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- i 4 ABSTRACT ot et . ; ¥ 5L

A theoretical analysis of the sca:ter:\ng of + High-] Frequency (m‘)

. > glec)romagnetxc e ST surfece suilf as. the ocean surface is
. . proposed. ' This is required for an ation of the radar si w2
5 . when using ah radar for the remote iensl.ng of ocean surface paumer.ers. P

The analysis is based on ualsh's (1980h) fomulatmn i the spal:l.al

§ o7 ptenm, Inltxslly, a tvo"dinensional spatiaily periodic surface with a

. o high refractive index is considered. For_this surface, a series solution

- 5 is-derived for the surface electric field in the spatial transform domain

. w0
mintaining the choice of any finite source. The source then considered
VT " is an elementary vertical dipole excited by a pulsed sinusoidal current.
It is asswéd that the surface slopes are small compared to'unity. For

o, £, and second érder approximations of the vertical

g Ly
this sourdej¥’

3 ’ component of the surl‘uce field are inverse spatially transiamed in an

- asymptotic sense. These solutichs are in thé form of ground wvaves with

‘o 7 3 . x P . o R A
modified surface impedances. By assuming a narrow beam Teceiving antenna, .

s

the inverse transforms for the first and second order solutions "that

 fnvolve spatial wonvolution m\:egrals are evaluated usymp(?tu:ally for

v e the two orders of the bickscattered surface field.
4 : By modelling the écean surface ‘as aﬁ-l.m,dimeminnal periodic )

surface in space and time with random Fourier/coefficients, the above

: g two orders of the backscattered field are suitably modifTed to.include the .

i time depend:ncy and the statlsncal variation of the surface:™ Based an
dos . tlus model an averaga first and seccnd otder backscattered Duppgr ¥

1 -
£ __spectta. and consequently the two ordeﬂ of the cross san:ion ure denved.




o resnlt contains three pm s

. The first urder tross _section is the same as bhst d:tived by Barrick

(1972\7, 1977a) uxing the.Rice. perturbati n technique The iecond order

" The fixs: patt 1s almost the sane: as that

obuined by Barrick. The two addi:ionul parts result frcm surfacz and

-, dncident mld inte:acuun alm\g the- path’ frvn transmitter to the

prinary ocean. scatteridg'patth and off patich djuble scatter respectively.

The effect of"the former may be very pmndum:ed,\ pu'ucunrly at the
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ARt ‘General Py : C. Sy

= ¥ § Wu:h the mcreaxmg actlvlty in :he ocean env/f\mnmt the need ,

The releva.nt surface paramzturs u\clude spatxal ot dxrectwml wave L

= - : heaght spectrul, surface wind condition aml vater currént. ‘Thu .

™ e i'nfum.::inn is nqui’ud bya wide variety. of users: ' in navigation,

* fishing; offshore petroleun nyerazmns, environmental cnm:xpl and

¥ search And rescue. oyeranons. ional

ot 7 for making these maasure‘énts are avaxlable, suchas by ning buoys,

pressurg \:rsnsducers, drifters, current. meurs ete. Hnwcver these

* . N technxquas are, slow, have a.small atea of coveraga. and are qu).tz

expenswe. Mnreaver, poor. sea conditions’-sametines makes, the measurz—

[ents very dlfilcul[.' & i toE 2 . ¥

“An alterpative to 5cesnograph1c tcchmques is :he Temote sel\slng

5 " of ocean surface parameters by radar, nmmw.we radzrs niay be. used “for

these ‘ieasurements But l:hey have very limited® detection range vu:h

i xcepmn to gireraft or satelllte borme. fadars., Also; at Tm‘cr’uuabe

t qm:kly measure oceat, surface paranéters. over -large areas has arisen.

[ _freqiencies (> 3 Gﬁz) ocean sutfnce waves .mtetac(mg with radio waves

{11-vavelengths, mainly ultragrav:.r.y and capillary vaves,

TR are of

<wa'e1eug:hs < 15.cm), © W'he:eas the xmpm:tance lies| in detection oi

1cng ocean w.gves (gmvu:y waves) Wh-lch is pasnhle by ualng High

Frequency, shh\'ethed as H'E‘(J -'30 mu), radarA The detmtlon range

n the

B I SadLress rela:mely much higher (bayand the,hndzon)

s ".' lasc two decades s.pgmfmam: am:ances have ban made fnr HF radars as




. pover. density spectrum or the Doppler spectrun. Thus the retirn

a néw ‘remote sensor fo} ocean surface parameter:;: This powerful' -
technique offers an epportuﬂlty for making the ne:essary meaaurements
over & large -ared in a shorter Eime. There are ‘two"typés of HE, ridars
dependu\g upon the mode of ridio propagatlon, Samely grqund vave and -
“sky vave }sdars. Bt w6 witl cnnsxder only ground.wave radar. . .

As. Lhe ocean waves are mn\rlng, they induce different Doppler

Erequencus to the 1nuden: mdm wave.  As a result, the return’ from

the ocean-surface. consists of 4 band of Erequencies in the forin of a

specttum carries [he rekevanr. i farmiion: about: the ocean surface R
conditions. A major task lies in the u\terpratat)un oE the return 50.

th.x{ the r!quired infomtim may be extracted. The return varies with

* changes 1n thé radar frequency, antenna -system (mdz beam or narrow -

be,-’lm and pai:{:;z’aqon), node of i ‘atic )

or b;s:auc) for the same ocean cundxtlons.A “These complications demand

“an fiderstanding.of the interaction Process. oceuring in the scattering

o tadm wdves from l:he ocean surface. is. understanding vould be

szmp1er i ‘the odean su!face ez de:emms:m Unfortunately,” it falls

under the :a:cgefy Of 4 randon’ ough snrfzce. e

The ruce (1951) P:r:urhat).an :echmque has been used by many

slightly rangh surfaces, In an &l;etnut)ve approach Walsh (lQBOb) has

-.proposed a fotmulation. for thrs:sttermg from'a general time invariant

rough 's\n:face. Thi’s .formulation is open to any ‘ti’n’ite source "Unlike

tha perturbatmn where only ‘lane wave ircidence is e ’l‘he scatter

ing maxym foran ocean-surface carried out in this thesis is baa’ed

m Walsh'a formulatwn. Toitially, o nonstiie varying tvo'dimensiona




periodic’ surface is Por. analytical conveni it is assumed’

that the x,y—slnpzs af che surface are small compared to unity. The [

source is ‘taken to b. an zl-mury umcal dipole excited by a’ mlsed

unumdal current. Assuming a narrow bean recexvxn; antenna, expxasllmu

B
\ field are derived., 'l'he expressions appear in the form of grount waves

Norton (1937)1 witl -odihed surface meunm (see section 3. 3l

rth random Fa\lt:.et :Daifxcxenn. The previous ren\llbr

‘for. -;he backs ctered field are then applied” :a this s rastedinaking

anxtahle madx u:anvn to include’ the time dependency of the madel.

,\) Based on this medel an average iust ‘chaad v sesen, nrdar hacklcatteud
Doppler spectra nd-conuequnuy the tuo orders Of, the Doppler ‘Frequency
dgpanden: cross section have been derived. " The Doppler. spectrum or the

cross sutim Fatit:tita spatial ) yave 'heighc sp

. ¥
ozt %t graviey'vaes in ‘deep water. This relationship thul serves as a link

betwaen the radar return and ocean surface conditions, when using an HF -

radar in a moriostatic configuration. ‘o

v for thé vertical cmpmdt.ni fxxgt and lacond ordetl of thevbuksclttgttd N

et e
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1.2 Literature Review 4 \ ]
Electromxgnen.n scattéring from rough surfaces has been. tten:erl by o

£
i

mny uwesngators usmg clyssicdi methods. . Thkse methods are physlcal
X

qnd ganm:tncal optics (tang! lane method) ant pgrlul‘batxoﬂ .These

procedures may be ‘applied to'a ramlcm rough surfake in.a stat;.stx.nal .'}’

. average sense. - B excellent review of. these tech 'q'hes ds Applxed o

the ‘scac:‘ering Erum-the ocean suifacé is presented ¥ Valenzuela i(1978):

Proceed]ng in, a dlfferent manner walsh (wenb) has presenced a geneml

g0y . Eotnulation for scattgrxng fronua rough sui fac A

We shall now bnefl)‘ B

‘1- disciss these techn:.ques and mention some of the “other, approaches ]as :

S i e

“well.

|
|
|
o \ *1.2.1" Physical aud’ icdl Optics Technidué *

A In this approach the ¢ field is\obtained frmn//the Stratton- -

Chia [Seratton (1941 ch. 8)] integral dquation by ¢ using itangent’ plane

% approxlmntxork fcr the surface fleld That’is, "the !urfAce f)zlds ate
I ,_jappmxmcea a€ eacfi point on the surface by cuusuienng the surface

“to ‘be a& infinite tangent plane at that:point. The result then uhcamed

| :
| .is known as the physical optics or the Kirchhioff solution. The method B o g

is described in detail by Beckhann and Spizzichino (1963), The incident

' field is usually taken to be plane wave. ‘The tangent plane approximatiom
is:limited: to those surfaces whose principal Tadii ‘of' curvature - are
_much greater than the incident radio wavelength..'In the case of an - . -

: . ocedn Surface the requirement is met at UHF or highier radio frequencies. - 3

Also, the mettiod neglects miltiple scatt®ring between different points

i “ .. . . of the surface.’




\

As the trequency i es o the wavel /\ es the ‘ap--
proxivation improves and, in the limit, the method spproaches geometrical

2 op[ics or ray theory. Acc‘crdingly, zhe scattering ‘reduces. to the specular
réflection and so_ the backscattered field is received: from those surface
fa&ecs w}uch are ncrmal to tghe d:\.rectmm of the 1z|c1dem: radiation. By: ..

usmg :he physical upcx-g;. techm.que and the s:atxonnry phase’ mezhod for

mtagrauon. Kodis (1966) denved l:he rad.sr cross section for a time

mvarxant parf,eccry couductingirongh susfacaiat vary shott radio wave-
ace ‘was: treatsd by

/\ lengths The case of a finitely ccnduct)ng sur
Barrick (1968) [also, aarnck "and Bahar (mm; and- cross secnon #

de‘ 1ved - Because of :h= curvature and mltl.ple sl:attetxng limita-"
tions the stechnique ‘is’ riot suu:ahle for nnalyzlng HE sca:r_erxng fmm a

:ough surtace such as’an ocean _—

1. 2 2 ‘Perturhatxon Techmgue

1896 Tord Raylexgh (1935 ch. 11) xn:roduz:erl a perlurhatxm

&

technxque to study me acou,suc mflectlun froln a smusaldal surface.

Ax\ applxcatlon of the techmque |:o elgc:mmngnetm Euld prcblems was

Ieirst pade, by Ihca (1951) in' finding the sssteered f1a1d from.a nm—mm
varying slightly mugh sm_rfacm ‘In this appt:ach the surface is ~absumid
to'be p‘uia‘dié in two, din;ehsions-and the incident £ield 'is taker a5, a

.d electrie figld compor ¢t

The solunon for the
tén a5 a sum of, dlscl’&te angular spectra, of mcdei, of plane

© plane wave

,ue then wri

The t'h:ee componenrs of :he scaccezed

waves ‘-H.Lh \mknnwn cuefilcmnts




~

Thé method proceeds by expanding theunknown céefficients in inc

—___creasing perturbational orders. Asjuming theiorder of perturbation is

e B

. the same as the order of smallmess of the surface parameters (height and

slope), the first order r.o'e‘ffi:i.entx re derived from zhe hbundary £ . 5,25
condition. Hence, the Eivst order soldtion for the sca::ered field is

.+ obtained. Tha p:opexey that thg tangem’.'al electrlc field shuuld v@msh .
- for a perfect 2ohlstor 1o the. hmmdary cyndition assumed by Rice. \E -
xépgating chis process and using the o of previous orders, nigher,

onder costticients and conseqyently higher

cders of the ‘solution- are

Qbtained. Of course, ehiicag s ey increase} slong with the orde

‘general restriteions in the technique are. nha: the surface béight:

. \mrxstiun shnuld be small compared to the :ndlo waveleﬂg\:h aiid the o

. -\ slopeb shoild be small compared to unity.’ ‘ ) ¥

- \ . Rice obtained all the three scattered field com?unents for both

1- and vertisaiopol izations up to the second order. Furthei~

re, .he derived the first order solution For horizontal polarization
when the surfacé was taken'to be zini:ely u'auducci,\g. The ,results were
also extended to a’ tandom roigh surface by treating the Fourier’ coefi).cunts

3 <! of the syrface as. rasiion variables, Thus the first and second mnm:al

kY . moments Of ‘the scattered field vere derived in the’ford ofa "ruughnass’

spectrun'’.. The r-au‘ghn'ess spectrun is similar to the spatial ave height

spec[rum of the ocean surface.

‘l'he above perturbation r.echmque has been extended by other

vesngato'(s ﬁ,nr fum:ely :am‘lncnng s‘n‘tiaces and ve;—ucal palauzﬂmu.

Moreover; the dmvamns are relazwely simplified by using a lurface

pedance  boundary condition. ' But then it is limited to the sucfaces s
with low skin depths. This boundary condition hds béen successfully 5




P s g
used before in other electromagnetic problems, e.g., ground wave -

propagaticn over flat earth [Hait (1964)]. By using this. concepe, Rait

(xm) derived the scattering rs.lults as vell as the-modified surface
i-pgdxnc: for specular reflection up to the second order for a vértically

polarized plane vave with arhitrau:y sngle of incidence. He assumed the

surface to be varying ‘in one dimcnsion: with a* perim'h.c variation. By

using'a surface wave formulat;

in the’

g J.) ‘darived an expressién for the aodified surface inpedance ‘for

grcund wave propagnton umm “the rcugh sea. -gemnl percurtmc'on )

‘for the scattired mm FevalL ety a;er gmn by Romh

"and Wait )(1917) for .the. case of vertical polauutl n nnd a

itély’

= tondu:txng ‘sutface with plxwdlc v:natmns in one dimension.. - q

Peake (1959) cppaan tobe zhg First to use the Rice permrbatum 5

;lmry for radar: .pplmmu by deriving an iverage first order. cross

in'a similar anner, obtained: the second order cross section also. From

.  Crésbie’s (1955) pionesring experiment onthe radar return from the

ocean at 13.; 56 H‘Rl, 1!: is :évident that HF radzrl are l\ntlb!e fut the

detacr_xm oF . 1ong ocean- waves (gnu:y wavn)— hud on:: m-m—mn of

2 ey Tty o backacn:tersd noppler lpectm he found cm: the two pea.kl i the -

lpettrum were, caisad by two ocean waves,

 moving avay from the radar, m cach having.a wlve‘lmgl:h wqual £5 e

*  alE the cedar wavelength. Further, at’HF ‘the re nr:tlnnl of the

pazcur’ontlon halysis are met { e i o an geean e

Barrick + :

< - sectiom for a.random m¢ sirface such as a terrain, . Valenzuela (1967).

one’ mﬂvmg toward -nd the"other

3
i




s trequency dq:mdenr_ rou section of the océan .qxf.u. ‘For this he B

témms of the mmu vave height spectrum of gravity vaves

the i se i6 nade by, Crombie. Smﬂzr

partuﬂiat fon- technxque. i j,

1,2.3 Ualsh's Techiique - . .. ¢ .
"L Walsk (1980b) b o

geneni formulatiqn, to deal with thal:’

prnhlem nf nc-c:snng from a ngn-um: varyulg Tough surface. Since his

oE thc cheau, it is wcr:humlu to mntwd

i mﬂunnn fprls the bas:

A complete description

“his yoged\lre ia s rilatively detsiled memiars

: [+ the above reierence . 2

The mefhod: is baséd on the Ereatment ;E both the physical geometry

L

s. 7 of the -pue and I’.lle lhxvall aqha.um in a generalized fnne:mml sense.

of the usl v for the mlyslt

© of linear: anténna systea:[Walsh and Srivastava (1980a)]. The model as--

e two ous -ahd i ic media are d'by a

2. suites ih it

“in a Cartesian_coordinate system with

¢ mediun above is ‘taken to be free space

the aid of a Kuhlide '!m{cnun located at’the -urhu. ne duph:ugnt




@ and corduction current densities are thus described in tems bf the/

£ B wy

- eléctric field For.the enfire space. L SR

time hatmopic' (phaso¥) form either by assuming a time dependéncy of -

- exp (ot where w_ s the radio _£requency,-or better by Fourier

. - . transfoming: yith respect fo time, usiig-w as the Clansforn variable. :

Using: the tw6 equations a partial differential equation is'then derived

for the complete spdce ‘Electric field,

n’ this derlvatxern no gauge

& cuuhluuns are inyoked. Kovever, the forcing Tunction of the eguaticn

£y e )ncludes an agh:mry fm:e curfent. sourde, romstaditi e upper half

iy be considered as a secondrry source. The parl’.ial digferential

.« equation takes th'a Eurm e
: 2

& . o o g, ) : 6
. Ty { 1)«
: ot y ¥ ;
; S /
E(x,y) £ e o el T
=k el (1-n>’+‘h1'f. S
i
v . -
- : :
i !
bols e ;
; of the lover medium ;.
EL o
b} i - 4 Coaw
I vy Vi . v ne .
i w - . i > w
P o SR P P

. W) r T Y
° The first two Maxwell equations (iix:oi.nf. «form) are reduced ‘to-the

lpll:e, as wfll as the field um'nedxately above ithe surface‘ ’l'hxs f).eld

/" :




s mEFw o f

¥ - % e
Ex,y,z,t) = ;—, J!(X.y.

