 -18 )
°I°Q

Aft hoeigh not all flight test co llection intervals have been subjected to this analysis , the
reseiltant correlation coefficients imp ly that the I and Q samples are strongly independent. However ,

we’ do note t hat a uo?i .sisU ’nt positive bias in t u e  R1/Q (0) values is exhibited by t he total data base

examined. In general , values ranging between roughly -‘0.02 and 0. 12 are returned from t he R10(0)

analysis. w it h an average value on the order of 0.05 i)eing obtained for the total ensem ble. We illustrate
this for several fl ight test cases presented in figure 5-36 where R110(O) is plotted versus tap number.
For each of these case’s we include the results for several taps preceding the specular-point return tap,
which serves as the demarcation between the “noise present only ” and “multipath present ‘ tap bank
regions. It is important to note that the positive bias in the R1/Q(O) function is d isplayed by both
regions of the tap bank (i.e.. for noise-only region, an average Rj /Q(0) value of 0.047 is obtained
whereas for the muiti path-present realm it equals 0.06). Thus we find it plausible to conc lude that
thie con s iste - nt l~ small hut positive degree of correlation between the I and Q tap processes is due
primnari l~ to character i s t ic s of the ’ receiver and miot to a surface phenomenon. The SACP’s 70-MHz.
analog quadra ture-phase spli t ter appears to he- a very likely candidate t’or such a receiver perturbation.
1 pi~all~ . such device ’s are specified to provide outputs that may he tip to ±3 ° away from orthogonality
and have isolation r :mtios on th e- order of 30 elB at the 70-MHz frequency. Both of these f ’actors may he
shown to produce .in erroneous R 1 /Q f Of bias equal to or in excess of the observe-el 0.06 va leie.

With respect to t he va riations of the lQ  correlation coefficients ahoumt the 0.06 mean value ,
the samp le space si/c w:is (In the order of 1 000 for each case . Since the algorithm was configured to
desample the data arra y by a 10:1 factor prior to the statistic al ana lysis . one may consider the 1000
points to he statistica lly independent. Thems one expects the standard deviation of the parameter
estimate s due to finite-sample space si/ c to he on the order of 0.03. The observed aniount of fluctua-
tion associated with the R 1 

.
~~(O quantities is seen to he in accord with t his value.

5. 4 . 4 Tap Process (‘ ross-Correlations (Copo larization)

Model predictions associated wit hi aeronautical satellite oceanic channel c haracterization arc
invariably .mss uciatcd wi th t he- assumption t hat the surface scatt e ’ r elements are uncorrelated. For

example. one may refer to the work of Hello (ref 5- I)  with respect to wide-sense stat ionary uncorre-
late -d scatter in g (WSSUS ) channel or to the surface integration mode-I described in section 6. As a test
of this hypothesis . we investigate the cross-correlation properties of the complex tap processes contained
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within .m conimon polarizat ion correlator bank. The cross-correlat ion function (mean removed) is
generated in a n ormalized form as described in section 4 .2.

Indicative of t h e  resu lts obtained from this analysis are the data sets presented in figures 5-37
throughi 5-4 1 . These d ata  correspond to a variety of test conditions as delineated in table 5-2; note
that the f’mrst f ’igure represents results from a noise-only region of the tap bank, The data presentation
form at displays a t’amily of norma lized cross-correlation functions spaced on both sides of a center
curve that pertains to a particular tap ’s autocorre lation function (referre d to as the principal tap ) . Each
distribution offset from the- center corresponds to t he- correlation between the principal tap and a tap
separated from it by an amount equiva lent to the offset of the curve (i.e., ± 1 , 2. 3 , . . . I. Approxima-
tel y 13 sec of real-time data is used for each cross-corre lation estimate (10.000 samples).

TABLE 5-2. TAP PROCESS CROSS-CORRELA TIONS: FIGURE REFERENCE

Test Elevation
date , angle, Airplane Region of

mo-day-yr deg heading tap bank Figure

4-2-75 Not applicable Not applicable t
~~~’0.2 ~ ec 5’37
(noise only)

4-2.75 7 in-plane tspec+O.8 ~~ec 5’38(a)
4-2-75 7 In-plane t~~~+2.2 ~ ec 5-38(b)
4-2-75 11 Cross-plane t~~~+1.O~isec 5-39
3-31-75 15 Cross-plane t

~~~
+O,6

~~
ec 540

2~27-75 31 In-plane t ,~~+0,8~aec 5-4 1

In general the following three t’eatures are observed to be common to each of the data sets.

a. The zero tap offset relationship. i.e., the tap autocorrelation I unction, shows distinct
signal structure patterns t hat are related to the aircraft heading and grazing angle; these
are discussed furt her in section 5.4,5 . w hich deals with the tap-gain autocorrelat ion func-
tion, We also note t hat the autocorrelation function has a sharp spike8 at t he zero-lag
value of tile time separation coordinate. This is a direct result of the wideband receiver
noise present in each of the taps. Between any two taps the noise process is essentially
uncorrelated , and t hus we do not observe the zero-lag spike for the cross-correlation
distribution. As previously stated . the principal tap of figure 5-37 contains no multipath
signa l structure and thus gives a good representation of the noise contrihutions to the’
autocorre lation and cross-correlation results.

8lhat is , location of principal tap with respect to specular-point return (t spec ).
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Figure 5-37. Tap Process Cross-Correlations — P*iise-Only Tap Bank Region
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Figure 5-39. Tap Process Cross- Correlations — Low Angle, Cross-Plane Geometry
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Figure 5-40, Tap Process Cross-Correlations — Mid-Angle, Cross-Plane Geometry
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Figure 5-41, Tap Process Cross-Correlations — High Angle, In-Plane Geometry

5-7 1

- -~~~~
_ _  . . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -.—



h. For unity tap separation. the cross—corr e lation d istributions are fairly 5I~!i) it icu i t  ~ln( h
I especially for the low-angle in-p lane cases h ave the appearance of being attenuated
replicas of t u e  autocorre lationi process . This shiould not he interpreted to imply that the
surface scatter elements that reflect energy into adjacent taps are highly correlat ed. It
results from the fact that adjacent taps have a the lay region of comniona hity over w h ich
their code correlation properties intercept significant energy. An estimat e of ti le “OVCT-

hap ” et ’fect on the cross-correlation properties of the ti m e-dispersed multipat bi process is

given in appendix ( :  for the purpose of this discussion we L’ ’ td ’fld t u e  ana lysi s to account
for the fact t hat the tnultipath delay spectra may exhihit appreciable variation over the
duration of one or two taps. The normalized overlap contribution . R~

(n) . between taps
n and n-I is to close approximation given h~

f 
Q(r)I~~( r .nT~ )$ * (T . f l To +T o )dT

_00 ~~ - l 9 )
R0(n)

[ J  Q(r)I’V(r - nT0)~
2 dr Ql r iW 4 r  - nl() + ‘F0 )1 2 

dr]

1

w here :

Q(r) multipath delay power spectral density

‘I ’( r )  correlation property of the’ sampled PN probing sequence
T0 prober PN sequence chip width.

Under the assumpt ion that Q(r) is constant over the duration ot two taps, R0(n) niay
he eva luated in a closed t’orm. For the case where the receiver signal processing analog-to-
digital samp ling rate is infinite . R0(n) is equal to 0.25 : when the sampling rate is twice

as fast as the prober ’s chip rate , R0(n) decreases to 0.17 .

For all data se-ts analyzed Cinder this topic , the 2-to- I sampling rate to chip rate factor
was in effect; thus we may use the 0.17 va lue for R0(n) as our baseline. When the
experimenta l 0(r) distribution is included in the- above relationship, one must revert to
numerical integration tec hniques to derive an estimate of R0(nL Applying this method to
t he appropriate delay spectra associated with the examples of this section. we obtain
resu lts that do not generally diffe r from the 0.17 baseline by more than ± I 0~~. This
relative ly small variation may he attributed to the fact that the nonuniform properties oi’
the Q(r) distribution a ffect the numerator and denominator of the above R0(n) rela-
tionship by the same order of magnitude.
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( omn parison of t u e nonzero lag va lues for adjacent tap c ross-corr e lation s in general confi rms
th iat t he expected I 7~ commonality factor is realized . Use of t he noniero lag values avoids
the suhst antia l noise bias effects of the zero-lag autocorrelation function.

c. W llen two taps are separated by two or more chip widths , their degree of correlation is
observed to he very small if not entirely negligible. Typically, t he cross-correlation magni-
tudes for these conditions do not exceed the 0.05 value. We also note that the tieighhoring
values of a cross-correlation estimate exhibit a high degree of correlation among them-
selves .

Both of the above observations under item c may be investigated through use of the fo llowing
relationships ( derived 1 m m  Jenkins  and Watts, re f. 5-10), w hich holds valid under the assumption that
the tap outputs are em ncor related and taken from Gaussian processes: i.e.;

E[Ipnm (k) 12] = 
~‘~~~~~(Pnnffl P m ,m(r ))

~~~~~~ ~~~~~~~~
= 

r=-~~ , (5-20)

Pn,n~~ ~~~~~~

and

Pn,m(m) 
~~~~~~~~

Rn m (k.k~~~
) r ° °  t S - 2 l )

P~ ,n(ui Pm,mU)

where
I. ~lp~ 1~(k h2] = variance of pn.m(k) , the cross-correlation estimate between taps n and

in at lag k
Rn ~~ 

k ,k+~ ) t he- degree of correlation between the kth and (R+~)thi lag estimates for
t h e -  cross-correlation process of tap n and ni

Pn n (1) = the autocorrelation process of tap n at the rth lag output
N = number of points in the array over which the cross-correlation estim itates

were derived.

5-73

S.. ___________ ____



lo r  our anal~ ses . \ 10,000 and th ie summation 
~

pnti~ 
r) 

~nirn1 ~ t a kes on vp ica b  salu es ot
.;:~I 4 b r  the ease ’ s where both n and in are noise—process-only taps and where they are both Occu-

pied 1w i t i t i b m ip a t h . respe- c t mv e l~ . t len~e one ex pec ts estimation standard dev iat ions on t h e  order of
0.01 for the iiOI~~i’ cros s—correlation s and 0.02 for the multipath cross—correlation. lii general. t hiese

~,ilties appear tc ~ he wel l suited to the observed tiuctuatiomi s of the cross—correlation c t  ma t es

~ ith respect to the degree of correlation hetwe ’en neighboring values of a particular cross-
et ,rrela I tori es t irna Ic, we not d’ that Rn m ( k , k + fit tie pe nden I only upon t he lag separat ion fi a ii (1 is
mnt luenscd so hd~ h~ t he nat nrc of the nith and mth taps ’ autocorre lat ion functioii. I kii~ .’, even w hen
ta[~ ii and ni are uneorrel ated . ii either pnm i ( rt  or 

~m ,mt rI falls off more slowly . then t h e  neighbor-
ing po im lts ol the ross -correlation estimate will be- h ighly correlated. This is dra m aticall y illustrated in
fi gure 5-3” . w here the principal tap ( 2 4 ) m s  iioise nly and tap 25 is the f i rs t  tap to capture multi path.
th ins i.Ip’, 24 . 2~ . md 22 have autocorrelation functions th lat are essenti a lly I it the origin and 0 else-
w here. w hereas maps 25 and 26 have autocorr elat ion funct ions that change slowly. Therefore, whe n
tap 24 is corre lated wit h another noise-only tap. the neighboring lap outputs are not correlated to cact i
ot her: on t lie other hand, neighboring lag output s for the correlation of tap 24 w i th  a niultipath—present
tap are observed to be highI~ corre lated ( in fact. R11 rn~~

.k + P mm~f i) :  in ~ 25 and thus exhibit
a much s lower variation across the correlation funct ion. \s discussed in section 5 —( .5 . the tan process
,,utocorre’h:i t mon functt on de -cavs more rapidly for in increase in de ’ tav ; consequently we expect the
neighboring lag out pelts to he-come less correlated as t h e  tap num ber increases . This result is also
ohs erscd in t he data  structure , as may be seen h~ coniparirig figure 5-3d wi th  fi gure 5

5. 4 .5 rap~~ ra in \ tit oeorr cla t io mi Function

In the tapped delay line synthesis and interpretation of t h e  multipath scatt e r phenomena it is
im portant to i,t~~~’ ii knowledge of thie channel’ s tap—gain autocorrelat ion Iuiictiomi . This parameter is

proportional to t he at mtocorre lation of the returned signals ’ fluctuations in the complex tap gain at a
it (‘ti dela~ (ref 5-h . It m a y  he related to the ch anne l scatter fumiction and ti m ne—v ari a i it impulse

response is t o l I t t ~

Q(~ .r) =f str .w L, 1 2irw~ dw ( 5 -2 2 )

It I T t )  h* T. t + ~
) > -

w here s~ e b i t s  e ;issitmne d t he sun ac e is random wide-hand (i .e.. no periodic coiilponeilt I and w here t lie
fol lowing definit tn’ are used -

Q(E.r I tap-gain au loco rrehatiomi fut iction tor de’lay r and time lag ~
S(r .w delay-Doppler function (sec 5.1
Ih it) = utnipkx time (I )  variant channel im pulse response for returns with delay equal to r.
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For this re-port . l)R.utd \ emphasi s ha’ been (be-voted to c hlar act e rit i ng the mult ipath process at
th e ’ dela~ -Dopple’ r oord m nate s~steni of t h e  re -ce- i er. Thus it is ins t ruc t ive  to consider the first of the
.ihosc re - hat ions liips is in aid or iilterpret Inc the Q( ~.r) dat a and also to provide an extension of the
re-so Its prese ill cd pre v io usl v for  t Ii e St r .w ) t int .1 ion.

To he-gin . s~e note t hat Q( ~.r t is equ.il to the inverse Fourier transform of S(r .w )  on the
Dopp ler s .iriahle . FIL’nLe. Q) E . r )  is influenced not only by sea slope , polarization , and elevation angle,
but ,ilso by the aircraft lie-acting. Since the tap Doppler spread increases for increasing r arid elevation
angle . we expect that cacti tap ’s decorre latiom i t ime will (be-crease for an increase in thiese parameters. The
a irer a t t  heading ef fec ts  upon Q~~,r niia~ he predicted by recalling th iat for in-plane’ geometry, the
SI r .~~ I is elia r .icie ri ,ed Ns d is t inct  highi-ene-rgy spectral humps that occur for eac h tap at the extremi-
ties of t h e  range oser s’. lilc It E)oppler returns are ph ysically possible. For taps on the order of 0.5 psec
or more- removed f ront the specular returm i. very little energy fa lls between these humps: for the cross-
plane geometry case , eac h tap ’s Doppler spectrum has an energy distribution across the permissible realm
th lat is nc-arl~ uniform (higher slopes ) or almost Gaussian ( lower slopes) with very l itt le bias toward
extreme heaviness in t h e  t .i ils. One therefore expects that for the in-plane case thie Q(~ .r)  function
wilt possess pe-riodic I almost sinusoidal ) behavior in thie ~ variable , with an increase in frequency being
associated wi th an inc rease in tap number. On the ot h er hand. the cross-plane case should he charac-
te n ted b~ a ~ dependence that falls off in a pseudo-Gaussian ( lower slopes) or sin x x (higher slopes)
hike manner. e ith t h e  deca y rate of the fal loff increasing with tap number. Finally we note that along
the ~ = 0 axis , the tap-gain autocorreh ation function is equivalent to the ch annel delay spectr a . and
consequentl~ Q(0.r sh ould not depend on aircraft heading.

In ge- ne- rat . these contentio ns are substantiated by the experimentally derived estimates of
Q(~ .r ) .  We i l lustrate thi s h~ presenting high- and low-grazing-angle data t’or hothi in-plane and cross-
plamie geometric ’s figs 5—4 2 through 5-45 . Table 5-3 relates figure number to f e - s t  condit ion. For all
case ’s polarization was honiiont.tl and the prober chip rate was 5 MHz, w hich implies a tap capture
widthi of ..~‘proxi niat e- hv 0.2 psec .

TABLE 5-3. IQ(E,r)I FUNCTION: FIGURE REFERENCE

Date , Elevation Flight
mo-day-yr angle, deg geometry Figure

4-2 .75 7.5 In-plane 5-4 2
4-2-75 8.5 Cross-plane 5-4 3
2.27-75 30 tn-plane 5-44
2 2 7 75 31 Cross-plane 5.45

One furth e r observ ation to he drawn 1 m m  thie experimenta l data pertains to the fact that the
dissimilarit ies between the cross-pla ne and in-plane geometries are not nearly as evielemit for t he high-
angle case is they ire for the - low-angk ease . Again this result follows directly from an S(r ,w )  function
observat ion with regard to the L)opp her variable. Th at is , ton a d ecrease in grat ing angle we observe that

5-75



‘ AC A (.j ’ O C O R R ( L A f l O N  r U N C T I O N
4-2-7$ H O R I Z O N T A L

T I M E  1 N I E R V A I .  ii, a’ ~~~ UI $1 2.~~I7

S

\\ .‘

~‘\\ \\ b f

I 
~~~ ~~~~ 

\
\

\ \ ‘

. 
.

±‘~

,
= 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

:‘
~ 

- a

ac t, MIN IMUM M A X I M U M  INCREMEN T

K T A P  NIJMILI 2 3 .0  I S O  1 .0

Y TIM E LA O  I MSEC I -~o .o 60.0 10.0
Z T A P  0 d M  A I I T O C O R R E L A T I O N  0 ~5S 50

Figure 5-42, Q(E,r) Distribution — Low Angle, In-Plane Geometry

6- 76

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  



r

TA D  A~~ IQ ~~~~a Rfl, 5 T ~~ Q~, r U N C T I O N

4 - ? - 76 H O R i Z O N T A l .
TI ME i N T E ~~v A i .. 11 /4 0 / 1 0 . 6 4 3  11/49/21 .380

V

*

s -Il

I 
, “ ~“ K

A X I S  M I N IM U M  M A X I M U M  INCREMENT
K T A P  NUMSIR 1 S f  40.0 1 .0
V T I M E  L A O  I N S E C t -80.0 10.0 10 .0
2 TAP G A I N  A & A ’ O C O R C ( L A T i O N  0 100 50

Figure 5-43. Q(E,r) Distribution — Low Angle, Cross-Plane Geometry

5-77



A D  *,.~‘QCOJ ~~~..A ’ O ’, i~,j’,C ’ T5
2 - 2 7 75 ~,OC ~~Z O N T A L

T IW E At ’ C D ~~ lc  10 / 1 3 ’  493  1 0 / 1 3  2 2 1 0

‘
I ’ V

‘‘K.

*

t % \. . —

S “ci ~~~~~~~~~~~~~~~~~~ ~~~~~~

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘— —-

K
’

A X I S  MIN IMUM MAXI M UM INCIEMEST

A T A P  HIJMSE I 10 0 50 0 1 .0

V T I M E  L A G  i M S E C ’  -10 0 50 0 10 0

TA P  G&1 ’4 & U T O C O R P ( L A T I G N  0 iSO 10

Figure 5~44, Q(~, r) Distribution — High Angle, In-Plane Geometry

5-78



at

fl~~ & ,.. ‘ C C- ’ T t £ ‘ , O ’ , l .~’ . Z  . 0 ’ .

2 - 2 7 - 7 S  , . , Q 41 ; Q SI A .

T I NS I 5 T E a ~~A L 10 ’ S6/  C ‘~ t 0 i S6 ’  2 54 4

a

‘I

f - i ’ ..-

• .I ’ j ’
I ~~~~~~~~~~~~~~~

- I ‘ ~~

• 
‘
V

Il 
A X I S  MINIMUM M A X I M U M  INCREMENT
K TA P NUMUC I 20.0 40.0 1 0
V T I ME L A O  i NSEt. 1 -80.0 10.0 10 .0

Z T A P  GA I N  A U T O C O R * E L A V I O N  0 iSO 3D

j Figure 5-45. Q(~,r) Distribution — High Angle, Cross-Plane Geometry

t

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ...



t lt i’ ~liaiinel’ s Doppler spectra t’or the alternate in-plane- and cross-plane geometries he-come increasingly
dissi m ilar.

S .4.( (‘ross- Polarization Joint Statistics

Tv~ correctly interpret the statistica l properties of the horizontal-vertical channel muht path data.
some coils deration must be given to stat ionanity and statistical signmti cance’. We- approach t he problem
by dividin~ :ach set of multi path data into two ensen’~ les. The first ensemble is comprised of the first
half’ of the data : the second ensemble contains the second half. If the statistical properties of each
ensemble are i’easortably similar and if the underlying processes are stationary, it is safe to assume t hat
a sufficient ly large amount of data has been examined. However , if t he underlying processes are not
stationary, then it is unlikely that statistical equivalence will be observed between the two ensembles,

An estimate of the required ensemb le length can he made cinder the assumption that a 5’7,

standar d deviation in the computed statistics is acceptab le. This imphie’ . the number of degrees of
freedom ( independent samp les) in our data base must be greater than or equal to 400 , i.e. . I ‘(0.05 x
0.05). Since the time-bandwidth product t’or a Nyquist-sampled process is equivalent to the number of
degrees of breedom in the p~ocess . we can est imate the required data length by knowing the bandwidth.
At 7

0 grazing angle (the sma llest angle for which the data was processed). t he- minimum rms Doppler
spreads (second moment) that have been observed are on the order of 30 Hz. Completing the indicated
computation , an ensemble length on t he order of 13 sec is required. Table 5-4 presents approximate
ensemble lengt hs for some representative elevation angles based on typical rms Doppler spreads.

TABLE 5-4. ESTIMA TE OF REQUIRED ENSEMBLE LENGTH

Elevation Observed Required5
angle, rms Doppler ensemble
deg spreads, Hz length , sec

7 30 13.3
10 65 6.15
11 75 5.3
32 180 2.2

°Assumes 5% standard devietion in estimates .

Four sets of horizontal-vertical (H-V) multipath data have been processed. Pertinent test condi-
tions , suc h as azimuth with respect to the satellite . elevation angle . and multipath antenna depression
angle, may he found in table 5-5 . This table applies to data reduction and analysis covered by this
section and section 5.5 , w hich discusses the El-V cross-covariance. Table 5-6 similarly lists the signal
plus noise -to-nois e ratios obtained at the tap process containing the maximum multipath energy,
Values for both ensembles and the aggregate appear in this table, Under the assurption that we have
achieved statist ical significance and that the underlying processes are Gaussian (with constant means).
then signal-to-noise ratio may he interpreted asa stationar ity parameter .
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TABLE 5-5. TEST CONDITIONS AND PROCESS CORRELA TION COEFFICIENTS
FOR PROCESSED TAPES

Linear Polarization — Front Multipath Antenna
Horizontal- Predicted Carrier a TotalElevation Multipath vertical envelope Envelope correlation data~,zimuth

Tape deg angle, antenna , correla tion correlation correlation coefficien t processed ,deg deg coefficient coefficient coefficient
(magnitude) 

- 
(G. H.) b (magnitude) sec

ATO 188 (H)
ATO 189 (V ) 0 7 —25 0.608 0.347 0.336 — 33.52

ATO 173 (H)
ATO 174 (V I 0 10 -25 0.710 0.478 0.458 — 33.52

ATO 198 (H)
ATO 199 

90 11 -25 0.765 () 559 0.540 0.474 33.52

ATO 124 ( i-I)
ATO 12~ (V I 315 32 -45 0,845 0.690 0.691 — 3,35

a
~ ,rrelation coefficient for H and V tap sums

bG H = Gaussian hypothesis.

TABLE 5-6, SIGNA L PLUS NOISE-TO-NOISE RA TIOS FOR TEST TAPES EXAM/NED

Horizontal Channel , dB Vertical Channel, dB
• 

- 
Tape 

- -

~~~~~ Ensemble 1 Ensemble 2 Aggregate Ensemble 1 Ensemble 2 Aggregate

ATO 188 (H) 8.70 8.72 8,71 3,43 3.62 3.52ATO 189 (V)

ATO 173 (H)
ATO 174 (V I 10.40 10.56 ~0.48 4.90 4.97 493

ATO 198 (H) 7.18 7.42 7.30 644 6.47 6.46ATO 199 (V)

ATO 124 (H)
ATO 125 (V)

_____________ 

j 8.56 
— 

8.43 8.50 9.57 9.39 9.48

The- stat ist ical  properties of the individ ual tap processes hiase bee-mi discussed itT sect ions 5. 4 . I
and 5.-i 4 . The ~urpose of this section is to examine t l’e joint st a t ist ical  behavior of the hori,ontal
and v e - r t i La l  tap p ee-sses and , beca u se ol the preceding results . th ii~ task is reduced to one- of estimat-
ing t he- comp lex H—V correlation c )et l i e i d ’nt f u r  Ihc’ I~ip oiitpuls . i. e..

<H
~I lV = 

[.~ I I I 1 
~~
. v; 2] t~~ I5- ~ 4
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where - ‘ de- not i’s .um i ensemb le average. The above quantity intl icat e-s t i e -  physmc.il coup l i t ie be-t ss ce-n

hori,ontalls .tnd seni uca l lv polarized returns for a single die- lay contour . In attempting to derive . 11, 15 t i ~

.il modcis I .~r t i e  mult ipat l i  scattert i ig tiii’c lianisnt. this parameter pl.uvs art umn port. Int mle \I ultipatli

tflOul e- IS cur re- i it l~ iii use imp hic i t t ~ assu me that  
~HV is uni ty.  i. e . .  tha t  a su rt . i~ i’ capab le ( ut s i , u t i u ’ r i T t e-

si ’ r t ucal ls polarized sigii.ils v. ill l ike -wi se - sL i t t e r  horm ionta lly polarized signals . .ulht.’it ~ iii a d m t ( e - r e n t

inten sit s .ind phase ang le. t h e s e  F l—V t a p correlation e - I te - c ts  will also be relevant to co iiit iiumiiu_ ations

dive - rs it ~ schietiies . wh ti-re a de-correlation hetwee-ti II amid V returns s~ ould a) lord th e- opportumiil ~ to

m ncr c.use - t he rece iver ’s immunity to t’ading.

Table 5-5 indicates the results obtained in processing pairs of II and ‘~ ta t) wave -forms . Infor-

mation in table 5-5 includes ( I )  the length in seconds of the processed data. (2 )  tile magnitude of the

tmorm iontal-s ertic ,ul channel complex correlation coefficient. ( 3 )  the- honm/. onta l-S L’ rtmc a l channel envelope

correlation coefficient , and 4) the magnitude of the horm,.ontai-veitucal channel carrier comp lex

correlation coefficient . Note tha t (lie- H-V correlation coefficients shiown include both multipath and

thermal noise compo nents. Corrections must he applied to obtain corrt’la(ion properties of the multi-

pat h processes alone.

If the underlying processes are co m plex Gaussian . a functiom ial relationship e -x is t s  between (lie

magnitu de- of the complex correlation coef l’icient and the envelope - correlation coefficient. From

re- ter e - nc e - 5-~ I , the predicted enve!ope- correlation coefficients are included in table 5-5 . They agree

favorabl y with the com puted envelope correlation coefficien t.

With the objective of establishing the re- liability of parameter estimates , the signal-to-no ise level

at the strongest tap was evaluj ted. This wa s achieved by computing the tap signal-plus-noise- power

along with t he rioust - power in a tap well removed from the signal energy peak. By assuming the average

noise power to he identical for these two taps. a signal-to-noise measure can he obtained. The signal

plus noise-to-noise ratios are listed and tabu lated in table 5-6.

As .u result j f (lie relatively poor signal-to-noise conditions under which the tests were conducted .

the correlation co~t c ients of table 5-5 re-present process correlation coefficients and not mult ipath

signal correlation cøe-f ( i~i -nts. If we denote t he- instantaneous horizontal and vertical signal power by

H and V . and the corre’q.~.nding instantaneous noise power by N11 and NV . then

<ii + N~~%V +
p - 

~~<~H + N ,I j 2 > < I v + N v I2 >

where
= u.omnplex process correlation coefficient

time average
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[‘lie- niultip.itli si e- ii . i l  ~orrc ! .u i i iu i i  c oe f f i c i en t ,  p.,. ca be defined

= ‘-iii
~~5 

~~~i~ii~ > ~ v~
2 > ‘ 

(5~~ 5 )

\s~iniiine th .u m thi’ signa l .ini) noise rr~~ce~~~ ’~ are uncorri- la ted . the -n Pp reduces to:

II
P r = 

~~~ H~~+ 11 > <V  + I\~~~> ( 5- 2 n)

~~~~~~~ ,f
~

I[ l 2 + h l ~~
-
~ <‘~~I ’ + !N V . >

- - ~: ~
-

— Wi th th e- aid ot t_ u hlt ’ ~~~ s~e can est imate the - ratio i5 and de- termim ie - the v: i l i ue - of i 5~ The results
arpear in tabl e S

TABLE 5-7. HORIZONTAL- VERTICAL CORRELA TION COEFFICIENTS
(SIGNAL-TO-NOISE COMPENSA TED)

Approximate signal.
Horizontal- to-noise ratios,

Elevatr an vertical _____________ 
dB

Azimuth , angle, correlation Horizontal Vertica l
Tape deg deg coefficient channel channel

0 7 0.8763 8.08 0.97

ATO 173 . 0 10 0.9076 9.60 3.25
ATO 174

90 11 0.9644 6.40 5.35

~~~~~~ L 
315 

_
32 0.9682 7.83 8.96
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5 4 7 %luit ipath Signal Stationarity Considerations

Individual data analysis periods leg . , S(r ,o.) estimates) in general entail a data collection time
interval oh ’ S to I .t se-c. Over this time period, whic h for a 400-kn airplane velocit y translates into a
s urf ace trajectory of up to 2600 m, it is possible that the scattering characteristics of the sea surface
illuminated by the aircraft antenna could change somewhat. To de te v t  such changes in the surface
homogeneity . w e may subject the outputs of the SACP receiver to signal stationarity procedures.