Y meam :he ln:agradm\ with ra:pe:t o x.from
" method” eha en i 'to" d‘campnle un:o m part- nbw

i :htee sub-equations.

10 -

. 0 , forz<f g 3
Heaviside f\mcl:m-{l-’ ans ;

T : normal vector to the surface in the direction of inéreasing z .

T FURN :
i St 2 A

&§(x): Dinz‘ del} function of lrgunwnt x

Ty ¢ electrical fource operator = T [v(f ) +i3) :
3 274k ‘sodbes curreat density. & dmur.n the_électric field.” for® :he

complete space, whereas §. mea:

:Ho

nganlforl vxrilble. " For the lﬂ!ter r_ﬁa tranlfm p.(! tn be caken is

Sy 3 & :
Ex,y,z,0) = ] l(x.y.z._t) g‘p(-jm:)qt
St e

o) e Gur)an, ©

o 4

. To arrive t'a mumm of ‘the partial: differentis équation the

nd. heuu«chg R

surface.. This pmedur- has the effect of npm:h.g ‘the’ equxcxon into

Twé of ‘these equations repnlenh pmm ait-.

ferential equations for, the fields abave and below’ the lutfue, while .

o i S




-+ is-solved approximatéely ‘and the solution is inserted in the second. The . .

the third gives' a sét of boundary Gonditions which- thé field st
satisfy at, the surface. /It is'thus seen that this fechnigue provides

“its own boundary oonditions directly 'from the main equatiom,(11). -

? These do ot have to be sudplied externally. By usipg a Green's: W 5

+ function approach the solutions for' thé fields above and below the
> " . ' & -t A w oy
surface. aré derived. These solutions are in,the £orm of convolutions

and’_theix. derivatives with. respect to norual, to the surfae

+. .with the proper Green's'functions. E_ and E refer tojthe fields

_immediately above and fmediately below.the surface réspdctively.

The scatterelfiald above the surface’ may se détermined froms,

solution. of E_ ‘and its derivative nt\u{séec‘g[;a't},e normal. to the

‘surface. To develop integral cegiations for these unknovns .a horiz!

*plane above theysurface is thosen in. the previously obtairied equation

for ‘the’ £icld-belav the surface.. Similarly, 4 horizontal plane below-

the sirface is chosen in the ‘equition, for the field above ‘the surface.

Theprocess is ‘facilitated by taking the spatial Fourier Eranstorm of ..

the equations with respect to ® and 5y with K and K, a8, the. trinsEorm -

- variables. Thusa set of two vector integral equations’is obtained

.which should be ‘solved simyltaneously to determine t;he( ggﬁqixed unknows .. -

. To'sinplify the similtancous sblution, ofe of the.two iitegral equations

* approximation 1sed is: based om the assumptipn that: the functichs in that =

v

particular integral .equation ate spatially band 1;1\“&‘;

nd the bandfidih TR

is ‘gnall :compareéd to |Kkn [ — i 3 D

The second integral equation now tobe soived is given as follove:™ =+ . "




é.incident or source field spatig

P }(i). The incident -£1

respeitito w3, i s the Creen® s function tor. freé space given

by G 2exp (-]kr) /(Awr) T (x ¥ v

b

B 'l'hc other Eeims m (1 5Y aré

Tespect to x and y with X and: as the transforn wariables, .




g @ fe.xp i€ - 0 dKid?y‘

f where E ‘is the scar_(ered fzeld spa‘:uuy Fmi’;ier mn'sfoxined i

N .'z =2y 6. T may be added here that When the. mpresuan

is inserted in (1 5) and (1.10) and'a'sui able mtegmnon by

T e eqiiations a. 5) und '(1.10) vednce ‘M-the follwing

Foim respectively.  Tn doing do 1t is assumed that the surface £ield -

&) wanishes -at infinity. The unknown is now B only.”

E 6,

kn;fi fu 'v'xth)] exp {-UEG) - 5K + XV dxdy




I: may readxly be seen that Walsh's funmlln

on accepts the mm

frum any fm;te source, ¢.g:, 3-dipols’ source. —Dn the’ contraty, e

" Rice (1951) perturhatlan techn que

cholce Sof lthe: surfdee. i nr’b).tmry,

" and slope vana:ms aré th re Further, tHe Lowe: medluw may 'have a

fu-ute or. n\fuute (per(ect) cnnduc:w).ty. Of course, the pmhlem of

mo Limigtions on the 'mgm& ¥

fmdmg a mlu:lon for the surfaca £ield and the inyerse spnl‘.lal Torier

- gransforms still exist. These dxftxmmes my be eused xumevhat for &

i:tic surface: nowevu, for an.oceay surface thn is not the

case: In spxte “of these prcblem th:.s formulat;

n is fele puferahle

isbised on Plaqa wa_va, heidente. The

oA




i thout £1n1te bnundarlss‘ The apprnach caken by him is that of the g

dyadic Green''s fimgtion to qalculace the scmezea Exeld The surface

irregularities are ttarhe:ed to “the surface curiii L plercuthatxonal 5 :

£ o LroE ordes thrnugh e boundary conditfon bo thita proper dy.udm Green's; - .

- e L gunnnwn may bé used for the underlymg smooth. surfm:e

.o remding wu:h fmdmg this funcn.on and the mtegr.\l evaxumom The.

= ,cholce fnx the source is kept mu:mvy‘ 'He has glven t‘he Ewrnml.:r.).an‘ j )

S A, e che second order and the dyadm Breen's functions for. sone, speclzl MU
¢ N caszs :uml\ldxng the half' space problem wl.:h Wi dxa de.shng. Stk ;
) ‘. ¢ A comon :uhnxque to' deal wx:h those lurfaces, where 3 small W ow . < :

;i F A :clle\ muglmess (slnall stope ‘and hexght Varxnt.l.ons) is nrlu\g over'a A (

M s gently undulatl.ng (smll slope) surface but yith, large: height vanatx.on,

s'to use.a compobite model of the phyucal optxcs and. psrturhatwn. o

Do the mae 1.5, zhe suril:s may be d:ccmpased u\to tws. sub-su:fac=s so that

“the uuh.vn‘lusl teclquue ay mot be met! To'thisiend an’enswer o

been’ priovided by, Bihar dnd Barrick (1953), using. a tachmqua davaloped,

- by B;har (1980) where the anvg ﬂaqampnsl:lm is nuc necesssry‘ In

x-hn: < tethod the prohl n_is treated i .gensra wuh exact boundary -

e 3. condltlans. Tht kntal nnd is written as the sun of Ehree compondfits o

S0 damely :amnon, lsternl, aml surface wave torms aiidEhus EHe technique

i called "full “vave analyaxs“ ) The soiirce. taken' is'an infinice 1 e L ;




in an’ app cationto the rough surface

- The case of a fm:e sdurc

scatter'r\g prohlem is treated, by Wait, (1966) Ey using ' vertical alpa\e'

. source'lie’ studxed r.he bm:ksu!ter af HF gmund way Sl.gllll frml sea’ wam

. Tn his ork ad mnagral femmluncn is Used'to’ £ifd the change: i et

n coefficient is dérived. - It i shaw' ;pen that, thi,s

a gen"em timie iwarim‘:ough suru'ce (see sectiop 1.2.3). " The
formalation apgex(s as.a set g_; two vector integral equanons _in-the
o Luo dimensional” spatial Fauner transfnrm da(nam.‘ Inltlully, a non-time

. v.nrylng ‘two dimensional (xn x and y) péEiodic surfa:e is :ansldam&.

T mean level ofi the mrface is taken to ‘be the s = 0 plane. It is,

.,mumed‘tha: the suxface has high refractive Lndex, siich gs sea vater at

“HF,  The médiun above the suwfnce is taken to be fre¢ space.” ‘IQ&

pgn.odxcxty uf e mvieEa e bbiueambotis :he megral equations’ to-sum~

* pation @quatxonl “Théeirst ;quatxan )s then formily mverr.ed in the

Eorm of'a heumann sexies to yidld ‘a snlutluﬂ for the electnc field onr

i e sulfncu in. tlve spatlxl mner erufom damam. 1: s ahown that,




when this series solution is used in'the second. -equl::\.on, he result

obtained is that of Rice. fettl) perturbation. . “For this purpose, the -

surface is \:aken o bea perfect conducv.ox nmi the incident £ield as suned

éinaric series solution is” partially summed to forn

N e . anot:'her seFies which is in a more tractable form and further, is more

amenable to’ phys)cal )nterpreta:loﬂ,. )

Jpiovder o study the ghove series solution and_apply. it to remote

cmpomnr ofv the surface ‘field.. ~AYHF with both transnigting i)

and recmvxng nntenmn located close.to the sntface, the ground vave . A

Um: (196A) % ll;xrtcn (1937)} mode of propagstwn s dcmxl\anr. % Hﬂreover, -

‘surface Vsuah as-sea vater. Fox—analyncahmpizmy
surface s'xop;ea are imuch.less than “upity. The source mku\ is an

'l:menr.ary vertical electric. dlpele lu::al:ed close to the sirface.  The.

‘exed tacion’ of the source is usumed toBe a p\lls&d sinunotd and, | there-

- ] me, W have tredted the previdus equations in, the temporal * Fourier

g, (nnsfcm domam. For a non-pulsed sinusoidal excltutlmy thege say_be

sncand ordet: approxlmanons of the vertical wmponent of the suckace

fleld: in che%p;tlal and,:emyoral_:msfom d_mm are Vdﬂqed. In

=i " these, three orders of the solution we have congidered’ the terms uwp to g

G mond order in, surfacn Fourier cueffs.cl.ents,‘l el w to product of tuo

coefEicients-.

The, zero , oider solurion rep: a grmmﬂ wave Lt

" outward from, the saum witha mdxiled surface -impedance. The first

opder solution represents two gruund vaves, sgaxn with : mod:fxed

setsing of ‘seean. surfate psrmeters, attention is eonfined m_,u‘e Jerbtal . T




. surface impédances,

Sinilarly, the second aid Trigher orders of the solytion mey be

propagating in different directions due to

interpreted.

7 ‘The modified surface impedances take into account surface roughness,

which is £o be expected. These interpretations- of the ground

vaves with modified surface impedances are based on'an asymptotic

=, evaluatinn of integrais for the inverse spatial transform using first

the stationary phase method and then the’ steepest descent method given :

by Wai (1970, ch. 2), e shwld be mentioned that the Lrﬂpped nurface

vave phenomenon as discussed by Va:t nay also be present. The, inverse
trans forus for the first and second order solutions are in the form of

-

spatial convolutions.

Cnnsldetu\g the monostatic case, the invers& temporal Fourier’

taken for retumlng to time’ dmnxn‘ fhe above spstul canvulu:mn

integrzls are. then evaluated, ‘again asymptotically, by ‘the s:at)wnary

phase fdethod “for these two ord&rs _of the back!:atlued sur(ace i)eld,

assuining 2 narrov bean. teceiving antgma. *lovever the results for”

each order may be' esctended for & wide beam or umxdlrectlm\zl recewmg

 intenna, - Thisfpackscatterad field is received Erom an aresof the

to'the time deldy between the transmitted.

_surface which. éorresponds

and ‘received signals.’ In the case of the' fifst order, bac’ku‘a:cered

i pa[ch nf the surface, “whereas tlus is not- so.

field this area defimesa

“fo‘r‘ the second order. In. I:he lat:er case 'the fxelds are YECElVEd from .
“the- patch as vell as fron other Tegions of the surfaie,. all arriving

at the sane tite.

[l A'wre reslistic mdel is now considersd. In this model, both-

the.time dependence - and the- statistical variation of the ‘surface dre




-sinusoid.

introduced into the previous. first and second ordeT ‘solutions for. the

backseattered fmd from a time invariant surface, thus making them

more applicable to the ‘dcean. .The otean surface'is modelled as s’

“thtee ‘dinensional periodic surface in spade.and :me. The xandomnus
of the surface variation is m:roduce,i in: the surface Foune: coefficients

by treating then as:random varxables [Rice (1951)} Barnck (1972a)].

secnnd czder hydrudynan.uc effect, dezived'by Weber-and Barrick (1977);-._ !

fasino mcluded

A ‘the. sghand omie, solution Eorthe backscattered £ield.

vFor modelhng a pulsed radar, we have extended the excitation of the - .

souteé dipole from'a single pulsed sinuspid to a periodic’pulsed

Using this_time’ deperdent fesilf and the dispersion relation- -

ship for deép water ocean giavity waves, an

average first:and second . . .

arder ‘Doppler spectra (power®iensity sity pectra) have beed

“to.the spatial (directional) .wave height spectrum of gravity waves.

" The result obtained for the First order Doppler spectrum is the' same:

. technique, whereas this is r'm: so for the. aecnnﬁ* order."

- Doppler frequencies.

Consequently

: ‘derived, again assumlng a narrow'bean receiving dntenna

the"two order's of ‘the Doppler ftequenny dependent cross ‘section have o

heen derived. S o . -

The Backscattered Doppler spectrum or the cross section relate

as derived by Barrick (1972a) using the Rice (1951) perturbation - - -

Our second

order resul: contains- three terms. The fiu: térm is almost the same . -
as that cbtained by Bartu:k (19725, 1977a), and it te@esents the case |
whute dwble scattering oceurs on the patch only [Stxvaatava and Walsh

(1953)] The' =£fe:r.o£ the secand term ib very pronounced at hxghe:

This® tern may be viéwed as a result of interaction




Ai::aeu the surface and incident field ilong the path from source point

to~the patth. The thikd term results from off the patch double scatter—

*ing [Walsh and Srivastava (1984)]. These difference’s gay be traced to

" the use of a dipole source in the model.  However, if the transmitting -

. Y
antema is also a narrow beam one,‘the third tern may be neglected.




" deternining the scattered elestric field fion pp arbitrary surface

_.nécessarily perfectly tonducting:  Further, the formulation ‘i ®oper ta.

..result, the, surface is taken.to be aperfect conductor and the incident -,

5 B a - GHAPTER 2

- TIME INVARIANT TWO DIMENSIONAL PERIODIC SURFACE

2,1 General

F(x,y). The surface is assumed to be time invariant but mot - £y

any, finite source. These equs'éian's in” the form {1,11) and (1.12) dte’

Jtaken ds the starting polnt of EHis thésis The subsequent work i

thits cthter deals with decemlnlng @ solut)on “£or the ‘suiface field far :

T~
the cise of an 255G model of :m ;ough mrface.

- Eirst-simplified for a8

" ol ceaduesiis surface Sstictss sia'vitar b A, e surface_ 5 as=

sumed, to be a’two dimensiomal penom surface inx and .y .This approach -,

is & standard éne taken in mndell

rough nurfa:es [see €845, Rice -
(19'51)1 I‘u this. event.both the equations are tedllced to fum;mnax
(summation) equations, The fxrs: equation’ . 11) is then formally’

mverr.ed in ‘the form of a Neusann Aenes Yo yield a sclutwn “for the

It is show in Appendix A thar . /

surface fiald in the trans fom doy

when this series solution /idused in the other equation (1. 12). the

result obtained is thit of Rl parrbatite, Of wirew, to_obtdin hu

field assimied fo be plane, wave, althoigh we have violated the -assumptior

of a finite source for this puipose. For a éomparison with Ri







. & e we -
5 ¢ 237 .. 2
- . & . E .
o} EI S = % ot
g . 22 Jaste Torageal ions arid their Sis
Vo A mm to sesk a.solition of (1:11) on the surface’ f£ield, this
. ¥ o i
2. !q\lltum is wnttm in cart iau component-form. The resulting set of
three equations will be nnrmd to as the "Source field equations"”
AN Source field esmtim ) I -
ot
e
' > ;
.,+(1-1—1>'(,x+(..+ju)f}x1 o
K R & i n LI i ey
. Y e (hu- D m, = E, (x) exp (2w (1)
S, ¥ n , s et L L0 .
LS. . J [ - £ R+ @+ ;h,;o),f’} B PR
.2 s T ﬂo . * g N k- - -
. Vexy = 2 o "
+ [(n-t)kn)(l+£ +_l)—3(1— 1’) K£}
i . o2 Yy
: - ~ .o' o
v




o (?) = 3 (2h)

+exp (fu - 4R ¢ XV axdy = 20E;, @ exp -2 w)

x and y reapg'cgively. Ey» Eyy» and B lare the cartesian compnnents

Eiy B
- "t & imilar way, §1.1z) ey e bt £ Gaiiaiet TodN. e

! r_uu‘ln'.n;‘ three equations will be referred £0_as the "Scattered field

- equationis”. A =

Scattered field equatians

. £ 4 .
] J[((H-Jkn)(l+4+£>+1 (1-...)Kf}z

o o

Xy .

S s e K S ke E Y E
25 % oy} Eay .

5 0By :

N\ -dp GRS e )T

N e =] PO

\
+exp {fu -

@ = L e (20

@:1¢)

In the above £ and fy are partial derivatives of f(x) with respect to.,

of E‘; Sxmﬂarly Eien Bpye nnd B are the cartesian compnnsnti of E,:

K - %) axdy k L (2.23)
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“The above equations” (2.1) and “(2.2) may be sisplified by making the

foumn. as mpsmn-. B N

. the ugutude of ‘the 1 fmuve index (n) iy lazge compared to

.. both unity -ahd the slapu of the. surm- >> I, [f |,

" Ig | for all x and y. This in t Hl:h:(‘—l)ﬁ‘ R
|y| all'x and y. “Tods in ‘cird ididies ‘that o P

r 2% (n . t & n  arid (.,2 4 fz) = i A& HE and lover. udm ¥requencies

this condition is muy dat by the-odian sur

The typical t

valug of x,y slopes of the ocean mzf.c. is 0.24 as measuted by -

-Cox' and Munk (1954) using aerial photurrlphl of the sun's slitter

, m\‘zhe, surface. Whereas the magnitide of thi !efxu:nva mu for

séa water. (E =81 ‘ dmlll) lies in tbi \‘lng& 155 to 49: Sor

the IIP blnd (3 30.MHz) . +_The

" o a wind pe;d of w o




, - , S
% ;2)% 1the:important wave-numbers--(values of [K|) arejmugh less than.[kng|.
& this assumption Witl the previous onewimplies that . ..  / - i
" {
* jkng 2 .
Considering these assumptions’with the following substitutions,.:
B =il @ B N T TH R e
% : "4 o e W) .
E =g . B - :
; _Et): . jkn (an,_ £E, 2 5

-and - & ;

@) = i @ exp )
% _Ex_i(i‘)bz 2 E,

e R e

@ exp (z7u) - .

Sl 21

o B expe (T,

both'sets of equations .(2.1) and (2.2)

— tas e - oiny i
> = By 7w, e T Yy

o[ K S KE
s . SRS
I J( fx’(,fy f.k“o) By f e o, »)E:-y

B xy Y * [

R A, ity . s
AR £ ) B e (he iR ® ddy =




g ﬁ/(;iu =3k - %) axdy

) 1 h AR N = E
e b J I te (e *.ﬁ:) :

U

FiEOy




in bothx and y with spa[ml puwds 2 (fxgure 2.1 -Therefore, we

havé’the two dxmanunnll Fauner series expansion fbr £6) as

£ = {f n;ﬁexp I.:;Nk(mxi'ny)). o L v_ s a. 7y

where B

numbers mN nnd ol uf the_surface. Thdse. are given as *

L2 a2 ¥ Sal el B B

‘f(x) e (-Ju(mx 41

L
—L/2 —L/Z

zw/L) is the: fundamental wave number, The symbul 2 | means a rlnubla

; §ummntion_nvér the ‘intagers w and:n Evom. . £o o, ance £G) u a real

- - o & T
surface ve have B 'SR . 'The aitansk ) as Eupérscupt denote

" ene comp[ex, aon_]ugale of the* qusntlty. For' convénience ve have assu.med%*
‘, the same pemd Lin buth x ana y althuugh two different pendds may .
e taka( This choice) hwever, is npt’s restriction in the prof:edure :

us later in the analysis [chapter 6] :he Limit uf the penuds qu be

ity, The mean 1we1 OF. the surfade i taken to:be the

: ex:endpd to

" plane z' 0, wl

ch mphes B L'

’, 2 exp(fu)

By

RS [JN(m oy 2oy




.+t Figure 2.1 Geometry of the surface'(£(x,y) is. i (‘

b © U7 . .7 periodic.in’x and ¥ with ‘spatial periods

L. “The medium above is free space with
permeability u and permittivity £+ The:

‘medium below.has permeability ‘io’ relative




Tn"a"gimilar vay, -

FE
. fxfx, o £ & (fu)_.ﬂ.

e Bt Tmnt St Parn? el O L0 £ 2 G0

L0 3 anda _.are the Fourier coéfficients for

the respective functions in (2:9) and (2.10). for fixéd v, This means

s l:hxs sec oe cnefflclenbe are funcnons of K ‘and Ky in the form'of u,
- for exam‘ie B, ..is ‘given as .
L/2 1z T P R
B = = i exp T fu ]N(m}( + ny)) dxdy % .
R w120 .
\ e . R Y -1./2 ks

auxiliiry sodericianes dn they may h: Expended in terms.of, the ;urface '

Fourier coefficients [ YR . Yo % : &

By using (2.9]

+ may’ be, recognized as spatial Fourier transfoms of o zcy and z vxth
shifts. These shifts ate in the transform varublu K, “and Ky by oN

g and N rupecn.vely We. then have -

» 3 ‘43 - X ot o e § W E L
w A T I LW B ;- N, }(y HN) . 7 i ,

m,n m, 0 T, . il <

n. )

N ~
—(n'+~c ).E Ltk —mﬂ,x{-n}i)+JK(A

) i, fnn’ By xM,n

+ Im‘r; _+ Jm’“) E

ull, K~ o)) 75{1 . (2.112) -




- a1 @ - Q@a

- oy, K
o, N

y: = o) oo Bey (&g - oN, k) < oN)

z (K« = mN, Ky - oN) ‘= (IE), , (2:11c)

: v‘nere Y b B Et ; @nd'E, denotes Eheir spntill Fourier :ransfam
3 wlth Tespect o x [= (x,y)] vith X Kil= (x 1( )]_ as the ttansfatm vanables

Slmlarly, by usmg (2, 10) n the sca:tued field &quations (2 6) we

have o ¢ . »"’ .

Schttered field equations

o, K - oW
N y. 5% &

o sorls 4
@l17a) .

RLACES + @m_,“ + um n)zﬂ‘z @, -»m.N,.Ky =mN)] .(z,lgh')’_
o s . i 4N







found, equa:wn (2 15) must be mverced to yleld an” expreusmn for E,

\Such an inversion vill how be prcpo!e

2.4 4 Sexies solution For the Surface. Eied (D 8.

© The equation: (2 15) pay be written as , . -

where it is nsuum:d that the inverse of matrix'T  , i.
exlsts; The general expression (m,n) # (p,q) means, ‘a xestrlcuon
sunlnntmns \'.hnt hnth i and 0 can not he slmultaneonsly equul ta P
re-peccxvely. For convenience 1=c PR IS T

: i

in the .




Substituting these in (2,19) yislds <

e e A el g
ke SRR D e T

where I is the idéntity operator, Or,

T - o b T

+ ) L
(@;n)f(0,0) "7

< ftie_above: iniverse of the linear operator may be farmally expanded in ,

... the Neumann series, i.e., ' . . % Kas

O Y G i (2.23)
2 . i
[CH L (2.24)
S (mmE,e) T == i
¥ mn & 2 3
Tl S B o i
(m,m)#(030)7 X
s s Bl ShES :
(p,qwo o) @, nmo 07—
- ST Ry s"“'r»r‘ » g (2.25)

P
R s)l‘(o.n) (p,@)# (0, n)(m u)i(a nY‘

In (2.25) the summation symbois have been dzupyed for tlln.ty but they

imphed by auhscnp:s on L: x.e., with respect 'to’ sumiation inﬂxces

M, 'p,q, T, and & ete. with ,:h:g proper restrictions.placed on jtheém,
0 P b ; : s : /




Tsecond urdEr of perturbation, for vertical pollruatxm For horiZontal

35 .
By operating with shift rs and 'nun ollee g all ‘the
terns together in a gemeral mode (m,n) of i i ymaa Epas, -
E e, cL. EMter P9 o ghn :
Zt " led T tmpn Zed, T Yp,q mepneqei

(@,)40r0) .
e g <p,q)#{(“ <)
a5

B P 5L 1.0 ~L‘q Ty T
['%.8 por,qms pr,q-8 m-p,n-q,ci i

wot {§ ;; Gk e

In the above the superscnpts mean respectxve shlfts )\n K. and K as ‘-

4

def;ned by (z 13). The suhscnpm far a general term %p_r s "o

that p and q are the xndx:u for daubla s\mma:mn wm.\.ny wtn restrict-

\

"ion¥on. the summamun For example the r.hu'd tern

P
L L
.9 mpinq

w4 {23}
5, o
o (p q)\‘{ °§}

E"‘ :" means

P

"It s shoun in Appendix. A ‘cha: when this solition for [,

(2.26)"is-

Fourier coefficients (2, 9 and 2.10) are expaﬂdedL tems £ tke'surface,

Fourier cuefncxenzs (2. 7), the result ob:amed is that nf |ebeRice!

(1951) per:urbl.r.mrn nn.alynls . To obtain hm resuu, che ﬂrfacc u\

takea™to'be a perfect com‘luctnt and the incideit field ass ed is ¥

plma wave. For, companson the de:ivannn is’ ‘carried out up to the UL




Partial Summation of the Series Selution '

. It woild be better if the series.solution (2.26). éould be summed to

&an elegant closed form solution for E : Nevertheless th

series

J
may be pnnbxally sumed to form ansther serids vhu:h i

“in a more tract-

wheréas tile mathenatical details are given fn Append)x B

Inu’.ully the' secand tern in (2. 26) is, cmsxdered‘ Those igher

Jteims whicli are” eq\u.valem: to Lhe second term are cnllec:ed a8 1F they

pruvxde qrtecuem €5 this term,, Fnr example r.he fxzst correction

3 comes " grom the fnutth tem by setting (p,q) (D.c) :here. ’l‘he secm\d

corractmu comEs fxuln the fxfth term and 50 on: Thase correction terms

.
-appear ‘on ‘the 1aft ‘side e qf the secoud; tem and may be formally sumed in

the' form of the inderse of ‘a series.  This process.is smu.larly repeated™
L far highet:terms. “Then hy letting (m,n).= (0,0) in the! nsultant series®
¢« and addmg it to the first teim nges 'te correction 0 “the first s

“wieh this correction the first tern is now kumm as the ‘zers order term.

. Mo Eurthu correction is possl.ble to. thxs tem,

The process is cann.nue'd by cbllecting the correction terms but in;

ius case.’on, the right. side of b Sedhit cesn ‘matrix Lont
_-rection: tetns may_again be famally ‘summed in the' form of the inverse of.

Lse' cor-

iy amﬂ:her serie:

The secm\d term is now referred to as the first order as
no {urther correctlun is posnble t6' this term. The procedire may be
repeated for highet tegms, hﬂwever, the detaxls have been carried our

up_to_ the second o ordir and on that,bagis a generajization forhigher

orders has beer achieved. . The result of this partial summation is as

follows: ' s T il

)
\




C-u -~gl)‘l. o @™ i"“ P
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e e s e
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. (m‘.p) s, w5 3 g
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(m,n)#(0,0)

where I'is the identity matrix.

- _— I v,
= Ly e,y "u 1 v—k,v—l
OO O a)} @A -

B28 G

“Further, :(S § a

. k1 v Lt
’1.-1 155 e B =
_; «

s ;;} (1), = {(" :;

5 i
Lu—- 1—.\ "v-h,.v—x e
(0,0)

v
: )

ol {(m,n)} o G | Gormy] Gt {(un
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PV, k—p, —q v-k -1 p-w,q—v
(o o) (0,0)
(v,w) v,WF [ (p,q)
(k f it
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(m,n)




T, e oo k, v,
8 ™ Bl s Brrysme ™ Moo, 1os Bok, vl Yoo, ey
’ (0,0) (0,0) (0,0)
(x)s) (vow) ()8) '
RFCLR PN SEAIRIPR dMa( TSI AL raiie]
(m,n) (p,q) E (@) f -
(m,n) .
. 1 lew - ;s .
Ly e Ly w1 Lr—‘v,s—v‘ Ceel e T «(2.284)
.0) (G, T [(0,8) .
@it ((‘:3 Lk, D# 2" W et (;'3
R ] PR (p,q) (myn) .
(m,n) v (m;n)) 3

In (2.28) v, w, &, 1, i, and j are dumy®indices for local summations

with given restrictions bn summations, treating m, n, p, q, T, ‘and’s
= SN < i v

- as t . These. zeferito ion indices in. (2.27).

« For examle, taking only the ixrs: term in xl Ry, and Ry, the second
order solution may be written as :

e oUW =l

_'<v‘wJ§4<a‘ e L PN T
ol . L R0 gy {fool} PR

A

o1 - L
~VTPIWTq  PV,qW. | mp,nTq
; . B
5 & # | ; 4
- G i S T

h b Ty Ve mev,nw el
Lt . :

It may be mentioned here that the meaning of term "orddr", referred’

to above, is different than that used by Rice (1951  In his analysis,
thé meaning of order is based on'the form of appearance of the sirface

Fourier coefficients, i.e., B, ' 8» in the perturbation series. For




39 : 4 e

© .. example, the second order means the term contaiding'a product of tvo. .

Fourier coefficients. -Whereas in this analysis the ordering of terms : :

* is as tipy appear in the above series. mu:mu (2. 27), s:an:mg with ;s "
L Eirot -term as the zero-order solution. This al\derxng is based on the

" .collection of: correction terms ind thelr forudl summation in a manner

" described above. As'a mater of fact each term in either of the sries = :

solutions, (2.26) or (2.27), contain many Srders of perturbation.

The equation (2.27) for E— may be treatéd as a general solution for -

i

- the case of a two dmgmionu periodic and 'hxgh!y canductlng surface.

s svxdem: from :he

i Thu solu\:mn is open to any finite sourcé. This

in: i.dent N

colum vector E_;' Eg preseﬂt in.the solution which contains ¢!