The concept of homogeneity refers to ensemble spatial distributions of a random process. A
process is said to he wide-sense homogeneous if its mean is constant and if the correlation function
between two points is a (unction of the vector differences between the two points. Furthermore, the
process is said to be isotropic it t he correlation function is not dependent upon threction: i.e.,

Homogeneous: <r~ (r) > = constant
< 17)r 1 )T) (r2)>= function of r 1 — r 2  only

Isotropic: <1 7 (r)> = constant
< r 1 (r l )ll d lr ,)> function ot l r 1 — r 2l on l y .

In ana lyzing the received signal data we are testing for stat ionarity , A process is stationary in

the wide sense if its mean is not time dependent and its correlation function depends on time difference
only : i.e..

Station arity: < S(t ) > constant

<S(t 1 ) S ( t , ) >  = function oft 1 —t ’, only.

For the multipath experiment one expects the received signal data to be stationary if the sea surface
is isotropic wit h non-time-varying statistics over the data collection interval .

We assume the airplane velocity is large enough so that the sea surface may be considered
“frozen.” Thus the stationarity requirements are satisfied if the tap-gain autocorrelation function and
the mean I and Q tap components of the received signal are constant. The latter requirement is
fulfilled if the coherent component of the multipath signal is time invariant. For the sum total of’ all
analyses conducted, (here has been no evidence that would indicate a reflection process that is apprec-
iab ly less than totally incoherent. Thus for the ensuing stationarity test example we relax the
“ . S(t ) > = constant ” invest igation and concentrate on presenting results pertaining to the tap-gain
autocorrelation function Q(~,r).

Example stationarity test results for the cross-plane flight test leg of March 31 , 1975 . are given
in figure 5-46. This data , gat hered at an elevation angle of 15 ° over the horizontal polarization multi-
pat h antenna port, has a tap width duration of 0.2 ~sec (i.e., 5-MHz PN chip rate). Five Q(~ ,r) distribu-
t ions are presented , w ith each estimate being obtained over a I .7-sec time interval and separated
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troni Is ,idj .~cent neighbor by approx imately 13 sec h’Inis a total t ime - intc rv:i I  on the order ot slightly
over i in in is represented in a samp led form.

.\ qua l i tat ive visual coniparicon 0) the Ike W~t.i s e t s k-ads one to conclude t hat . b r  t he most part.

t he Q E r )  d is tr ihutiuns do not exhibit  :inv :ipprt ’c ia hk’ change over the time interval of record . Minor
c hanges , of course , cou ld he induced (iv i ii.in~~’s in the siirl: ice cha racte r is t i c s or by t he e sp ec t e d st a t i s—
Uca I s .iriance .i~so~otcd s~i( Ii the f in i t e s.iinplt’ time duration.

One irea ot t he ~ r realm that appears to he subj ected to a small systematic time v:i ria~ion
re l , j te - s to the rec ioti in the vicinity of (lie specular—point return ( i c . .  that r value which is typically
,issoc I.i ted wit h the l:irtzesI gain value - , or perhaps a I r ic t i o n of a tap on either side of it). In particular .
v~e det ect  that t lie ri’I.it se amplitudes (noticeable primarily at t he ir’ro— lag axis value ) :issociated wi th
t he lirst three - multipath-present taps change in such a w as that for the first 40 sec or so the second
niultipath tap incrc.is ingly becomes predominant: the procedure reverses itself for the last 20 sec of the
to ta l  time interval. We have- purposely restricted this analysis to the cross-p lane geometry in an . t t e m p t
ti~ .iso d ‘‘sin (gra,’iilg angle- t ’’ induced changes in the hulk differential time delay between the multi—
ilath proces s and direct path signal ( i.e.. t he time tracking reference . Such ch:inges . w hich over a 1-m m
duration it the particular nomina l grazing angle location are significant r..’ lat ive to a chip width duration ,
would ohs ous ly c.iuse- the multipath process to march across the tap hank. F-or the - exa mple being dis-
cussed . direction meanders Iw av from the cross-plane direction could certain ly induce the observed
be havior in t lie I irsi t hree multi pat h tap s . Similarly - changes in the aircraft ’s a l t i tude - could influence
the d i lfe r e n t i a l  hulk delay between direct and specular-point paths ( i.e. . tor t he- first 40 sec a slight air-
cr. ib t headiT ig toward the satellite or an altitude increase- could produce- the observed results , ss ith the-
last 20 se-c being associated with the opposite changes in aircraft system parameters ) Al ternativel y the
ai rcra t t  par .imete-rs may not have deviated from the specified condition, and one is then led to conclude
t hat the observed signal phenomenon is related to the char acterist i cs ot the s~ a t t e r  sur t ac e .

I he results ut the above example are exp ected to he s~ me~ liii repre - senta t  se bo i ot h er Ilight
tests and ire in icei’ rdance with expectation . considering t he limited t inie i t ti rat loll ot (lie intervals
,ina ls ied Is well as the ta c t  ((tat rms sea slope, the Illos! signit  ~ .ini su rta c t ’ p. ranicte r . is  roughly pro—
pl)rIiiina l to the silu,ire root of wind ve locity (i .e . a 2 — t o — I  change in win d ss ’ loct t ~ icsi ilts in

ne-c in t he e b b  ‘~ I I e scatter characteristics).

5 .5 ( ‘ROSS-POW I R SPI - ( ’ IRA FOR HORIZION’lALLY AND~~’I RllC.A I. I.Y POLARIZI:D RFTt~RNS

the correlation properties of the scattered II and V fields we - re studied in section 5.4 .6, where the
em phasis w as on joint 11 and V stat ist ics of th ie tap processes . Physically. .i single t.ip process is formed
tront the contributions nt many independent scattering surfaces lying along a constant delay contour on
t he ocean. The derived correlation func ions t here tor c yield information concerning the integrated
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et te - L  i s  along this su ir b , ic e , \ccorduig lv any method of invest  gatu ic scattering prnpert tes over a .iii,itler

— 
s pat  1.1 1 region is  ot intc rL - st

One technique that  provides suihs t , i nt iu l  ini proveinent in resolution is based on th e- method
cross- s pectrum :i nals s is . When a segment of .i bali process is Fourier trans tornied into (he t requen~ s
domain, th e result in g spectral components c:in he identified w i th  a spec i f ic  sp at ia l  location on I tic
.ippropriiie delay contour. ..~bt hnughi t h is mapping will not he one—to—one, advantage can he t :ik~ ii ot

Iii’ angular ss mnletr s t f lat prevail t ’or n-plane fl ights to argue that bi te two  spatial regions pros-iding
contr ihub ions 10 .1 particular spectral component should have identical scattering properties . i. e .. the
s c a t ter ing angles relat ive to the ai rcraf t  and satellite positions will he identical (‘or the two scattering
,ire:is Figure 547 illust ra tes  this geometrical configuration.

A f ter  spectral component s for each horizontal and vert ical tap process have lice-n obtained , a
russ-s pect rum can lie torn ied:

< lIii~i V~ Ii))> ,

ss hc re
P11k.. = the spectrum

11(v). \ Ii’ = horizontal and vertical polariz i lion spectra t ’or tap k over a given data segment
= time :iverii!ing over many segme nts of data

It ie eross-s pe~ t ru th P1 lv i’ )  can he normaliied to yield a cross-spectrum correlation coeff i c ient,  which
is t h e - u  interpreted in precise - Is the same m anner as was (lie correlation coefficient for the total tap pro—
cesses discusse d earlier in section 5.4.6 , I.e .. it indicates stat is t ica l  dependetice ut (lie II and V scattered
com ponents user a particular spatial region. Quant i ta t i ve iilbormatiotl ciiiic~~~ j ilg phase relationships
for the II and V scattering cross ction can also he extracted directly from (lie cross-piisve r spectrum,

.\n inherent he-net it accruing from (lie cross-sp ectrum analysis is that of signa l—to-noise enhance--
mi le-nt . I roni the structure of the scattering functions sh own in other secti ons and aga in in the cross—

• spec t runt magnitudes to he presented - it is evident that 3—d B Doppler spreads of around 10 II, ciii he-
antici pated at a particular niulbipath delay. The spectral anal ys is  effectivel y provides a high resolution
filte ring of the t :ip process . resu lting in a process ing gain cuiiiniensurate with the noise handwidt Ii—
signal handwidt Ii rat in Fvpic:illy , (lie delay-Doppler cell signal—to—noise rat io is 20 to 30 dB at the
en ierc’s peak I or each t .i p. I ess endearing is the penalty for higher resolution - which appears is a require--

me-nt f or Ioiiger record lengt hs to achieve sufficient averaging over (lie signal fluctuation s .

I s ,i lu . it i i n  i i  the lap cross-spe ctruni defined by ei t u iati oti ) 5—2M has lice-il carried out for the
link cun higur:itions su,ntnari,u’d in table 5—5 .  Some examples nt t h u  nu merical re-sti l ts ire found in
ta b les 5-~ and 5 .9), I.ach pair of figures pertains to a single Ilight , with the t a t  l’igure indicating
be havior near the 1cm Doppler point and the (h ( figure showing a second region further out in
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treque ncy. Magnitude and phase characterist ic s are also shown. Careful examination of the magnitude
a rray d Iselo-I,’s a marked ridge effect.  (‘omparison of these values with values removed tromthe ridge
illustrates the dramatic signal-to-noise improvement alluded to above. In this regard , it would appear
t hat additive thermal noise does il ’ l t constitute a serious problem as tar as estimation performance is
CC )nUC ’rned. NL’111’eting errors attributable to t he noise , it can he shown9 that the normalized rms
er rll r in estimates ( I t  

~HV i.e., t ractional error , can he expressed as:

/ A

J 4P~ v - 1 _______

~~~~~ J PHV 1 
~

‘

~~~~

‘ ‘ -

where:
I statistical expectat ion
N number of ’ independent samples used in equation ( 5-28)

~HV’ ~IfV = estimated and true cross-spectrum values at frequency v

~ -iv t he corresponding correlation coefficient

l’he number of segments N used in t he data reduction was 35 or less. Consequent y, t he fractional error
will he

0.16 for 
~~~ 

1.0 . (5-30)

Percentage variation s of this order are apparent in the data tabulated in tables 5-8 and 5-9 ,

Similarly, t he rms error in estimating the cross-spectrum phase component can be
expressed as

p

~rms

‘ C 
• ~ 0.1 radian

0

~ 6 .

Alexander , “Pert’ormance of the Il-V Corre lation Coefficient Lstj mator ,” CNR Internal Memo .
Novemher 1975.
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\ . t r i a i l I I T l  In phase est imat es ut t h i s  scal e can readil~ he seen from the delay-Doppler arrays in tables

5-8 and 5-9 . The estimate fluctuati ons become even more estreme away from the main energy ridge ,

as can he verified from the figures. Ii is further noted that for in—plane flight direction, the spectra
ridges in the k’lav-Doppler realm correspond to sc.ittered energy arriving t’rom surface elements spaced

a long the great circle .ixis joining the suhaircraft and st ibsatdll ite locatio ns. Hence. the scattering pro—

Lesse’ ,i’.sociate d s~ tb t hese returns are ?i(41 subjected to the phenomenon of depolari iat ion. This fact

ereat l\ 4.1mph t I C ’S the correlation Ill measurement with theoretical expectation t’,g., the relative

a m p l i t ud e  ~h i th ’t ’ rence be t ween  the II and V prober at the transmitter may he ignoredt .

(;eotIletr lL.II relat il lnshui ps and Fresnel smooth-earth reflection coefficients are employed to

pre du1.i the theoretic a l H and \‘ probe phase differen ces that exist for scattered energy from the great

circle sur l .4ce ~is i s Each location along this path h a s  a uni que Doppler shift , which allows the pre-

dicted phase angle to he correlated to the measured sa lue via the frequency coordinate ot ’ the cross-

power ‘.pectruni estimate ,

I xperiment al val ues I ridge’) of the cross-power spectra phase measure for two flight tests are
itemized in tables 5-10 and 5- 1 1 . Both data ensembles pertain to the in-plane geometry flight vector
direction and. ,is indicated in the tabulation, present phase angle versus the delay-Doppler receiver
coordinate . ( ‘orrespondtng to the 10° and 7.5° spec ular- point grazing angles of these tests , we present

theoretical relati ve phase ,ingle estimates versus Doppler frequency shift in figure 5-48. The plotted

phase . 
~e’ is derl’Lcd fro m

= 4RH - 4Rv - (5- 31 ’ )

w here RH and R\. are the cl ,issical Fresnel sea w a ter  reflection coefficients for horii.ontal and vertica l
polarii.~i tion . re spectively.

(‘ombi nin g the data from table s 5-10 and 5-1 1 and figure 5-4 8 provides a means for comparing

experiment with theory , These re lationships are given in figures 5-49 and 5-50 for the 10° and 7 ,5 °
P grating angle cases , respectively. To account l’or phase biases associated with the A TS-6 sate llite

antenna .ind the initial condition of the prober as the biases leave the transmi tter , the ~~ 
estimates

have been shifted by a constant value. For the 10° and 7 ,5° grazing angle conditions , this adjustment

factor a mounts to 0.3 and 0. 18 radian, respect ively For both data set s we observe a high degree ot’

correspondence between experiment and theory: areas where departures are in evidence can be related
to airplane and \J S-o antenna polaritation vector nonunil’ormit ies over the surface “glistening zone.”
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TA8L E 5- 10. PHASE ANGLE OF CROSS-SPECTRUM VERSUS DELA Y~DOPPL ER COORD/NA TE,
/N.PLANE FLIGHT, MA RCH 31, 1975

Note: Specular-point grazing angle = 10°

Frequency, Tap number Relative Phase,
Hz (0.2.gsec steps) magnitude rad

+ 13.7 34 1.04 -1.84
+ 13.1 32 1.47 —1.97
+ 12.5 32 1.47 -1.92
+ 11.3 31 1.62 —2.05
+ 10.1 30 2.19 -1.99
+ 9.5 29 2.16 -2.00
+ 8 .J  29 2.48 -2.00
+ 7.1 28 2.98 -2.13
+ 5.9 28 2.88 -2.13
+ 4.2 27 4.38 -2.27
+ 2.4 27 3.16 -2.26
+ 0 27 3.44 -2.20
- 5 27 2.65 -2.21
- 10 27 3.57 —2.32
- 15 27 4.59 -2.41
- 20 28 3.66 -2.46
- 25 28 3.10 -2.48
- 30 29 3.65 -2.48
- 35 30 2.59 -2.49
-40 30 2.03 -2.60
- 4 5  31 2.44 -2.57
-50  32 2.62 -2.59
- 55 32 1.78 -2.63
-60  33 1.48 -2.65
- 6 5  34 2.08 -2.69

• - 70 34 1.35 ‘2 .80

- ~~~~~~ - — ~~~~~~~~ . -



TABLE 5-11. PHASE ANGLE OF CROSS-SPECTRUM VERSUS DELA V-DOPPLER COORDINATE,
IN-PLANE FLIGHT, APRIL 2, 1975

Note: Specular-point grazing angle = 7.5°

Frequency, Tap number Relative Phase,
Hz (O.2-~ sec steps) magnitude rad

+ 10.1 33 0.818 -1.61
+ 9.5 31 1.09 - 1.56
+ 8.3 30 2.12 - 1.58
+ 7.1 28 3.18 - 1.68
+ 5.9 27 3.14 — 1.77
+ 4 + 2  26 4 .54 -1.85
+ 2.4 26 5.87 -1.78
+ 0 26 2.59 -1.89
- 2.4 25 2.62 -2 .06
- 4.2 25 2.40 - 2.13
- 6.5 25 1.56 -2 .06
- 10.1 26 2.66 -2.15
-12.5 26 3.02 -2 .30
-15.4 26 1.80 -2.33
-20.0 27 1.96 -2.47
- 2 5 . 0  28 1.02 - 2 . 4 2
-30 .0  28 1.19 - 2 .5 9
-35 .0  29 1.00 -2 . 7 2
-40.0 30 0.847 -2.72
-45.0 30 0.659 -2 .86
-50.0 31 0.865 -2.85
-55.0 32 0.55 -2.78
-60.0 32 0.418 -2.78

p -70.0 33 0.106 -2.65
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5. 0 . I %1.ith&’matica l R,isus for Antenna Pattern Removal

t o ~ I iU) S e  the prober aircraft antenna pattern e ffects from the channel measurements , it is

f irst neC. ’ss .Ir~ t I C  make some .issumpt ioius wi th regard to the mechanism hy which the electromagn et ic
W O e s  ire scattered from the sea sur face. In line with the most widely accepted theoretica l lreat me nfs
m d  the good agreement between experiment and t h eory as presented in section 6. we base our analysis
upon t he ve ctor I’ ruui ulation of the phys ical opt ics very—rough—surface scatter model. t.’nder this
assumpt ion the re Le ised power from an increment of surface area is expressed as

~~ rcv d a ) F . f  
~
1
~~cf ’) °xs ‘ ( 5 -3 2 )

w here:
= power received per incrementa l area

t cf complex coefficient tha t accounts for coup ling losses between the incident polarization
vector , the tilted surface facet , and the recei ’,er polarization vector

= s urface area scatter cross section ,

The aircraft antenna inf luence is embodied only in parameter Tef . which may he represented as:

‘ cf a R 11 (a) { ..~ cos + 13 sin ~~
) ((‘ cos + D sin

-R1(a) [ 13  cos - A sin 
~~ 

(-D cos + C sin (5-33 )

wher e :
R 11 (u) paralle l Fresnel reflection coefficient
R1(a) = perpendicular I” resne l reflection coefficient

p 
a = angle between the incident wave and the normal to a properly tilted )to produce

reflection into receiver) surt ’ai-e facet
angle between the theta component of the incident wa ve ,ind the incident “paralle l”
unit vector (i . e.. vertica l polarization with respect to tilted sur bact ’)

A ,B .( .1) = transmitter and receiver complex antenna polarization vector coeft ’icients as
described below

Polariiation vectors for the transmit 
~~~ 

and receive 
~~R’) antenna system are given by:

A A
P1 A i-1--1- + Bi p-j- . (5-34)
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- A A
= (‘iTR + Di PR

• w here:
I I F ?p.-~

. = unit vectors in the theta and phi directions , respectively, with respect to coordinates
centered on transmitter

A A . , 
‘ , , . . -

iTR. ‘PR = uiilit vectors in the theta and phi directions , respectivel y, with respect to coordinates
centered on receiver.

In our case transmissions originate t’rom the KC- l 35 and are received at the ATS-6 satellite.
Thc satellite antenna is assumed to be right-hand circular (RHC) with 0-dB ellipticity: thus:

C =

D = j~~~~72 , (5-3 6)

where ( ,, is t he gain magnitv,de of satellite antenna.

P+,ramneters A and B for the aircraft antenna pattern are derived from scale-model antenna range
rtieasii reme nts , l’he antenna-effects-removal algorithm is applied to the specific case where the prober
is operating i i i  the simultaneous horizontal/vertical polarization mode. These probe polarization
descriptions are nominal hecause for aircraft antenna systems one usually expects the presence of
cros.s-pol,irizat ion terms , Thus t’or the nominal horizontal polarization probe , B represents the principal
polarization ter m ar’ d .‘\ is a measure of the cross-polarization term (vice versa for nominal vertica l
palarization t . Front the antenna range radiation distribution plots it is observed that , for the various
prober antenna pointing directions . the ratio of principal-to-cross polarization terms is typically on the
order of 20 dB over the effective “glistening” area of the surface. Ilence , to good approximation we
consider only the principal terms of the polarization vectors and write Tef for t he horizontally polar-
ii+.’d probe ~~~~

.

lJ’ ~ 
—

~
--

~ sin 
~ 

(cos~~5 + j sin

-R1(a) cos 
~ 

(sin 
~ 

— j cos ~~) ] . (5 37)

C 
— and . t ( C r  the ve r t ,c:uh polariied probe:

, [R~~a) ens ens 6,~ + j sin

+R1(a) sin 6~ 
(sin 

~ 
ens , (5-38 )

_ L
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s~ th’re:
S gain of h orizontally polarized probe
= gain of ert ~~~~ po larized probe -

Parameters G11 and (iv do not have constant gain over the sc at te n rig surf ice + I C m l  iS c t h is

sp:Ii i .m I filtering et ’fect , we operaie in the delay-Doppler coordinate sV s t C ’nl + )  the me .. ‘ ‘ 1 5 C r  he sca lier

funct ion . Sf r,u ) . is related to dPrcvd througti the following l~~ muhat ion ret ’ 5- I  ).

Str .c~ ) = J 
~~~~~ 

dP~~~ + j
2 (T .W )  dPrcvd 2 

,

w here J t r .w)  is the Jacobian of the transformation f r o m s u n  ice coordinates t~~ r .w ) r’e~ erver coordinates ,

In t he above equation , s o h c ’ri pts I and 2 denote t~:e fac t  t hat the s+ ’ ii Ic nirie per i t  ni is a 2—

into— I mapp ing process (that  is . two s u r face  po ints are m apped into one del , is -l )IIi’p lC ’r I C C  .1! innI In

genera l. even for isotropic antennas . dP rcvd does not equal dPrcvij i - thus without n ,i k rru~ sonic
assumptions with regard to ti le ü.~,, d istr ibut ion , it hecomes impossible to propenl~ adjust Si ~.c .J) or

t he antenna filtering effects. 10 circumvent this ambiguity, we restrict otir attent ion ent ire I~ to the
data gathered during the in-plane legs of the test scenario , l’~’e symmetry properties I C )  t ’ie ilela~’
contours . Doppler contours. ,ind dPrc,,d function 10 are t hefthy exp loited and we may writ e ~) r . w ) . I s

S r a~
) = j l ( T .~~~

hlP;cvd ,I ~ ‘l + ( 2 1

where:

dPrcvd I = dP.c~ I: 
= the received energy from u ,creiii ( -i , ta l ,ire:,s I or 2. gis-en t nat  the

antenna illumination is isotropi c.

- - p  _ _ _

I °Examinat ion of the f i rst  equation 5 .32 ) in th u s section rev e a hs tha i b r  ri-p lane flight , dPrcv i f  will
lie cri~ss—p l.;ne s~ mme t r ic ;ml (apart f ron, antenna asym metry ui) ’t ’ec ts ) if )  I ) tim e su’:i—sii rf:iet’ s lope
distribution is isotropi C , a valid .issu iiii)li ion per data from (‘u s  and \iiinh (ref 5 — 1 2 ) .  and ( 2 ’ )  t h e
polarization planes of the transmit m d  rs ’ L’ C ’ i sC ’ ,unte nnas are linear and lie e i t h er  in or i~~

’
~~r’~ 

ilsl i u .’Ular
t i ,  i c  plane cont.iin ing the K(’ — l 35 . spt’~ iI I u i  point , and \ I S— o suu teh l i t e .  I lie lat ter  re s t r m c lu+ - n is

necessar y to ::ssure tha i I .~ .1 = ~~~~ In IIiir case t h is condition is not met since the s,utell i te
antenna pol:mriiation is C I r Ci i I .u r .  h oweve r , it ca n he shown that fo r grazing ang les greater than a
f~w degrees , the induced error is relatively small when compared with other IC ton s su ch as the
antenna gain chan ;ictt’rm ,,mb ion.
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ss tinder t i e  same geo mmh’tr ~ nd s L i T ) , uLe  .uss iin n Pt iOfl W e iii,,’, express St r.w ) 1+ ur i lie isotropic

.uml i i .’ u l m l ,u  g.nn ,u s u ’ .15

~ 
r ,w)  = I r~.” Id 

~rcu ‘ 
+ J s )  T,W ) dP r ru t .2

= 2J 1 ) r ,Lm ) llPr cV C I l.  (~~4 I )

I f ius or mm-plan e ‘light the Sc , ! t  icr function , S 1f r ,w) .  corresponding to an ideal isotropic antenna is
rel. , n ed 10 t h e  vers ion of Sf r ,w ) o rrespo nth ing to th t e experimental nonisotropic antenna h~ the simple

i’s pri’ssion

S1)r .w) = 
S T .W( ( 5 4 ~~t( , (  r . w)

~ here G T,w) is C’+ i u Ia l  to )G 1 + G 2 ) / 2 .

• In i ‘ue steepest desc e nt integration ,uii:ulv s is of forw:.t r d scat ter  multipath ) mat h iemat ic .uhl y
.uppr C prI,i Ic uludi- r the C onsm Taint that the grazing angle is much greater than the sur face rms slope).

~ni’ usuj lR assu mes thai ihe a ni e muna coverage is  adeq uu :ut i ’f ~ described by its specu lar—point gain. For
— r u t s  reason ~ e hravC ’ c f n u i s e n  ti ’+ relate our antenna-cor rected version of’ the scatter function to the ~aumm

directed loss,ird t h e  specular point: i.e..