© )" to .field'in the :ransfom doman\. "From. this sotution the vertical compongnt

, ‘may be . ;

of the surfate field in the spat)al transform -domain, f.e.,

Caz’

duecny extracted, and ‘may; be inverse spamally transfamed to, ab:am L n o

‘Wheréas the two horizontal :ompnnm:s ‘E, and E__ are not readily avails |-
Yy

able bacause of the subsncu:mns mduced by (2. 3% However, these. two,

- surface Euld componenu ‘may be faund from (2.3) onge Eo 3!' and B

. are detemme.d fron the above selu(:lcm 3 .37) and inverse spatially -

transformed; To find thé ;,scltterad £ield abnvn the surface, this xesnilc

for F. B may be used d:recuy in the scatte!ed fxz].d equati®n (2.12) since

tw :ﬁe samé surface field. Substitutions has been aldo ised in (2. 12).

"l In order to study’the above series solution and to apply it to
,‘ remota sensmg of cha ocean surface parme:ers by an m= radnr systemwe

X wxll confine our attention.to. the | vertical compoent of ‘the surface tield. '




A

the ground vave mode [N6n:nn (1937), Jordon. ,and Balmain (1965,‘ éh.’

16)). Moreover, the verncal < mponent fs most effxuent inthi's modd ~,

for s good tonducting ‘murtate . sih as an ocesazEica,
[T
. L -

T 2.6 Physlcal Ince:pretanun of the Senes Solution

Althnugh tllg séries solution (2:27) is ina ccmphcated form in,

“bet

ehe paial transiotm dongin, s pigaeit Lnterpre ation’ may.stil:
attached toie. . tiedal nnnsxderstxc\n w1l be given to :he cise’of s

filat burfess, T thia sitsation all the aux:.haxy Fnunez cneffxcnnta‘.

|, ar zero with ;xcep:mn o A ﬂ« which becomes unity. Hencg, all: the
tems: along with Rl, ’z, ett. ate zero except E;. The same/n e may

* also be reachqd from the previous solution (2.26): for-

Undex  this

flat surface condition we have

£ * p

E; .. i F e .{z'zg)'

By “fwverting the mitrix 1' o Bivei by, (2.16) ) uixng @17y
wal g -and., (2 4) in che abdve nquatxon, the ver;u:al ccmponent cf the :uxhce

.- field may be given as -

; .
Bt ::“Tx <§)m<”> O e ;
S Jn ! 5 % ) g W

<L . :
Some ffvestigators lait (1964), Barrick (1971)) have sed the

coneébt of "normalized surface inpedance"” when dealing with problens

of radio vave propagation and ‘scattering froma flat or rough surface.

for sich pmblelns. For a flat surface this isdenoted as 4-and ‘is equal

Ly rora good comluctil\g surface (|n | > 1A may i
n N ~

et

This narmalued surface lmpedam’:e helps im fnmmg a boundary ¢ondition . .




a X 5 ¥

By using this approximation forC and taking the

"+ locatdd on #axis at d short hefght h sbove the'suffice, the sbove

ol ETHT\),‘

wheke €y is I.hc drpnle coikane, "This: equpeign may be mvens{c aliy”

cransormad to obcam ,-b7 @ method used hy Waxc (970, ch. 2. e

i que for mvmmn 45 baued on, an asymp:e[lc evalnauan of m:egm

j 5l uslugs Laepest dmm: me:t@d This mexsx'“ of <z 30) yields -

&' ground wm«[wax (1970, ¢h. 2)] propageting huay fron: the
: .

‘dlpm source’ with 4 as the normglized surface’ impedance, a5’ it should

'ﬂsx{temls (x-R)

par: a1 sumnation of the series (2. 26). ane again,. this represents

“an. outward plopagacmg gtmmd vave, but this time with's modified '

e ... surface mpedance by “whichi is tn be axpemed

£ surfxce lmpedan(:e nay, be ‘effected by reducing the de:éﬁnin‘e{n: of the

K matxu(- OE n‘.nurse, ‘i gatrik 15 got’ n-g sxmple fc'm to ‘achieve’ its’
inverse, since Ry (o for that - watter, RZ, Ry e .) ig in the form of

J 8 series of matrices with luma:um:. However, to facilitate the an.!lyus

and for cmnpning with ‘the résules of “other” investigators these R win
‘b approx],mated by their fiisg! tern only. The  resilting odified -+

surfa&:e impedanée A ,.as mu be seen 1at={, consisls of ths surf:ca o

This sodification iri'the

matrix (I —%,) to the iom (u + ,u y wl\en l:s.k)ng the mverse skt

=




. Fuurxez couEsiEEaY, Accounfmg £or the surhce vms:xans. . Inthis

27) dlffers from (2:

_ respect the sohtin in the form of (2. 6) In theform %

of (2. zs) i.e., before the series is parnally sllnmed, the -surface -

'mpeaa..ce P * Thersfore (2.27) is to be pEaten od over (2267
. g

Consideration will now be gan to the fx:st order term, umch is

. gﬂen\fl T =) L - R)) Lghn This tern accon!\ts fnr 2 fzru : 4 .

order scattering of the incident fleld £ron the mriace to everywhere R

 else:on the Burflc

5 Suppnn now, an nbsezvau.on pam: is ﬁ.xed on l:he. .

surface, At ms .\pulnt a ground wave is recewed. ong

* from {ge soales kg sivensiby tie zera'uzder :_em.dxscus_m abiove.

Adai

nally, o fivst order scatfered field is tecexve() whi ch my be

explained as follous. A grothd  wave, trave'le £ron the' source fna

ditéction given by (1 -Ry) -1 B:i“

5 I.n this d)rentlDﬂ some. surface

pateh dots to scatter this surface wave 'to everywhere else on the
\ O e Sapuon

¢ surface. A ‘part:oF this sm:‘erea surface ‘tieid is also received at

the, Snssvalton pux_“t. The mm‘le of propagition ‘of this scattered field

is again a gto\md ~um with a modmed aurface impedance and: is given .

by <I z n1> B Ly I the observa:mn pomt fow soves ha:k torthe LTI -

source’ point what. is received is the first ordef backscattered Burface

EE

- Ina slmlat nmanner the secand and ‘higher crder terms mak

explalned.

At this pumt itis wogthiit i to! mentfon “sods of" dhie diffeitnces

between the, Rice (1951) pertutbation tedhipia and- thiat-used here I

S
£

anglysis the crde’t 6 solition: for the’ lcnt:ered

;f 1d depends upon the solu*)m\ for prevuﬂla.orde 8

For’ :xample, the

'smmd order pa—— ‘nay only be derived. hen “‘Eiret order is. knuwu, y




5 whereas a cumple(e solur_).on in & symhouc fomn nay. be un.tten h=re as:.

evl.dent from: che seﬂes solutlm\. In other words, é.g., our second -

. " A e ation. ey be derived directly from the series after perfo'ming

‘thé necéssary algebia and inverse Fourier transforms. For this puzpose

1s solutiof £ open to'my source unhke “ehe perturbation ethod where

only pl?ne wave_incidence:is used. . nm plane vave -ncidence caudes

* bréakiown * of the’ pu—:urbmon snlutlun at ‘grazing ubnrva:mn in the " -.

2T caseof r‘perfect ccnduc:xvxty» and(ver::\.cal polarization. Houever, in:

thu specxal case Rice has given a’ corrective v.wd;,fltatmn, using a

!urfm:e wave Enmulaunn in the parturbatmn mhmqm

oli thel casaaf hmte conducuvlty, the‘

‘ 3 -madxf"ed surfnca impedance derlved. Howeyer, in.all these cases the *

St vave This is duse: to’the ssumed plane. vave iricidence! “Wheress in

the present ‘vork’ The sériree assumeA istan elemen:ary vertical electric

dxpo e whlr.h is clearly more realistic tm plxne waye,, 1t may be 4

- sbirce for scudymg the” propagation- across] hem},spherlcal busxgs distributed

umfomy ove: a pe:fec:ly ce:\duccu\s ?lana. “The resuh: bbtn)naﬂ is'in'

lhe Fori of & ground vave: The influefice, uf suface curvature on the! .

p'rcpagnnqn hu a.lsa heen :mmered by mm. " .

T Tthestivse order resulE nud not ‘be eval\utad. Further; O Mhis series 2

r‘:um:;on u.nh'ni:iu; Has




Hd e TE g 3 g . cmzna o B e p

v, Y susrice Ym.n FORA' nx:pqx.x SOURGE . e

iplutxnn is in the spatial Feui

er transfom dosain and is opento L T

any fmu:e source. The source noir sssumed’is ‘an ele:nenmy vemcal "

dl.pole located closé-to the surface and it is havi g @ pulsed

Vi / . sxnusnlda’l' exntacxnn. “For’ .na1yrm1 smpllclt‘/ it s usumed\i@t .

s i thes ilnyes of ti xux(uce T less cmn unity, Tor this source :

the.

series. solution day be ml’.erpretazad a

Da ground wave

L ik propageting: out fron the ‘source thh a doditied mrfase mped.mr.e,

2). various .ground - waves, again with modified surface inpedances, pror

pagating in different difections due to’ scattering. These medlfx:d . i e o

1 S .
; L sbrfate unpeda:\ces take, intd account surface rougness, which is to be -

5 expecm - This interpretation. of grm.md vaves ds'based on an . * . A

« ' asymptotic evaluation of - mtegrals uslng the methods of . statlnnary

phase and s:upest descent’ for che inydrse spa:n" trans(nm By using © i iy
o0 Ut - dnis tneegration cechmquqz zexo, fxrst and second order approsthation ©

1 3 of the vertical compon:nt of the mf.:e vaves are inverse spatially

N uiansfnmed. The imverse transforn’ for, the: titat nnd sedond “order ap- : !

) ptomxmatwns are in the £<mn nf convolutions. Th;ae convolutmn 1ntegr.ﬂ;
o are .again asymptotically  evalpated. using the mechod ?f stal’.ionnry phase
g Ee B * tor t)\ese two oxders ‘Gf backsmttered suxflce fmd, anumng a nartou ) g
%, ‘beam receiving antenna, However; the result for. cich "order may be 7.
‘ jextended for &wide'bean or.dh omntilfectinal retelving antenna




3.27 Inc:\.dem: Field from.a mpnle Soutce

N

Ve consider” thé sourceas an clementary vertmal dipole of leng:i\

a.. The- dipole. is located a the z asis it @ smll beight b aove the

mean level of

" The dlpole is

the form

i(‘c) =1, é

the surince, ity 20 pline, ‘as shown in figuie 3.1,

lssumed to be carrying a sinisoidal pulsed curzest of _

© “exp (Gugn) G-

Where I "is the peak current, ué is the ndxa’n frequency of the,

'The choice of

power sp:ctrum‘ of the scattéred

for |t] i-ro/z . .
for [t 50 . 7 .. S 62

a complexsinisoid in (3.1)

5 made for denn.fyu\g the

ignal St positive ‘and Tigative Dopplet

frequeicies in'the case af a time vnrymg rough mface (se& Ch. A).

Tor this,

Ly e 6o

S 5

dipole the current aemzyi may fe given by [swe g N

¢
Jordan and Balmein “(1968; ch.: 10)]

W seonyi fu 2 6

.vhere T=.I(u).is the temporal, Foirter; transfan of -I(t) and 6(1) is

" the Dirac delta furiction. .From (1.6) the incident fiéld nay be given as . °

ke

1— LRI AR 5 e

where the astensk endtedsa thies ﬁmemimial cmvaiuﬁm with respeét

to x, y'and z.
~jke
¢ =

brr

Now, ve have

?_(3.

H(x) Ely) 8, (z = n)z]

G is the fr:u spaca Gx‘een 4 ﬁ-unctmn ngan hy

4
r= (x +y +12)

T e
. T Al

PRI 1d1 [6 (x) S(y) Sz (z -h )% +6(x) 8, (y) 8,0z - h )y

A
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- .Figure 3.1' Surface geometry with an

elementary vertical dipole
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* component form may be written as

dan.vatwe wu:h respett X, ¥ ami z respect'Lvely By perfcmmg :hg

three dimensional ccnvolunun in (3. A)

he incident field in the

- By

B RN L

Under the far ‘Field assumption, i.e;, foglecting oy and
. . R

dependmcy ef the dipole field, and avaluamng ‘te above: equation ¢

in.a) plane z~= z < £(x,y) .num.ng \z - h | << r the above 1n|:1dent

heId may beapproximated as e Tt -

LG9

oy (ikey) .
b~ v




vhere

5 » X
CI(@dik” . 2
s Tu?‘ g JmI(‘m)dluo.

4

g 20 * y e

LE W By spatially Fouriet ‘transformin

MUEE

yBz0, S B 8 D G,

g @ -c,.
o "

ca Since z < H,

exp T2 = b)) ) 2 b b i,
7CdT'— B 8 ] _(3.1}2)7 & e, & g

The above transforméd incident field may be used in (2.4) to obtain
'

E}'._i(l() =0 % . Ca -. A(a'.vu)
B () =y exp hgw) 3 . 1

which may be written in the form of a colum vector, defited by (2.17), . ... =.

< B

ELSK?; PN LA ’&xp (T"o‘»') E

DY 3.3" zero'Order Sufface Field
i S e T e = T . g
“From the series solution"(2.27) ‘the zéro_ order surface field, mow =~ - )

dénoted as bt

oo »

may be written as ' Lo -




»v"‘ . g
Bl ary)

. where® is gives by another series, (2.28), Aty B

By ‘sing (2.00) -in the above équation we tbtain -

-earlier implied in (2:28a).” Use of . zo) in. the above yxelds
E el T
2.7 050 o, uyHG,00
-where the matrix T X is deﬁned by (z 16).

ot a simplifinat_

:he “form of (2 5) and (2 5) one ‘of the xssumptxcm I!iade was “that l:he

. Tndex, We will now narrow the




.

9a)

x(y+‘ )E +Et¥+]KyRaz]

exp(fu-)K )d.xdy-E 2
x) ®
J}'xtx

'exp [ ;x-x) dxdy -\a e

+ ry E":};#(\L-i— § n—) E“]__

(3.19¢)

x.n view, of the éhove equumns the matrzx 1‘ , earlier gwen by

. m,n
‘;(Kx ; mN)AV,Y!

e m,n
](}(y nN)Av-,

LT 4+ j:—-)Am’"
e

v
. (3.20)
0, (3.20) reduces tos %
. e § :
oo simal - LT G min * <
R LS -ﬂw,n ]
Spma . ma
Pose AD’O 7(3.2‘1)

. where we have uded the property By’

n_ g
0 - . 0)0

0, which.-may easily be

\* yerigied From (2:9). Thé matrix T:":-may,‘be’ inverted as

e




oyl ik_)A:

o
B2, mn Lk n
(Ae,e) [Cnt 3 Jnn) Al

ARy
0,6 0,0 .

Also, under this small’slope asusption, “wry

. approximation the sbove matrix inverse may be rewritten:as

: 0 [}
o -
Let us put
100 (wwhlo,0) ¥

E .
oi * - ‘

The .inverse’ of matrix A may

R B
w0 [(Ao’n‘)

R (T g
;00,00 L T

(3.18) may be vritten a8 ) . 7

.- (u“;'“)yx : 3
= Poy0” # ¥

G
Dl

A oL (R, — WD + (K

L T S s
-lAu;o[(K.x “‘N)Dé,o+ (Ky nN)_AV’D]

0" ey ;'(D“"")z
ok g b o0’ 7 Poo’

- (3.22)

N 3
GG NG S .
)= Og), = () Wigh his

wn L, o oy |
S mOR ¢ 6, -y B

. LR R K
Aq,u [CR & 1

5 o

. W05 | ey
‘J[‘(K % “’.DAO,O F.& - ah) Do

1
@y 3. ]
Tore? Tty

bymbolically be given as

imeiamss




" where a;. are the cofactors of matrix.A and det A is the.determinant -

of the sutface field to zero order may be. given'as

; 233 5 B3
Eao Cd Freay Exp(—h u). ) . @aen

52

.

ATl Ay 2 %5 | Gea oL e S8
231 %3 %y ‘. ’

3
of A.

By using (2,17), (3.14) and (E 26) in (3.25) the- vernul componedt

)

Now by utxh.zmg (3 20), (3. 21) (3 23}, and (3. 24) aml pex'iorm_ng the

requmd websleralgebrasgarsenn Fvaran of matrix A, the'element a3 And ¥
det A'nay respectively be ghvensap Fofioues

Lo s (P9
(2,0)%(0,0) Ai-“ BATUEE,

R AR o o bRy
i > p,q+Jk R e, J! : ( + P i
SR by .
. s
B B, cl’ 2 K - qu)c_ 8P
ixy‘(xx PN SO K ( A ‘q ) S _q)]] ’
g - 2 5 3.28)
P < (IR EYNRA [(u+1—)A .
E hedd) To % (v,w)f(0,0) NG "' o

o {—qaVY i G VoW = VoW gy
A S L "")B-v,-w i (Ky ,"N)C"“»"’).) :

DAY
o

]
1
)




'+'x ® - wll)C

S 3, o
oL TN

N 5 T In atn.vxng at :he -ha w:;m‘ve not taken those terms -
e o o R e vhen clepanist in Mu raqrm coetficicnes. (2,
y . o,

—F
cantain products of three or more surface Fourier cazm

is, we have .considered the teras onty up to second Sidax inpl

>> 1 ahdiboth * f.xz and . f R 1, ue" ===

Since we haye lnumd that

R may discand the bracketed term within the ‘double ‘sumation in (3.28)

¥hich has-p-— as the coefficient.’ lydom; 50.and"by using the expansion
X I, i 2

\ .

" of lnx:.lury Puurier coefﬂu:nts in teriis of the surface l’uutler coef(\uent.

_ given by ;he equation -(A.B), the vu'_tlc.ﬂ component of ‘the lur.fue field

b el

= JIR 15 ooy .ot B, 's may be given as follovs: s i
R €6 (KK -
b (K) +3 x ’K, - up(—h ||) L e
i ’yh;u‘ ' B 2 E: .
5 oy RS . 3 - g
ok, K)-1+A ; (z..P-ﬂ4_u_)_z._q_ ; .
-%o,0 (p,q) (0,0) it (WP1L 4 k), aP22
o o T Tepe .
4 ’ CTRNN - %> b SR w
" e !
i -. >
- L& -




2 s 4
54 ] , 1 : 1‘
" s i
" P ¢ i
5 PR 2 - - ¢
£ 2 N Lo+ 52 - 5 i« E i
i - -3
. H = vlv(x -vll)+vhl(l —wl) 3
i 2 = -i M [Futu + jk8) {3a¥
% (v,)¥(0,0) . L @),
: R Y . - 3
- . -.[Kl(x-’ - W) % Ky(xx — vN)?{J Fle + ik )"I fm}wn_
ol " T +—Jz——(xqc'-'vu)v2+x'(x -l
s - BT 4 Yy Y. e ”
- Fav ;Kv*— K wN] IEL"—Z- i @by
LA L ol s 2 d :
"0,0 '
) wiiia e
spatial average of exp(-fu g [ exp(~fu’ "')dxdy
g . e LR :
- . © G333 X!
g and L = i "2
L - . - i . el
- P i p
¥ ; 2 3 - 2, ;
S [ v+ & - w)* - k%) § for real root .
' o NEYSEES Ty S .o (3.36)

hind - o, - w2 5 ;=% for imagiiary oot - =y §

‘4% is the mean square height of the surface, i.e., -

 J— ¥
. L/2 (L/2 ¥ : bz - A
= P Yo & TG v
5 S e ey f Pl Gam T
: sz af S o8 . . * s o T
& N In aumn; (3:31) 'and (3. 31) wg h“a lpprmdmted ~—as A, w)\ers o j

s the nm{uma surface :.mpldi.nce for' the flat surface (wuc (1954)1

.. It is given as

@ -t i
— = o for
%

. (3.36)




Thg natare of (3 30) Hhen compared to. the smxlat equntum (2.30) for
the £lat" surface suggescs cha& . may be treated as a mudxfud normalized .
surface xmpedance or sxmply to call it a modified surface. l.mpedance 1t

“may easxly be seen chac this nodified surface impedance takes xntu an

whm'h is to be

account the_surface ted. | . ,

wnen deallng with any: problem in'a transforn domain a return.in
the original dogain ieoels hemes sometxmex a problen. This hurdle

 for an inverse transforn quue oftén occurs in the area of EM pro-

In.the ptesent cse ve are: faced with the:.

pagauqn gnd seat:ermg

" problem of fxndxng the inverse. spatial I:ransfurm of (3. 30) to T

"to the physical x,y"domain, {.e., evaluation of- the fpllvwmg dotble:

integral is required;
T
GK K )

1 LW%WV exp(‘h U+ ]x

. g ands 2"
P

wher\and A ‘aré given by, 3. 31).“4 G3iad) tespectwely.

It may not be possible 6 evaluace the mve doube mtegml .

axucly auwever, some techmques sur_h aa n:anenary phase and steepest

. dencent [Friedman’ (1969 ch.” 3)] -are avaa.lable te e\mlua:a such Lntegtals

S ampimcauy and serve as-a godd spproxim:mn £or the integral.’ By

stationary’ pluse ‘and s:eepast descem:,

' unng these two techmqnes, ice

‘e have evaluated thetabove integral (3.37). .The preuedure s sum-
. mavized he:e bit the datails of ‘the evaluation are given in appendix C. .
TN The lntegratxon vntuhles (K 5 ) and inverse’ ttansform vaiables (x,y)

\-are eh:unged to ‘polar coorduﬂce van.ll;les (\.9) “and (p,8) such that A




s allowed to take negative. value also.. By gssiming the fund

G/(u + JkA ).as slowly vatying and [pA] as a large. parameter, &.e w

1ntegral is evslued first usxng the statlanary phase” methbd. * Ve have'
taken only the leading tern of the resultlug asymp(onc series, Hhu:h

is:of the ‘order of (olxl) The remmlng ,m:egral ulth respect

e zaduesd e 3 g of twd totagtalss, The first n\tegral is evnluated

nsymptntxcally us,ng ‘the standard steepest dascem: method The tom

Lof the remnxnxng secad integral is mma: ok one’ evnluatad g 3

Wait (1970 ch.-2) usmg a mmhfmd s:aepes: deanan: mal‘.hod. Follow)ng .

- his me;hod and - the aasumpnon that IA (R3S 1, the' second mcegru haa been

evalnar.ed. The urge parme:er uken for both the integrals is kR, % eeafn

' ueze I is lssuned pcsu‘,we and R = lo% + b ]5 Both mt‘egratxans are |

perfurmad to their Ieadlng nerms which_ are nf I‘.he urder of (kR) Fiy

The end result of these ev&luat)ons is as follows [equntlon (. 50) in oot

Kppznd ix €]

e (=507 )

where . iy s A e B
e 2 2 5 . ’

sin ) 'wm{va= P gy g1

¢ X
n,.(x +y)

’ m) iy jamept exp(-w >ezfc(1r‘)

. erfc(: Y cnmplementaty error fum::mn =1= uf(z )

.y 2
5 [
s erf(z ) ¥ error: function e I .




S

For‘convenience’ué take ‘thé 1init as.the dipole height (h) tends:

Ia’ this evm:‘i-pmw = p, 4nd this ve have o

_k—r cod B,k sin 6 F (o) exp (ke/(2mo) (3.40)
By usmg the’ lhnvc equatioh. md noting from (3. 31) that g -

cos e '-k sin 8) = Twe have an .pgmxuu:e inverse spaml :mufom 3

= -,ij . Fora pnnodx irface the mlletu:al

ST rhsunce is depéndent on a modified surface u.p.d.nce 8, as evideat

\ froa ( 9) o Thus (3. 41) represents a ground vave prop-gum;

but from-the source with a modified surface impedénce. This solution

'.fay be :'mud either in the phasor form for a continuously excited

~

dxptﬂe lnurl:e or in the temporal Fourier transform dolam for the

dxpole h“mg d pulud excitation n-ch as assumed in (3. 1)

S auxfue impedance A, glyen Igy (3.32), Tfemains to be evaluated V5

at ‘x <7k cos'0 dnd K =~k sin 0 This evalustion yields

& f [k(v cos 8 *v+in 6)

v

A& (K c0sr 0, % sin 8) =7
& u

a v enoty in O,

4(lin23+—lln3+—to|9) 4 !

AT 1 I2, 0% . ;
- a +»F‘(v_f;,_+_ﬂ+ ) g CRE I
g B ot 3 3




« PO
n (3 42)° we hxve remnved the restriction (v W) i"(n o) on the sumar.mn

,’mdx:es as Pa &< 0. .The vanables D and A are

1 o+ & cos ) - at + K sin 9215 for et root

L pe . 2 s AE g -

1 [(WN +k cos 8)" + (uN + k sin 0) - k“]1*; for imaginary root
v IV e e L Ay -
ik B I N S e

M| | e GGyl

-L/2 -Lp
The above modified surface _imped'u;te is a fun%tin;x»of/ﬁ, ile., it

“is p on the direction of propagation. - This de on 0 is
om e 0. e may, not ily be the'same in all

"directions. It may be shown that by changing cos 8 and sin 0 to —cas O
and -sih 0 in the expression (3.42) for 8, the expression remains -

unaitered. That is to say

“a; (- c0s 6, = sin o= 6, (k cos 8, k sin e) 8, L)

1t ‘may be seen that ‘this modified surface impedance ddes ot have

" any contribution from the m—s: ‘order term, i.€., 2, .+ This béhaviour

has beén ‘observed by Barrick (1971) and.WVait (1971) also, By using a

.surface wave fotmilation in the.perfurbation: CechniquiNiirrick (1971)
has derived an exprassion for, the modified burface impedamgdneo the . .
second ‘ordér, for propagation along x axis (0= 0), The result derived
here dogs ot -agrse vienscompired directly with his expression, Howevar;'

undet the following approximations a comparison may be made.

If we assume small variations in the ‘surface height such that

e DL WEG,N] =1 - §D0v,WEG,y)

e g .
and neglect 0(A%). and 0(4%) ‘terms fn (3.42) as 4 is small, we atrive




g

e

1If we now approximate RereEids: dguit

s ~ E » g 3
-D(k'.l)-l+—a%ﬂ-— Hithh=k_- . =2

— 2 T “ 2 L =]
- k(v .
o+ T BT -0 G eI 0 G

S+ 02 (wu):z]_‘

b=

: '-_]j[(vu +1? ¢ ('uwz -t g

sifce the u-; term YN (W0 ("“

zero, we have

ey pm? .
T L - Al (B, -@4D

sk
i
|

and compare. our resuit (3.47), vhen_mlt:n in n.n-(r_k' notation; - ¢
n:h his equuvn (21) ve Find ‘that  che o mrelnm sgree in | #

p-rt. That is, his result, contains & fzu terms more in -dd.uum to,

r.holn ngn hy (3 ). However, if :he lmt of - inithe ahnu dm-ble,

|um.tmn is u.kan to be zero we nb(mn

\ 9 3 T

e

2
A._A,,,k 2 (vn) 3

which agrees with P:thatg s ‘result [Burir—k (!.971)]. lerick'

resule also lzn with that of Fambezg when the bove mm of 4 is




3 “pit then freating ‘the suzfar,e as-pesfectly’ conducung.
N )

:'“.7.. ya

‘taken ‘there, The above equa:tun (3.48) in the present form means that *

the. mnrhfled zmrfa(j_rQ is equal to & i fu: the tmue T

comlucr.wl.ty of “the flat surface, plus an affeu of surface. roug {i

Tgiven from (221 as T ', : ] :

S g
,E_Ll(‘,()“’(r'“x

e

"By (2:283) 'a'nd‘(Z.ZEb) By Yeing 2. zo) arld by approximating n1 and R,

L . . i
LEL (ﬁ> eln oo o e En o (@Y
LT e 0{,")%(0,0) v o0 -
' g -
. ST - e B )
Py T B e R Al
N » L4 . F VW, 4
i L '(3.50)

The'geferal matrix T2’ and the colum vector E,[ dre given by (3.20) and

(3.14) . respectively. Let
3" 3

@Y 3 o

T ibto o T et
Ml . (3.51) -
v . -1 ;
o y ¥ R
o T b g v-';.w'n ,B.:) Moy, nea ?
i) (0,0) .
T (yn) - .

and assiné théir, inverses may symbolically be given as




.« (3.52)
(3.53)
The mtriz #

-,‘ By employxng @417, (3:14), (3.20); (s 52), and (3. 53) in (3.50)

A u/th; sape as for. the :gro order surface ﬂeldA

(R BE the vextlcul component of the first order surface £ie1d may be derived g
as Eollous~ gl §
@ g i AP
R a1 (R 2Cy } s [“31 a3 = Pue * oo %,n¥s 3
== @,0)4(0,0)" o 2
. . \ + IR Ay b”) + n { <Dm, + OAB“‘ n)b13 : ) S
+ J_k Am 2 b33) +ay {nm "‘ hls cm o 23+ (u+ ,lm )A - 33}]
exp(-h ") . : -
At o .. 54)

where G is given by (3.10). The abees coabacEish oE Lhe matrices A
nnrl B may be found by using (3.20) and (3 23) and -performlng the raqui:ad
algebra in (3.51). " Similarly, det A and det B pay aiso be derivedy By

doing so and by dmcurdmg those térms vhich are of the third or hl.ghgr

orders in P . '8\ (the surface thner ooaffuxant!) we' arrive at
5

i




62, ¢
4 ' - D % H
M S Sy Xy
E @ = e ) T o ) {mN(K_ = mN) +nN(K, - nN)
2zl (rri,n)f(o,o) R T AER ST *y
o b LW 3
IS T 2 (yN(K -+ QR =) - 5+ §ka))
NP Yo Pid N - )
; a ; oo
. " . '
L J m,ny. i
exp(=h u™) . . v
s (3.55)
Y kay (K m.N,Ky aN) S
'wher:e AT —1- A and Ab are two mm‘hf1ed surface 1mpednnces.‘ Aa I's the ©
A : s

same’ as m the zero order and is given by . 529, :hg P

1mp=danne Ab turns out:to be

,K‘-nN) A—i(umn'l' kA) o 'n")'

SR B ey jkmauv-" A
e {000 C L Pt
Vi m n) L R ) G ) R
A i x b . N} "
¥ 4 jo s

o N Lo ) (k) = -m)(\( = v}l)){] +- (u f_?'lg_A)}éé+u—v’T—

‘mli)_(‘v Sm) o+ (xy S - N

(6, = AR -0 = P &) 0K, = e S h
e I / 5, 0
3 (3:56),

where AVY, o"1¥ ind-n¥ afedteetned by (3.33) to (3.35). In deriving

" ‘the. above two equations we have used :(A.8) which gives an' expansion of"

the auxiliary Fourier coefficients in terms of the surface Fourfer coefficients.




In order to return (3.55) to the m;i{ux (x,y) domain the inverse -

*- ‘spatial- rmm mnmm. is reqnxrad “For this purpose we £ind §

.:onveruul: ‘to use. the well huﬂn conwlutlm\ Jnd thlfu.n; zhwteu of

S § . [=xp(Jme#;“
(m,n) (0,0).-

vhere ! Fopa ( by ‘means, :he invérse -p-:m. :un-fum as’ per the definition ° "

(l S)and the;.lnruk(’) l\eu means a tvn dxlaxnon.ll l:mohlum vuh

rupect o x and v Pmn (3. ss) the funcunn K uxy he given as |

.c’(g,;xyg = [k - a) + BN(K, = o) - uCu + N, o

"_--v..f I IeN(x
. X1 x

The mettod used in ﬂu zero. order case for findﬁng an .ppmxuun, *a

mnée- spatill ltmifam in-the far f1e1d setise nuy be. uuuud -

‘here. “This nethod T _based on.an asysptotic ivllunnon of the. dowsle

; Fourior ' d is déseribed ir Aopendix c. since the E.ntnr )

tegral g

lxp(-h u) is not prusant in :he second fum:non, in @3. .'-7) ua |uy

1ncegxll that has béen mxw-d m Ap( Adix C. Than .:m« e\rnlulélon

‘a




G. 57) may axso be derived with the tesult analogus to 3. 38). Which

“in “the 3

t of zefo -anté:

he).ght reducés to '. 3

exp(-h W,
‘u“‘—(_y+ ]kAb KK

o ('—j kp)/-l(Z)lb) ’

m thie above :wa,equ_a:i‘ms Fuis: the atteruation: function’and

s given by (3.39).. 5 ‘and p, ave two numerial discances with modified

“They may be given as

is given by- (3 2. Fro

-(3.5'6) &, (-k cos 6, ~k sin 6) may be

evaluated as wose @ !