= S 1( r , w ) G(0,0)

S(r,w) 
c; (o .o ) .

~~~~~ I

where
S~~( ’ ( T . W)  = s C , t t i C ’r f L U I C  l ion n r e C i C ’ u f f i r  isotr o puc i v imperti ’it mo i is  of t ime forward nmultipath

p 
• 

antenn.i . s~ t im gain referen t ed to (;)o,o’)
(if 0 .0) = specu lar-point antenna gain ( i.e.. I = = 0)  -

In addition ‘+vc a lso Cali  t i l a te  .i d i f f u - r + ’ u .  ‘ funct ion,  _
~S) r . ~~), hetw eemi t Ime Corrected and

uncorre _ t e d \ i ’ rsu l+ io  ot I lie scatteri ne t u im u . lion, I.e

~ Sm r .~~
) S r ,w)  - SA(~

1.~~
) . (5-44 )

This Function is , ms: im lahlt ’ is .1 tiiree-dim~’nsional plot and provides .u compact description of t he prober ’s
spatial filtering e f u , i r . u + it ’r i st l~ s as t .’anslabed h i  t he delav-D opp ft ’r coordinates ~if the receiver,
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5. (u ,2 Spat i a l  Filtenii,n Effects on Experimental Data

l)i’ suu ’ m i goa ls for the f’ront rnu htipat l i  prober antenna were established 111 prC lv id e a neanl~’
uniform illuni,ination os’er time surt uiu.&’ area r(’sponsihk’ t i r  most u u ) the returne d nniultipz ith eiut ’rg~
(.)n lv if this gu u ,u l us adequately met will S( r .~ ) be j sat is factor y :ipl) rox iinatiu)n to the channeh ’s relat is e
lelav-DIlppler energy t f ustr i but io n,  the antenna v, Is designed to achieve I sIB heainwidt lis of  20 in /
.ii itut  ‘th  and ~O 1 in e levat ion.  w hile meeting other design requirements perta i rim rig t i C  beam sI ei’r,i hilit~~. - —

po iarii.u t u u i i  nodes , gain , e tc .  Scale—model antenna range data indica t ed that these heamwidth s were
close l~ ap prox imated hy t he antenna as installed on the aircraft .  12

(I 2 / / : f ic ’i’j (I! - f Fill ’ ,! (It! Spatia l Filtering on R,tIS Scatter ( ‘ii ’! ~j t ’ ! i f l f i  I :e rmm m s scat ter  C oe t  Ii cuts

previl lusl reported in section 5.2.6 ( f ig.  5 — 1 7 )  utilized the u nueo r re C ’ i e C f  vC ’r’ .u u l n of S i r . ~~~~ . The gui l t  of
t he mu lt ipath u a n t e n n a  w as taken to he the gain toward the specular r Il~~1t (dO. 0 This f , uCnl ’ r  w .us

e m l ’ C C C h u C - ,f n ut  the l , u i t u r  .‘\ 1) /A 1 of ’ the ( D GI term of ’ equat ion ( 5 - 2 ) .  ho ass ess ilm e magn itui + l~- ii i error

rut ro d Lii cit in the calculated rins scat ter  coeff icients, a quantity X I’ ss us determined ton ,u ran ge of ’

cr / l inC ang les F lie u~uani ity ~~E is def ined as:

FJfSAC( T . L~,,I drd~~
= 10 1  ‘I

fJ ’S f r w )  drdw

I IC ’ V I  ue I i  .~l ca n he ei thm er positive or negative because the peak of the mnuiltipat h antenna beam w as
nv intent ion) ui ’ . uu.u hly riot pointed exact ly  toward the specular point in elevation. Hence , t he specular-

r o i l  ~. uin i  ( u  1 ) 0 ) .  il li’S not necessari ly equal the peak gain of time antenna. T~’picalIv, .~E was found
to I’ - .upp rox in m m:u ie lv equal to —0 .2 dB for the higher elevation angles and +0.3 dB at the lower elevation
ang les . I mm eq uations (5 I ) and ( 5-43 it can lie readily seen that ~ E corresponds direct lv to the
I’m C m ii tim e r tns scar ie r  Oct icient magnitude , II’l. of figure 5— I —‘ 

. Error magnitudes are th ierelore
est imate d is t y p u e a l f v  less titan 0.3 dB at the gr:u/ing angle extremes 5’ ’ and 30° ) .

p

I l l his :intt ,-nna l ’ c : u m nw ,d fh i  design goal was originall~ based , in part , on DeRosa ’s ( ref  c - s ,  i ,uh 1- .’ 2- I
m u d  ref 5—I 3 i’sl tin u ate s o f  multipath power buss. Extrapolating t’rom these ca lcuhat urns , t ime m u l t i ’
pat ii power lu oss f o r  t bie si ,uted heamwidths relative to a uniform gain antenna w :ls predicted to he
siihst:i nt ally less t i u : m r m  I .0 di3 for the range +0 grazing angles (and sea s ta tes ) of interest.

I ’— - 
~i i t enu m i ; i  design details are di-si- rm hed in “ I T S.  Aeron autical l,— hl a mi d Satel l i te 1 es ’iinologv I + ‘ s i

Primgr: inn ‘l’o ’ rn i immal I )C ’s iui mi .‘ mater ial submitted under contract E)OT- ’ l’S( ‘ -~ 0~ . August I ~) ~‘5

Si . i l e - r mm muule l  antenna range radiat ion distr ihutioti plots have been s i m h l l i m mt t e d n m the t’orn mi ( I f  pun+. bed
paper tapes.
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o 2.2 I’, H i t  1 1 I (i te I ln i  Spatial l ’mlte r :ng oo , n Spread a / le t ’s A u the hrgher grluzing angles . sprea d

s’ ,dues calculated using the u um ii ’o ’ r r ee ted S(r ,w ) function typicall y differ ed hy less than S’ ’ from those

ca lculated usiiug S ‘) r .(~ ( .  One max’ therefore consider S( r .~~ I to hi’ a re:isonah le approxi nmation to
i f tc i- hau nch’ s re lat u e delay—Dopp ler energy distri bution at tIme higher elevation tnutl i-s .\ t h e  lower

gr .u iine an gles , t i e  ~~) ) ‘ect of ( lie multipath antenna nonisotrop icmtv on certa in sfnrea( l values is more

pronounced: e .g.. t’or a ir r: i/ iui g angle (If 7° . t ime lO-d B Doppler spread using S(r,w I is roughly 30’ in

error. as co m pare d with , time value c:ulculated when using S~\(.( r , w) .

In ti me following discussion the prober antenna ’s spatial filtering ef fec ts  for a typical high—angle
Fehruars 2” . I 0”5 ) am id low-angle (Apr i l ~ , 107 5) set of experimental results are illustrated , For both

c,uses , t ime antenna was operating in it s  horizontal polarization mode.

Prior to presenting t hue det a i led resu l t s , we summarize the spatial filtering et fee ls  in table 5 — 1 2 ,
which represent s time antenna i imfluence upon time spread measures of tIme delay spectra , [)oppler spectra.
coherence handwidthi , and deco rrelat i uon t ime. Spread measure det ’unitions ident ical to those used in
sectiO n 5.3 are used , and at tent io n  us directed to time last column of table 5 m 2 . where the re lative
difference between .int&-nna-correct i’d a n t  noncorrected results are delineated. As indicated, antenna
influence upon time lu ig h i-angle data is rather modest . with a maximum perturbation of about S~’ being
ca lculated. For t h e  l ow-u nc le  d ,ti , u ~ e a lso ohse rve fair ly small error perturbations (typically less than

I 0”~ i except for  t h e  I 0-d B I) ut ip i er spre:iif ,uind decorrelation time , which are on time order of 30”~ - It
u s ot interest t o note t hat cont r.mrv to ~~ hat uCne m ight expect , t ime I 0—d B spread values for time delay and

Doppler paranmi’ie is . m e  actual l y /Ou r ej i e l ~ time antenna pattern spatial t’iltering effects , This results
tnu ) mn the ) ‘,uct t h at t l m - multipath probing , tn mt i ’nnua was always pointed so t h a t  its beam peak location
ocet irr i’t l on time suhairi ra f t  su it e ( If the specular point ( i . e , for time 7° grazing angle test, the beam peak
sv. is  f i rec ied  i i  a - 25  e le. , u n i o mm angle) . This provides optimum glistening region coverage and introduces

pnsii ise )
~ I, is  in t lii’ mn idtuiil regi on if the t)oppier and t :elay distribution. These eft ’ects are v isually

i’s dent nm t ime detailed data pres e uttat ion thai  nu i l ) C lw s ,  One other interesting observatio n relates to the
hC .tl C.ni :eii~ i ’ kiss ccii t h e  I 0—dB Doppler spread and time 3—tI B decorrelation ti m mme . and similarly between

the I O-~IR deh:u~ s loru ’ ,id arid t i me coherence bandwidth. That is . we note t hat the respecti se error per—
C i’ m o I  ,I~!o ’ , ,m rt ’ ro muighk eq ii , m i in m u i ’ i g m i i t  rude arid opposite in sign (aim expected result based on Fourier
ir . u r m s t l  I~~i i O  i’ b m mr , i ~’ ie r is t  i s)

p
lIen i l l  rC ’sui I ts pertaining to time Ii ‘ii ~:i ug h’ antenna spatial t’iltering charact e rist cs are provided

in iui’ ut r - ’. 5-~ t hm ru uigh ~~~~~~~ T h e  data in these t ’iguuni’s pertain to:

I m u n m n  u n m u h t i p : i t f u  an ten n a p i t  tern f i g u r e  5—5 1
t i 11 (r .W ) : figure 5 .52
.S(r ,w and ~~~~~~ figure 5 - 5 3
.~S r .w) :  figure 5-54
(‘orrect m ’d m i m i uncorrected delay and Doppler spectra : figure 5- 5 5

nm, te d and uncorrected autocorre lation functions: figure 5-56
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TABL E 5-12. INFLUENCE OF ANTENNA SPA TIA L FIL TERING
ON SPREAD PA RAMETE R MEASURES

Antenna Antenna Error
Test condition Spread measure unc(uded corrected percentagea

High grazing angle Defay spread (3d B) 0.60 p sec 0.61 p sec -2
(February 27, 197~, Detay spread 110dB) 2,67 p sec 2.5 p sec 7
qrazinq angte = 30 1 Coherence 8W (3 dBl 0.265 MHz 0.286 MHz -7

Doppter spread t3dB ) 134 Hz 135 Hz -1
Doppler spread( lOdBi 289 Hz 268 Hz 8
Decorretation time

(3 dB( 2.8 msec 3 . 1 msec -7

Low qrazing angle Delay spread (3 dBi 0.63 p sec 0,56 p sec 11
(April 2. 1975, , Delay spread (10dB) 2.28 p sec 2,22p sec 3
gra/ung angte ~ I Coherence BW (3 dB) 0.259 MHz 0.270 MH z -4

Doppler spread (3 d B )  8.8 Hz 8.1 Hz +9
Doppter spread ( lOdB ( 55.1 Hz 42,7 Hz 29
Decorrelation time

(3d B) 9.8 msec 14 msec -30

aThe error percentage is the quantity 100 )M t /M R ) — 100 where M 1 = measure with antenna
influence included and MR = measure with antenna influence removed .

liii’ antenna pattern plo. .s given fro m two points of view , thus providing a clear indicat ion of
time salient radiation distribution properties . Name ly , one observes the antenna ’s relative l y broad beam-
width in t he elevation plane as opposed to its narrow azimuth plane heaniwidth. These characteristics
yield a GH(T ,W ) function that is relatively flat over most of the effective scatter region (i.e. , the
scatterers located along t he ~ = 0 axis are mapped into the shoulders of the G(r ,w)  distribution). In
comparing t he S(r ,w)  and SAC (T ,w) .  one does not observe any pronounced visual dissimilarity : this
observation is confirmed by the ~ S(r .w) plot . wimich for comparison has the same x .y ,z sca le factors

us the S(r ,w) plots. In accord with previous statements concerning the prober antenna pointing angle,
we note that ~ S(r .w)  is positive in the negative Doppler realm ( m e . ,  sub,iircraft direct from specular

- -~~~ 
p point) and negative in the positive Doppler realm (i.e., subsate llite side of ’ specu lar point). The effects

of the small ~ S(r ,wl  perturbat ion on the channel’s delay spectra . Doppler spectra, and autocorre lation
functions are in turn seen to he relatively insignificant.

The spatial filtering effects of the antenna for how-grazin;-angle Conditions are given in figures
5-57 through 5- 62. These data sets uure arranged in a format identical to that used f i r  t ime high-angle
case. Again , two points of view are illustrated to display time G

~
(r .w) distribution as given in figure 5-57 .

like its high-angle counterpart , this function is seen to possess a high degree of symmetry in the ~
coordinate. However , note that , on a re lative basis , the low-angle pattern has a somewhat larger variation
in t he gain distribution as measured over elevation angles subtending ±20 ° from horesight (along the

0 axis ) .  I tuis var iation, coupled wit h the 7° specular-point grazing angle geometry, produces a

5-11 6
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fun~ t o n  •is iIlti~tt~iteit in tigll r (’ ~~~~ Ih~.’ iliost ohvio~ s ci i rac t e r i s t i t , t ile ( 11 r .w)
d i s t r ibu t ion  p er t a ins  to t h e  r~’la1 i’. ~ d Ift~rence hetween the T1( ’gaT ye- I r~q uency gains ~~~ ~ompared to
the ~~~~ v~-tr ~qutr ric~ va lues b r  a :iv~m delay tap. This di t fcr e nc ’ i~ a direct result ~ the antenna
horesight ga in heing pointed t ~ ~ird tli~ s uba irc ratt ~kle of tl it specular point , and it produces a d~s—
cernihle differen~ . in th~ S r .w)  and SAC(r .u~

) dLstr ihutions presented in f igure 5-59 . We fur ther
not c  t r om t h e  ~S r.w p k t  ut Figure 5-60 that.  re lat ive to the specular—point return, the antenna
patle rn ’~ ‘Spat ia l d istri hut io n eniizirice~ t he negative shoulder of the scatter f unct ion whereas the
poSIti~ i: shoulder i’~ at tenhl.I IL d. f o r  the n—p lane flight geometry coupled with tow-grazing—angle
conditions . this wi t i  .~pprc~ iahly :iftcct the Doppler ~pectra shape and its corresponding Fourier trans-

form. j~ illustrated in t’igures ~-O I and 5-o . respectively. The reason for this pronounced filtering
on t he Dopp ler ~peLt ra re lates to the fact that the position Doppler frequency shoulder of the

S(r .u. ) funct ion k to a large cxtent m apped into a single peak density point of ’ the Doppler spectra.
whereas the negat ive shoulder is dispersed in the Doppler coordinate (i.e.. the antenna filtering tends
to dec rea~c t he peakedness of the spectr a while at the same time increasing the density of the distri-
bution ’s tail). This tends to yield Doppler spreads ~oinewhat larger than we would observ e had the
prober antenna ht~en pcrfe~t Iy uni form.

~T ( ‘IR ( ’Ul \R  POE . . \ R I Z A T I O N  PROBER RESULTS

In the (Ie~len ~ f opt~rat iona l aeronautical satellite systems . ci t ec t s  of t h e  oceanic multipath
intert.k e )!1 r~ uIarI~ po hirtied ~ ~~~ are ol part icular importance. Accordingly. severa l right— and
kl’t-h~ nd r~ ii lar polarii~t~ i~ n probes of t he ~~iflic surface were condu~ted during the latter part of
tht~ flight tcst ~t r R~ From tht~ ~tan dpo,nt of the physic~iI optic’~ vector scat ter  formulation , one

not need to p~r forrn model al terat ions to include the effects of’ any given receive or transmit polar-
i/atiofl %t ’L I U gtm~ r~il. model pr~’di. t i t~r~~ for the LIIC and RH(’ prober conf igura t ions  yie ld

I r~ I d~st r , t uiuun~ and .iutuco rr&~Iation t u n ct ion s ~erv similar to the corresponding pa rameters
.isso~ i,t t ed w it  Ii t ) R Iiiw.ir pokirit~ 1ion t~rnu1~itions . Similarly, the predicted va lues of the circular and
linear poI.rii .~~~n s i~’.id p.ir . iwuRr’~ arc in c lose accord . As ex pected , t h e  Ofl C area in which the Lt1(’

nd k} 1( po ldrt/ , i  ion iilluence ~ 1 signi t kance rcla tc~ to the total tins scatter ed energy content of
the ~igna I ~ in~~ th~ ~,it d t t te  ar it~ nna ii~is RllC polari,at ion, the p o l a r t t a t i o n  s~ !is~-reve rsa I propcrtics
01 the ~urIace •iu~u ’ t he ~~it te red energy corresponding to probes transmitted with LtI(’ polari ,.ation
to be r~ . ’i~ed ~ Ui k~ ’~ k~ s h~tii the scattered energy I’or probes transmitted w i th  RUC polariiat ion.
thm ~ ~ e C t  IS ii tIC t O  I ~i~’ poLi ri/ I i n dcpendcnce ~t t he phase Lhangc at the rcflectin~ ~tirfact~. The
ohservt~d ph~nonienou is pr~’d or a ll ~zr~i iing ~irigles greater than the pseudo—Brew ~l~r angle and
should hecomt tHOR’ sig tii I ni .~~ the ~r~t / I  rig ngle ~Ic~ rcas ’s .

Fvpi~ iI S(r.c ~ and .a ’~ oLI.I ted integrat ~iiid I- oUr~er transto rm data s~ t~ are gi~en iim tigure~ ~-~~3
and 5 •~ 4 t~ r pr~ h’~ coIt diiL’te d ~ iii l.} I(’ ,iti d RII(’ poLirii.~it i~~n. risp~ .tIve I~ I )ii’~e ~I~il, we re g~i~ln~red
hr  the in— p brie Ilight dir~ . lion condition a gr~ / tng angle ol )pr ()xII i1atc )~ 200 and nij ~ ht’ ~umpared
wi t h hgurc 5-2 of st~ t ion 5 .1 lo oht.iin v isual Lst I rn~Ite ot the deg rec of correlation bet ~ ei’n re~pect iv~

~- l 2  3
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parameters b r  the circular and linear polarization cases. A summary of spread parameter measures and
total rTns signal energy content obtained for a number of circular polarization probes is given in table
5-I I Wi t h the exception of the scatter coeffic Ients , these data are in accord wit h the linear polarization
spread resulis gI~ er1 in section 5.3 . The measured scatter coefficients may be compared with model-
predicted results that appear within the parent heses on table 5-13 .  In general, the experimental and
theoretical coefficients ar~ re latively close. However , the RHC coeff icients are typically somewhat
less thin tJit ~ pr~tIi~ied values w hereas the opposite applies for the LHC results. This observation could
suggest that th~ ATS-6 antenna ’s polarization may not be perfectly circular.

TABLE 5- 13. CIRCULAR POLA RIZA TION SPREAD AND REFLECTION
COEFFICIENT MEASURES

_________ ______ — 

A/C Delay spread Coherence Doppler spread Decorr Sca tter
Date , Polari. EIev. heading, 3dB , 10 dB , 8W . 3 dB, 3dB . 10 dB . time, 3 dB, coeff ,a

mo-day-yr zation deg dog j~sec M sec kHz H~ Hz msec dB

2-27.75 LHC 32 0 0.93 2.74 234 185 383 2.6 -3.71
1-2.2)

2-27-75 RHC 32 90 088 3.26 207 178 440 1.8 -14.6
(-16.8)

4-3-75 LHC 21 90 0.58 2.69 203 143 313 2.5 -3.3
(-3.O~

4.3.75 AHC 21 90 0.72 2.60 203 113 257 2.6 -13.1

(- 13.2)
4-3-75 LHC 19 0 0.77 3.02 234 131 222 3.9 .77

(-3.2)
4-3.75 RHC 19 0 0.54 2.15 351 119 174 5.2 -11.3

(-1 2.7)
3-31-75 LHC 15 90 0.76 3.37 168 113 260 3.1 -6.2

(-4.1)
3-31-75 RHC 15 90 0.57 2.57 196 92 2fl 3.7 -12.4

(-11.6)
3-31-75 LHC 14 0 0.65 2.82 210 43 148 4.4 -6.5

(-4.5)
3-3 1-75 RHC 14 0 0.59 2.30 237 37 111 6.7 -11.5

( 1 1 .6 )

r~ parenthesis ês value predicted by the physical optics vector model . Model predictions shown are for a
sea sJope of 9°.

5.8 OCEANIC Mt I. FIPAT H TEST CONCLUSIONS

A summary of results and conclusions for the oceanic niultipath channel characteri,ation test
is given in section 2. I.
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6. PHYSICAL OPTICS SCATTER MODEL PREDICTIONS

Oiw t 1  the maior i~~I j c~ t I vt’~ 01 ~~~ c\periment w:i~ to ~tih~tj f l t iat~ a ~citter modt~l that will
uratclv pre Ji~ t mult ipath L hannel ~haract t r IS t lCS pertinent to future operation~il oceanic aero—

m~utic~iI satellite svs~i.’iu~ . For this report. experimental resul ts were correlated with theoretical pre-
di~ t,ons base d sur ~zice n~egr;ition of the ’ ~lasskaI phys ical opt ics vecto r formulation sca tter
model. UornrnenN on co mparisons betwee n model predi~tton and experimental resu~h were rnadc in

~t~ct iofl ~~. wlwre c~ pcririieti tal t~~ i resuRs were presented . In tt i is ~ectn,n. we de~il prirnanI~ w ith a
presc nIat~on of the model r~~ult~ . A brict descr iption of thc model and it~ computer implementation

~re given in ~c~tion (1.1 Sections (~.2 through (~.4 co nta in the ihannel para meter prcd ict ion~ provided
by the model for a va rte t~ ot ~vstern configurations and assumed surf~~e characteristics . Test para-
meters inpu t to t he model were selected tc~ dost~Iv eiiiulate the experimental condj t ioti~ and correspond
to th~ range ot va1tie~ shown in Lihk ~— I

TA8L E 6-1. IA’PUT TEST PA RA METERS FOR PH VS/CAL OPT/CS
SCA TTER MODEL PREDICTIONS

Aircraft altitude 10 km
Aircraft speed 200 mfsec
Aircraft heading a) Toward satellite; great circle path

b) Bro~iside t o satellite; great circle path
Aircraft antenna po larization Horizontal , vertical
ATS-6 antenna pol arization Right-hand circular
Grazing anql~s 3

0 7° 13°, 190, 25°, 31°
Surface type Sea wate r
Surface rms slope (total ) 3

0
, 6°, 12°

t’
~ing t he (‘ox and ~s 1t in k R t  ~- l  2 empi r i ca l  re l at ion shi p, we may relate the ictual rrns

surface slope to wind veIo~ itv I ) 42 U ~hovt ~he ~tirfaci~:

I t a f l  Nope) 1 2 4) 003 knots .
O.002h4

hus 30 and 2° j c tu~iI ‘ u r l , i ’ r ms slopis c(~rre~pond to avcrag~ wind ve locities of near-zero and 18 kn .
re’~pect ivc I~ . ihe January serie’~, which w~~ ~onducted in the vicinity of the Azores . ~oincided with
Mme rather scve~ stor rm~ in t Ii~ t ~rt~a . Since a good percentagc of the useful oceuni~ ruul tip ath data
Was collected during t hi\  ~crie s. one rmg ht CXpCLt the data presented in the previous sections to he more

~orr t ’ l ;stec ) with 11w I ,~ ~
O 

~)ope prcdkIion~ th~in with tlw 3
0 slope prediction.

It is of impurt~Ince tO flOt~ tk~t for L—h~uid forward scal ter. the inultipath interface will appear
smoothed ( i t . .  t i l tc red v~rsu,n o~ t~ie ~ctu~I surlace . This smoothing d ied r~duct~ the contri-

hii(i ~~fl to the surLt~e ~Iiaractert ’~ti c~ ol thc small-scak surface st ructu re and thereby vi~’lds at)



rum ~ea slope” value smaller than the actual rms surface slope. As shown in ref (5-6 ) , t he physical
optics model predicts that for a given wavelength , the extent of the filtering increases as the grazing
angle decreases. Thus V~ represents a lower hound (especially for grazing angles less than roughly I 5 )
on the wind veloci ties required to produce an m i s  slope corresponding to the “effective rms sea slope”
value -

For one flight test (March 31 , 1975). a sea-state data measurement buoy was deployed to

g~t her quantitative data on the surface’s s!ope probability distribution. Results of this measurement
are found in section 6.5.

6. 1 MODEL DESCRIPTION

The choice of an appropriate model for the analysis of electromagnetic surface scatter is
determined almost exclusively by the roughness characteristics of the reflecting medium. Surfaces
are usuailv classi fled as slightly rough , very rough , or composite , depending on the magnitude o~ the
height irregu hrities (ref 5-8). In general , different scatter theories are used in each of these situations
(ref 6-h.

For the case of L-band aeronautical satellite oceanic scatter, the surface will almost always
appear to he very rough; this implies that the fo llowing is approximately satisfied (ref o-2):

cos 1.0

where:
electromagnetic wavelength
standard deviation of surface height irregularities

= incident angle of ray upon the surface as measured from the normal.

Ana lysis of scattering from very rough surfaces is usually developed through thc phv’~icaI
optics tangent-plane met hod (ref 6-I ). Commonly called the Kirchhoff approx im at ion , t his mode’ is
bused on the assumption of a locall y plane surface over the distance of many wavelengths. This con-
straint is considered to he satisfied if the radius of curvature of the ~urtace undulatiuns (p~ is much
gre a te r than X: ie . ,  X << 4p

~
cos O j )

In addition to th is inequality, the physical optics model is also res tr icted to condit t~ n~ w here surface
shadowing and multiple reflections are negligible. Thus, predictions for rear-grating incidence in corn-
hination with large rms surface slopes should not be considered to he str ictly valid . An example of such

~i condition is the 30 grazing angle case combined with the 12° rms slope condition ot table ~~
- I.



For th is  analysis we enipJoy the vector formulation (ref 6-3) of the physical optics model and
thu\ .j TL ~ ;ihIt~ tO pr() p~’r Iy aL ~~Ou f lt  for the dt~ctro rna gnet ic po lariz ation dependencies of each particular
s~~t t ~ r ing ~~~~ on t he ‘~irface . Because of the model’s complexity,  it is not possible to arrive at
•~deqtiatt channel par:un~ t cr solutions in a closed form. This is circumvented through use of a corn-
puteriic d tcchn iqui’ t) iat ~uhdivides the spherical scatter surface into inciem~ i~ally small areas and
Ilien d errillues t hi’ scatte r cross section (including polarization transformation factors), Doppler
~hiit . ~ind t u l l e delay associated wi th  each area. The complex vector representation of the scattered

~igna I is coupled to the receiver antenna characteristics , thereby providing an estimation of the
rec~’ived power Ir() m tt ie particukir surface patch. This allows the channel’ s delay- Doppler scatter
t u n ~tion , S(r .w) .  to  he coristructed.~ From S(r ,w) .  steps identica l to those described in section 4
are ernp Iov~d to determine the channel’ s t ime -frequency auto correl at ion funct ion,  delay spec trum .
Doppler spect r um . time autocorre lation funct ion , frequency autocorrelation function , total energy
content , and sprea d values of the unidimensional distributions.

A block diagram illustrating the computer model’ s input/output and basic processing functions
is given in figure 6-I , Inputs to the program include:

a. System geometry parameters (aircraft a l t i tude , speed , velocity vector direction , grazing
ang le at specu’ar point , and transmitted frequency)

h. Compkx polarization vectors of airplane and satellite antenna (sate Uite ’s poiar ization
characte rist ics are zissurned to be isotropic over t h e  scat ter surface; aircr aft an tenna  rad-
iat ion dktrihution characteristics may be accounted for mathematicall y or by including an
aiimuthal-ekvat ion angle look-up table to derive complex horizontal and vertical polar-
ization coefficients)

c. RMS ‘~ur fac e slope and electrical parameters

d. Surface area resolution parameter &k’tcr rnines the size of the incremental surface area used
in the surt ’a e  integration routine and th us ultimately affects the nide lity of the predictions) .

Closed-forni evaIu~itions of S(r ,~~) have b e n  constructed by Mallinkcrodt (ref 5-9 ) and Bello (ref 5-I) .
I va l u at ions  ol S( l w )  Using surface in t e gr at io n R ’chn iques have been performed by DeRosa rt~f 6—4
and 5-4~ and SLhneidc r ( ref  5-3) . Malltnkcrodt, Bello , and the earlier of the two DeRosa works
cite ’ d used sca la r formulation . whi le t h e  I~ite r [hRosa work and S~hneider used a vector scatter
form uhit ion.



npu

• system geometry
• complex polarization vecto rs of airplane

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1rface area resolution parameter

and satell i te antenna
• rms surface slope and electrica’ character istics

For incremental surface
area determine:

• received power (dP)
• time delay (r ) I
• Doppler Sh~tt  (L)) Repeat for total I

significant scatter
region ISort dP into

S (~~. array

In~eg r aI an d Fo urier
Operat ions Ofl S (r. ~ )

Output
• delay Doppler function
• t ime-frequenc y co rrelat ion function R (~ ~fl
• Doppler spectra 0 (ci )
• delay spectra 0 (r)
• time autocorrelat ion function R (~ , 0)
• frequency autocorr eiation functio n R (0, ~ I

calculati ons • spreads of 0 (
~;) , 0 R (E. ~fl R (0

• total rms scattered energy

Figure 6-1. Scatter Model Block Diagram



rhe ~~ procc~~ing l unc t i on  of t i le co n1pu~er co(k may he broke n down into three categories.

a. I -or eac h incrementa l  ~ur facc ~rca dS considered in the integration , calculate  ~~ received

~~atte re d power R1J’~. t he time delay it) . and Dopp ler shift ( w )  assoc iate d with the return.

b. Sort tIi~ power returned from each incr ementa l  area into a t~’o-dimeri~ional array ( r .w)
to y i el d ~in e~t i ma te  of the  cha nn el \  scatter func t ion  S (r .w) .

c. Perform Fourier and integra l operations on S(r .w) .  to derive the channel’ s time-frequency
a utocorrdation function , t ime autocorre lat ion function , frequency autocorre lation function ,
Doppler ~pe~trurn . delay spectrum. total mis scattered energy, and spread values of the
unidimensional para rneters.

Category c utiliie~ algorit hmic operations identical to those described in section 4. The second
eategor y ( h )  is a re lat lv LIy straightforward two~iimensional bin-sorting algorithm and needs no further
explana t ion .

Category .i represents the surface scatter boundary interface component of the model and. to
a large ex t e nt .  is based ot i the work of Peake (ref. ñ-~ ) . Drawing from this source we briefly present
with the aki of figure 6-2 , the underly ing mathematics associated w it h  the derivation of dP. r . and ~~~ .

For e i~c of Intt~rpret~ t ion. paramett ’r dP is calculated relative to the power received over the direct
path link w her~’a~ w and r arc evaluated rdative to the direct path Doppler and the specular-point
delay values . R~spect ive lv . [he normaliied reLe lved power t rom incremental area dS is thus t~xpr cs~ed j s :

r~~ (T~ T~~* ) o .  dS
( i. cd P =  —

41rr 1 r~~~JG~ G~I

w here
= di~tance ~ ~is i l l us trated in figure 6-2.
= com plex coe lt ic i ent that accounts for coupling between incident polarization vector .

ti lted dielec tric surface element , and r ce iv er polarization v ecL o r
= irf~i~- t sca tt c r cross section

(IS = e leme nta l surface ~ire~i
= airplane complex polarization vector for direct-link path
= ‘~.it elI i te cornpk~ polariij t ton vector.

(
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The com plex t r an ~rn iss ion coeff ic ient  embodies the air cr aft antenna spatial filtering and is
~ ikuIa t cd  a~ .

Tef (DI) [R~(a) (A cos + B sin ó~) (C ~~ + D sin

-R 1(a) i B cos~~1 — A s in ö 1 ) ( C sin ó 5 O COs
~~s)].

w
DI ~phi’rk~t I-c~irt h divergence factor
R~ (a) = par alle l Fresne! reflection coefficient = (~ 2 cos a - E)f € cos a + L)
R~~a) = perpendicular Fresnet reflection coefficient = (cos a — E)/ (cos a + E)

complex index f refraction of the surface
- -

~ . -, I ,
— s,n a) -

a = angk between incident wave and normal of properly tilted (to produce reflection
into receiver) surface facet

= ~ingIc between “theta ” component of incident wave and the incident “parallel” unit
vecto r ( j t ~. vertical pol ari zation wi th  respect to tilted surface)

= ang le hetwee n “ t h eta ” component of scattered wave and the reflected “parallel ”
U nit  v~~ tor

-\ H . ( 1) = t r ansmi t te r  and receiver complex antenna polarization vector coefficients as
described below .

Polar ii~t t i o n  ~~ctor ~ for the t ransmit  
~~~ ~nd receive antenna system are given by:

A
= A L TT + B L p1-

A
= ( ‘L TR + D L PR (~)-4 )

where
A ~

p 1-FT l p’j - un i t  ve lor s in the  theta and phi directions , respectively, with resp~~t to coordin~ite ~
4 

centered on transmitter

L1- R , LPR = uni t veUo r ~ in the theta and phi directions , respectivel y , wi th  respect to coor dina tes
c~n le r cd on rece iver.

he physical optics very-rough-surtace sca t ter  cross section is obtained from

= ) O  P~~°~•
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where:
0n~~n angles as illustrated in figure 6- .2

P55 ~
0n’~ n~ 

surtace slope probability density function; i.e.. the probability that the ~i i rtace
normal lies within the solid angle d~~n = sin O ,idO ndØ~ 

i~ given hy the quant i ty

For this particular anal ysis. t h e  slope pdf was assume d to be isotropic with the following Gaussian-li ke
form •

~os 0 t~i ii 0n 1
= 

n I
where ~r <tan 2 0~> mean square surface slope.

According to Peake (ref 6-5). this representation is quite similar to the standard Cox and Munk
(ref 5-1 2 ) distribution and, for surfaces of moderate slope, very nearly satisfies the normalization
conditions:

f f  ~~~~~~~ 
d~~n =

f_[Pss(O n4n) tan 2 0~ d~~n = ~~ ‘ . (~~7) 
-

.

It is further noted that for the slope conditions considered in this report , the p55
(0

11~~~)
distribution closely resembles a Gaussian density for a two-dimens ional isotropic surface. That ~s~. for

<< I the exponential factor of the slope distribution decays rap idly and is significant only for small
0 ,~ hence cos O~ is we ll approximated by unity. Furthermore , in the denominator of the exponent. the

3factor ( l + 2r~— ) I, and thus

I_tan 2 0 1
~ss~

0n’~n~ 
__

~- eX P[ 
~2 

n 6-8 )

The above relationship , under the constraint that cos 0~ I. exactly satislies the pdf normal-
ization condition and is identical in form to that of equation (3 .25) of reference 5-h . which was
derived for an isotropic interlace whose joint second-order surface height and correlation properties are

Gaussian; i.e .,
r -

~ 1
p(tan 13 = 

I exp I tan (3 (6-9)
ir tan 2 (30 [ tan~~(30 J

where:
p(tan~3. ~~) t he polar coordinate equivalent of the slope distribution described in secti on

(
~.5. 3 , page b-7 5 (i. e., ~~ = ~

2 
slope’ t~ = s 5 . t y = s~)

3For the 12° , (i~~ , and 3° rms slopes, the approximation (I + 2~ 2 ) ~ I decreas es the denominator of
the exponent by approximately 9~~. 2”~. and less than l~~, respect ively.

6-8

— —~~
-r;tt:,t — - —_.-— 

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - ~~~~~~~~~ . 



= angle made by the bisector of the incident and sc at tere d ray s with the local normal

• to the mean surface (i.e .. ~ describes the re(lu;site geometry for favorable scatter )
• tan~~0 = total mean square surface slope

tan~~ = t~~ + ~~ = tan 0r.

• 
t~ . t~ slopes of the surface normal in the x and y directions , respectively.

The joint probability densities p(t~ .t~ ). p(tanØ.00 ) and 
~~~~~~~~~~ 

related through the expressions

Pss(O n.On)d S
~n = P(t x . ty ) dt x dt y = p(tan

~ .On) tanadtan~~dø~.

It can readily he shown that tang is Rayleigh distributed. Using equation (6-7) in the form

J’Pss(0 n 0n) d
~m n ffP(ta~~~n) tan~~dtan~3dØ ,~ = 1 .

and substituting for p(tanØ.
~ n) from equation (6- c)). one obta ins (after performing the integration over the

0n variable).

exp dtan~~ I.

The integrand in this expression is the marginal pdf for tang and is readily recognizable as the Ray leigh

pdf . with variable tang and parameter tan 2
~0.

The correspondence between Pss(0n’~n~ 
and p(tan O

~ .Ø~
) may be obtained through the

following relations hips for an isotropic surface (see Hagfors , ref 6-6):

~ss~
0n’0n~ 

= P~
(0 n)

= 
2ir p(tan 0n’ ø~

) (6- 10)

- cos

Thus.

~ss~
0 n’0n~ ~ 

p(tan. O~ ) (6 1l)
- 

cos

Equation (6-I 1) may be used to give an alternate expression for the scatter cross section~ i.e ..

• 
= iT sec 0n ~~

0 n’0n~ 
= iT sec4 O~ p(tanO n,On).

6-9
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which when substit uted into the previously presented relationship or dP equation to- I y ie lds

1 
I—

I I rd \~ 1~1~ ~~ 
5(~C

4 0 r -tan
dP =—  l—1 — expl —

~~~
- dS. (0 -12 )

4iT \r lr~ / fG~ - GSI2 tan 2 
~~ [

tan 2 
~o

This expression is easily identif ied as the normalized (IG~ 
- 

~ S I~~ 
vector (TCf~ >I). equivalent to t he

formulation given by Stara s (eq 2 of ref 5-7).

T he de lay and Doppler variables associated with a given incremental area are determined from:

2f0ir — - - \
6-I3~

r = —‘—(r i + r2 — r 15 — r-is)

where f~ is the transmitted frequency, c is the velocity of light, and the other parameters are as

illustrated in figure 6-2.

6.2 DELAY-DOPPLER SCATTER FUNCTION

Section 6.1 out lined that the multipath’s delay-Doppler scatter function serves as the basic
system function from which the other model predictions are derived. Consequently. this function has
been generated for all parameter combinations delineated in section 6. As a representative subse t of
the total ensemble , we present S (r ,w)  distributions corresponding to horizontal and vertica l polar-
ization probes for high (3 1 0 ) and low ( 13 ° ) grazing angles , coupled with 12° . 6°. and 3° rms sea-s lope
conditions. The horizontal data is given for both in-plane and cross-plane flight directions whereas

p  only the in-plane data is presented for the vertical polarization probes. In the following section . t he
integral and Fourier operations on the model-predicted S(r ,c~) function arc discussed. Examples used
for that discussion are derived from the S (r ,~~) distributions of this section. For the purpose of
continuity, the data sets are therefore left in integrated form (i.e., in each figure we present S (r .~~),

Q(r) ,  D(w), R(0 ,&~ ), and R(~ ,0) for a particular set of system and surface conditions). Table (‘-2
provides a cross-reference between figure number , sea-surface slope, grazing angle, and aircraft heading.

The S(r ,w)  sc at ter functions associated with figures 6-3 through 6-20 provide detailed insight
regarding t he grazing angle, polarization , flight direction, and sea-surface slope dependencies of the

6- 10
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oceanic forward-scatter L-hand phenomenon.4 One readily observes that the Doppler frequency
distribution of t he returned energy is strongly influenced by aircraft heading (i.e.. compare figs 6-3
and 6-9). The dissimilarities between the in-plane and cross-p lane S(r .w)  funct ions are seen to
increase as the rms slope increases and as the grazing angle decreases. For the cross-plane case .
individual delay taps possess Doppler spectra that are symmetrical with respect to the specular-
point return frequency of 0 Hz. On the other hand, the Doppler spectra associated with the
individual taps for the in-plane geometry (with flight toward the satellite) are highly asymmetrical .
with the negative-frequency return being significantly more dispersed than the positive-frequency
scatter.

TABLE 6-2. MODEL-PREDICTED SCA TTER PARAMETERS: FIGURE REFERENCE

Sea s lope . Grazing angle ,
Polarization d~~ 

deg A/C heading Figure

Horizontal 12 31 In-plane 6-3
Horizontal 6 31 In-plane 6-4
Horizontal 3 31 In-plane 6-5

• Horizontal 12 13 In-plane 6-6
Horizontal 6 13 In-plane 6-7
Horizontal 3 13 In-plane 6-8
Horizontal 12 31 Cross-plane 6-9
Horizontal 6 31 Cross-plane 6-10
Horizontal 3 31 Cross-plane 6-1 1
Horizontal 12 13 Cross-plane 6-12
Horizontal 6 13 Cross-plane 6-13
Horizontal 3 13 Cross-plane 6- 14
Vertica l 12 31 ln.plane 6-1 5
Vertica l 6 31 In-plane 6-16
Vertical 3 31 In-plane 6-17
Vertical 12 13 In-plane 6-18
Vertical 6 13 In-plane 6-19
Vertical 3 13 ln.plane 6-20

For all elevation angles and sea-slope conditions associated with the in-plane flight geometry .
we note - that St r ,w) is characterized by two distinct sets of spectral “ hum Ps. ” For a given delay tap,
these humps correspond to the upper and lower Doppler spectra limits over which physically possible
multipath scatter will he returned; the negative-freq uency portion is due to scatterers being located on

should he noted that S(r ,~~) is theoretically a “smoot h function” of r and w. The “choppy”
• appearance of certain S(r ,~~) function plots results from the choice of cell-size quantitation used in

t he model-production computer programs.
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the st  a l rc ra t t  side of the specular point whereas the po~it is ~ - t requcncy component Irises from

sc att ers located os~ ard the subsate llite ssih - of the specular point -~

111CR :ire two rt ’asoi)s l I l t  t he ~Ix is tence of these liigh~onergy spectral humps- The first re lates

to tlw tac t  that lor in -p lane geometry the sur fa c e elements responsible for returning encrg~ into t he

upper and lower Dopp ler limits of a particular tap lie along (he great circle patis joining the suhair-

craft and ~uhsatellite points and thus have a much larger scatter cross section than any of the other

elements t hat return enerey into the delay tap. T he second and perhaps more signiticant cause ts a

consequence ol~ (lie re latI ve ly large area s i/c tmax imurn (or each tap ) that gets mapped into the

extrefl i il ics of a particular tap ’s Doppler s pe c tr a due to the deIIIv and Dopp ler contours in (lie surface

Ilavlng a tangent ial intcrsCct i( Inf’ This occurs regarlllcss of airc raft heading: however for any geometry

other t han in-plane, the locations of the tangentia l intersection s between the delay contour and the

ex tremit ies of the Doppler contours move off tile great circle path md consequently do not possess as

large a sc att e r cross sectio n as other sca t tere N that are located closer to the ere~it circ le path and return

energs into the delay tap. F-or the cross-p lane geometry . t he off-great-circle displacement of the tang-

ential intersection sre~s -~ is significantly large: thus as the sea slope dec reases 7 the rel1 sti se amount of

energy in the extr emities o , t eac h tap ’s Doppler spectr a dc~sease s Ie.g.. compare f igs 6- 12. 6-13 .

and 6- 14 s

Wit h respect to t h e  Doppler frcquene~ spec tr al humps . it should be noted t hat their position

in the Sf r~~ h realm depends only upon sy stem geometry and transmUted lrequency 01
1 the eleLt ro-

mag n e ’t iL  ssa s e Fhe sea-surface rms slope controls the re lat isc amount of cnc rg\ in each spectr a l  bin.

\ll I f l cre i5 (- in slope is accompanied by II flow of ene rg~ from the low-delay tap numbers to the higher

1lel~Iys ,ind Irons the interior region of a tap ’s Doppler spectrum to the exte rior limits for the sross-

plane c’eorneiry wit h the opposite Doppler redistribution occurnng for the in-plane case.

5 These ob l se t v .I1II1I1S pertain to in-plane (lights directly toward the satell i te as in this test program For

in—p lane flights IJI’I~I1 i from the satel l ite , the roles of t he positive and negative Doppler I requency

realms discussed tiere and elsewhere would be rev cr~ed , silice sc. Ib  Icr from the region on the suhair-

ral t s i de 1)1 the specular point would , in that ease’ . be associated with positive Doppler

~~~~~~~~~~~~ this corresponds to t he Jacobian of the transformation from (lie surface spatia l

coordinates to th e rece iver  l I l l y - I )opp ler coord inates becoming infinite.

711 lie lower the sea sl ope the quicker the scatt e r cross section drops o f t  (or an incre,ise in the off-great-

circ k’ location of a ssi r t i~ e cle me nt .
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For large-delay tap numbers , the behavior of the in-p lane geometry spectral humps is of signili-
cant intere st In particular we note that for an increase in delay, the frequencies associated wit h the
negative Doppler extremity increase whereas the positive maxima remain at a Doppler frequency that
is essentiall y invariant. These features are readily explained in terms of the rate of change that the
angle between vectors ‘

~~ and ii’~, of figure 6-2 undergoes for a change in scatter location along the
grea t circle line joining the suhaircraft and subsatel lite points (i.e., the Doppler shift associated
with re flection from a surface element is proportional to the cosine of the angle between velocity
vector and retlected ray, whic h angle changes much more slowly in the subsatel lite direction than in
the suhaircraft direction).

Finally it may he observed that under identical surface and geometrical conditions, the S(r .w
funct ions for the horizontal and vertical polarization are in close accord. However , as was mentioned in
section 5 1 ,  we are able to discern that the relative weightings between the negative and positive Doppler
returns are larger for the vertical polarization data than for their horizontal counterparts , This results
from the fact that as the scat terers move toward the suba ireraft location , t heir local elevation angles
increase as opposed to a decrease for locations toward the subsatel lite point. Hence for the grazing
angles associated with the examples of t his section , the negative-frequency returns (suhaircraft direc-
tion) have a larger vertical-to-horizontal polarization reflection coefficient ratio than the positive-
frequency returns. For specular-point grazing angles in the vicinity of the Brewster angle , th is observa-
tion will of course no longer hold true.

6.3 INT EGRAII \Nl) FOURIER OPERATIONS ON S (r ,~~)

Model predictions re lating to the multipath channel’s joint time-trequencv autocorrelation
function , delay spectra , lre~ uency autocorrelation function , Doppler spectra , time autocorre latioii
function, and total rms scattered energy are derived through integral and Fourier operations on the
model-generated S(r ,~~) function (see sec 4 .2 for the mathematical relationships). Results pertaining
to thcsc predictions are given in this section .

6.3 , 1 Joint Time-Fr equency Autocorrelation Function: R(~~ Z )

R(~ 4~) is related to S(r ,~~) through a double inverse Fourier transfo rm operation on the r

and ~ variables: thus one domain influences the other via the well-known properties associated with
the Fourier transform (e.g.. an increase in spread of the r variable results is a decrease in the &~ spread.
etc. )  Hence th it ’ overa ll grazing angle and slope dependencies of R(E,~2) may he predicted l’rom t he
previous discussion in section 6.2.
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(on-espondingly . sse expect that R~~~2 is strongl y dependent upon aircr aft heading. To
il lustrate this dependence. R(~ .cl) distributions are given in Iigures ñ~~l and t~~2 for the in-plane and
cros s-p lane flight directions , respectively Accompanying each ,R~~S~)l example is the S( r .w)  func-
tion fro m which if was derived . These data were generated for a horizontal polarization probe at a
grazing angle of 19 0 with an rlns sea slo pe of 6

0
. For the in-p lane geometry case , the R(~ .~2 ) function

is given from two alternate points of view .

Perhaps one of the most obvious feature s of these two figures relates to the symmetry proper-
ties of the R(t .fl) distri bution with regard to the time-lag variable ~~. a direct result of the Doppler
)w )  coordinate symmetry properties of the S(r ,c~,) counterparts. For both ~~~~~ examples we see
that , as expected , the function has peak value for the simultaneous zero time (

~ ) and frequency (
~~)

lags. ~n general R(E,~
’l) decreases for an increase in either the ~ or ~~~ variab les. This decrease is

fairly monotonic for the cross-plane geometry yet we note a dist inct oscillatory structure in the varia-
ble of the in-plane data example. Furthermore , for a given £1, the oscillatory characteristic results in
a local maximum that does not (except for ~Z = 0) coincide with the ~ = 0 axis. Rather, we observe
that the ~ value corresponding to t he local R(E,~~) maximum is positive and systematica lly increases
for an increase in ~2. For ~ values greater than the local maximum , the R(~,~2) function has a pre-
cipitous dropoff to a level closely equiva lent to its mirror-image value on the negative side of the axis .
It may he shown that t he local maximum shoulder associated with the in-plane R(~~ 2) distribution is
a direct result of the negative l)oppler (i.e.. returns arriving from the suba ircraft side of the specular
poinl ) shoulder of the S(r .w)  function. The positive Doppler shoulder , which in comparison with the
negative shoulder quickly becomes asymptotic to t he delay axis , gives rise to the symmetrical eornpo-
nent contained in the R(E.&Z in-p lane distribution.

6.3. 2 Dela~ Spectra

This parameter is obta ined by integrating the m odel-generated S(r .w) function over its
Doppler variable . t)elay spectra dependence upon the polarization , grazing angle . tlight direction, and
sea-slope parameters can he estimated by referring to the figures listed in table 6-2 . Significant observa-
(ions are listed below.

a . The delay spectrum does not depend on the velocity vector of the airplane. The minute
dit ierences visible between the in-plane and cross-plane spectra (e .g.. figs 6-3 and 6-9)
result from dif f erences in the surfac e integrat ion parameters chosen for the two cases.
The parameter JJJ contained in the computer printouf heading of each figure is an indica-
(ion 1) 1  this.

h. Sea-surface slope has a much greater influence (In the delay spectrum than does the grazing
.tngk ’ paramete r. the higher the sea slope , the heavier tai led the distribution becomes. In
section 6-4 . delay spread parameters are shown to have only a weak dependence upon
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grazing angles and almost no dependence for angles above 15 ° in conjunction with low-to-
moderate sea slopes .

e. Apart from the relative niagnitud ’ Iliffcrences . the high-angle ( 3 1
0

) vertical and horizontal

I polarization delay spectra have very similar distributions. On the other hand, the low-
angle dat ,m ( 13 ° ). coupled with sea slopes of 6° amid 1 2° - shows a s lert ical polarization

I spectrum which , compared to its horizontal polarization counterpart. is visibly more dense
in the interior region of its distribution.

6.3.3 Frequency Autocorre lation Function: Rt 0.~2)

Since the frequency autocorrelation function is derived by taking the inverse Fourier transform
of the delay spectrum , many of its attributes may be deduced from the preceding discussion. First ,

L we observe that R(0.~2) does not depend on the ve locity vector of the airplane. Also , since the delay

r spectrum is everywhere positive , the frequency autocorrelation function , as expected , has maximum

I amp litude for the 0-Hz separation value. Wit h respect to the sea-surface slope effects , it is noted that

I a decrease i’i slope result s in a broadening of the R(0,~
’2) amplitude distribution. In contrast , the

I grazing angle dependence produces no appreciable difference in the R(0 .~~) distributions for the cases

I illustrated. Polarization effects on R 0 ,~2) are also seen to be minimal except perhaps for the low-

I grazing-angl e- cases coupled with t h e  occurrence of high sea slopes , where it is observed tho~ t he hori-
zontal polarization distributions are heavier tailed than their vertical polarization counterparts.

6 .3.4 Doppler Spectrum

I (‘ompared with the other multipath channel unidimensional measures considered , t he Doppler

I spectrum shows , by lar , the greatest dependency upon grazing angle and flight direction system param-

I eters. It is also influenced significantly by the sea-surface rms slope and has a slight dependence upon

I the polarization of the incident electromagnetic wa ve, Refe rring to the figures delineated in table 6-2

L we observe that (‘or cross-plane flight geometries the Doppler spectrum has a distribution that closely
resembles zero mean Gaussian, w ith variance increas ing in a linear fashion with an increase in rms sea

I slope. These characteristic s , espe cially for the larger sea slopes, are distinctly different frein those
associated wit h the in-plane flight geometry. In general , the Doppler spectra of the in-plane flight

I I  cases are highly asymmetric , wit h the distribution being heavy tailed in the negative-frequency realm

I and possessing a spectral maximum that coincides with a frequency upper limit in the positive realm,
Above this maximum the energy density fa lls off in a precipitous manner. U is observed that these

I attribut es become more pronounct.hl as t he sea slope increases and as the grazing angle decreases (i.e.,
compare figs 6.3 . -5 , -6 . and -8). In fact , we note that as the opposite conditions occur (low slopes
coupk’d with high grazing angle), the in-plane distribution becom es increasingly similar to its cross-
plane counterpart (compare figs 6-5 and 6-I I ).
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The dependen ce of ’ the’ in-plane Doppler s pe ct ra  Li~~ O)f l  t he sea-slope parameter is ol particular
inte rest. [o r  .111 increas e in slope we observe X that energy near the 0— liz center of the function is

dispersed toward the ex t remi t i e s  of the distribution. wit h t he manner of redistribution being markedly
dml f e re nt for the negative and pos l i lve  halves of the spectrum. ‘rhe positive realm is seen to become
increasingly peaked , wi t h the peak shifting toward the high-frequency cutoff of the spectrum . the
spectra dens it~ in the negat ive-frequency region becomes more anol more dispersed with the falloff
resembling am i exponential decay As discus sed in section 6.2. the be havior of (lie in-plane Doppler
spectra ’s peak distribution and sharp high-fre q uency cutoff ’ is a direct result of the asymptotic
behavior of the positive-frequency shoulder of the S( r , w)  function.

Wit h respect to the polarization characteristics of the Doppler spectrum. we note t hat for hieh
grazing angles and low slopes t he vertical and horizontal polarization data arc in close agreement. For
t he low-grazing-angle and high-slope conditions, the vertically polarized spectrum is seen to have a
much higher percent:ige of energy in t he negative portion of the distribution than does the correspond-
ing horizontal data. The phenomenon that prod uces this observation was discussed previously in

‘
I section 6 2.

6 .3. 5 Time Autocorre lat ion Function: R(~ ,0)

Even though the channel’ s time autocorrelation function is related to the Doppler spectrum by
way of the Eo)urie -r transform , we observe that its distribution has t he same genera l shape for both
choices of aircraft heading. However. for t h e  large sea slopes the in-plane R~.0 function decays
considerabl y slower than the cross-plane distribution. This feature is a result of the very peaked maxi-
mum that t he high-slope in-plane Doppler distributions possess. In general a systematic increase in the
dispersion of R E.O is associated with a decrease in t he sea-surt ’ace slope and a decrease in the grazing
ang le. Also , as one would expec t  from the Doppler spectra observations , the horizontal and vertical
polarization R E. 0 re-suIts ire fa i r ly similar except for the low-angle high-slope conditiom s. w here the
horizontal polarization fum iction exhibits a muc h slower decay than its vertical polarization counter-
part.

6.3.6 Total RMS Scattered Energy

Model predictions of t he sea surface ’s tota l scattered energy as received over the satellite-to-
a irplane link are’ presented in figure 6-23 . Ehis data has been miormalized relative to) the energy received
over t he d i re c t  line-o f -sight path. which for geostationary satellite altitudes is closely equivalent to a

8Note that the Doppler shift associated with reflection off a surface element is proportiomial to the
cosine of t he angle between the incident and reflected rays.
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normahiz atm o n wi th respect to the energy incident upon the surface. Importan t features pertaining to

the scat fer coeffi c ients i n - listed below.

a Sea slope has a very minor effect on the higher grazing angle (
~ 10° ) data.

• h. For the low-grazing-angle results , we note t hat the vertical polarization coefficient s tend
to increase wit h an increase in sea slope whereas the opposite dependence holds true for
the horizom ital polarization results. This behavior results from a combination of
I ) an increased “active ” scatter area for t he larger surface slopes , coupled with

( 2 )  an effective depolarization of the incident electromagnetic wave , which increases as
t he scatterer moves further from the specular point. For example , w ith respect to the
individual “tilted ” flat surfaces that favorably reflect energy into the receiver , the . -.-r t i .al

polarization probe will in fact have a polarization vector that contains a horizontal
component and is re flected with less loss than the vertical component. Other reasons
include (3) the fact t hat at (lie lower grazing angles in the vicinity of the Brewster angle
( — 7 ° the vertica l and horizontal reflection coefficients are substantially different from
their higher angle counterparts, and (4) the “Brewster angle fill-in ’ effect, whic h has been
discussed previously in sect ion 5. 6. 2.

c. T h e  lower the sea slope the closer the scatter coefficient approaches the classical Fresnel
smooth flat-eart h reflection coefficient result as modified by the spherical-earth diver-
~ - i iee f ’actor .

6.4 SPREAD VALUE PREDICTIONS

Model-predicted spread values for t he multipath channel’s delay spectra , frequency autocorrela-
tion function . Doppler spectra , and time autocorrelation function are presented in this section.
Definitions pertaining to the spread parameter measures given in section 5.3 apply to the model
predictions. In addition , we present the delay spectra’s second moment relative to the specular-point

—— ---~~~~~ ~~ : return. This measure ix calculated as:

E(T
1T
5&

2 Q(
r)1

11~2

-
‘ 

- “Q(r) 
= I (6- l~~(

E Q(r) 31’
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s~ here:

Ti = ~fcl,tv spectra s secoiid moment with respect to specular delay

TSP = speculan tap
Qi Ti = mean sq tiare energy at (lot put oh deIa~ tap.

Spread value results are rresented gra ph imc .mlly as .1 function of grazing angle (3° to 3 1 ° ) t’or sea
slopes of . .  i , .ind I 2~ in f igures b-24 through h-3- t Rck-r to table 6-3 to obtain the correspondence
bel~~et ’ii f igti re number , sprea d measure, prober polarization , and aircraft heading. Observations per-
taining to the spread in e.ls i i r t ’ characteristics ire summarized below.

TABLE 6-3. MODEL-PREDICTED SPREAD PA RAMETERS: FIGURE REFERENCE

Spread
Parameter measure Polarization Heading Figure

Delay 3dB Horizontal a 6-24
10dB

Delay 3dB Vert ical a 6-25
10dB

Delay OQ~~ Horizonta l a 6-26
Delay ~~~~ Vertical a 6-27
Coherence bandwidth 3 dB Horizontal and Vertica l a 6-28
Doppler 3dB Horizontal In-plane 6-29

10dB

Doppler 3dB Vertica l ln.plane 6-30
10dB

Doppler 3dB Horizontal Cross -plane 6-31
10dB

Decorrefation time 3 d8 Horizontal In-plane 6-32
Decorrefation time 3 dB Vertical In-plane 6-33
Decorrelatmon time 3 dB Horizontal Cross-plane 8-34

‘~~~~~ aoelay spectra not a function of heeding. -

6 4 I Deha~ Spread

Delay spread results are presented in figures 6-24 through 6-27 .

a. Aircraft heading has no effect on parameters associated with the delay spectrum.

h For horizontal polarization and low-to-modest sea slopes (i.e., up to 6°). the 3- and l Q-d B
delay spreads are relatively uninfluenced by the grazing angle parameter . The vertical

6-40

I ~~~~~~~~~ ~~~I H~~~~~ ’ I 
~~~~ ~~~~~~~~



Delay spread, M

O 1 5 ~~~~~~~~~~~25 3O 35
Elevation angle , deg

Figure 6-24, Model-Predicted Delay Spread — Horizontal Polarization
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Figure 6-25. Model-Predicted Delay Spread — Vertical Polarization
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Figure 6-26. Model-Predicted Delay Spread (~~cond Moment) — Vertical Polarization
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polaritation data f’or these s lopes is characteriz ed by a local maxi m um in the ‘.ieinity of
the Brewster angle: otherwise it also has a relatively flat grazing angle dependence.

c. I or the larger slopes , the delay spncaifs tend to increase with grazing angle: t h e  dependency
is re lat iv ely strong for grazing angles he-low approximate ly 15 ° and quite weak thereafter.

d. The similarity hetween the vertical and horizontal spreads is seen to increase wi th an
increase in grazing angle and a decrease in sea slope: for the lower grazing angle and
higher slopes , the vertical polarization data in general has the larger 3- :mnd I 0-d R spread
value,

i’. The °Q( r)  spread va lues have the same order of magnitude as the 10-dR spreads: however.
as opposed to the above observation , we note that t he horizontally polarized second-
moment spread is generally larger than its vertical polarization counterpart.

f. All spread measures (3—d B, 1O-d B. and °Q(r~ 
are observed to increase with an increase

in rms surface slope : the functional form of the increase, however , does not appear to he
systematic,

6.4 .2 (‘ohie rencc Bandwidth

Figure 6-28 illustrates model results t’or the coherence bandwidth.

a. For the higher sea slopes , model results indicate that the 3-d R coherence bandwidth has a
sc ry wea k dependence upon grazing angle , whereas the 3° sea slope yields 3~lB coherence
bandwidth that increases rather sharply for an increase in grazing angle. This result is
somewhat in opposition to that obtained for the delay spread parameter.

h. In general , the horizontal and vertical polarization data are in fairly close accord ,

c. (‘oherencc bandwidth decreases wit h an increase in sea slope.

d. For the I 2~’ sea-slope case , a 3-dB coherence bandwidth of roughly 85 khIz appears to he
typical for grazing ang les lying between 3° and 3 1 ° : the 6° slope data yields 3~1B
ci)hereflce bandwidths ranging from roughly 200 to 275 kIlt , wit h the higher values being
associate d with the larger grazing angles.
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Figure 6-29. Model-Predicted Doppler Spread — Horizontal Polarization, In-Plane Geometry
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Figure 6-X. Mode/-Predicted Doppler Spread — Vertical Polarization, In-Plane Geometry
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Figure 6-3 1. Model-Predicted Doppler Spread — Horizontal Polarization, Cross-Plane Geometry
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Figure 6-32, Model-Predicted Decorrelation Time — Horizontal Polarization, /,i P1.oi~’
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Figure 6-34. Model-Predicted Decorrelation Time — Horizontal Polarization , Cross-Plane Geometry
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6 4 3  I)oppler Spread

Doppler sprea d model predictions are give-mi in figures 6-29 . 6- 30. and 6-3 1.