B, cos.6, —'k‘sin_ 8) = A o, Xy - k)

&, = mN) = -k-.cos @
(Ky =oN) = ~k sin 8

,k(v cos 8 +'w smS)ND(v,v)

[/ k(v cos 8 % w sin 0)%
)

- (w)*(_m_'n) e E SRR
i .
e Y N
ek 1n28+>sxn€+Acns o +W+A)wn~;)—(—)-
S & S g (3.62) .

Where D(v,w) and A(v,w). are defined by (3.43). In a similar vay

G (-k cos 6, -k 8sin 8) may be. evaluated from (3.58) as w M .

cen 7 (3.61) g




° functions as : > \

Coe Tem (-m + jultx + Jubiy)¥F {p, cos 0, bin a}%

65"

-G (~k cos. 8, ~k sifi 0) = [-aN(K cos O;+ a) - NGk sin 0+ NP, |

(3.63)
In deriving (3. 62) £rom (3.56) we hm replaced the sumation sodicas
v andwby v+ mand v+ n fespectively. Further; a restriction

(¥,w) # (m,n) on the sumpations in (3.56) 'has been removed on.the as-

‘sumption. P o0 = 0 This restriction is. equivalen‘( to () # (6,0) in

(3.62). - It may be seen that the prresslnnl for the two surface 1mperlances
, (3.42) and Ab(a .62) are the same except that (here is a restriction

(v, w) # (—m,»n) on the summations for Ah uhereue no restriction is :heze

for A These o and n refer to the summation indices in (3.57). Fuxthez,

except for this restriction on Ab the expressions for A o:/Ab' are: not

functions of m and‘n. ' )

Since the two numerical distances P, and py are functions of p,

cos 0, and Bin 0, it is more convenient to denote the two attenuation
5 " B . i X

(3.64a)

F(p,) = ' {p, cos 0, sin 0} \
\

oy - £, {p, cos 6, sin 6, (v, i (—m,-..)) 1 JRCKTS)

where in (3.64b) we have explu::.tly shown the restriction on (v,u) for

4, through ‘the argument uf Fb' —— - -

L | By using (3.59), (3.60),(3.63); and-(3.64) in (3.57) yields E, a8

z1
S
(x) I

o [F, 1P, 05,0, sin 0, (v,) # (-m,-n)}
W m . .

™

+ (aNG cdn 64 W) 4 NGk sin 6 +n)) ep(-iKp)] - (3.69)

** where ve hava removed the restriction (m,n) #'(0,0) on the sumations

N
af,
&




P

as Po - is assumad to be zero. The above equatlan ay. also be written in

thie following forn of a doible convelution Lategral,

- C
G =3

ol

L0

- J jrh (o7, cost?, sind', (vw) # Cm))

P R

L sin, ex) [mN(k cos ax + mN). + nN(k sin ex,+‘nN)]

(3.66)

o, = Lo = 0% ¥ (y -y

cos a'a—g7 5 sin 8 -%, I
' - N -

cos 6 B L
x C Py N

The above equanon (3 65) or (3. 66) ‘thus repreaents- the vertical

component, of a Eirst order approximation of the surface field in (x,y)
- face tf

For' a continuously excited source’this electric field may be

domain,
lomaan,

understood in the phasor form, whereas for a pulsed source this may be
treated in the tempordl Fourier transform domain with w as the tranaform,

variable.. Atthis point it is be:ur to understand this solution phyaiuuy.

We hava assumed that the surface u perxndl.c in both x and y. That is,

-,1_..|

it consists of a linear ition of many two

-urfdceu through its repreunutmn in the fam of a tvo dxmnnon-l

Fourier series. Cmgid:: one such sinusoidal surface with wave numbers

R R S b




¢

£ % e :
_uN and oN. For this sinusoidal surface we have a ‘source Field pro- s
pagaiing in the ground vavé mode in a diection 8'. This source field.
is identified by the attenuation function Fb with modified surface
impedance 4, . Because of the variations in the surface elevation, this
field is.being scattered in all directions by an elementary area of the
surface located at (p',0'). A part of this scattered field, which is
also travelling in ground vave imoile] i befugrEatelusarat s ebisrvRtlE ¢
point (.x,y). Thil‘ll:'gtured surface wave has attenuation function F,oc
vith mgdified surface impedance 4,. Therefore the first order scattered

field being received.at the.observation point fromthe complete area of

this- sinusoial surface is given by thé-intégration over all x' andy

As a.zesult, the scattered field from the original surface may be ap~ ' *
proximated |by linearly summing the contributions to this field coming

from each sinusoial surface, i.e., suming the contributions over all
uN,and oN vave' numbers space. Further, this scattered surface field -is
sin addition to what is beifg received directly from the source at the

observation point. This directly received field is termed as the zero

. “@Met surface field and has been discussed previously.

In an analogy with the circuit theory extended to two dimensions, )
the solution (3.65) represents the output of a linear system, the system
being surfacé here. The terw containing Fy, i.e., the source field

term, mey be considered as the input to the system. Whereas the term

5 ; LA
containing F_ may be taken as the. impuise response of the system. A
- . o g
N % L i . bl
3.4.1 First Otder Surface Field- L s

' In (3.66) if the observation point (x,y) is hoved back to the'
source poing, i.6.; x= y % 0, a Field received then is termed the '\

5 . " P N
o . « ff
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£irst order backscattered surfiace field. This backscattered field will

be denoted as . Under this condition we have

Egpy = Bggy©:0)
< 'S . K
A : W = . e %
=23 | F, (o', cos 6', Bin-6', (v,w) ¥ Cm,mm)}
4’ m?n i b : Fi -
. o-r - ) B
. F -cos 8!, ~sin 6"} [m¥(N - K.cos ) + nN(N - k-sin 67§)

(3.67)

IO op [§0'N(a cos 0' + n sin 0%)] dOdpY.
In deriving the above equation we have trarisforned the integration
watiFles o captesian (x,",y') to polar coordiddte (p',6').

Since ve are interested in a  pulsed exitation of the source dipole
frow an HF rddar point of view, we will prefer to treat the above
equan.un in the tesporal Fourier transforn domain instead of the

phasor form.

This means E,y is a Function of U, where u"is the trans-

form variable. Let us rewrite the equation (3.1) for'a pulsed exitation
s

of the dipole source of ‘the form e t c

ot (3.68)

I(t) = I, G‘o(t) exp (j

where I is the peak current and w, is the radian frequency of the >

current. <C_ (t) is a gate function and is defined by (3.2). Fourier (
o

:;gnsfoming the above eq:\atinn .}aith Vrelpact to time t yic}d- [Lathi

(1968, ch. 1)] s, s .

T, 'S8 [ = a) L;‘: G.69)

TW) .= I
) \

[~
S
e

\
sa@) - 228




¢ vhich are fusitioms gf

o

69
Therefore, km‘tn G100, ¢ may be given as
.G ,_” 1,4l luSa[(w-'u!)—»]. T e

R
WE now cunslder\r.hose terms in (3. & in cnn]m{::xnn vith (3. 71)

or K- [k = wli )1 By denoting -these: terms
¥ 3 5
as 4 ) ‘we have ;

A =0 Sa(® - )—~1 BYg"s cos 07, sin 0% &, (v,e) 4 (mym))

WF, (p*, =cos 6‘ -sin

. [ml((m.N -k cos 8') + nn\ny Juem 8")] exp ( )ka )
. s T & . /.' k. ‘(372)‘
where for convenience we have written /» explicitly. in"the argument of

F's as they are functions of w also, |Let us c

sider the sampling

function. This is'an oscillatéry function with decaying peaks. ‘It has -

an absolute: meximum of unit amplitude and this peak occurs at the point

where the argument of the function if zero, i.e., in this case at

]u! = w,. The n'mc:ian iasymecri’ul also about. this pesk point. -The

first - crossing of the function occurs uhen

W =-0) —

47, orat w=u ¥ 2L . If ve consider the range of
, n . ° "

between ‘the firat zero crossings only, i.e., G =20 Su S Gy + 20,
o o

we find that this range :

s.very susll for HF ridars.  For example, for

a typleal’ radar opmving o 95,4 Mz with a pulse width of 8 usec, , this

‘ range L be cnlculnted to be 153 81 5 w 5 160.38 M rad/sec’ or

25.275 § £ $25.525 4z, further, the tuo attenvation functions ¥, and
F, may be considered as slovly varying with respect to w especially for
a highly conducting surface. For example, for a flat surface with

€, = 81 and Gy~4 mhos/m (sea water) the numerical. distance




“p, (o =-ikot?/2) variés from 0.93'x 1079 £ -1.63° t0.0.05 x 1074

L-1 64° for ‘the above :ange of w. Over this. range of 2, both magnitude :

and phase G€ the actedution function remai aluost conatane, for
8 3 S 100 Km as say be seen from the graphs presented by fait (1970, ch. z)
Therefore in the region between the first zero crossings,

T . 2 S e., over the Q .

first cycle of the simpling function centéred:at u.= w,, ve may have the

. folloving’ approximation for the slowly wvarjing functions in (3.72),
o wsa - w) 21 R (ol cos 8, 5in 8Ly u, (vw # (o, = )

o o el B, st )
o (o7 ot

+[aNCaN - k cos'8') + nN(aN - k'sin 8] o ;
“ ° i

¥ .t X % * £ : =
Fu, Salw= w) 51 F {p', cos B',‘sin‘ 80, (v,w) # (m,-n)};
A :
L {p', -cos’0', —sin ", w )[mN(mN fegeos. e‘) + nN(oN - k Sin e‘)]

A : . r RERE)

where

il l" v.
k= g e )T 5 et e " 3asy

The above ipprmumat}.on may be extendm{ to all w since' the peaks in 4
the suhs:quent cycles of the samplu\g function de:Ay fast with uu:reasu\g

number of cycles. The second cycle has a ‘mximua asplitude of 20 ‘to ,

that of the first -cycle peak and it otcurs when the argument ‘of the

function is $31/2. Therefore'the n{sin\conmpu;m of the sampling function,
comes from ita first cycle. &t may be seén that in’this approximation
we have not included the exponential factor of (3.72) which is '

| expl-2is'] or ei(p[—sz'm(u €y )4y, mis i because this fun:r.ion being 4

v a purely’ oscmnory function may change mmy even for a umu change

in w when p* is 1arge. Thus by using the above approxlmluﬁﬂ (3 ) in
‘ b
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(3.72) 'and by extending it to'all wwe obtain

A s E o' cor o, sin 0%, 0, (6w 4 (b))

T PL{D', ~cos e','i -sin 0%, 0} . R : t R
+ [mN(uN'- k_cos 8') + nN(nN - ke sin 6')1

G5 T, . 5 4 2
< Sal ) 51 eml-ziviels, < AU C @

* The above equation ‘may easily be invérse Fourier transfomed to

give [La!:hl. (1968, :hul)] A (t) as \

Ay (:) =, F {p', cos 8', sin s‘, [ (v,v) ¥ (-m,—n))

CF {p', —cos'8", ~sin 67
Fa(p,:ols, smﬁ,ua]

"+ (aNGaN - K cos 8')+aN(aN - k sin 09)] exp (jae - 2ik p")
v ’

ir Loy s
Lot . 5 3.76)
o o .

shexere is 1£ie velocity of propagation and is given b \

c=(t u) i‘bxlo wiaed -

vertical component of the firat order backscattered surface field in

time domain which may be written as

\
exp(-2jk | n')

~ C
P LG ’ e 7
zzu(:)v e ) (o) m?l\ . - (: _L
0 , LS
i 4 ' A om :
- J v, 10", con 81, sin 6, (e # (m, -0))
— i 3 B
. F, {.p', -cds 0", =sin 0'}. "
+ [mNGl - kcos 0') + nN@N - k_sin 0%)]
+ exp [jo*N(mcos 6' + n sin'6')]d0'1dpt , (3.78)




and it is meant that v has been replaced by wg impa, and By .

We have tonsidered that the ‘transmitted signal is a pulse of

sinusoid centered at time t = O. We now suppose that the observation time
- . T
1

of the received signal isat t = t, where t > —; Therefore the-

received backscattered signal at time t, may be given as
- i © .

© ¢ exp(-2jk o")

a . o

B (e = 3 expligey) ,.3“ A7 J —_—

2
Sty =
. )

. . . Tt
1 Fy bt cos 67, sin 7S G A Cmyom) |
o 2 § .

A {o?, - cos 8', =sin 0')

[N -k cos 8) + wi(aN - ksin 60] . -
= exp [ip'N(m cos 6' + nsin 6')] d6T] 4" . W (3:80)

Now consider the above gaté function.’ From its definition (3:2)

& o ooy g iiEE T ™
2, {12 T DI ET :
5 : ;

0 ; atherwise L :

The time £_ s two uaylm}mmimm_:im, i.el, the tine taker for
the tranamitted sigul to trael.toa point on the surface and return
'back from that point to the r_éneiving‘poi,n: because of the: first order

scattering at that ‘point. The transmitting and receiving points are




mean-radius of the annilus is P and the yideh'is 28, Fy and T, are

the same vak\d are tiken i the érigin of the m;mimu systen, AThun .

e tyf2 may e regardad s Shies by it the discance of one way travel.

Sinilarly, since T, is e pulse widthe T /3 say be taken a8 the radial
“width Gf a radaz resolutioi cell located at p, [skolnik Qs en. ).

Th: above gate . function may thed be Tewiftenas’ . S Tt

: ' H o Iy ' L
o2 L5 m B s’ S04 A
Tg0e B 0 ; otherwise .
- where .
Py F . (3.82)

using '(3.81) in (3.80) it follovs that

C s Do v
(o) =~ expliu € ) E B I
. po .
g ; :
<] F bl cos 67, win 87 (o) # () I N

L ¢ P

o {p*, -cos 8'; -sin@'}

o i #ad) = W (m cos 8% +n sin 80] o
- enplip'Nm cos 8" 4 nsin 89 @', T (3.83);
The above equation this a first order

surface £ield received after a clapsed tine €, form an hnulus'of the,

- surfice provided the receiving antenna also is omidirectional, The

the - attenuation functions for ta suitted and received ngnaln_

respectively., IE the rﬁewh\g anténnais a narrow bean one ,the




received backscattered £1eld ¥s from a patch of the surface instead.

= E . "fromthe annulus. We will now consider this case.

i " "' '3.4.1:1 Narrow Bean Receiving Antehna n o -

[
“Suppose for receiving bt have @ very. natrow bean m:emu

i
§
of & beam width 243 vhich is directed along the pomitive x axis, i.e, i
s I:'he heum u centered at 6= 0. Under this situation .the variation of.9' 3

3 X in (3.53) is limited from “8 to by and, therefore, the received first

a  order field is froma patch of the surfact located at a distance oy

The radial and apgulsr widehs of the pateh are 2 and 24 as shown in

figure 3.2, We thus have

o P H B, J
[} i : S expl-2ik 0"
7 E zM(: ) = = exp(wn‘to) mgn B L T
) po .
) 3 o gl ) ) .
S| ' cos @', sin €', (4w) # (bmumm) L T
4 » e
< B {p', wcos 0, -sin 01} - T R
T ¢ @) - N (m cos §' +:q'din 0]

- exp [50'N@ cos 8" +.nsin 6] dONT 40" < . . (3.84)

The two integrals with respect to p' and @' in either (3.83) or

(3.84) need to be ewluated. Again it ke ot i pomdinte By evaluate
@ them exactly, Howevet, they ay be evaluited approximately. e will nov ¥
I perfomm such an approximate evaluation for-the integrals in (3. ﬂb) ’
Since,the w0 actenation flm::txnmx F, and By aré slouly varying, Eheir.”
) ' varistions with respect to p' and 8 over the patch may be appmxl.matnd

‘by setting p' = P, and 8% = 0 there.