Roth the 3-and 1 0-d R spread measures increase monotonicallv as a funct ion of elevat ion

angle lor .ill t hree sea slopes. For the cross-plane geometry this increase is. to close
approx imation. proportional to the sine of t he elevation angle, whereas a very nonsystema-
tic behavior characterizes the in-plane data.

h. The spreads associated with t he cross-plane data increase with an increase in sea slope.
For both m easures , t he spread appears to he linearly related to the surtace slope.

c. For the in-plane geometry we observe a rather unexpected slope dependency. Namely,
the largest slopes do not always correspond to the largest Doppler spreads. This occurs
for both the 3-and I0-dB spread measures and for both polarization modes. It results
from fbi’ fact that as the slope increases , t he amount of energy contained in the asymp-
totic region of t he S(r .~~ ’s positive shoulder increases , t hereby causing the high-frequency
end of the Doppler spectrum to become increasingly peaked (i.e., t he asymptotic region
is mapped into a single Doppler location). On the other hand, the increase in slope will
cause an increase in dispersion associated with the other regions of the spectrum. Thus
for the in-plane flight direction 3- anti I0.dB Doppler spread measures we have a tradeoff
between two factors that have an opposite slope dependence spread effect. These effects
are visibl y demonstrated by t he data presented in figures 6-6 through 6-8 . For the low
grazing angles , t he high-frequency end peak becomes very significant and is observed to
result in 3-d B Doppler spreads on the order of I Hz (about hO to 40 times lower than their
cross-plane counterparts).

d. Doppler spread dissimilarities between the in-plane and cross-plane data sets decrease for
an increase in elevation angle and a decrease in sea slope.

p
6.4.4 Decorri-lation Time

Figures 6-32 . 6-33. and 6-34 present model-predicted re-stilts for decorrelation time.

a. Like the coherence bandwidth measures , the decorre lation time spread valLes show
systematic dependencies upon grazing angle and rms surface slope , i.e.. the decorrelat ion
times monotonically decrease for an incre~se in either the slope or grazing angle.

h. The grazing angle dependence appears to follow a sin~ (graz ing angle) relationship,
especially for the cross-plane flight geometry eases.
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c. For most of the ~‘azing angles , decorrelation time decreases approximately linearly with
an increase in sea slope-.

d. Aircraft heading mildly influences decorrelation time , with the in-plane data having
slightly larger decorre lation times than the cross-p lane data (particularly for the
large sea-slope conditions).

e. In general the vertical and horizontal polarization results are in close agreement: however ,
we do note that for t he 6° and I 2’~ slope cases the vertical polarization data tends to have
a slightly lower decorrelat ion time than the horizontal equivalent (with the exception of
the 3~ grazing angle condition coupled with the 6° surface slope).

f. Decorrelation time difference between the in-plane and cross-plane cases tends to
decrease for an increase in grazing angle- and a decrease in sea slope .

h .5 SEA-STATE DATA

In the propagation of signals Hi’twe en satellite and aircraft , unwanted mult ipath energy is

~La t t t r e d  from the o~t’an surface. ‘10 t oIly understand this scattering mechanism, a basic knowledge of’
t he i n t e r a c t i o n  between the st ir taL C ch ,ir , ict t ’r,st i~ s and the electromagnetic signal must he obtained .
In t i t s  see t i t in , a dest.riptiun is ins ~‘i’ st ’j ’ s ta te  ineasure met its and their analysis. This measurement
program Was . i r r ie d out in e0flluit~ t.~in w it ft the aeronaut cal tests  to provide a source of fundamental
data that could he correlated with the measured link scattering properties.

The basic instrumentation w,i’, comprised of three-ax is acceleromeL s , roll and pitch gyros, and
a magnetic com pass , all mounted on a wave-following buoy. Damping was provided so that the buoy
res ponded to w a s e  motion in  the same way that an equivalent volume of water would. The roll and
pitch gyros provide data concerning wave-slope distributions , wh ile the accelerometer outputs may he

p - processed 1° yield spectral :tltri hutes of the ocean surface. Re-cause of its size , the buoy responds only
to wave - lengths greater than a meter or so. To allow measurement of the properties of smaller waves .
the buoy was f i t ted with an array of 10 wave staffs to se-misc small-scale undulations directly .

‘\ nalvs is of data collected from these sensors provides information on the ocean properties
relevant to the scatt e ring of electromagnetic waves. In addition to the validation of postulated models.
va luable insight is gained to provide a basis for either extending the- models to he more accurate or
simp l i f y ing  them to the point where elementary descriptors, suc h as windspeed . may he used to estimate
statfering properties.
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54

.1 Outline of the Model

L eading into a discussion of the coup ling between sea - s ta te  observ :ihli ’s and mmiii path scatter-
ing, a br ief ’ descri ption of ’ ocea nic wave motion is given.

6 5.1, 1 Tutorial f l i oI l i s s i o , i  o t h a t e  Mono,, The ocean surt ’ace can bc described and el , issmf ’ied in a

variety of wa ys , The most comp lete description of ’ current surface s c a t t e r  models f’or t he ocea n comi-

sists of ’ the ioint probability Jensity function of ’ wave slopes along two orthogonal a x es p1 i 1 ~~~~~~ I .

the prop ability density function of wave height p0(z) . and the power spe itral density ol thi sma ll-scale

surfac~ heights Soo(k x.ky )9. Other important parameters . some of which can he derived f rom t ime

above t in ,c t io ns . are the rms wave height . t he rms wave slope I omnidirecti onalmty ass unmiL ’d . and I lie

windspee d and wind direction.

The above functions and parameter s derive from a mathematical model for the meant su rf ace .

to which reference - is ,ilso required f ’or t he breakdown and interpretation of sea-s tat e data. Most gen-
erally. the wave surtace is represented as a three-dimensional function, ~?( s , v .t l. which is taken to he a

random process in space and time. The process can he advantageously viewed as an inf ’inite sum of

propagating sinusoidal w aves with random coefficients. The sinusoidal dependence of e t c h  term has

the- form

a
-4 -4

cos (c~,,t - k - r + ( (  -

w here.
w angular f requency ( radians per second )

k = vector wave number ( radians per meter ) . with component s k~ and k 5 in t he ~ .ind

v directions, respectively 
-

= surface position vector with components x and
= an arbitrary phase angle -

( he dot product in equat i in (6- I o h s  given by

k k~ x + k ~
y. ~i

I
, 11A complete- d iset ission i ( i t  these funct ions and their relations h ips to n,ultipath e f f e c t s  is given in

4 (ri.-t

~~ - ~~~ I ~~~~~~~~~~~~~~~~ 
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(Inc of ’ t Ime i t i ist impor tant i im e im is of ’ c lassify ing ocea mm wav es derives front the na t t i r ’ of ’ h
— osc i l lat in e- behavior content in equation f ( i—I 7 . The descriptive parameters ire t he tempor a l angula r

freq uetic ~ w and the ~pat i i l  angular frequency 1k~ in time direction m l  ‘\ii i l l i t s f r a tmont  of  t t iN  pe

of ~I l a s s t f l ~
I
~it iomi  Is pros ided in f igure t m ’ 3 5 .  The ~~~~~~~~~~~~~~~~~~ refe rred to in iC r-. ta 1 3S is I ref ( - 7 )  t ha t

ohl.uned hs wr i t in i~ t it~ magmi it tide of k in fbi’ for nn

=
~~~~~~~

Itt tins exp rcs~ l m i1 ~ is the e \ac ’t ,ttialog o f wavck’t igth in electromagn etic theor y I I he te r mm nofa
‘‘ i m m ? r . t g r . i s i t s  w a s e~~’. ‘‘long period ~~~~~~~~~~~ c f .  I used in figure 6—35 iL ’ t C i, to tI le imcc h , i in~t it ss
t he w i s e is c e nc r .m te l  and sustained or. in an obvious way,  refers to the sLate en~ t lm Q -

i i  m r gras t v waves , the aforementioned const ra int bt ’twceii tempora l and spat ia l  ( req l t enL’v is

pr !e m i is t lie d ispersi(in relation

• = Iki g .

w here i~ is Ihe t , n~ta nt  ,i~~ L’ ler at Ion due to e r , i si t v  I ~~~ in see 2 I t t  terms of the s , ’ .e l c n e t l  Q ,mnid
the t I if lpm m , m f  period I , li i i ’ . m e l .mmtn n  can he wri t t en in t h e  f ’ornt

Q = ‘:ê~— 1f 1 2 a

I or t i me i i t e rpr e t . i t t on i  of experimental data , these two relat ions provide in sights t OR i tIme r e l . i t i - n
ht’ lween t he tt’niporal and spal al behavior of the ocean s u r fa ce

p 6 S I / I _ ~ R t - laz im , i,mIi i ~
, a/ .Sea-.Sta~’e Data ( m m  Mult ipatli Seattt ’ri,: ,g As disc ussed itt re le re i i  i’ 5-5

• by [kRosa in re f e rence  ~ ‘4 . the scat ter ing cross se e t i mi t i  f~~r the ocean surface cati he represen ted mm

te rms of t he Jo int ir babi l ily den s i ty  f’unct ion m t the w ave slopes along two or t l tocmui , i f  , i \es 
~ t l~ 

/ 51 / 5

Once ihc ~~m n s s sec tion is know n, h it - f t ’tay—l )o ppler sL it ter f’unction . S ( r w f  c~ be t ’ t m ’rmn i ,’d

— . 
wit h all at the low ‘ m echt’loti parameters such as ruts mnu htipa t l i  spread . Doppier spre ad ~o f ie re i t c ’
f ,i im iw imt th i~ of  t Im e channel , c c ,  Thus, all t he ii~ntor!ant para meters required to li.ii,o R n / c  liii ’ nniilt I—

— path li,mnnel art’ derivable f’rom tlie~oint pdf 
~ l l 4

~~s ’ ’v 1 ‘(‘lie-re is a sound ph l y s k . I  i n i t enp i ’l,ilioil f
t i ns  fu ti ~ tion ’s role in the scat ter ing pr icess . the mnuhtiuidc iii w ave surf’ace’s pros lif e  opport l i i i i t ies in

1— imi s spa t i t  reg ion, fo r the co rrec t alignment of ’ .i ‘.l rl ,iee at (he mirror angle- between the ii i i i  t and the
sale ll ite . S ,tt le ri i ig re~ n uns more widely sm ’ p m r I ’ f  I rmi i i i  t i m e specular p i t h  require s tee pe r  st .i’.e s l i m ’s

to achieve the correct f a cet  align m ent , anti the f , i m ,t  that fl its is it ’ss l ike l y t m m m  -o r l i i  t m ’Cl its w idet~
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separated from the specular pat ti t h in f ’or paths miear specular can he descnhed in a qu a n t t t a tmve  way

with the use of .i wave-slope pdt .

1 m m addi tion to their reprcsent:ilnnn in terms oh’ p1 I(Z x.Zy ). the channel parameters and sub-
sidiary fum ictions (delay and I)oppler power spectral densities ) can he represented directly in terms of

°slope ’ the rms Iluctuatm ons of the - surface slope . This kind of representation is achieved via the
assumption øf a specific form e.g., joint Gaussian) for the slope density and the method of ’ “steepest
descent. ” which provides a satis fa ctory solution for most aeronautical satellite app lications. As
e xamples we point out the explicit relation between 3-d B Doppler spread presented in this report and
Re-Ho ’s represe-ntation of the delay power spectra l density as a function of °slope and geometric
partmeters I re f 5-1 1.

It should he pointed out that the availability of experimental joint pdf’s for wave slope allows
a direct comparison of mode l calculations using measured pdf’s and model ca lculations using a joint
Gaussian pdf parameterized appropriate ly with the measured value of Gslope.

The prediction of multipath effects in operational systems would he greatly faci litated if one
could make predictions based solely on standard oceanic obse rvables such as wind velocity and/or wave
height. Usefulness of such an approach currently hinges on the validity of relationships such as those
presented in reference 6-8 I p. 16) which have been cal led from other references (refs. 5- 12 and 6-9).
From reference 6-9 we have a functional relationship between the rms wave height. °h’ and the
wmndspeed , V . given by

0.00455 V2 . (6-21)

with °h give~, in f t  and V in knots. From reference 5-12 we have the relation between rms wave
slope. °slope’ ,mn d windspeed V

°s lope = 0.1 ( a + h V ) ” 2 . (6- 22)

wh t-re a and h are constants ih-~t depend on whether the slope is in the upwind direction , t he cross-
wind d i rect -on , or is o mnid i r ec4 m ona l , Spec ifically , the coefficients are

Upwind: a 0 . h = 0.163
Crosswind: a 0 .3. h = 0.099
Total a = 0.3 b = 0.264

6-~ 3



\e - . mi i l . V is imi knols I if m u d  t he slope parameter a is ml ii i ie mis ioi i less .

om him u iie the Iwo reIn m i nis ~t has . - , mine obta ins a s I m .loc l it % I itidependent rel, mti on between time
rum- -. w .is m’ height amid rms slope:

= 0.00455 (Ioo~~ioPe - )2

The ob iect iv es of the s c m - s t a t e  data reduction e f f o r t  arc seen then primarily in terms of the
dc ris ,irmon at ex pernm r mem it al slope distributions and wave—nu m ber spectra , along with the ~orrelation at
s lm pe data w i t h  observed windspeed and sea conditions.

6.5 .2 Sea-State Data Reducti1on

The sc:t ’ sta te mmm easurement periods generally covered periods of 40 mm of buoy dep loyment.
I\ l t oge th er. seven tl if fe rt ’ nt data segments are avai lable , some corresponding to days on which the air-
craft was flown in the multipath tests ,  h owever . on t hese occasions there was .m time di f ferent ial
between the tw o  s e t s  of measurements o f approximately 5 hr . so it would be unwise to expect ser y

lose predict imn is m m f  ,mctua l scatt ering conditions fromim the se a— state data.

Table (4  lists the data segments processed and inc ludes all relevant parameters. I:or these
meas ur e-me-m it days . the data reduction included:

a. Wave-s lope pdrs from roll , pitch, and compass variables
h . Wave-height and acce leration spectra from accelerometer variab les
c. Small-st -a le wave-height spectra from the wave - sla f’fs
d. Statist i cal ana lysis of wave-height acceleration-

Details of ’ t his processing are give-n below, Further discussion of the wave instrumentation
is contained in appendix H of volume IV .

10(n deriving the empirical relations hip of equation ( 6 - 2 2 ) .  (‘ox and Murmk used data acquired f ’or a

range of wind ve loc mIl es tip to 18 kn. Data presented later in table (i-S applies this relationship for
measur ed wind velocities slightly in excess of this value.
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TABLE 6-4. TABULA TION OF SEA .STA TE TAPES PROCESSED AND PA RAMETER VALUES DERI VED

Slope_paramete r 
______ 

Standard deviation 
______

Segment Wind Wave Wave
Date Tape length, velocity. Sea staff staff

(197 5) number mini kn state O~ O~ p A
~ 

A
14 

A~ 1 5

Jan. 29 SSDO6 32 26 i t t  — — — 0. 18 0.035 0.036 0.100 0.100
Jan , 30 SSDO7 32 5 1 ft 0.127 0.167 -0.86 0.20 0.033 0.032 0.103 0.105
Mar. 25 SSDO1 16 10 2-ft 0.019 0.021 0.074 0.079

swell
Mar , 27 SSDO2 24 20 2 ft 0.080 0.066 0. 162 0.29 0.043 0.035 0.161 0.164
Mar . 28 SSDO3 16 16 2-ft 0.082 0.069 0118 0.25 0.045 0.045 0.161 0.147

swell
Mar 31 SSDO4 32 20 2 ft 0.065 0.051 0.084 0.149
Apr . 1 SSDO5 24 19 2 ft 0.037 0.035 -0.045 0.20 0.05 0.06 0.089 0.129

61512, 1 Slope Pr ohahili t Density Functions and RMS Values — Sea-state data measurements of rot I
and pitc h from the tap es listed in table 6-4 were used to generate plots, printouts, and data file copies
of t he joint wave-s lop e probability density functions. As derived in section B. 1.6 of appendix B ,
volume IV , removal of bias was effected before the trans form ation of the raw roll and pitch data to
slopes. Also , as described in detai l in the above appendix , t he reference coordinate system is rotated
so t hat the positive x -ax is po ints in the direction of the satellite.

The slope distributi o n parameters derived from tap es SSDOI to SSDO7 are summarized in
tab le 6-4 .

The joint probability dens ity function for wave slopes taken fro m sea-s tate data tape SSDO I is
illustrated in f igure 6-36. The distribution in thi s figure is quantized to 10 levels and is meant only
to illustrate the geometnc co nfiguration of the distribution. The elongation in the y~’d irecti on is
misleading : due to the nature of the printo ut , t here is a 3:2 stretching of the y-axis relative to th e
x-axis. The figure , however , does prov ide a rough indication of the distribution and shows no over-

p riding irregularities or asymmetries.
I I

The correlation coefficients , along with the mean values (biases) for the wave slopes and the
individua l standard deviations , are listed in the figure. The rms wave slopes 

~~ 
and o~ , in the x-

and y-d irect ion have the numerical values:

0.01909 and = 0.02182 .

As regard s the standard deviations , one can note that a slope value of 0.02 corresponds to an
angle 0 l . l 5 °
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f lue- ma rgmnm af slope dens ities p1 ) x and p 1 i v  plotted in ligm ires h-3~ and 6-38 provmde a
noir e .i~ cil r. i te if U.i it i t.it se picture of the wa v e st atist ics. l ime - se pdis. of course. are c-aicu lated
according to

f p~~

with -i similar relat iomi exist ing f’or p 1 ) y f .

The Gaussian-like behavior of these- functions is evident and there is little difference between
them.

The data from tape SSDO4 gives rise to the geometric configuration of figure- 6-39 . One can
see immediately the greater spreading due to the- rougher seas.

The marginal slope densities for this tape (plotted in f’igs 6-40 and 6 l  ) also indicate greater
spreading (notice the difference in horizontal scale - f .  For this tape , the rms slope va iues o~~ and o~~.
in the x - and y~1irections have the numerical va lt mes

= 0.06546 and = 0.05128

Table 6-4 contains a complete summary of all data segments processed , including the rms
slope values. Mote that an “omnidirectional” rms slope measure . °slope’ can he derived fro m

°slope ~~~~~“ 
mj~~,

when 
~~~

The- parameter °s lope represents rms variation of the slope normal vector projected onto a hor itontal
plane wit hout regard to dir ection.
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~i ~,2.2 Rm ’diu tj mnz ( I f  !Iiu ,m,’ - 1 (‘C eleratiun Data Time vertical acceleration of t h e buoy can he i~ed to
derive tIme spectru m of both acceleration and wave—height variations . As disc ussed in section 6 .5. 1 , the
mine -a n surface cai~ be t hought of ii) termi~s of a superposition of propagating sinusoidal w aves , each with
a v e loc i t y determin ed by time dispersion relationship (eq. 6-1 9) . This relationsli in between wavelength
and f’requenc~ of imeig ht h u e - f  nations observed at a point in space- a llows the acceleration spectrum to
he interpret ed in terms of a distri bution of wave lengt hs .

Stat is t ica l  ana lysis of acceic ration yields plots such as those of i’igure 642 ( March 25 . 197 5) and
figure 6-4 3 (Mare-li 31 , ~75), ‘l’ypical power spectra f’or acce leration and height are shown in figures

6-44 and u45 , ‘The height spectra were - obtained 1w weighting the acceleration spectral estimate -s with
l . f ~ . ~\( IEc that some diff iculty can be- expected in attempting to extract the mean square wave - height
1w integrating t hese spectral estimates . To do so success fully would require the acceleration spectra
to roll off toward the origin at low frequenc ies as t~ or better. Recourse to a time-domain approach
involving a double integration of the- data doe-s nothing to obviate this difficulty.

6.5. 2,3 War ’e-StaJj ’Data - -- Typical probability density functions generated the wave -staf ’f height
re-cords for tapes SSDO I and SSDO4 , which are illustrated in f ’igurcs 6-46 and 6-47 . respectively. The
most obvious and significant feature contained in the figure -s is the increased standard deviation of
the data on t he second tape. This is in agreement with the relative jading of the joint wave-slope
pdf’ s depicted earlier and , simi larly, reflects a rougher sea condit ios i for the- second tape.

The dependence of each staff’ s rms height on staff location within the wave-staff geometry is
illustrated in figures 6-48 and 6-49. In figure 6-48 (tape - SSDOI) . the standard dev iation ranges from
8.411f cm at wave-staff I to 18.08 cm at wave -statf 7. Clearly, the wide range of data on t h e  second
tape implies t hat wa~’m - -sta1f data taken during rough seas may h ave ‘.erv limited value.

Spectral ai ialys is of the various wave- staffs produce-s characteristics such as those shown in
figure- 6-50. When combined with the accelerometer data , as shown in figures 6-5 1 and 6-52 f’or t w o

particular uhavs . t h e  wave --staff spectra provide an extension to time - high-frequency portion of the-
curve.

-“ . l —-•.-
p.

n.5 .3 Discussion of Experimental Results

TIme S C- a - st a te  data analysis has given additional weight to time wave-slope and wave-height models
used previously in aeronautical channel models. The experimentally derived ~ilope pdf’s are shown to
have the- general t im rm of a two-dimension Gauss ian di s trm h ution with very nearly circular symmetry .
I t ’.. 0x ~ and p 0. Tlmis allows the slope distribution used in multipath mode-Is to l u ’ approxi-
mated with .i simnp k’ single - parameter f imrm i.e..
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Figure 6-48. Configuration of Wave-Staff Standard Deviations for Sea-State Data, Tape SSDO?
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Figure 6-49. Configuration of Wave-Staff Standard Deviation for Sea-State Data, Tape SSDO4
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Figure 6-52. Wave-Staff and Accelerometer Height Power Spectra, March 31, 1975
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= [ i  ]2 cxp ~~
- (s~ + s~

)/2
o~

2 J
Wi t h °slope =

Wivc-heig !it spectra obtained t’rom the buoy accelerometer and wave staffs conform with
previous t heoretical m d  exper imental estimates . Note that slope distributions are obtained by
sensing tilting motion of the buoy and , therefore , inc lude only the effects of waves with freq uencies
on the order of 1 Hz or less . In effect , the buoy acts as a I-Hz filter on the roll , pitch , and accelera-
tion processu-s .

The acc e leration spectrum can be re lated to the roll and pitch b r .  equivalently , slope ) spectra .
It can he shown for a superposition of gravity waves that

S~
(1) + Syif) = S.,f f l.

w here :
S5 spec t rum t’or x-s lope
S,, = spectr t im t’or y-slope

= spe ct r u m  for vert ical acceleration
g = gravitat ional constant .

Ilius , the slope spectrum can be expected to have the same kind of high-frequency rolloff as that
exhibited by the acceleration. From an integration of the acceleration spectrum over l’requency up to
a maximum of l’

~
, one can determine t he slope parameter °slope’ which applies to wav es having

wavelength less t han

g
° 2ir t~

From t he two spectra presented , it wou ld appear that the main contribution to the derived values of ’
wave -sIlIpt - standard deviat ion comes l’rom waves of Irequency ltV ss t han 0.5 Hz: i.e.. 6 .2 m wavelength.

It was suggested in section 6.5. 1 .2 tha t sea’sl~,le parameters should he available from observ:,-
t ions of quantit ies sm i~ h as windspeed and rms wave height. lahle 6-5 indicates the val ues ot ’
predicted from windspeed using equation (6-22 ) . t hese results were obtained using the dat. i from
table 6—4 . in ta ble 6-5 the’ va lues of °slope resu lting from slope measure ments are- shown for coiiipari-
sun purposes . Agreement is not particu larly good, possibly because of the several hours 1Iit Icrenee

(‘-75



between wind and slope measurements. A lso indicated in table 6-S are the values of rms height o,~
predicted t’rom wind velocity using equation (6-2 1 ).

TABLE 6-5. COMPARISON OF MEASURED AND PREDICTED
SLOPE PA RAMETERS

Wind icjed 
~~~~ 

Measured 
_____

Date velocity , 0h’ U slope 0y 0slope
(1975) kn ft

Jan. 30 5 0.11 0.13 0.127 0.167 0.20
Mar. 25 10 0.45 0.17 0.019 0.021 0.03
Mar. 27 20 1 .82 0.23 0.08 0.066 0.10
Mar. 28 16 1.16 0.21 0.082 0.069 0.11
Mar. 31 20 1 .82 0.23 0.065 0,051 0.08
Apr. 1 19 1.64 0.23 0.037 0.035 0.05
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7 . (‘O NU S \ I U  I . T L P I ~T Il TEST RI’St’LTS

I\n e\ t t ’f lsi ’e dat a hase 01’ ( ‘ (I ) N t ’ S  lors~ . i r t t - sc , i i te r  mnultipalh has been Ilhtain cd. th is  collec-
t ion e o se ’rs .1 range’ of graz ing angles f ro m 22’ to 45 arid a v a rne t~ of terrain electrical characteristics
( I  t~ es to itt’. snII\’. I. s urta ce roug hness t b la t  plains to mountainous ) , ant i \L ’getatio il cl lvt’ragl.’ I heavily

Iore’ste d to barrL ’ti 11 In addition. st ’ve’r:d :,Iurs ol ’ daLi pertain ing to mnultipa l I ref le ct ions during the

approach . t,i ’s i . and tak C I I t  I phase’s at lar ge airport en’. ironments w as ohta ined

Due to the nonisotropit nature 01’ the’ overland scatter surface , the ana ly si s and modeling

of the (‘ONi ‘S multipalh channel i~ not ne’j r lv Is stra ie l i t to rwa rd as it is II’r the oceanic case anti
almost ne’~e’ss i t , i t e ’~ t hat cact i  return signal s tru c ture he treated as a separate entity. Such a treatment
is he’s on d the s -opt ’ of ’ this document nevertheless , we do attempt to provide re prese ntat ive results
that i l lustrate some of ’ t ine l’unda ment al  scatter signatures ass ociated with the daLi For example .
muit irath returns fro m ‘ i e ’ f I I l b o w i n~ terrain features rece ive spt -c nl ’ii attent ion in the remaining se’c t i l lns

of this docum e nt:

\ egeta t i on ’cove -red le~~ain

Snow-covered te rrain
— 

I ake s I t r o / e n and li quid )

• ( I)’ iS t il  harbor ~~~~~~~~ c i ty  a reas
Airport landing environments .

The data hase’ for the ( IQ\ 1_ S  mu ltipat Ii cha:inel ch a rae te’rii,it ‘n s~ .is obtained t rom the-
Septe mber I~

) and October 30. 1 1’)14 • f lights over the east e rn t i i i t c t !  ~ t , i t e ’ s . the - I ‘llri iar\ Is and I

1975. flights over ei itr al (1
~i1Fitl i - and the Iebruar~ 20. I ~b”~ - f light 15c r eastern ( anada and the

U.S. Due to exper imental  dif f icul t ies , t he ‘~l’ est Coast mountain terrain Ilight of Ni’syni l ’ t ’r ~, I Q’4 ,
produced l i t t le valid data a n~i the re fo re  is not included in t h i s  report \ small se~ l ion of that
data has been published in an earl ier interim report.

Perl m e-nt system p.I 1.1 i n ie te r s  I or cacti ul the Ilight texts ire - listed in I bk’ 7-I -

In an att e’flipt t o cor re la te  gillss terrain features with t h e ’  rt ’sii l ts gis t n  in this see  t lOfl  . e’.ich

• flight t est ’s specular-point t ra jectory  is sh i i )wn superimpose-el upon gli I’ .i ’ navigation and planning
charts. ‘I’he’sc I ralectur ics were derived tf t roug li use of the k( I I 3 5 ’ s INS latitude iimd longitude
out puts and have ’ been t ime ’ tagge d to provide russ-r i- f  c -re lict ’ between I lie geogr ,ip liie ,ire-a .itid
certa in data sets of f his report . I he specular—point ose r f : i  y s  art ’ give ’ n in Figures 7- I I hrelugh 7-5 and

are re late-el to the te s t  dates as fo l lows
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September 19 . 1974 • I I l ~~~~ I II I F igure 7-I

October 30, 197 4  . , . . . .  Figure ~~
-

February 18 , 197 5 . .. . . .  . . . . . . . . . F i g u re’ “.3
February 19 . 197S I I I l l I I~~~~~~~~~~~~~ I Figure -4
February 20. 197 5 I Figure 7-s.

In general , the February flights provide- us with snuiv’ -~~11s erod and winter lake (both f rozen and liquid I
terrain features , whereas the September and Octo ber ser .~s gathered data f rom heavsl~ vegetat ion-
,overed terrain (both flat and mountainous ) and coastal harhor ’large- c i ty  environments (e.g.. New

York ) . TypicaI l~’. the flight legs running in the north-sout h d iret t i un correspond to in-plane flight
veloc ity vectors and t he east-west directions represent cross-plane ve locity legs,

TABLE 7-1. SYSTEM PARAMETERS FOR SELECTED CONUS TESTS

Parameter Measure

Aircraft groundspeed Approx 190 rn/sec
Aircraft barometric altitude Approx 31,000 ft
Elevation angIe 30° to 40°; Sep. 79, 1974

40° to 48°; Oct. 30. 1974
22° to 27°; Feb. 18, 1975
27° to 39°; Feb. 19. 1975
28° to 370

; Feb. 20. 1975
Probing rate 10-MHz for Sep. 19 and Oct. 30, 1974, and the airport

environment probes
5 MHz for en rou te portions, Feb. 18, 19, 20. 1975

-\ lso included in the specular-point trajectories are delimiters that indicate the local terrain
area from which a de lay-Doppler scatter f’unction . S(r ,w , and t he associated integral. Fourier . and
sprea d parameters we’re obtained . For example , refer to figure 7- I wh ich presents the ~ ptember 19 ,

974 flight t e s t  spe cular-point overlay, and note a descriptor S(r .w) 18 tagged to the last leg of t he
te s t ( 1 249 to 1 300). The subscript 18 is in a similar fashion appended to all parameters that we derive

from S) T.~ II I Hence , t he subscripts appearing in the spread parameter and other results presented
l i ter  in this docament may he related hack to the appropriate specular-point location from which
they were produced.

In presenting the results of the CONUS multipath probes , we begin w ith a fairly general
t f es c ript ion of the e’hannel and proceed toward more specific parameters by reducing the order. or

tie-gre-es of freedom, of the signal structure. Hence . sect ion 7 .1 is devoted to the time-variant nature
of t he mull ipath channel characteristics and serves to illustrate the nonisotropic properties of over-
land s urta ic ’ scattering. This is accomplished through use of the delay-spectra time history data
reduction output. Section 7.2 pres ents the channel’s S(r,o.ii function, which b r a  very short “snap-
shot ” time segment y ields a characteri zation in terms of the delay and Doppler variables associated
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wi t  It the- it ult ip.it It signal. In turn. S( r ,~~
) is reduced to lower, or eq uivalent. echelon parameters

t hrough integral and Fourier operations on the delay and Doppler coordinates. These procedures
ie-Iel an estimation of ’ the channel ’s joint and separate ’ time and frequency autocorrelat ion functions,

delay spectrum. Doppler spectrum , and total rms scatter coefficient. W ith the exception of the
scatter coeffic ients . example -s pertaining to the above parameters are also given in section 7.2.
Although t he- rms scatter coefficient measure and the spread parameter measures of the unidimensional
channel spectra and autocorre lat ion f’unctions are at the low end of the degree of signal characteriza-
tion . they provide us wi t h  sonic of the most useful and applicable properties of the multipath phe-
nomena. These- ?esults are- given in sections 7.3 through 7.7, The airport landing, taxi , and takeoff

multipath environment re-stilts are treated separately from the en route CONUS results and are
presented in section 7 ,8.

With the exception of the airport environment tests , the CONUS data was gathered over the
simultaneous vertical and horizontal polarization probes. For all intervals of valid data collection
(totaling roughly 1 2 hr of test time). the channel’ s delay-spectra time history has been determined
for each of the polarization st ates . These outputs were used not only to provide an overview of the
channel’ s time-variant characteristi cs hut also to aid in the selection of time intervals to which the
detailed S r.w spectral analysis was app lied. When possible. at least one time interval per fl ight test
leg ( 14 mm of ’ dat a collection ) was subjected to the S(r,w )  analysis; usually an interval producing a

very act ive or strong multipath return was chosen.

7 .1 DEL .\\ ‘~SpFçTRA TIME HISTORY

7 .1. 1 Summary of Observations

The- channel’ s delay-spectra time history. Q(t .r). provides a partial illustration of the time-
variant nature of the CONUS multipath probes. In addition . Q(t .r) may he used to obtain an over-
view of the magnitude and de’Iay-spectra characteristic s associated with generalized terrain characteris-
t~~e1s over which the- spccu lar-point traverses. For this reason each interval of valid data collection has
he-i-r i subjected to delay-spectra time history analysis . In total t his represents approximately 12 hr of
experiment time , providing an e xtensive data base from whkh one may ( I )  select time intervals
of interest that warrant further data analysis (e.g. . S(r, .fl) and ( 2) delineate the more ohvious
scatter signatures ,issoc iated wit h a variety of CONUS terrain conditions. The remainder of this
discussion relates to item 2. A lthough somewhat of an overgeneralizat ion, we have segregated the
terrain types into the following categories I vegetation-covered , snow-covered plains, snow-covered
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mountains . large-su e’ lakes , coastal harbors , large industrial c ites , and residential ;ireas. The salient
Q( t ,rf le ’,itures of each category are d iscussed below .

l , - c ’t ’ t u t i V I n - ( ( i i ’ t ’r ed; Sigtial amp litude return was very 111w , nios~ li l~e ly clue to foliage
absorption of the electromagnet ic wave . The observable signal structure was relatively
time ins.iri.int. except for interv;ils w hen the specular point traversed a small area of
high reflectivit y Ic g. lake , river , road, rock outcropping). By comparison these intervals
produced high-t,nerg’ initap signals that appear as spikes superimposed upon the low-
k-vt- I , rnode’st l~ sprez’d hi~’kground return.

.‘S?i Mt -( ‘oi ’ ert ’ij Plains: Snow-cove -reel plains produced relativ e ly intense low-spread ret urns,
wi th  :i modest amount 01’ signal sta t ion a r i ty.  The defoliated deciduous trees in the
“glistening region ” usually effectively attenuated , or broadl y dispersed , the signal.

Snoo.’-(~~i’ere<i , l l ( I i ~,l tains: Returns were fairly strong, wit h spreads occasionally somewhat
equisa lent to the higher grazing angle oceanic data. Possibly due to the large-scale size of
the- scattering elements , the delay spectra exhibited a high degree of granularity and non-
St ,it ionarit V .

Large I.., (es (l iquid) : In their liquid state . large lakes produced Q(t .r arrays with
attr i bute ’s similar to the oceanic test probes. Namely, the signal strength was very large
(roughly equivalent to the Fresnel ref lection coefficient magnitude- ) anti the surfaces
produced a broadly dispersed return. These character istics were essentially invariant over
t he- duration of the probes: however it is believed that wind and fetch conditions signifi-
cant ly influence the spread properties of the signal.

Large Lakes (Frozen) : A frozen lake presents either an ice- or snow-covered surface. The
snow-covered large lakes had signature-s sim ilar to those of the flat snow-covered terrain,
In general , part a lly frozen la ke-s (e.g.. frozen along the shoreline) produced larger spreads
t han lakes totally frozen and covered by snow. This is thought to relate to a “raft ing
and ridging” phenomenon t hat accompanies the freezing, thawing, and w ind-gener;ited
wave pressures acting upon the ice/water interface of partially frozen lakes.

(‘oastal I/a rbo rs ’: For the relatively small amount of coastal harbor data gathered , theQ(t ,r) functio n revealed ~‘haracterisfic.s similar to those of the oceanic and large-lake
probes . As previously stated , this implies a high-energy, broadly dispersed signal that is
fair ly stable except for the shoreline- areas.

7-9
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Industria l ‘l r t ’a,s Delay-spectr a signatures from industrial and business areas typically
exhibited very little spreading, with the - hulk of the returned energy being contained
within 0. 1 or 0.2 pse’c of ’ the specular-point return. A probable explanation for this is
t hat uutdustri ;i I buildings are box shaped , in general with flat roof ’s and sides perpendicular
to the level ground Such conditions allow little energy to be returned front regions
other than ne-ar the - vicinit y of t h e  specular-point area.

kesu11 * ’,i tia l .‘lrta.s The residential areas produced multipath signatures distinctly dif-
ferent from tf tose of the industrial ,ireas. I vp ica lly . the residential returns did not have an
)serw helming amount of energy in the specular-point tap and gave the appearance of

being either highly :it tenuated or broadly dispersed Fhese’ character ist i cs are somewhat
simi lar to those - of the vegetation-cove -red terrain probes . alt hough much of the residential
area traversed (i.e. , Brooklyn, New York City) did not have a substantial vegetation cover.
rhe dil’ference between the industrial and residential area miiltipath signatures might he
relate d to root structures, w ith the residential buildings ~enerally being more pe:iked and
t hus producing a more broadly dispersed return.

7.1 .2 F xam ple Results

I he fo ll IIw mng paragraphs present Q(t ,r) examples that illustrate signal structure ct iar : ic te ’ ris tics
(It sc at te ’ r 1 m m  se veral of the categories delineated in section 7 , 1.1 ,

7.1, 2 11 ( oa.staI i / arbors/ Large- Cm .irea.s : ~
I eget atiop l_ Cm,ered Terrain _ I This example . ta ken from

a leg of the September i9 , ‘4 . multipath test (see fig 7-I) . presents Q(t .rI characteristics associated
wit h multipath return from coast;il harbors , large-city areas , and vegetat ion-covered terrain. A
detailed specular-point traj ectory for t his particular segment is presented in f’igure 7-6 , w ith the
corresponding Qlt , r )  function illustrated in figure 7-7 (a ) through (d). It is noted t it ut the example
delay-spectra time history corresponds to traversa l of Long Island Sound , Long Island , Lower New

- - 
I~~~~ York Bay. and a segment of northeastern New Jersey.

The boundaries of these individual terrain characteristics are quite explicit ; thus ground and
delay-spectra features are easily compared and enable us to isolate return from:

(‘oasta l harbors 2 38:22 to 1239 :23
1 24 2 : 15 to 1 244:00

Large-city areas 1239:23 to 1242 :15
Vegetation-covered terrain 1244:00 to 1245:56.
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1 gore .7 hj s he-en tim e-se ’gIttente~1 1w brackets a t hrough It: the segmented times are briefly
i \L  usst’d he-It ~

a. ( ‘ ljj raet -r i s t i~ Q( ( r i  signatures ol probe moving from business areas to high-scatter
l i e . ,  vegetation or rural areas ) .

h. Probe- entering, traversing , and leaving Long Island Sound. Note the increase in de lay
spread ant I signal stat ionarity as the probe-illuminating area is predominantly over water.

c. Low spreading (almost unitap). characteristic of flat-top building reflections i.e..
industrial areas ).

d. High scat ter  or absorption area : low-level delay amplitudes re’ Iat ivclv unchanged from
that seen for building scatter. Typical of residential areas. Note the high absorption at
d’; possibly traversing a park area.

e. Characteristics similar to item c: probably more business in area,

1. Same characteristics as item c; crossing Lower New York Bay.

g. Presents characteristics similar to items e and c: therefore appears to be business area.

h. Vegetation-covered terrain; high absorption during interval hi’ of figure 7-7(d is typica l
of dense foliage. High-amplitude fluctuations of h” are related to the presence of small
lakes , rivers , or flat open areas.

7./ .2.2 Snow-co wered Semimountainous Terrain As noted in section 7 . 1 . 1 . snow-covered terrain
may produce Q(t ,r) features with a high degree of ’ signal nonstationaritv , especia lly if the te rrain is
forested (deciduous or nondeciduous) or mountainous. A semimountainous leg associated with the
flight test conducted on February 20 , 197 5 , is presented as an example of this terrain type. Pertinent

r system parameters are :

Flight direction: In-plane (toward ATS-6)
4 

Airplane speed : Approximately 190 ni/sec
Airplane altitude: Approximately 9 .5 km i31 ,000 f’t )
Elevation angle: Approx imately 30°

Using a log of the KC-135’ s INS latitude and longitude outputs, the specular-point traj ectory
for this leg has been superimposed upon a terrain profile map as shown in figure 7-8. The- channel
delay-spectra time history for horizont .illy polariied signals is illustrated in figure 7~di a t  through (d).
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To enhance the output resolution . t he mean square energy outputs corresponding to only a 40-
tap region in the s ie -init v of the most ;ic t ive return have been plottei l (rather than all I 12 t . ps .

urso r% ,in,il~ sis of the data reveals the presence ot ’ a variety of spectra signatures ranging
Ironi higbi-energs. single-tap to relatively low-energy. multitap occupancy. We - also observ e- the

V I ~ urrenee - V I I  what appears to he ,i inultimode reflection process I e.g.. 1 208:30), No de f in i t i ve
corrt-lat ions III the- se’ phenomena with terrain features have been attei n pted although it a ppe’.i rs that
whenever the specular point traver se s .i hod~ (If resh water  I probably frozen for the February ser ies )

sue hi is .4 ri s er, the ret urn has a chara tL- rIst ic high~~nergy unita p ref lection L-oinponent in its de’l~~ -
s peL I t .t t ime t i  isto r~ -

I or e-um ll,I r I s V I n , t he verti c al polari iation tolinterpart o f  the ,ihove ’ e l,ita b r  a 2—nu n se’giflen t

i~ t’~e~~’~ i’d  in I igure’ “- hO. Nt Itt’ that the vL-rtic al .ond horizontal probes ( IL  c ur ‘.in ul baneuusl~ 
(‘ompar—

ing t ile’ Iiori,oiitah data of figure’ 7’O dl wi th vertical data reveals that the two sets var~ iTi Ct Ii ~ ert w ith
ca . h VI I  I~er III a relat ive h~ high ehegree -.

1. ’ I argc ’ Lal~et 1)ue’ to fr esh w ,ite ’r ’
s relat ivel,  high reflection coefficient magnitude , hake

s~ , t t t ~~i pI V 4I I .i bh\ represents one of the most sig iiif iLa ilt (UNtJS multipath interferei i~ es . ‘\s s ta te d
I od i e ’r - sm~ lh I I  die ’s V t  ~ ,itei surruuiiile ’d h~ vegt ’tat ion-covered or mountainous terrain cont rih o ite ’ to

thu I 1 V I f lS I , i t  it na r i t% II the ( tiNt S sign.il structure and appear as high—level unitap re-turns supI-rimposed
upon hrn.ie his spre.id - h~~~ -It ’s ci spe Lt r a  I roni the surrounding t e r ra i n .  In general , .os t he lake di m ensions

iilc l e as e ’ . I 1~ h,i~ kground sLa t  icr (I int inish ies and the m olt ipath signature ev e io tua hl~ h~-~ oi~ es unmmo dah
when t he- .irea it the l i ke ’ ( ‘ii.o ’ i i i p.isscs the ‘~glistening region of the multip ath process.

\ p t V r t i ( > i i  of the ’ I-e I ru,irv I V~ I~~ 75 muhti path t t ’ st W as tlown in the north-south dire~ tion
15 er I t i e ’ ( • rej t  I .ikes I see f ig 7~ $ I. ~ . inpk’ results are pre’sente- ii I or the huri,t h i t  .i 1k polarized probe ’s

t r ,isr rs .aI If I ak e’ Mit hig.i ii lnlormat I obta ined h rum the (;re ’ i t  1 kes l~, is iro nnnental Research
I j ht,r,iti,r~ indicate ’s t hat the northern 20 miles t o f  this I,ike ’ w .ts I I l l / I n , w hereas the interior lake’
region ~ as in the Iiq uid state.

- 
p Ihe example- Q~ t .i I probe dat .i .ire v is e - n Ti I iglire ’s 7-I I - 7 - 12 .  m d 7-I 3 . I- igures ‘-l I and

7-I 2 a re ’ tmine -—se’(hue’nt ia l Qt t j  pints c- it rre ’s poneling to the probe ’s lake e ii ti .inil f i rs t  1 2—mile
traversa l ( i . e - iC e ’ ouereel i. I lie third t gore represents return f ruIn the midlake region I i.e ., liquid
st ,ote I.

report being published by the Great Lakes Enwironmental Research Laboratory will contain
this and other information.
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De”~crm pt 111115 delineati ng pertinent terrain and signal structure character istics have been
included se it Ii the QI t . r I  Plots . T lit”~e’ c h a racter ist ics 1ire discussed he-how .

.i . Prior ~ I I he’ specu lar point e ’ ntL ’ritlg I Ite’ lake ( b’ig 7— I I )_ we olisers • signature cl~ iracter is—
t ic II f ’airlv blat , snow-covered terrain. Also , as the specular point approaches the shore--
tit le , t he fa i ls  ol the d elay spectrum be-conic enhance-el by the arrival of ’ t~ir—forward
s ca t t e r  f ’ro,ui the lake ‘~ur face. ‘Ihe enhance m ent moves inward toward the origin of the-
(fe-lily spectru m [ tie closer the probe’ gets to t h e  lake hound:irv.

1 . Figure 7—I . covers t he I irst 12 miii of hake traversal and il lustrates a delay spectru m that
prog rcssive ’l~’ incrc’asc -s in sprea d. This is attr ib ute -c l  to an iii c rease in defor mities ( ra f t ing
and rid~.itug ( asso c iated w i th  the interior regions of the lake ice.

c . I he interior segment of the lake ’s Q t,r) distribution ( fig 7 —I 3 ) i s  highly stationary, with
a re l . t i ve bv large dispersion. The-se attr ib utes are- similar to the high-angle oceanic mult i—
pa tt i  s i g n a t u r e s  I fur t h er discuss ion re lati u~ to Fourier operations on the midlake return is

goveti in t h e  next sect ion 1.

.2 uN1 S D I I  •\~~-DOPPLER SCATT I:R I UN( ”FIONS AND ASSOCiATED PARAMETERS

fhie preceding se-et ion provided a sample ove rv iew of ’ the (‘ONUS chantiel delay-spectra
sign at  ures . \ V  (lilt ’ would expect , when a high degree of nonstationarity in the - channel delay spectra
is (.Ihserve~l - bit e- re e \ i s t s  .0 c ’ I) rrc ’s p( Inehin g degree of ’ delay—Doppler scat ter  f unction . SI r.w I. iionstz ition ar—

In t h is se ’c tf IIIi se veral s,o iii plc’s are presented to i ! lustrate the va r i e t y  of ’ (‘ON t S s ca t te r  f’unct ions
V Ibserset i

SI T ,w I re- p re s ents  t he power spe ctral  dens it  V ut receive d niult ipath eiie rg~’ having dela~ 1’
ati d Doppher I req tienc~- ‘d i ii I w. I ~ picahIy  - we  derive SI r.w I over a 7-sec tune interval. In nlan~
~.ise’s t he suo r ta ~ e c h i a r a c t c ’ r ist cs he-trig probed will change appreciably over this time interval: thus it

— should not he assumed that S r~~ ( represents a complete s tat ist ical  clesc i i ption ut the - channel.
-

hi ( ON t S elelav—I )o ppler se ’ a t t e-r funct ion h a s  bee’ii ,iss iuzneel a subscr ipt  number cross-
ref c-r en t ing it t o  the specu lar-point tra it -c lone’s shown in figures 7—I through 7-5 .

In the f t ih Io~ ing saT il pie ’ pr esentation , e .ich i .~~ r ,w)  d is t r ib ut ion is accotn pa nie ’d b~ its ef e ’l,iv
s(T ( -~ Irilti1 h t l ’ V (UL ’Iir ‘, au toco rr e ’ I , t t i i t n  tu nc -ti un. I)uppher s p e c t r u m , m e l  ti tu e ahi tO co rr eh ~mt i on fun c t ion
I III  5(’5~’i~ l V h f  the exa mple s . II~e channel’ s ith i i l t  t im e— hrei i i icn cv autoc ’o rrelatioT i h’imnc t nri iS ilISt)
presente d I or C I I I  15 - t his 11151 rihhiiti i) it is p lot t ed from I S V V V  .i lter n:m te point s ( I f  s te w . Relationships
h~’t w 1 ’~’n b ite ,iITOsc ’ c h,nine-I m t ie ,ms ( m r e ’s and the SI r .w I funct ion are gist-it  in section 4
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A’~ one might ex pec t. the CONUS scatter medium provides an ensemble of unique S(r .iM
tun ct ions ~lthou gh it may represent somewhat of an oversimplification , we have categorized t he
~ign.i t Ures accord ing to the following list:

I ~w spreads
Modest spreads
\ss mmetrica l Doppler spread
I .i rge spreads
Multimode returns
Brewster angle scatter .

Samples for each of these categories are furnished in figures 7-14 through 7-24 . These data arc
related to t he above scatter signatures and terrain profile characteristics through use of table 7-2: a
brief discussion pertaining to eac h category is given below.

7 .2. 1 Low Spreads ( figs. 7- 14 and 7- 15)

When the scatter medium is relatively flat over the entire surface responsible for returning
energy under normal to prec ipitous slope conditions , the received signal structure will be unimodal
with very low spreads in bot h the delay and Doppler coordinates. Such conditions were observed to
occur primarily over large frozen lakes and sections of the central plains of Canada. The example
presented corresponds to scatter from a frozen lake and possesses delay and Doppler spectra that
decay very quickly. Conversely, t he joint autocorrelation function and its axial cuts were observed
to fall off slowly.

7 .2.2 Modest Spreads fig. 7-16 )

A high percentage of the (‘ONUS returns from the east coast flight trajectories yield signatures
t hat fall into this catego ry. The example of figure 7-16 pertains to a cross-plane flight track over farm-.~ land. Delay and Doppler two-sided 3-dB spread values of 0.3 ~sec and 70 Hz are associated with this
signature. These spread values (see sect ions 7 .4 and 7.6) are fa irly typical for the majority of the
CONUS test results hut are much smaller than typical spreads observed for oceanic scatter. The
observed CONUS spreads appear to he representative of expectation based on an rms slope of
roughl~ 

3 ( 1

7 .2.3 Asymmetrical Position Scatter (fig. 7-1 7)

In general . inhomogeneities in the electrical and slope statistics of a reflecting surface will
result in a scatter intensity that does not ex hibit a highly asymmetrical distribution about the specular-

7-2~



• 
— —

~

————

~

————

~

———
• ( 

_____________________

— Li:
* I • —

~~~~
. 

_ _ _  

H H H/ ~ _ _ _ _ _ _ _ _

_ _ _ _ _ _  

—___  I _______

_ _ _ _  ~ 
j 

I 

_ _ _

________ I I .
——__________ I )~

_ _ _ _ _ _ _ _ _  

l~~~~y~
’ 1 ~~~~~~~~~~~~~~~~~~

~_>~~~~~~,• ~~~~~~~~~
____________ 

— 
r 

_____________c
— 3 3 —,
I~ O)~

-4

‘~hii~ I
— 0 I~ 

I , J
0 0  

I 

0

~~~~ ~~~~~~~~~~~ 
• 

~~~~~~~~~~~~~ I
0 Z ~~~~ II~I

I I . I

0 g -~ 
I I I  I ’ i~I — —

~~~~ _ _ _ _ _ _ _ _ _  

___________________________
_ _ _ _ _ _ _ _ _ _- 

- I - —~~~~~~~~~~~~~~~~~
-

-~~~- - 
---•-- - - 

- - - _ _ _ _ _ _ _ _ _ _ _ _



0 
~ -:~~

-
~ ~

•~ N.

\

/
/

I

/
/ 

~~ 0 0 0

\\
\ 

~~~

/
/

/3 

~)~‘ ~

‘ 

>1; 

~
r o o g

/
0~~~~~

/

0~~~

,

~~~~~,

~~ ..

~~~
~~~~~~~~~ /

2 ~~~~ I.
~~~~:

‘ /
~~~~ /

~~~~~~~ 
I
?

/ /
/

/‘

0

7-30



____________  

~~~ ~
i i ~~~ I~~~~~: ~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _l ) ! 1 ~~~~~~~~~~~_________________ ( I I 1 , 1  I

‘~WH~ ~~ 
HH~_ _  H 1H1~ J~f u __

$ 410 S~ d SP’4dS• 
- 3I*4I~~•.V 334 . v l f l  331..,3.

6

:...
I~l~I}\~g III I~~I~~IlI

— ullhl II u 0
111111 ) 11 ~~o o 0

— HIIIIIVI ~ — ~~

- III1IIYt I — —  —

-‘ IIIIILI I 
•

I I I~ \~ 
E

LL1~I[I_v \I~~ ~-
- — -

~~

I 

.. _______________

_ _  .1. -.-~~~~~- ---- - -  -



— ~~ I \

• • I~~~~ 
I 
~ 

0 00

I ~\ \ 
2 1

- ~:\ ~ I I \I II 
II\\

-~~~ 
p 

-: ~ ~~~~~~~~~~~ 

- 

1%

0 

I
~~5

II I\i I~~~~~~~~~

\

~~~~~

\ ~ \ \ \

- 

7-32

__________________ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



TA BLE 7-2. CONUS S(r , i~) FUNCTION. FIGURE REFERENCE

Test Cross-reference
date, to specular-

Categoiy Figure Function Remarks mo-day-yr point overlay

Low spreads 7-1 4 S(r ,w) /6  Probe tr aversing a lake , probably 2/20/7 5 Fig. 7-5
frozen

7-15 R(~,&2) 76 Time-fre quency autocorrelation 2/20/75 Fig. 7-5
func t ion of S (r ,i~.3l 76

Modest 7-16 S(r ,w)40 Cross-plane flight , gently rolling 10/30/74 Fig. 7-2
spreads land
Asymmetrical 7- 17 S (r ,w) 48 Probe traversing lakeshore line 2/19/7 5 Fig. 7-4
scatter

Large 7-18 S (r .w156 Probe t raversing Lake Michiga n 2/19/7 5 Fig. 7-4
spreads - 719  S(r ,w) 74 Winter mountainous overland probe 2/20/75 Fig. 7-5

7- 20 R ( E ,~~) 74 Time-frequency autocorre lati on 2/20/75 Fig. 7-5
function of S(r ,c3,1 74

Multumode 7-21 S (r ,i443 Lake return superimposed upon 10/30/75 Fig. 7-2
scatter foilage-covered mountain return

7-22 S(r ,w)61 Multimodal return producing 2/18/75 Fig. 7-3
double-peaked Doppler spectra

Brewster 7-23 S(r ,~~)~~ Traversing Lake Winnipeg, 2/19/75 Fig. 7-4
angle scatter horizontal polarization

7-24 S (r ,~~l 45 Traversing Lake Winnipeg, 2/19/7 5 Fig. 7-4
vert ical polarization

point return. In the receiver ’s delay- Doppler coordinate system ttwse asymmetries manifest themselves
as frequenc~ perturbation and consequently have t he potential t~ produce highly irregular Doppler
spectra. Illustrat ing an example of t his iri’egularity is the data presented in figure 7- 17 , whic h corres-
ponds to a winter cross-plane flight with the probe crossing the Lake Winnipeg shoreline boundary.
The negative Doppler returns represent scatter from the west side of the specular point and thereby
correspond to lake region multipat h. whereas t he positive Doppler returns, w hich are highly attenuated ,
correspond to sc atter from the shoreline terrain. Unlike the S(r ,w)  and Doppler distributions, the~ P R(E.~2 l lunction is quite s~ mm net ric-al for this example. The symmetry of R(~~ 2~ is relative to the
time-s epa ration va riable , whic h is related to the Doppler frequency via the Fourier transform integral.
Since D(~~ Ifl figure ~-l 7 us quite symmetrical , the symmetry of R(~~ 2 is in accord with expectation.