~point

first
scatter

transmit 'nq
and receiving

p)$ p" (p°‘+Ap‘)‘.

First order backscatter from a surface patch for

.omnidirectional -transmission and .narrow beam

LA reception (p = distance of patch, 28, = radial width’

" ground vave atténuation functions with modified surface

impedances)

of patch, 20; = béan width of receiving antenna, Fls = -

it




That is to say, el N

- ¥ o -
E (k) =2 exp (ju t)F (p; 1, 0L P
bl 0% T2 Tl a e Tr k.

mn
Bkl o ]
K . § 55 exy( ZJk o' ) |
B sb_(pq, ;,‘o, (W) 4 (—m_,—.n)_) = 4 -——61——"-‘ eda
[ R WY
where we have used tPe uyme:ry hig gt o o J
F(p,—! 0)-F(p,x,u)-,' : LD e (3.86)

“which holds Edagse of - the rexatwn_,(:i 44). The ‘integral Ty in (3.85)
i i B 4

is givenss N\ W : L
s\ c

[u (@ A’ 5 - e, (m cos e'+nsmﬂ')l

by UL T -
+ exp [§0"N@m os 9" %+ sin a')] det L - PR
The above integral I, tay be evaluated asymptotically using e - o

stationary phase method.\ The procedure for’ evaluation is the same '

as'used before for evaluabing the integral Iy (C,10) in appendix C. p'-

may be taken as_ the large parameter for this purpose by assuring a'far

. location of the patch. The ‘rebult of this evaluation'to the'leading

term may be shown to be.as £ollows:

o b . \e
Ig- (5 [K, -k, saa@ Jexplio 'K sgn(m)

“lol aSns[nf e . ' }('3.351)

where




* which means that the radial width of the patch is much smaller than

‘ra sar.isfy the muie:m, the nutut intmr l.y b: taken fnt r.he

- sumation muu nvn,n (-n) n e an m:egu..< By uung (3.88) “1n.

5 /F[x, kg, n(mnexp(a
Pty g

5 I e [:In (m(-)g— )1 % -
5= An G

: 3.90

The iategration with respect to p' zay be considered nov. mSince p'

varies only from b, = 4) to G, + &) ad by sssuming & <<b,,

the distance of - its location, ——Lr7> may be approximted as—i—. I .
g ? @,)3/2 3 e )le'
PR

The remaining integral then may be evaluated exact}y to give a following

Tesult for B, (tn)‘, " \




be _given

: (a oLy
. 5 -
i 7o Ty gl
Cay ¥
Ty
28,
.e :
. i
AN
u,
k 3
o

[ ) $

=
.

kit exp[j sgn(m)(K °,

_‘nre fot cm.pletenm the meaning of various

T 39) (3

: I3
- radial “dtitsige of M 'putch fron the ,aource’- =2

+" wave number of the transaicted siggal = o /c
o

) 7 "
w6, s . ' e
M B / B
(zwc)w 2 . .
(95,1 0, (v RoRS (,,,,..n)) ‘ . .

f: K “bgnin] saild; {ssn(m)R

ulkﬂ)]‘ St

;u

as fellnws. 8

o, (v,u)

. < ignal gven'by. (3.39), (3.42),° (3:61%,.

and (3.64a) «

0); * atteniacion finction for the recedved signal givén by
F § By Ly

1) €3 &),

and (3. SAb)

= dipole constum: of the transmitting antenna = -_1u> Hy I dl

7

" aigilar width of the patch = beam width pf the receivihg

_ antenna-
velocity of propagation = (u“)gﬂ)"" ¥ £
‘pulse Wwidth of the transmitted signal

frequency of thé transmitted signal

sampling function glven by (3:70)

sign function given by (3.99)

rnml width of the patch'= & /2
. o { .

tan Ae " : LA

i
N(m +a})




field received ot a time t; froda pqt:h of a "o dxm!nnan.u pgn.odx 2 5

rface.

The transmitted lxxnal is 2 pulud -muoxd-un:eud at time B

=0 from an eleméntary vergical aler.!nc dxpole.

For cohwenience the —'
. height of the d{pnle b

been taken‘to be zexp. The two ;ccméciui E

 fndtess (o) ‘et sfom through the argument of Fb, ‘iherup this -

resum:mn is not there for

, (3.42).

3.5 Second Order Surface Field <" . . gy =
Secont Sfendutace Beld S

The procedure déveloped in mum'

3.3) and (3.4).for deriving
gtoiand first orders ai the lurfl:! i\!ld vlll be l:l.oulyyfelloved

heu to derive t!

lecand' order. . Frog the equation (2.27) the-second i

ardet surface’ field in c‘g lpnn..ll transform dosain may be 'glvm as

(- Ry~ L""‘ (x-n)IF s m . :

{(o o)} s nma,a) :
. @) , y 3.93)

* uhere an"additional subscript 2 on E, means the second.order Field Y

e L
0 - T

"is the identity matrix and the series KR, ‘and Ry are given by Fe'ed

(2.282), (2.26), and (2.280). By approxinat:

theu first term only md using - (z 20) we ;::

B, = A-l T,

{(a o)}:

(a n);(n o, Q}E




where :o is-the incident fmld vector und is ngen By (3 114) fnr the

dipole source. The mattx.ces A and B m.r.h tl]e\r inverses in a uymho]m

form are given by (3.51) to (3.53). The matrix C mdy be given as
- o

o -1 N
- - Prq Wy VW 3 .
I e T S e 0B
° - tewi ()] - . o 4
(,0)

The general matrix T°% fs given by ($:20). Let us assufe the fnvelse

. of C may symbolically be. given as
%) : "

: g .. %2

13 N B
. e P S e S 3.96) °
/~ |2, S22 23 | det C " 3

olE S e - : .
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The a'bcve cofacfors oi :h' mar.nces A B, m = may ﬂgaln ‘be ‘Found by

) as weu .88 the three )

3. 20) and (3 23) in _(3 1) and'(

merler ceeff)cxents in.terms of the surfate Fuur1er coeff § nts ngen

by, (A'.‘_B)‘ yields nuz s L ; . - 5

G

PG ©T-p,0=q
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T X Lo etad ,

Pod g s -, = & =
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. where ve havqmixscarded those terms which ar,a -of. the !hu‘d or h].ghar ;

orders in P “'s. fThe functlon [ ma,y be gx\len as*

GK K ) - q(u"" + Ju)(p(m = p) +q- q))llz

3 k(u"’q ¥ Jm)(p(m - p)(n - P (K } s q(n - q)

(l( T g“) &/ mN) e

where 4 = L .
: n

"4y, are,the same as for the Eirst ordet surface field and are glven by

RER 32) and (3.56) mspectwely 4, may be ngen as
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R are podisied: sqrface xmpedam:es A,

wh i '.‘b.:z \._
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to (3 i)

Let us consider the function G'in (3.99) bince we have assumed

A .
Ing| »‘1 ot|8] << 1,-we may discaid these tgius in’ G which are of

the order of A or 4% In.other words G sy b

2 & ¥
O A R 14 )NZ

+ V(p'lv(‘(Kx - PN+ QNK - ) \u )

PR ) + o - g my-

(u"'q) T

(3 101)x

THe dbove equation (3.98) may be inverse [spatially. trans fomed to
br surface field in the

(eay) douiain. mg; inve‘z‘sel transforn may bd given as ¢

¥
_‘ G(K KD

\ ['spa u+JkAtk xj)]'

(3.102) *

defxmtxbn (L s)and theustenuk means. a_two dunenswnal convolution with .
i respect 13
2

the Testr] ctmns (p,a). ¥ (o, n) and (m n) on the xnnmat ons with respect

* and y.. since p 0.6 A5 assumed to be zero,we I\ave removed

to p and gxn (32103, 'Ag.-un, as in the, first order case, the following'

inverse kpa:ml transtorms’ “nay, be’ approximately. f:vn‘usteﬁ—?s

.- In the above r' ) me‘ans the inversa _spatifai transform as per the .




= axp(—h u)
-p- u+_‘kA|'(K KT

= F(py) expi-jke)/C2me) . - (.103) ..

K r“’j"%ﬁx'.‘f‘= Fo), exp(-jke) (mp)e gt G-100)
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ey

, =k sin @)

py =ik g %(-bcole ~k sin 8) iy S L)

"A (—kca.e'-k.ina'). .

The modified surfu:e u:pedmces &, ma Ab are given by (3. l.z) ‘and (3. sz)

- respégtively. The third i-podanc: 8, may be obtained from (3.100y by

aq{;a:ia'u. "It nay_be .hev.m that - the ‘expression thus obtained- for.A_ is

'

:ha Saia’as (ur Ab (3.62) lxcept that the :eutrictionl on the suamuon

1 3o mdu:u v and u are different. ¥or Ah ene. restrictionds. (6] # (o))l },
e ‘vhezeu for A m réstrictions’ would be' {v 4 (—p,-q) nnd (m-p,m)

These a0, er-to.the wmmatiT indices in (.98 1e has ¢

¥ Seen sesciined nlrndy that the bxpression|for 4; (3 m is the same as




_' Sk Lu % st - Qt-, o By, cob

'+cq(.+p)+nq(n+q)u(p n)}u’&nue. e R

The ﬂrne lnmmtim fm‘m = gain be denoted ia the Eo\lw:-n] L £
fam similar to t)ut-nf 3.66) \ued in the Eun order case.. . :
l‘(p )= €, lo, cos:0, sia0) . (3.108) . . . *
F(p,) ln, cos 8, sin 5 (v,w) f ,(—-.-n)} ) (3.108p) -

‘F(-p )aF, (p, cos 9, 'sin 0 (', 3 Gl 6o g

e,' sin 8), “(3:109)

;qual t5 tHe right lmu side ut' equation
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This say also be vnn:en in a fom of mtegrl‘ll as
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Ihe above’ equation:(3.110) or (3., ni)‘ms represents the vertial
cwpanent of a second order appmximation oF the surfu:e fma. Fora. i

co‘ntinuously excﬂ.ed source’.this result may be mtems:ed w !he phimoz

fom. whereas fox a pulsed 'source (3.1) this Bay be taken in zhe I:enrpwral d

Fourfer n...sfam domatn. A physical fnkerpretation nay be-given to -

th!s}iulutun slso in a uny smmr to'that given for me fm; order-+ "
[ .

. solution (3,65 az-wss) "-b xep:esenta a gmund wave-pror -

a direccion 05+ This scauu—ed wave is Again Tescattered in'all

'di:emons by another elemen:hty area of the eurfaca located at (a Lo

A p-!H of this rescattered wave' travels in the graund Yave node witi\ zhe« s

atte‘mut).on function F_ in the ﬂirectiqn o and which is réceived at zhe # o

obsefvatlon point (x,y) ’l’hus the t:n:al f1e1d received at the observahon\
pcinf due to this double scattexlng fx—om the complete, area "of - the suthca

may be give as the tategration:grer (<" " e (x".y') and uummg over

(mN, [nX) and (pN, ) in vave nusbér, space. : mmu, this scmered

sur

]Ee field is in additim to th!t which ls received dll‘ecrly fram :he

source as well as due to the Eizot order scattetmg.

3.5.1 Secon order a SirfaceFleld ‘L

 fhe second utdenbacﬁc§tcered surface field may easily be obl:aineﬂ




is sécond order

{ie; ,,h9 su‘hsn:ul::.ng x =y =04 that equauon

_baekscs \tl’.ered fleld will be denaterl as\E /Tb\ls we have.

’ . \ c,
. G
0,0 = =
. Eaa2 (o

Sz

g ‘
(m,-,.);e‘(o.o) B.q Fraa Forp

e (‘D‘.','..Cus.';e", [sin ?"; (v,w) # (-m,—n)} -
| e & sig

{u s cos 8], ‘w sin 8 ' (v‘H) a‘ {('""”“;q)}

{p", ~cos 8!, —stn 6"} Q(m,[},y,q., ~cos 0.=sin 07y |
‘\ ! : 2 - B J
\ “—;.—pr expliN{me" +ny™ '+ p(x? - x") +qlyt = yM}]

i.ex*p [-jk(o" *op + ") Jaxtdy'ditdyt (3.113)

. where 2 8 = ik

. 4 v . o .‘ : ' o o
o = ? seos 8 % gin 0° .-%r S (3.114)

zmd or.her distances and angles are given by (3 111).

From r.he point. of view of the pursed excitation of the source

dxpnle .1) the abave solunan (3. 113) may | ‘be treated,m the temporal

.
Fourier transform* domdin: with w as‘the transform variable. For remn‘-xing

6 the time domain similar steps,’i.e,, from (3.68) to (3:77), may.again

be folloved which approximately reduced the first order field from
fréquency (&) domain (3.67) to tine (£) dowain (3.78). By doing so0 it
nay be shown [hu: the second order backsattered surface fLeld rz:21veﬂ

at tine t, may be given in theforn




grih e .
E () =—2- "7 ¢ o ™®
B @)’ pia @wAcn

P
»q

j - I oy [ %, (67, cos'®", st a", (W) # aop,mn)}

Tp'=0 g'=-w. ¥

i u'. s ‘Qi;’;q) Ve, G con e, st 8’} -

T D rpamas ity —aos 0' s e %) ;
. _uppu(,,{“ ny" +;1 (p cos 8" “+q ‘sta e‘))]

W o ve [uge

& (or'®) 1n the.

(3.79)% It is that ‘the

. fons. for, the 5 and Q 1s now rep].-md"by'.iv

" (ork,).as a résult of the faverse temporal Fourier transformati
“The Sour -integrals -in’ the sbove solytion need to be evaluated:

3
Eollmdng section e will propose an lppmxma evaluation of these

integrnls for thl c«lx& of a nanw hm recélvlng ln(annl.

“asha umw Beam mmvmg -Anteénna

We consider thll: the receivlng ﬂnﬂ!lllll‘ 1s a’very narrow beam one

" wltha hem widh of 28 lnd is directed nlnn! the pwuve x axis.

Hovever, ve stLil agintein that the trdnsuttiing antesns has: unifora.




»: —sin 8')

(@,n) |
) ’{(-p!."-q)




. - -8 :
 is a necessary condition for G = 1. This o ad A _llwng vith & define

t\n same palm of the luxhcg (fxyrre 3.2) from vhich the Einl order
backscattered signal i- ncexvgd at time t -, 1t has been sesa before
that this first order ugm is received fmm the patch only, wneun

this does ot totally Eollew in m casé of weinid -prisc. . nu;

chnuterun: Of the second order snlu:mn may be explained as iollwi. ey

Canside! the imer double integral of (3 16,

“For ‘the,integral

treated as. si,u'd. G

al' may be eaken’ £

the oufer integration varisbles p' and 0''m

Therefore, for a paint (p"

represent the i i Hisraiatastat Chlu pom' e b5 tha firse

orrlu scattering of the somrce field. This -cmenn. is fron that

‘area of. thé surface which ntxst‘m the mquq,uxy (3 117) dm.:ed
s

" by the gate function. Froa the -l equ.smus of (3. 1 we P

A

» —) = 2: (say) ‘@ii19ay

7 A i
upper- equality: . p" + px _Z(Da
3 N e T UV D31
lower equality: o £ 0% l(pe*An =3 ) 2¢, (say) (3:119b)
“here c) and ¢, are positive:constants for'a fized o' and ¢ < e,.
The sbove -equitions, therefore, represent two. éllipses vith comon

foci located at’ (o, 0). and Bty 8" in ’uu =, y'plane. Also, the

ellxple °f (3. 1193) is enclesed \nthl.n lh! lecond one (omed hy 3. ll!b)- .