7 .2.4 Large Spreads I lugs . 7-I  ~ through 7-20)

Many (ONUS terrain leitures produce scatter functions having a high degree of dispersion
in both t he delay and Doppler coordinate domain. The analyzed data generally indicates that this
condition exists w hen the probe traverses harbor areas , large lakes , and snow-covered mountainous
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lerr. um n . In i l l us tra t e con dit ions resulting in hirce spreads . two exam ples are presented : one take -n t’rom

the l..ike Michigan probe and the other representing scatter returns from snow-covered mountainous
te rrain .

The L.ike Michigan scatter characteristics are given in figure 7-I~ and represent data gat hered
it i grating angle of approx imate I~ 38 with an in-plane flight direction vector. These results are similar
to the overocean channel measurements for high-angle conditions as presented in section 5 and corres-
pond to one of ’ the most broadly spread multipath returns that have been observed for bot h oceanic
and CONU S data sets.

Informal discussions with t he Great Lakes Environmental Research Laboratory have confirmed
t hat  the central portion of Lake Michigan was not frozen during the time period over which the multi-
path probe’ s~as conducted. Thus it is of interest to compare the resu lts of figure 7-18 with those
corresponding to multipath return from a large frozen lake. Examples of frozen lake signatures are
used in subsequent paragraphs to illustrate the Brewster angle effects on high-angle CONIJS scatter.
Drawing from this source one may reter to figure 7-23 , w hich represents multipath characteristics
from the Fehruar~ 19 . 1975 . in-plane flight direction probe of Lake Winnipeg. to illustrate a S(r ,~~)
function considerably less spread than the Lake Michigan data. The results for the Lake Winnipeg
probe are probably representative of frozen lake multipath signatures: one would expect the nonfrozen
lake conditions to be strong ly dependent upon wind and fetch conditions and , hence , more variable.
For cases of low or negligible’ wind velocities and for certa in shoreline regions , spectra similar to those
of the ice-covered lake could be expected.

S ( r .wl arid RI~ .~~) distributions for the snow-covered mounta in scatter are presented in
figures 7- 19 .ind 7- 20. respectively. The flight direction was in-plane and the grazing angle was
roughl~ 36° . With the exception of the perturbation near the origin of the distribution, w hich pro-
duces a double peak in the delay spectra , the data for this set is to a l’irst order fairly equivalent to the
Lake MiLhigan scatter function. In tact , the Doppler distributions are quite similar in shape , wit h the
3-sIB spreads being within approximately l0~’~ of each ot her. In comparison with the results for the
low-spread case . we observe that R(~ ,&1) decays very rapidly and possesses a significant amount of
secondar y structure in its distribution. As discussed in section 5.2.1 , a large portion of t his structure
can he attr ibuted to the combination of large surt ’ace slopes coupled with the in-plane geometry
flight conditions.

7.2 .5 Multimod e Scatter (f igs . 7-21 and 7- 22 )

,\ large percentage of the (‘ONUS scatter returns exhibit some multimodal characteristics in
their signatures. These properties are particularly dramatic when a locally flat surface with high con-
ductivit y is (h loca ted amongst terrain with a heavy vegetation cover or (2 ) is surrounded by a
mountainous region.

1;
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iwo c-sa mples of such returns are shown in figures 7-2 1 and 7- 22. S(r ,~.,) 43 presented in
gore -2 I corresponds to a specular-point trajectory that traverses. .- i relatively small lake located in

rathe-r mount.iinous terr .uin with heavy vegetation cover , We note the high-density tap return cor-
responding to return from the lake m d  are barely able to discern the broad ly dispersed background
s catter  returned I ron the surrounding mountains. The mountain return is much more visible on the
delay- and Doppler-spectra distributions , where it takes on th~ low-level highly spread spectra char-
acteristics. It is ot interest to note that the lake return is delayed by roughly 0.5 ~sec from t he
earliest mountain multipath. Wit h respect to the autocorrelation function , t he lake and mountainous
returns have just the opposite inf luence , with the lake mult ipath resulting in a slowly decaying com-
ponent and the mountain scatter providing a component that falls off rapidly.

Scatter function S (r .w ) 61 given in figure 7-22 represents snow-covered terrain multipath
where two low-spread scatter processes are super imposed upon a broadly spread diffuse return. Since
the aircraft was flying toward the satellite , one may postulate that the more delayed low-spread return
corre-sponds to a locally flat surface area tilted slightly toward the satellite direction whereas the
least de layed unitap process arrives I’rom a re latively flat nontilted surface area. As a result of the
multimode nature of the scatter surface , the Doppler spectra are observed to possess two very distinct
spectral peaks. 2

7.2.6 Brewster Angle Scatter ( figs. ~-23 and 7- 24)

For CONUS scatter , the Brewster angle (i.e., that angle associated with the minimum vertical
polarization reflection coeff ic ient )  occurs at a muc h higher value than for the oceanic case. The exact
value of the Brewster angle depend s on the relative dielectric constant of the surface , and (as shown in
fig 7- 26) it may occur at angles as high as 43° for some CONUS conditions. In general , the lower the
content of liquid water in the reflecting medium, the higher the Brewster angle. Thus dry land, ice , and
snow base higher Brewster angles than moist soil, marsh, and lakes.

For systems employing circular polarization, the Brewster angle is of particular importance
since it marks t he gra/ ing angle above which t he scattered energy undergoes a sense reversal: at anglesp less t han this . t h e  reflected and incident waves have the same rotat ional sense . Consequently, for

many low-grating-angle (ONUS cond itions , t he antenna system ’s multipath rejection ratio will not be
enhanced by the phenomenon of circular polarization sense reversal.

2Such effects , of course , wi ll significantly pe’rturn the spread parameter calculations that are presented
in t he following section (e.g.. the 3-d B Doppler spread for this case is relatively small whereas the
l0-dB measure us (lulte high).
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When geometrical cond itions exist such that the specular-point grazing angle coincides with the
surface ’s Brewster angle , the sc atter function signatures for t he vertical and horizontal polarization
probes clift ’er apprec iably . We illustrate this by the data presented in figures 7- 23 and 7-24 , which
correspond to the returns gat hered over the simultaneous horizontal and vertical polarization probes .
respectivel y. The’ flight took place over Lake Winnipeg ( frozen) with in-plane geometry conditions
and a specular-point grazing angle of 26.9°, wh ich is roughly equivalent to the Brewster angle for ice.
On comparing the two S(r ,~~) functions , one re’ad ily observes the relative predominance of the
specu lar-point tap for the horizontal polarization case: for the vertical polarization distribution the
specular-point tap is much less signif icant and is , in fact , seen to contain less energy than the tap
adjacent to it. Discussion pertaining to this polarization effect , referred to as ~Brewster angle fill-in.”
is given in section 5. 1. Similar to the oceanic case , this phenomenon results in the vertical polarization
probe hav ir~g significant ly larger delay- and Doppler-spectra spreads than its horizontal polarization
counterpart. Conversely, the opposite is seen for the time and frequency autocorre lation function
spreads included in figures 7-23 and 7-24.

7.3 RMS SCATT ER COEFFICIENTS

The mutt ipath signal’s rms scatter coeff icient (I”) is defined as the ratio of total received
scattered energy to the energy incident upon the surface. This parameter provides a quantitative
measu re ot’ the tota l scatter intensity and is obtained for both the horizontal and vertica l polarization
probes t hrough the l’ollowing relations hip:

<1112>
I = ., ÷ GD/Gi, dB , ( 7 - I f

<IDI->

where ’
<11)12> mean square direct-pat h signal: derived from the quad-helix antenna ’s direct line-of-

sight component
P <1112> = rt le’an square multipath power obtained by integrating S(r .c~) over both its delay

and Doppler variables
adjustment factor to account for parameters such as the direct and indirect signal
transmission ERP’s, etc. (see section 5.2,6 for details of this factor ).

Figures 7- 25 and 7-26 present the experimentally derived values of I for horizontal and
vertica l polarutatuon , respectively. These data are given as a function of grazing angle and are accom-
panied by theoretica l Fresnel “smooth eart h” reflection coefficient curves and a series of mid’angle
resu lts corresponding to the ATS-5 1-hand experiment (ref 7-I ). ATS-5 results are included in this
presentation since they inc lude a range of grazing angles ( 15 ° to 20°) for which data could not be’
acquired et ’fectively during t his program because of the ATS-6 satellite location. As indicated in the
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figures . all d:it ,i points have been tagged : the ATS -6 experimenta l data points have :, subscript number
cross-referenc ed to the locations indicated on the specular-point overlays of figures 7-1 through 7-5.

fhe .-~TS-5 d.ita ensemble has been segregated into winter and summer test c~ nditions . .Summer
d.ita ~ .is obtained from the southern portion of Ala s ka and fro m the Yukon and Northwest Territories
of ( . inada . It iese data co llection s ta t ions  covered terrain profiles ranging from flat marshland to very
precipit ous mountains. Typica li~ - the lower altitude mars hland regions correspond to modest to heavy
vegetation cover and t he mountainous .ire:is provide a barren rock or glaciated surface. The winter
ATS- 5 results were obtained from high-latitude regions in northern and northeastern Canada. Terrain
profiles varying tro mn flat to mountainous were subtended and we may consider the areas to be barren
or snow-covered , with little or no vegetation.

It is well known that the water content of a scatter surface is perhaps the most significant
single parame’ter influencing the magnitude of the Fresnel reflection coefficient. We also expect the
(‘ONUS flight vector to traverse surface areas tha i vary markedly in their water content properties.
Thus the theoretical reflection coefficient relationships have been plotted for a variety of electrical

~h.ir.i1, t e r is t  cs . see’ table ‘-3.

TABLE 7-3. REFERENCE PERMITTI V/TV AND CONDUCTIVITY
VALUES ASSUMED FOR VARIOUS TERRAINS

I 1 Relative
Terrain permittivity Conductivity, mho/m

Sea water 81 4.6
Fresh water 81 5 x 10’s
Marsh 30 1.1 x 10.1
Ice I 3.2 2 x
Moderately dry soil J 2.5 1 x 10~Wet soul 20 1 x io’2
Wet snow 1.6 5 x io’~Dry snow 1,15 1 x

In general , th e Lt , i ta  points ot f igures 7- 25 and 7-26 are observed to he fairly well bracketed by
-‘ _____ the Ill and I~

. relationships corresponding to t he above parameters . Horizontal I values range
from a low u t  -1 8 dB to a high of ~ 2 dB whereas the vertical coefficients range from -24 to -3 dB. On
a tota l point basis , it appears that the vertical coefficients are more biased to the high side (if the
theoretica l predictions than the hori,ontal coefficients . This is especially true in the vicinity of the
Brewster angle and is most likely attributed to the’ concept of “Brewster angle fill-in” ( see sec. 5 . 2. 6 )
as well is the influence of ’ depolarization, which is a natura l phenomenon a ffecting multipath coin-
ponents returned from locations that are not on the grt’at circle path joining the suhaircrat ’t ant i
subsatell ite points .
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We have included only a small number of I’ values corresponding to scatter from regions
co mpletel~ cover ed by vegetation since t hese returns are attenuated to a level that usually transcends
the precision of the system capabilities and are therefore of lesser interest for the design of an opera-
tional (‘ONUS syste m . The 1’ val ue data points with subscript numbers ‘ :o~d I (for t he horizontal
and vert ical reflection coeff icient data , respectively ) are two examples illustrating the influence of
hu’asv vegetation cover on the intensity of t he returned muttipath signal. These scatter coefficients
were measured for t h e  September 1974 flight test probe over the east coast of the United States (see
fig 7-6), and were observed to he roughly I 2 dB below the values one might expect for typical under-
lying soil conditions (slightly moist soil). On many other occasions for the September 19 and October
30 flights, ti me delay-sp ectra time history information indicates r values substantially below those
associated with the above two examples. In general , the data included in this sect ion for the non-
snow-covered terrain relates to time segments during tw hich the Q(t .~

) plots indicate the presence of
a significant amount of returned energy. With the use of detailed map over lays , these conditions may
almost a lways he correlated with times whet i the specular point traverses nonforested regions such as
small bodies of water , highways . manmade structures , or rock oemtcroppings.

7 .4 DEL.\ Y SPREADS

Using t he delay spread definitions of figure 5- 18 . time 3- and l0~1B CONUS delay spread values
have been determined for a variet y of terrain profiles and are presented in figures 7-2~ and 7-28. The
data , which have been segregated into winter ,,nd fall conditions,. are given for both horizontal and
vertical prober polarizations and provide a measure of the time-d elay dispersion characteristics of the
multipath process . As a general observation , we note t hat the 3-d B spread values range from a low of
approximately 0,1 psec to a high of 1. 2 psec whereas the lO-d B measures range between 0.1 and 3.0
psec , In general , al l data sets exhibit very litt le dependence upon grazing angle , which is in accord w ith
model predictions t’or a Gaussian surface ( see sec 6.4) . The h:uta ensembles exhibit a rather large
variance, most likely due to the’ gross inhomogeneities of the CONUS surf~ice . which tends to mask
any small grazing angle dependence that might be present.

p -

In comparing t he fal l  and winter delay spreads , we detect a slight tendency f’or t he w inter

results to e xceed those of the fall series. ‘Ihis could he directly related to the terrain over which the
res pective flight tests were conducted hut is thought to more likely ref lect the manner in which the
fall series data analysis interva ls were chose-n. As previously stated, most of the fall flight tests were
flown over terra in with heavy vegetation cover , whic h highly attenuated the multipath signal. Very
few of t hese weak returns were analyzed: preference was given to intervals during which the specular
point traversed a vegetation-free region. l ypical ly, t hese regions are relatively small and flat (e.g..
small lakes , roads , building tops , etc. ( and thereby produce multipath returns that are subject to fairly
sma ll dispersions in both the delay and Doppler signal coordinates. On the other hand the winter flight
tests pertain to scatter off snow-covered terrain or large lakes (Lake Superior . Lake Michigan) and thus
have potential for relatively extensive delay and Doppler spreads,
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FinaIl~ . we note t hat the winter spread values are typica lly lower than tile oceanic spread
resu lts , This us 10 he expected since tile winter t e st s., for time most part - were flown over the relative ly
flat or gently rolling plains of central Canada.

7 .5 FRi QU1-N(’Y COHERENCE BANDWIDTHS

The frequency coherence bandwidth of the overland reflected signal is in essence a measure of
the channel’ s frequency autocorrelation function spread. We theret ’ore expect it to he somewhat pro-
portional to the inverse of the delay spread measures and interpret it to represent the upper frequency
limit to  which two transmitted carriers may be separated yet still meet a specified degree of correlation
( e’,g.. 0.5 )  at the receiver, in a manner similar to that used for the oceanic data presentation . we

restrict our attention entirely to the multipath signal and do not consider the influence of the direct
line-of-sight component on the frequency coherence bandwidth.

Experimental results for both horizontal and vertical polarization are given in figure ~-29 , We
ilave segregated the measurements into fall and winter flight test categories and note immediatel y the
high degree of dispersion that exists in each data ensemb le. This follows directly from a similar de lay
spread observation and most certain ly relates to the wide variety of terrain characteri stics in the
CONUS environment. Comparing the delay spread results with the coherence bandwidth measurements
confirms the genera l “inverse proportional” relationship that exists between the two measures. Since
the overland scatter process is on occasion muiltimodal. t he relationship should not he expected for
each and every data point of the ensemble.

(‘onsidering all CONUS test conditions . time range of 3-d B coherence bandwidth measures
varies from a low of roughly 1 50 kUz to a high of several MHz (note that the resolution capabilities of
the prober chip widt h duration establish an upper limit to which coherence bandwidth may be
measured). For the fall test series , a median 3-dB uoherence bandwidth measure of roughly 750 kUz
is observed , whereas the winter results produce a some w hat smaller median value of approximately
600 kllz. As discussed in section 7.4. these findings ,ire thought to he indicative of time terrain over
wh ich time winter flights were conducted as well as the criteria used to select time intervals I’or the fall
data analysis.

It is of interest to note that when compared wit im the fall results , the winter test series has a
much larger percentage of its data points with 3-d i3 coherence bandwidth values in excess of 2 MHz.
However , both series produce roughly the same percentage ot data points in the vicinity of the lower
limit to the de lay spread measures. This most likely results because time winter data with low delay
spreads probab ly corres ponds to scatter from a fairly smooth surface that us somewhat extensive and
homogeneous. These conditions are known to produce delay spectra that decay rapidly and have
essentially no energy in t heir distribution tails ; these attributes in turn imply a t’requency autocor-
rel,ituon function that decays slowly and possesses a very large spread measure . On the other hand.
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the fall dat. i wi t h low dela~ spreads we re tak e n at time intervals during w lm uc im time specular point
travers ed a siii,ill reun ul of relat ively higIm conductivity (e.g.. rivers , roads. e tc . )  typical l y surrounded
b~ fol i.ige-covered terrain. This condition produces delay spectra wit im a liieh-eui er gy unitap corn-
pone’nt superimposed upon a relativel y low-energ y hi gii lv spread distribution. Tile latter component
us a resuit of scat ter (rum the foliage or underlying terra iti that encompasses time area of hugim
retlectivit s and will produce an increase in the decay of tile cllannei s freq uency autocorre iat ion
fun_tion.

7 .6 DOPPLER SPREA DS

The Doppler spread attr ibut es of the CONUS vertically and horizontally polarized multipath
probe siu~nals ,ire given is a (‘unction of grazing angle in figures 7-30 through 7-33. Results are segregated
.ice iirting to (liglmt test series (fai l and winter ), aircraft velocity direction ( in-plane and cross-plane).
and spread measure s ( 3  and 10dB ) . Delimiters have been attached to each data point to provide a
cross~rct ’erence w ith the specular-point trajectories presented in figures 7-I through 7-5. The spread

measur es reter to the two-sided Doppler dispersion as illustrated in figure 5- 18.

With the exc eption of ’ data points 50 , 56 . 59 , 60. and 74, which represent data collection over

Lake \l ichigam m , l.,ike Supe’rior . and the Adieundacy Mounta ins northeast of Montreal. tile majority of
the I)oppler spreads appear to have 3-d B spreads that lie between 20 and 125 lIz and take on a typical
value of approxinmatel y o() Hz. ‘rhie CONUS spect rai analysis procedures (data-smoothing windows . etc ,)
set a lower limit of rougimlv 20 Hz on the frequency spread m easures. Hence several of time iow-valeie
data points ire es,pecte d to have spread values somewhat less than indicated . We note that the 3-dB

values, wj t i m the exception of the above mentioned points , do not exhibit a strong dependence upon
grazing angle, flight direction . polarization, or test series.

The I O-d B spread measures are observed to vary over a wide range of values , with the majority
of the points falling between a low of 40 Hz and a high of 500 Hz. We are ab le to discern a slight
tendency for t he spread values to increase with an increase in grazing angle. Although this relationship

- ‘. is in acc o rd with tt meo r~ - it is believed to be more iumd icative of ’ t ile terrain type differe mmces over wlmich
time high- and low-armg le f l igitts were conducteul ( i.e. , t he low-angle flights were typically flown over
gently roihiumg. snow-covered plains whereas several of the higher angle conditions occurred over large
bodies of water and east coas t mmlountainous terrain). Further discussions relating to the influence of
grazing angle and rnls slope upon the Doppler spreads are giveul at the end of this section.

in comparing time (‘ONUS Doppler spread measures witim those of the oceanic test , we are able
to discern both dil’fererices and sim ilarities between the two data sets. The most obvious area of
departure between the data ensembles is the propensity toward very low spread values for the (‘ONUS
results. This is especially true (‘or t he 3-dR measure . where most of the CONUS results fall below the
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IOU—Il , s ,dues . gei mera il~ t i e  ‘pposi te i s  i1 ’ su ’ rst ’d or t ime Ingh-angk’ It ’ e - — — 2 0 )  e.inic conditions.
l3etause tim e .uirc raft sclo~ t~ magnitud es for t lie t %s ’ ’  tests 55 crc roughly equivalent . one concludes that
the ocu’.i u m uc t t ’~ t , ‘nu t i t iuns geni’r.m llv t’ mmc ount i ’ru’d surt. i~ es w hose slope h ir, i c t c r i st ics wer e more prt ’—
cipitoits t h.in those ti~r t he ( ‘( )\ t ’ c probes. [his eoum i p_ ir m s ui n is he l i es e l  to  he s i l t 1  f u r  tIme w i n ter
flights Wili cii . a~ pres iot is lv s ta ted,  ss er e t’om m ductcd ii iat imi~ 05c r Cl ‘m tly rol liimg te rra iim , 0mm time other
imaimd - the crit e ria used or selt ’ c t m n m ~ tIme dat . i interva ls to he .uii, il~ ied mr time :i ll CONE’S tests most
likely ~,iiised an ose re i mm p iiasis of low-spread signal in.ilvses.

\s coum lpared w i t h time 3—d B spre~id results . we note t hat time I 0-uIB (‘( )Nt ‘S spreads appear to
be in closer accor d wit im time high—ang k’ oceanic data. I h i s  is especi a lly trite (‘or (lie (‘all (lights armd may
1’e d ime in part to the influence of ve getation scatter on time tails of the Doppler distribution (see section
7 .5 for a similar discussion ( or to the f. ic t  that the overland slope distribution is more closely fit to an
exponential relat ions hip as opposed to  the well-verified ( ;atissiaim slope pdf for oceanic ss irtac ’/ s .
Spreads .iss ot iated w i t h  (O N E’S specular-point tra lectories suhtending large lakes and winter mountain-
ous regions are we ll correlated with the observed high-angle oceanic results . In particular , time previously
de l irmeated potults corresponding to (lights over Lake Superior (50 and 60). Lake Micimigan (56 and 59).
and the Adieudac~ nmo untains ( ’4 i provide typical 3-and l0-dB spread va lues of 200 and 450 lIz.
respectivel y . Tilese values may he conmpare ut with typical high-angle (~~3 1 0 ) oceanic 3- and lO-d B
spreads of I ~0 and 300 II, Time small difference between the grazing angles associated w ith the test
conditions should not induct- a significant perturbation to the above coniparison (roughly i 5’7 bias in
favor of the (‘O\ t’S results )

To relate the spread iiieas iirl’ s t o  t imeoretic a l expectat ion , one max’ use time steepest descent
predictions given in sect iOfl  5 ,3. 3 - i .e . .

1 . ’ ‘ii ,Ha t i n  
~~ , [,

lu ,i,~ 
* 

~ 
sin 

~

wimere
B = Doppler s~ru’ati flea t ire
tail = rnms s utr t act ’ slope

p V 1 = cross -p lant ’ vekh it oumm pont ’nt
V 1 = mn—p lane ~ u’ii u it \  compormen l

= C r 1 / I nc  angle ,it srt ’t ( i lar point .

Timis relat ions im p us ‘.aluf it ’ ( I  ( t i m e  ,‘lt ’ va t  i~~~ atlgle us greater Ihan time surface rnms slope and
2)  the sur fa ce us ver% rough t’iu ’ctr i imnagn 1’ mit -alIv ) and h as  a ( at issi an slope distribution that is isotropic

iist ’r t he total ef fect iv e sc a t ter  rec’ii’n For (i)Nl)S applications . time latter restrictions on the surface ’s
slope distribution are not i i i  cenera l l’s peeled to  he met: timus . time a bove steepest descent Doppler
spre~id re iatm onsim m p must be cimulsude red to h~ a rude estimate , I lowever , it seenis reasonable t o  expect
that. for the range of graiiilg angles probed , time sin y and velocity direction dependencies of B are
relatively insignificant is compared to time variation in the surfa ce rms slope parameter As a hlrst-o rder
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approac h Oile tm iigimt also use t imt ’ above relationship for B to extend the d a t a  observati o n base to
.iI)ernate grazing angle and velocity magnitude conditions.

7 .7 DECOR RI L.-~TR)N TIM ES

lii tfi i~ sect ion t he (ONEi S 3-d R decorrelation times are given as a function of grazing angle for
both time horizontal and vertic a l polarization probes. ‘l’he data sets , segregated according to t est series
(fall and winter ) and aircraft heading(in-plant ’ and cross-plane ). are presented in figures 7-34 and 7-3 5.
The decorrelation ti m e paranmeter represents tIle upper time limit separation to which two identical
frequeri c~ I -hand carriers may he spaced yet still meet a specified degree of coherency (0.5) at the
receiver . The decorrelat ion time is obtained from time channel ’ s time autocorrelation function and , to
good approximation, is inversely proportion.il to tht ’ I)opp ler spread measure .

.-\s shown in figure~. ~‘-34 and 7- 35 . decorrelation times of time CONUS nluitipath sigilal are
spread user a w uife range of values . The trend of the data does not indicate a pronounced grazing

angle , polarization, flight direction , or flight series dependence. For all hut one data point, time decor-
relation measures lie between values of 1 and hO msec , and we may ascribe an average value of roughly
4 ms ec to the total ensemble. (‘omparing the data values of’ tilis section to the Doppler spreads of the
previous section provides a general confirmation of the predicted inverse dependence relationship
het55et ’n tile two channel measures . As a first-order approximation . the inverse of time Doppler spread
relationship found in ss’e t ioum 7 ,6 may he used to extend the decorrelation time measures to alternate
selo~ if y  .u u u f  grazing angle conditions . We note t hat the Like Michigan. Lake Superior . and Adieundacy
ii mtu intaii mo us terrain conditions ( i.e . points. .~0, 60, 56 , 59 , and 74 for the winter series ) produce
decorrelatio rm time values on time order of ’ 2 rmisec , which in turn is represer mtative of’ the high-angle
oceanic data set measures ,

7 $  A lR~~~Rl \1t’I.rIPAllI E NVIRONMENTS
p

Multipath airport environment data were gathere uf on time approach , landing, and taxi phases at
t hree airports O’Hare International (Chicago), J FK International (New York), and NAFE(’ . located
northwest of Atlantic (‘ity. New J ersey All probes were conducted wit im a 10-MHz chip rate and used
a s ingle low-gain crossed-slot antenna located close to time fop ceilter limle of the airplane . ibis antenna
possesseit mlominal LU(’ polarization characteristics and thus provided an enhanced mul’ ipat h retur n
.it time expense of a dirt-cl signal polarization m ismatch re iati vu ’ to time RII(’ polarized ATS-6 uplink.
For all three airports tIme elevation angle to Ai’S-( was approximatel y 390 ,

7-58



- 0U,

5;;
0’

U,

.0

2’
•

C
CU
0.

~~
. 2

U-
Co C- CS 

~~
‘ ‘a’• -~~~~~~ ‘~ k.

I t ) N0

I I I

us
It)

5.
U-

p ~~~~~> 1

*5) •~ •~

‘aw ls uoume IauoDap 9P-~

~~ 
7 5

. 
_ _ _ _ _



0- If)

a,
4,
‘C

If) -

N F’) 4)
5) CD C

C S. •~ •~ 
s... 

.
~~ ~~

8 0) ~ 
-
~~

0 ~ _ 0 2 ‘
~~~

.!!
a •~~~* •* 5) 2’ ~

~ C- .2
-

~~~~~ 
5)’

0) 0 a
> 1  I,,,

• S

I I I

~~~0In
C,
C’)

8
-

~~~~~~

I ~I
3aSW ‘awit uoiWIa4JOaa p api:

I
7-60 



7 .8, 1 Runway Taxi (‘oml tfi t ions

Witil the .uirplanc on tile ground and conduicting typical taxi maneuvers , time returned signal
structur e possessed the f ’oi lowirm g attrib u tes.

a. Significant amplitude fluctuations were observed on the received direct tap 3 signal of t he
crossed-slot operational antenna. This may he attributed to a number of factors . such as
buikting shielding of the direct line-of-sight signal. antenna pattern variation as a function
of aircraft orientation , and interference (bot h constructive and destructive) due to multi-
path arrivals falling within the direct tap hank.

h. Very little multipath energy was returned w ith delays greater than 0.2 #sec relative to the
direct signal arrival. Tile level of multipath energy with delays greater than 0.2 ~sec was
at  least 20 dB below the direct-path signal.

Timese observations are illustrated with the sample results taken from tile February 19 . 1976.
O’Hare airport test sequence. Presented in figure 7-36 is a time log of the airplane location ~uperimposed
on a runway buildimmg structure descr iptor of O’Hare : also included is an arrow indicating the direction
toward ATS-6 . The delay-spectra time history presented in figure 7-37 demonstrates the variations in
the direct tap signal amplitude when using the crossed-slot antenna during the time interval 1 204 to
1 207:30. The direct signal is located midway-between taps 22 and 23 of time hank and corresponds to
the plateau-like signal in tile display. Througim analysis of time corresponding numerical output , t ime
direct signal is observed to have peak-to-trough var iations in excess of 5.2 dB. More detailed plots
illustrating the delay spectra of the tota l (direct plus multipath) signal fronm the crossed-slot antenna
are given in figures 7-38 and 7-39 . These data correspond to 2-sec samp le spaces centered about exper-
iment tinmes I 205: I 7 and 1 206:24 , respectively, and are representat ive of ’ the typica l deIay-sp~ctra
signatures obtained for the taxi scenorios, They have been subjected to a first-order noise-removal
process wherein noise is deter mined fro m delay spectra of a multipath-free region of the tap bank and
then subtracted fro m all taps . Results generally indicate that the hulk of t l~e delay returns arrive no
later than 0.1 or 0.2 psec alter the direct signal.

p

7.8.2 .-\pproach and l.ammdin~ M.urmeuvers

Due It) f’airiy rapid airplane alt it mude and attitude changes , the multipatim characteristics in the
landing and arproat ii phases of an airport environm lmemlt are somewhat dif’ferent from those associated

3W ith the aircr a ft on the ground , the I 0-MHz cimip rate (the higimest available with the SACP equipment )
resolution us insufficient to co mmm pkte)~ discriminate against terrain and building scatter returns falling
into the direct-path taps.
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w it lm en route (‘ONUS conditions. Prior to or (turiilg its fiuial descent , t ile airplane may perform one

or more rather steep banking maneuvers. Perhaps time most significant impact of t hese att i tude changes

rc late’~ to time potentia lly large ailtenila gain that may he directed toward time effective inultipath
“gIistenin~ region” during banking marmeuvers. An examp le illustrating such an occurrence is given in
f igure 7-40, w here a delay-spectra time history for a 2-m m flight segnment in the vicinity of the NAFF.C
F.A .-~ airport is i l lustrated. The airplane was at an altitude of approx imately 580 in. wimic i m allowed

both the Itm ir. ‘t- path sugna i (time two high-level taps near time origin) and the multipat im ret urn to he

captured ,‘iti i ilm a common ta p hank. At 1 424 30 tile airplane began a banking maneuver (toward the
sa tel l i te ) :  we note a perceptible increase in the multipath return , which is accompanied h~’ a cllrres-

ponding decrt-as e in the direct signal component. It is of interest to note that the direct ‘~igna i de~.reases

not because of a decrease in antenna gain hut because of an increase in the polarization immi snia t c h
between the sate llite polarization vector and that of the aircraft antenna (becomes m.iximum for look
angles directly above the airplane). Although the antenna and the mode tim which it was used for this
probe Iwith its circular polarization sense reversed on the direct path) is not representative “~

operational system application, it does provide a vivid example of the banking effects upon ,i receiving

system signal-to-mu ltipath interference ( S h  ratio. Specifical ly we note that ( I )  prior to the ~.n king

maneuver at  1424 : ~4 . the S/I measure is on the order of 22 dB, (2)  in the middle of the hank at 1424 42
S I drops to a low of ’ 1 .2 dB , and 3)  at the end of the test segment S I  again exceeds 20 dB.

I)uuring time airplane ’s final descent mode , the multipath signal is subjected to rapid c hanges in
its dif ’ferentiai4 delay , a large dif ’ferential4 Doppler shift , and signif icant changes in its de lay-spectra
energy distribution. ,-\n illustration of the delay coord inate effects is given in figure 7-4 1 . w here a
2-m m delay-spectra time history segment is shown for the JFK airport approach phase. The airp lane’s
descent rate is on the order of 0.3 km/m m . and at the end of the interval the airplane is at an altitude

of approx imately 0.7 km with 2 mm and 20 sec remaining until touchdown. Runway 31 R was used for
t he landing: this provides an aircraft-to -satellite azimuth angle of approximately 90°. As for the bank-
ing maneuver case . bot h the antenna ’s direct and multipath signal components are captured within a

common delay tap hank. The multipath is on the order of 20 to 30 dB below the level of the direct

signal strength anti is barel y visible above the noise floor of the receiver. We do note, however, that as

the aircra ft altitude decreases t he multipath process moves in toward the direct signal portion of the

p hank ( ic . ,  dif ferential time delay decreases) and undergoes a clmange in its delay spectrum properties.

The de lay spectr uim cimarac teristics are generall y noted to become less spread (or , in ot her words , more
peaked) as tIme a i rcraf t  altitude decreases. This is in accord with expectation and, as previously noted
when the aircraft was located on the ground , the multipath components are dispersed to such a sm all

extent that for tIme most part they all arrive within 0.1 j~sec of each other.

uth respect to the direct signal’ s time of arrival and Doppler frequency siiif ’t .
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Fourier analysis of a time interval taken at the end of the segment used for figure 7-4 1 reveals
tim at the specular-point return is shifted upward in frequency from the direct path return by 34 Hz.
This position-differential Doppler is induced upon the signal since the aircraft ’s separation from the
specular point is decreasing w hereas its distance to the satellite is increasing.

7 .9 (‘ONUS MULTIPATH TEST CONCLUSIONS

A summary of results and conclusions for the CONUS multipath channel characterization test
is given in section 2.2.
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APPENDIX A
EFFECTS OF RESOLUTION LIMITATIONS BECAUSE OF FINITE FILTER

B..t NDWIDTHS AND PROBER CHIP RATES

T ime sigimal st ruct ure used to ctlaract e rize the sur iace scatter phenomena is influenced not only
ti~ t he nmu lt i pa t f  phenomena hut also by time equipment filters (transmitter, satellite transceiver and
rt’ceist ’r I . prober chip rate. nd the refractive index perturbation of the earth. Under the linear system
rt’ pre’.entalton of t he tot .t l channel, the work of (‘ox ( ref A- I )  may be used to express the effects of
the prol’er signal .tnd .ill ~s steflm f i l ters upon the received signal measurement:

~ Q~ ( r ) e ~~~ dT~ = 

~~ IR p(0 .~~) I R T~R(
~~)I 

-

where

1) = d~’Ia~ s pectrum including all e f fec ts
tre quenc s autocorrelation function associated with t he propagation medium alone

RT_ R f IZ the ~orre lation function of t Ime probe signal’ s power spectrum including all system
t’ilters

Thus the equipment bandwidth effects upon the propagation medium measurements appear
niultiplicative t:i~ b r  in the frequenc~ autocorrelation function. Correspondingly, the des ired

de lay spectrum is contained within the output of t he prober as the convolution of itself with the
spectral density of RT R (Tl).

One may titer ~ ore remove the effects of the finite equipment bandwidt h by dividing the inverse
transfor ’n ~f’ QT~~ 

~~~ R-r_ R (
~~ f i l m s  provides us with the channel’ s R(0 ,~~)l function , which in

turn nm:~ ite Fourier transformed to produce a delay spectra embodying only the e ffects of the
propagation nit hum.

An estinmat e ot R-l- _R(
~~

) was obtained t hrough inverse Fourier transform analysis of the
de las -spet tr a signa l captured in the receiver ’s direct tap hank. ’ This signal traverses the direct line-of-
sight pat h from the aircraft to tilt’ satell ite where it is relayed to the ground station receiver. It does
not inc lude multipath influences: however , it does contain t he effects of upper-troposphere and
ionosphere propagation perturbations. w hich should bc cntirely negligible.

I Since t he correlator taps are spaced one chip width apart , th is estimate is considered to he relatively
imprecise , espec ially in the tails I f  the function ’s distr ibution.
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A plot of the experimentally derived RT_ RU2) function (5-MHz probe rate ) is given in

figure ,-~- t .  i~ is noted that to close approximation this z . ’sult for the frequency range illustra t ed is
nearly identical to thlat which would result from the prober code effects alone. (‘onsistent with
expectation . we obse rve that RT~~

(&2 ) does nut fall appreciably below uni ty  for frequencies less
than roughly 750 kHz. Typically Z at this value the tota l R(0,&2)l function is well below its maximum
value and is asymptot ically approaching a relativity low level. Thus to good approximation the finite
bandwidth limitations of t he probing system should have negligible effects upon the bulk of the
R(0 ,~1)~ distribution (i.e.. 3 dB and l/e spread measures). On the other hand, for frequency separ-

ations greater than roughly I MHz, we expect the multipath channel R(0 ,T~)I distribution to be low
by at least 1(’~~. This is thought to be substantiated by the model predictions yielding IR(0,~Z) I
functions t hat exhibit a propensity to be heavier tailed than their oceanic experimental counterparts.

Since Q(r)  and R(0 ,&2) are Fourier transform pairs , t he above discussion is easily adapted to
deduce the f inite system bandwidt h e ffects upon the delay-spectra measurements. Specifically, one

expects the multipath spectra to be less spread in delay than the tota l measurements imply. In that
R(0.~~) is re latively unmodified over the hulk of its distribution , one does not expect Q (r)  to he
great ly perturbed by the system parameter bandwidth effects.

p

2For the oceanic results.
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APPENDIX B
EFFECT OF GAIN DIFFERENTIAL BETWEEN QUADRATURE CHANNELS

OF MULTIPATH SACP RECEIVER

Analysis of the amplitude statistics associated with multipath-free regions of the SACP receiver
indicates that the gains of the I and Q receiver signal paths are somewhat unbalanced (see sec 5.4.1).
Alt hough the gain differential appears to vary from test to test , it is typically on the order of I to 2 dB.
The e ffect of this on S(r ,~.)) is illustrated by the following discussion.

Assume that the hasehand input signal to the receiver is given by:

i(t) = e J~
0t

whic h represents a one-sided spectral distribution with total energy located at frequency -
~~~~. After

processing by the receiver , the output signal (neglecting filter attenuation, etc.) becomes:

= A 1(t) + BQ(t)

0(t) = A cos ~ t - j B sin ot

= A L(t) + (A-B ) sin wt

where:
A I component channel gain
B = Q component channel gain.

-~~ 
..~~~~~~ Thus the gain imbalance effect in essence translates a portion of the original energy located at

frequency -
~~~ to its mirror image location at +o.,. For a 20% voltage gain differential , the translated

portion is roughly 2 1 dB below the energy remaining at the proper frequency. Hence, to chose approx-
imation the I/Q channel gain imbalance should have only a small impact on S(r ,t.~,) parameter est i-
mation. A visual indication of this effect is given in figure B-I , w here we have delineated the (barely
visible) component translated from the negative-frequency hump of the S(r .~ ,) distribution.

B-I
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%PPF” ~IJIX (
FQL IPMF\1 t F I - ICTSO” ~ I)F.LAY-DOPPLER SPECTRUM ESTIMATES

System Description

In the multipath prober , the signa l consis ts of a ± 180
0 phase-

modulated sequence with the phases chosen to agree with the sequenc e

of bina ry states of a maxima l length shift register output . Passage

of this signa l th rough the aircraft RF and IF amplifiers , the satel-

lite repeater , the propagation media , and the ground sta tion receiver
RF and IF amp l i f i e r s, resu lt s in a sequenc e of linear dis tor t ions
which may be regarded as being caused by two composi te channels: an
equipment channe l and a propagation channel. The purpose of this

Appe ndix is to discuss the effects of the composite equipment trans-

fer function on measurement of propagation channel characteristics ,

and to predict the magnitude of equipment-induced distortion .

i”j~-ure C— defines the basic signal processing operations of’ the
probing system . A periodic probing signal with complex enve lope z(t)

is filt ered at the transmitter by IF and RF filters prior to trans-

mission . All the filtering operations in the transmitter are lm.nnped

toge ther as one filter , called the transmi tter filter , which has im-
pu lse response h

T
(t). The propaga tion medium is represented by the

complex time-variant impulse response h (t,r) and the additive noise

by the complex proces s n(t) . All the linear operations in the satel-

li te and ground station receivers prior to the correlation operations

- ~~~~~~~P are lumped together in to one receiver f i l ter wi th impulse response
h
R ( t ) .  The output of the filter is subjected to correlation process-

ing as i l l ust ra ted in the f i gure . Complex notation is used to describe

the correla t ion opera t ion as a mul t iplica tion of the receiver f i l ter
outpu t by the complex conjuga te of a shifted probing signa l, followed

by a complex lowpass fil tering operation .

(‘.1



The impulse response of the propagation channel consists of two

distinc t parts: a direct path and a continuum of delayed multipath

components grouped together and well separated from the direct path.

The PN-PSK signal received on the direct channel is tracked in delay

and Doppler and is used to provide a delay and Doppler reference in

measuring the impulse response of the multipath channel.

The multipath measurement consists of the extraction of the in-

phase and quadrature samples of the impulse response. Due to the time-

variant nature of the channel , these samples are lowpass with bandwidth

equal to the Doppler spread of the channel (referenced to the direct

path Doppler shift). This set of lowpass functions is sampled and

multiplexed to prepare it for analog tape recording.

C.2. Formulation of Prober Output

The complex representation of the receiver filter output in the

absence of noise is given by the sequence of convolutions ,

w(t) z(t) 
~ 
hT

(r) ~ h(t,’r) ~‘ h~(r) (C-I)

where ~ denotes convolution and z is the transmitted signal. We

assume that the time constants of h,~.( ) and h~( ) are very much

smaller than the fading time constant . In this case one may lump

the transmitter and receiver filters together , i.e.,

w(t) — z(r ) ~ e (r)  ~~ h (t ,,-) , (C-2)
~~ 1

where e( ) is the impulse response of a hypothetical filter , called

the “equipment” filter ,

e(r) — hT(r) ~ 
hR(r) 

((‘-3)

which represents the combined filtering operations of the transmitter

and receiver.

(‘-2



The combination of the equipment filters and the probing signal

may be regarded as an equivalent probing signal

y(t) = e(t) z(t) , (C-4)

so that (in the absence of additive noise) the received signal

w( t ) ‘ y(t -r)h(t ,r)dr , (C-5)

and the complex b ypass filter input is given by the equiva lent form

M( t ) z*(t_,,)w(t) . (C-6)

The probing signal is assumed to be periodic with period T.

For 10- and 5-MHz chip rates , the prober performs the b ypass

f’ilterin& operation shown in Fig’~re C-i as an integrate-and-dump over
T seconds and seconds , respective ly. Using the second of these

choices as an examp le , it therefore follows that
T
2

h(t ,~~) j ’ u(t ’ ) d t ’
0
T
2 r

z*(t’ -t~) y ( t’ -r)h(t ,r ) dr dt ’ . (C-7)
0 -~

Wri t ing
I
2

R(r) — z*(t)y(t+r)dt , (C-8)
0

we have

h(t ,~~) 
— : R ( t 7 — r ) h ( t ,i’ )d r  ((‘.9)

C-3
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i.e., the measured impulse response is related to the true impulse

response via a convolution with the cross-correlation function R(r).

This function is discussed at greater length in the next section .

In passing , it should be observed that when the impulse response

h(t ,,) is a time-invariant impulse ,

h(t ,r) = 
~(r) . (C-lO)

the measured quantity ~~~~~~~~~~ is then

h(t ,,~) =

R(,7) - (C- Il)

This should be the situation on two distinct occasions:

(1) Direct path signals are correlated by delayed
reference signals , with the result available in
the direct path taps .

(2) Multipath upbook calibration signals . When the

multipath antenna was directed upward to provide

H-V calib :ation , the quantity R(~ ) should have

been present in the indirec t taps .

In each case it is apparent that a sampled form of R(i7) is

obtained .

(_ -5
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C.3. The Signa l Correlation Function

Before the function R(T) can be specified in detail , it is

necessary to describe the physical operations performed by the

probing equipment. Our main interest centers on the demodulator

which contains the most restrictive filters and perform s the corre-

lation function .

Figure C—2 illustrates the operations of interest in block dia~ ram

form . The IF section conta ins  a fou r -po l e  Butt erworth -Thompson  f i l t e r

centered on 70 M1-{~ with 8-MHz 3-dB b a n d w i d t h .  This  is fo l lowed  by

in-phase and quadrature demodulation and lowpass filtering for each

r e s u l t a n t  si gna l .  The lowpass signals are samp led a t  a 10-MHz r a t e

regardless  of the chip  r a t e  s e l e c t e d , and the 4 - b i t  samp les are  t h e n

m u l t i p l i e d  by ± 1  as de termined b y an a p p r o p r i a t e ly  de layed  PN sequence .

The result is integrated for a complete sequenc c period T, or a sub-

multiple of the period . The samp led version of z(t) used in the

correlation can be expressed as

~~(t )  
~ 

z*(~~~+n~~) ~~ 
_
~~~

_ n
~~) ‘ ((-12j

for the 5-MHz chip rate (10-MH z samp ling), and

~~( t )  = 
~~~~~ 

z*(~~~+ nT
0)6(t~~~~~

-n T
0) 

-

for the 10-MHz chip rate. In each instance , T0 
repr cc I-nt s th~ selected

chip duration . Returning to the expression for ~(r) , i t  is t h e r e l or s -

apparent that
T
2

R
5

(.r ) — ~(t
’) y(t ’ +r ) dt ’ . i ( I i

0

(‘-(1 
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The accumulated result is filtered by a four-pole bowpass digital

filter with selectable bandwidth , and output samples are provided

at a rate equa l to twice the nomina l (I dB) filter bandwidth by

downsampling the 10-MHz output sample sequence.

For the purposes of this analysis , the total equipment distor-

tion will be separated into two parts: that which can be attributed

to the IF filter , and effects due to the discrete correlation pro-

cessing . The origina l probing signal consisting of a periodic se-

quenc e of N biphase-modulated rectangular pulses of duration

seconds therefore appears at the output of the IF filter as

y(t) e(~ ) z(t 
— ~

) d~ . ((-15)

where e(~~) is the impulse response of the 
Butterworth-Thompson

filter (complex envelope).

Using Eqs. (15) and (8), we have
T
2

R( r ) = ,~
‘ 

~~~(t ’) e(~~) z(t
’ +-r —~~)d~~dt ’

0 -.

T
2

= : e(~~) ~~(t ’) z(t ’ +~~ — ~~) d~ dt
’. ((- 16)

-= 0

Therefore , with the express ion for ‘

~~ given by Eq. (12),

R
5

(r) ,.

~ 

e(~~) ~~ ~(~+4) z(~~~+n3~2+r 
_
~~)d~. (C-17)

This expression applies for chip rates of 5 MHz. Similarly, wi th a

I.0-M}Iz chip rate [from Eq. (13)J,

R10(,- ) e(l~) ~~~ z*(_~~+nT0)z(-~~+flT0+r -~~)d~~. (C-18)

C-fl
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The inner summation is recognizable  as being a form of autocorrela-

tion function for the PN sequence z(t) evaluated at (r - 
~~
). When

(r - l~) is greater  than T0 seconds , the autocorrelation function has

a very low value , whi le for values less than T0, the result is closely

approximated by the autocorrelation properties of a sing le rectangular

pulse of duration T
0 seconds. Note that the 5-MHz chip rates involve

integration over a half period rather than the full PN sequence

period 1, so that precise resultr cannot be obt5, 4ned . With the

above approximations ,

55

R
5

( r)  = : e(~~) 5
(r — 

~~
) d~ I(  - 1~~i

R 10 (r )  e(~ ) ~10 (r - 

~) d~ -

where 1
5 
and 1

~1.0 
ar e shown in Fi~ure C-3; i.e.,

3T0 T0 T0 3T0N ---a-- . r - ’ - --~- , -~- -- i r .  7~
T

2N . -
~~~~

0 otherwise

T0N Ii- .~:

= ((‘- 2 2 )

0 otherwise .
•

Note that the IF filter has a fixed structure , so that with lower

j  chip rates , the 8-MHz 3-dB bandwidth far exceeds the bandwidth re-

quired to pass the signal without distortion . For the 5-MHz chip rate

ra te, should therefore be a good approximation to R5.
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2.’. Delay Power Spectrum Properties

The results obtained in the previous section will now be em-

ployed to compute intertap correlation effects.

The estimated impulse response in the absence of noise is

h (t,~~) = ‘ R(~~-r)h ( t,r )dr - (C-23)

and is available for discrete values of i~~
.

If we assume that the true channel is wide sense stationary

uncorrelated scattering with zero mean , the intertap correlation

can be es tabl ished f r om

~~~
‘ R(~ 1

_ r
1)R*(,,2

_ r
2
)E[h(t,r 1)h*(t,

r
2)Jdr 1 dr

2

= 
.
‘ R (n 1 _ r) R * ( t 7 2

_ r ) Q ( r ) d r  ( ( ‘- 24 )

with the assumption that

E[h(t ,r 1)h*(t ,r 2 ) J  Q(r 1)~~(r 1 
- r 2

) , ((‘-25)

Q(r ) is the delay power spectrum for the channel.

In the channel probing equipment , the correlation opera tions
can be selected to occur at full or half chip increments of time ;

i.e., T
0 

or T
0/2. For the ocean tests of interest , the tap spacing

was Set equa l to the chip duration T0.

The correlation between taps n and m can , therefor e , be express ed
asz

( - I  1



E [h ( t , n T 0 ) h *( t ,m T 0 )J

~‘ Q(r ) R ( n  T0 
- r) R*(m T0 

- r )  d~ - (( -26)

At this point it is instructive to compute the correlation for a

function Q(r ) that is somewhat smoother than the function R. Since

R(r ) falls of f  rap idly for -r exceeding +0.75T0, the delay power spec-

trum Q(r ) onl y needs to be flat over three taps for the ensuing
simplification to be valid , i.e.,

55

R - Q (-r
0) 

R( r_ nT
0)R*(r

_ m T0)
d.7. ((‘-27)

with 
~ 

representing a nominal value of r between nT
0 and m T0 . For

example , without the IF filter present, i.e.,

e(i~) ~(r) ((‘-28)

we have R (r)= t (r). Computation of R~~ above , with 1~~~~ . y ields

R N —mm 2
Rnn 

- 
4N2 ~~ + N

2
T0

= for n- m i  1 . ((-29)

with R =0 for larger n- r nnm
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C.~~. Dopp ler Spectrum Properties

We now examine the influence of the corre lator output lowpass

filters on the measured spectra . The digital filters have adjustable

bandwidth for each choice of chip rate. Here we examine only the con-

figurations utilized in the oceanic and CONUS tests. In particular ,

we a n a lyze the spectra l properties of digital filters for 305-Hz

bandwidth in the norma l and multiplexed modes (610 samples/second).

The chip rates of interest are 5 MHz and 10 MHz .

Table c- indicates the filter input sample format and other

filter paraneterz. while Table ~-2 lints the fi lter coefficients for

filters B and C. Each filter consists of a two-stage four-pole

Butterworth -‘esulting in a l-dB bandwidth of 305 Hz when used with

an input samp le rate of 5 kHz and 10 kHz, respective ly. Note that

the 5-MHz chip rate multip lexed mode results in alternate samp les

that are set to zero . It can be shown that the r~~t effect is that

of an input sequence of samples spaced by 204.6 ~s rather than 409.2 us ,

i.e. , by representing the zero stuffed sequence as the sum of two

sequences at the hich rate , one of which has alternating positive

and negative ~.amp les . An output signa l reduction of 6 dB will occur

but this i~ -i l i t t l . -  consequenc in the data reduction .

TABLE C ? , SACPLOW-PASS FILTERING

PS ~~Filt er 
- ______________________ —

clock Fil ter

~pec.nq . ,  rat e . bandwidth , Countdown Filter
V i-4 Mode I k f4 , Hz ratio type

- -

to Normal 102 .3 10 305 16 C
10 M .  704 6~ 5 305 8 B
5 Normal 102 3 10 305 16 C
5 Mu,, 204.6” 5 305 8 B

~Thp ~r l I ~~ 5 II  ,-.,‘ mode was Used in (he oceanic rnultipath tests for both linear
I I~~~ fl 11 ,11 polar Izat ion experiments.

I
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TABLE C-2. DIGITAL FILTER COEFFICIENTS

1st stage 2nd stage
Countdown

Fil ter K 1 K2 K 1 K2 ratio

c 
115 108 103 84
64 128 64 128 16

B 
98 91 82 54
64 128 64 128 

8

The digital filters are implemented in two stages , each according

to the algorithm

x ~~K x  + K x  + u  (C-30)
n i n- 1 2 n-2 n

1 1 1
y ~~~ + ‘~ x~~ 1 

+ ~~x 2 
((‘-3 1)

where 
~
Xn_ k

I is the sequence {x~~’ delayed k clock periods , y~ is the

output sample , and and 1(
2 
are filter coefficients.

The discrete transfer function can therefore be written as

F(z) u(z)

— l —2
- 

~(l 
~ 

1( -l 
K
2z )  

(C-32)

The response to a samp led sinusoid can be express ed as

H1( f )  F ( z )
j2 1r1Az e

1 + 2e~~
2’
~~ + e

j41
~~~ \

41 - j 2,rfI~ -j4ir f.~ J 
((.33)

~l - K 1e - K 2e /

(‘.14

~ 
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It can then be shown that

4
= 

2 2 
cOs 1Tf ~~~ - ((‘ 34)

(
i+K 1 + K 2)+2K 1

(K
2
_ l )cos 2 ri~ .’.

where \ is the c lock period for the filter (102.3 or 204.6 Ms). The

complete filter is made up of two stages with different values for

K1 
and K

2
. Thus, the composite filter can be represented by

H(f) = H
1

( f ) H
2(f). 

((‘-35)

The filtering algorithm produces samples of the process of

interest , each sample spaced b y t~ seconds. To reduce the burden in

data recording, these sequences are downsampled by a fac tor of 16 or

8, depending on the mode of operation . If the analog waveform s(t)

• represented by the origina l filter samples has a spectrum s(f), then

the downsampled sequence will have a spectrum

• ~~( f )  = 
fl=—55 

S(f+ nW) )C-31s)

with

W = output sample rate

610 Hz .

Of course , S(f) consists of signa l and noise after passage through

• the lowpass digital filter . Let N(f) be the spectrum of the noise ,

C(f) be the spectrum of the desired signal, and H(f) be the filter
transfer function . Then we have

S(f) H(f)[G(f) +N (f)J

and

n~~
55 

H(f+nW)[G(f+nW) + N(f+nW)J . ( -3 M )
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The spectra l analysis of the tap samples yields an estimate of ~ ( f)
over the range c f ~-~ and includes contributions due to aliasing
from the tails of S(f+nW) for each n. For the moment , we ignore the

effects of windows used in the spectrum estimation algorithms and

investigate the properties of the power spectrum determined directly

from ~(f) of Eq. (38). The most straightforward procedure of esti-

mating power spectra involves squaring and averaging. Thus, the

expected value of the estimate P(f) will be:

E~~ (f)~ — E~~~ (f)l2 

2

E H(f +nW) (G(f ÷ nW) +N(f

2 2~
= H 

~~~~ 
H(f+nW)C (f+nW)I ~~~~~ H(f+nW)N(f+nW)I ~. ((‘-39)

The last relationship follows from the assumption of statistica l

independence of noise and scattered return. Expansion of each term

in Eq. (39) yields products of the form:

H(f +nW)G(f +nW)H*(f +tnw)G*(f 4mW), ((‘-40)

PS It is readil y shown that the expected va lue of G(f 1 )G *(f 2
) is zero

f or f
1 # f2, when the observation time interva l is long compared with

the correlation time of the equivalent tap process g ( t ) .  Thus ,

Eq. (39) reduces to

E~P(f)~ _ E H ( f+ nW )
2
E~~G(f÷nW),

2
~÷ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I
If we denote the true spectrum by P(f) ,  i.e., the power spectrum for
the tap process , and the noise power spectrum by N0, it is seen that

E~P(f)~ = E H ( f + n W ) 1 2P(f+ nW) + N0 
n~~=

H 4
~~~~~

2

~ 
(C 2)

In the situations of interest , it should be noted that the filter

characteristic H(f)1 2 is only down 1 dB at the folding frequency

of ~~~ . i-i- ~ure ~~~~~~ illustrates the characteristic ’H(f)? 2 for the

5-MHz multip lexed mode (filter B) plotted in dB below maximum gain.

The resulting average noise background will have a shape indica ted

in i~ure C-5 . which represents the composite filter characteristic

n~~.
f4

~~~~
I 2
~ 
Its influence in shaping the noise floor can be

accounted for in the data reduction programs . Shaping of the true

spectrum P(f) is not significant since P(f) is likely to be contained

within the 1-dB frequencies of H(f)1 2, thus avoiding aliasing

difficulties.
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