Thus' the, sm-fau area !glpnnuhle for the first order scatteriog may
e

be given as the. teginn enelol-d between the two ellips

'l'he fun ordu -ucmed Jugl\al thus received .at-(o",-.0") getst

j lca:l;-red again and .;, then received by the receiving mténna ds a part

\yof the second order backscattéred signal st time't . The surfmé ares

ible for the second & s may be given By n.. tegxxm o

gn":lo. 4 betveen 0§ p* (o, + B) and <, 5 tS ln inuzﬂtion -




it x s ‘
ovar ch:\s region thus gives'a total second otdgr hacksca:cered slgnal

rece;ved at nme z . Ir.may be )nam:wned that these tuo :egxans of
Y

mtegratxons for the hrsz “and, second scntterlng are not present

piplicitly s 1n the iom of hmts on the’ 1ntegrals in (3 1,16)

" are xnherent thr h, he gnte .fnncuon. Thus e see that the second .
-/

Hwever,‘ a part o ‘e does, cone. fron the patcli Yihen p" -l\p&

under thls)condlt [ A Ysp'.g (p +h): “In other uo:ds chg Lwo ¥

‘second order - backscattered s).gnal, one from the patch and’ ether from E
.

5 " off the patch, recewed at any t,umz t, way not be rh p.ngul.shed fro

B e.lch a;hgr‘ The only requlremem’. is on tl\eu path’ LEngths whm'n 15 .

dictated by. the gate function such that; poth ‘the sxgmlls a:n.ve atthe .

'satie tipe as shown in figure 3.

x l:he equation (3.116) again £rén r.he pomr_ of wldw bf

Consi
eval)an.ng the - xnteg'rals The 1|\ney: double 1ncegra1 will be evalua(éd
first asympcnncally using the methad of two dmensmnal scatmnary

v phase [Blelsteln and Handelsman (1975, ch. 8) Frledn\ﬂn (1969 chs 3.

Thefeuter 1ntegrxt1m\ var1ablei p' aﬂd Ll v-ull be :reated as constants

<'for thi: purpose. s;nuu the i uonnsts nf a -factor

(p p ) 1, the lntagrand as such may not be, conszdemd slawly varymg fe

% applyl.ng :he methorl of 1ntegrat10n. Therefore a. cnordmate transfomahmn

g is' requted sieh Bt Ha dmgariency® fagtor may be

=1§‘q‘ned. A suitable.transformation fot ums purpose, which ‘runs in

S two s:eps\q\be given as follows. ‘A mtanon by e' and. a shm;mg hy‘
£ =

FBlifor (x',y") yields,_-
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scaiter .

s first
scatter
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o 0 ! hgure 3. 3 second order: backva::er from.a su:face >
patch ahd of#, the ‘paten:for. emmduecnonal 2
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whg!e @ and B are. labeled as thé new axes in the cartesian form.

ow by

' Chinging (a,0)" ta m elliptical codrdinate: unaues (0,8 [lntn and

ot (1965, |:h. 6)] as.




“where the double integral I is given as

: RN e g o
LRl moos (h, 49 Zain G % 00 ok (B0 1

D’ p * % 3
SE v - . s
Lo 15 By e8] dines G o e S (326
“In the above integral angles Y and g, ate defined as’ . | ) N
cosh u co

tos \[Jb =

goah }l cos § 4 L
Cosh 1 +_cos 8

cosh i 'cos § - 1

Lo o ) sith'y sin §
€98 ¥, = Tosh 1 - —Tos 8

Ve = Cosh w - cos 8 *

o
)

<
[

(3,.128.) :

from the

K coaa ,nN:K smﬂ

This :nnsfomacmn teduces G: 118) tos:

s = —Zk osh ek cos(8, G!)caiﬁ,p-;zus.

¥ + K sin(ﬂ : 9‘)sm.h W sin 5‘

©In ordar: to] apply the m disension statmnary );hase method to

__'the double mregml )1 in(3 126) we. cunsxder b as. the 1args -

|
3
4
4




parameter, This means that the second scattering point C;’

figure (3.3) in at a far diar_ance frum t\w receiving polnt A Fur C

‘this condition is easily met as this polnt 1fes -on ‘the patchi. ., Whereas

this ney not-be alvays true for Cy which represents a case of off the
patch scattering: . However; we proced ¥k :his sssumptdon m.ezming

that ue dare rmt considering those I:BBES where the. sel:nnd scattetings

occur néar the recaiving poat. : The stationary phase potnts. of the

expunzntial “function g(u,lf) mav 'ba immd by solving che o, equauons

—& =0 and J =0 sinultanec\mly for'y aid 8. These partial dezivatives_’

N e stuh, i X, cus(m - e")smh Wcos &,

g sin(ﬂ ~ 8")cosh y sin 5= 0 $ 5

(3.1312)
L " e
%f;‘ L S ces(ﬁ

= )cosh w st Ly

+ K, smw =g R s 0. 5 (3.131\1)

By solv'l.ng ‘the ahove tvo :ranncendenm equatxmn ve arrivé a: the fnllmdng :

Lhree stltic'nary points:i. ..l BRI T

4y 5 ‘?’
i e (3:132h)
[K-Ak cos (ﬂ -en] . LR .
1i1) Tt I : b o)
D 2k sin(Py —.8 ) C N (3.1320)
g . "
R 2k, cos (B % A1) -

"wleh the Testriction 2k eos(d, ~8')| < K< 2k .

i

T 2 i
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1t may be mennaned Ll\at che abuve restriction on K apphes ofi%y to i 3
the third sna:mnary point. K b
N s
3 “In view of the' ‘above thiree stationary points an usympl:b:lc S e nlws B

expansion of the mcegm'
S ;

to the leading’tern may be représented ‘as *

L.- I Lt zu + 113 . : ¥ . , (3.133)

« -where 1 12, and 1 '_' the on ‘to ‘the

"
leadlng term f!am the abnva three pnmts.v We will now consldar each

" stanana.ry pulm: sepur&tely to fmd its cm'\f.tlbut on. v .

 This point is given as 1y = 0, §, = 0 From (3.124) =0l and

“0-for this: point.' THis means thatl thie point B comcxdes wuh o

in Figure 3.3, which :mplles thst both First and second scatter).ngs %

"6ccur. at :he gane. Sedat and” ms point lies on the patch.’ “By following

the procedure,

deséribed by Blejstein and H.sndelsmm\

contribution to the 1nt:gtal 1, in* (3.126) “ron this stact my point - el vl

‘may ‘be féind. This pracedure for- the tuo dmenuanal case: u an;

exténsion of the dne ‘dimensianal, stationary phase method. ‘A procedure

J

g&r’:he one cnmensiu_m case has been described in' Appendix. C while:’

eviluating the integral Iy in equut).on . 10)." This contribution:to

“the leadmg term is found tobé

b T T %i_L') ]
e . ; L ey 4t
S’ + N - 2k N cos 0% +nosix 0')] 5 A 2

_‘J‘ ‘Tn the' above the at’ceﬁuacinn funiction F| is not 'presem:. This is

tn ulu.ty‘ The Esctcr of une—half ‘in ‘the Ahove uq\mtion accaum; fa:

I




.

_‘also lies on the boundary of the integration region. For this point’

oy ,l.{rt (p;, cos ©, sin 0y (v,i) # {"’”‘)

the occurrence Gf the sationary point ‘at the boundary of the reglon of

m\:agratmn. For che square ronr. term presenl above in the denominator;-’

“the Toot with imaginary part 2 0 should be faken.

Second” Sfationary Point

The second statiorary. point occurs at y, = 0, 8, < 7. This point

b=?andrc

! ds may be ;seen from (3:124). This means ‘that the

point B coincides with'Ain' figure 3.3. ‘In other words' the first

scattering occurs at the source of transmitting point and the second’

scattering falls on the patch, F = 1. 'The contribution for

“this stationary point may also be similarly-found.” To the leading term

this‘may be given as, J

12. .2

)}’ .
'

¢ exp[J L {2k, = N(n cos ' 4 n T oMo, (¢ - 20

(3.135)

((m +n)1l £ 2% N(mcuse +nsma)]l

"Agam, for the square oot ¢ m, the oot with, imaginary part 2 0 should

-be’ taken: ~

It should: be mentluned here that the above cam:nbu:mna 3. 134)

and (3. 135) from the fu:s: and second u:annnary polnts dre valid

'pmvxded the rsspecuve denommacots are not um lf this condition

‘is not met: the cubic [erms in the Taylat sgnes expansion ‘of the

* function g(& ) abuut each statlonary poing in (3.126) need to be
,'c.mmered. Accnrdmgly, (3:134) dnd (3.135) would be mudxfiad In

this. thesls this \mdlf:.catmn has:not been carrl.ed out due ;to the added

_mzthemancal cemplexlty. Nsv?rr_heless ve shall pmcaad mth the” above

vithdue; regatd to the regions of validity of the‘expzessan

b
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vhere K. and § dre defined by .(3.129) ‘Thiis point. represents the case

of off the patch s‘mzemg a8 shiowd in fig‘ure‘ 3. i

. Por a gwen p', 0

: nnd the surfﬂca wave. number (m“ nN) 4 e two points at which the fusc

3 ,‘and “the, seccnd s:atcérxngs oceur. may ‘be, found mm the, above equation.

Howevex, the wave numbers should he wmun the 1limit mentioned in

LR L (313200 The contxibution, fron cpxs stationary. point may alsc be

similarly found and it tums ot to be as follows:




1, =5 ﬁ;l,hb {:h, :os(wb +on), sxn(l{f"‘he'), (\’,,uy‘_f (i, i)}

/ - o] .
< e mcosty, + 0, ~sin(y+ 67, (v,w)/# {gf‘;"‘:q)}) ‘ ‘

sin(@, - 00| @l < kD] i :

1

2 ) [t‘
[Kfl'- w2 c_oxz(ﬂu; — ek e

A e ;
c(p +!"b+rc)] J

with ‘the restriction 2k |eos(d, = 0| <K <h2k 4 L . '.(3.131) .
e on Hgleostly = 2o ;

e be 3ymed together to give an: .

asymptotic evaluation of the lntegral I, (3:126) to the leading term

i iy GEthe, o>rder of 2

. The succeeding terms are of the order of

2
® (—]i-) or lower as shown by Blexstem and Handelsman (1975 ch. 8)." The -

- uul:er dcmble xntegral thh .Tespect to 6' and e’ fo: E

g zbz“e) in _(3‘.{?’;) ‘

i s:ill, emairis to be evaluated.. Ve ptnpase to evaw the 8'vintegral,

3
ki

again asympcot{caUy, .using one_ dinensional statiofiary phasé method:

\ ‘Before we do this we will npptoxxmm‘.e 1,3 in (3.137) by setting o'

&, . The reason’ fnr :I’us appmxmacmn is that ;‘ is difficult to find the

stat)onary point for 6" aftet the exponent of I .'is cqmbined with that

13
L - already preseat in the outer 1ntegra1 in (3. 125), Whereas this die-
Dl ot [u:ulty is not there when. the éxponent’of either 1 in (G130 er Iy .o

in . 135) is combiied witl that ptesenc in (3. us) “since’ 0" is varying . |

over a small range, x.e., —Ae 5 Ae, this . appruxlmannn for 113

be justified. Thusy,undue:thia Sopbaxination, 1,4 may be written as.

LEVA B
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with the yrestnctvmn 2k°|mM < Ky <2k K. " fa.la{i) 3
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In the abdve the different p;m{g:us, given e;mex by.(3.136) . ate

|
now mdependem’. of B' and may be gmn as follous:. =

(LL+ ’ S

1)
) (K‘ - 4l ot 2 ‘
sin W =0 “sgn(n)
X s, " 25 ° = Ka
Jau o Kae
: J adafnly? . A s
cos -1 . (3:139)
A e . :
e B
.
k= N2+ 0?) iy ’ . .
b WA

b s




N .
102
5 ‘Thus"using‘(BA_UE‘), (3.134); :(3.135), -apd (3.138) in-@ 25)
yields the “following expression for E (¢ ), Lo
i c, : 2 Cy - :
E () 5 expii ) wopfe
w2 e’ Bsa (m,Alp,mg). R2Y RL
i Ak Y s = . = 4 b
ey r:+p R |
N J J v (p 5,608 01, sin 01 (v (upy-o) )
5o o e . .
: LRI 05.8"; “sin 6V} Q(m, w9, 2,4, -cos o', tsin 0)
. ,'1 o -i "
RHCR R - 08 q 4 n.sin’6!)] 1d8'dp " E
o 32exp(,,w:)2 b sy L
(n BRSO AGEERCE n)#(-ps'q) L . B
Pt Ag‘ ] e Gy 2
3 J J F Lo, cos B',.sin o', vy #{ O by
: 4o k i (
N 2 P {p', =cos! gt =sin e" Q(m-p, utq; p,q, “cos e' ~sin B‘) ¢

o~ T e (-J 2k p' +3p!Nép cos o + d sin N

R o i n< + 2k N(m cos 0' +n sin a’)] 4 gatdp®

an . . Z“
exp(u € )
am? R0 % @iy i & B Ui
zk[m|N<K <ZkK Lo
. 5 wo -
. el )

3
}
]
3
G-
i

j

-

g i v



(Bt (b g 5 3
i [ %, (5. cas , sin 4, ) 4 Copnd) -
% Pt =N
Bn(pn_ﬁll' ¢ by . g

o (rc, ~cos ¥,

iy, G # {E:p"}q)}) S

¥, {p', -cos 8', -sin 68'} Qlap, mtq, p,q, ~cos 6', ~sin 6")

52

!
< 0 n|N,. 2 _
- exp (-5 2 (2K, Llf:-u_.ko fops!

CCexp 15 2 N {(2pha) con 8 + (g + wsin 8]

T e 140y
AR il e »

The above. m‘mﬁon for E,,; consists of thivee parts: The iiut,par:

wn‘esvunds to the case whua both fuu o et scatterings occur o
the patch. The ucond part ccm:pands to the.case where the Euu
su.ttEKing occurs at the source point u_nd the gecond at the patch.
The 'thtd part represents the seateerings oc;nriug at other p’ucei
on the surface and the second order field received at tine.s, is the

sum oi all xhe three parts. In the sbove “the gue junctmn ha‘ been

ceadved from each pirt by .ccmlmgly mdxfym; the Tinics for the
cnrranpvndu\g o' in:ngﬂx. -

The above expression for £y, may be nade simpler by‘mi(ing a

few mnpr appronmtwu imxlar to those mde m the flut arder case.

_The :wn a::enua:mn fumzmns in ﬁuc ;wo pnu nf (.’! ler) mny be .

appraxxnhted It plo=py nnd 0' <0 a¥ thpy are llwly varying func:imu o

N and Lhe;t vanunanl are wzz the' pau:h only. ln ‘a similar way the

_three aztenmnnn functiona present in the third puc nay bl L

-ppnxnmudag.p - 59‘.’, since p! u_varyxng only from “.‘,(“o 7 A’) to




t e r_he standud ptacedure the utatlnnaxy phgse point for e’ may easxly be

. .
8,(5; +4,). " The variation of B, is bstueen 0 and 1 as.may be seen

From (3.139). The 6" variation for the third attenvation function F, * J

may be spproxindted 2t b' - 0as iy § 05 b Thus under thess . "¢ R

apprnxlmﬁtxons &1r attenun.[1an f\m:tmmz in €

140) are: no 1ongez 3

§of the i i iables p! and 8! and, therefore, r.hey

< may. be taken, out fxnm each. dnnh!g mtegnm .

_“The 8- lntegfaL mch che rem.ulung xntegrand for gach pazr_ may

be evaluated sayn totlcnlly byJ usmg onié unensmnat s:aua ry phase:

method. 6! mey aga ‘be r.akan as the large parame;er forthis purpose.

This is' valid for the: fust two p.n-cs in (3 uu) Whe e

- (o - A ) 5 p! s (p + A ), and’ [ xs<large. -Wheteas far ,the thlrd

pm the variation of o'.is B,(0, = $8.lo)+ A ) with 6

varying f;um 0t 1. This. means :nac-p“my be small.is some cases

-depending upon 8, - These cases are where seco&d 'sca‘::e:ings‘occur tear

to the receiving point. Hnwevsr by mxnl;axnmg i reasmable mmum

 for B we'may proceedwich the above: assunption of" 1atge p + By using .

derived for each patt.” For'the first part the stnl:mnary pm.m:s occur: at.

) ‘and (y1 - 1r) where Yl = tan (

are at 9" = Yy “and (vz =, wherg.’rz = tan

puinc's a':e 0! 21, where'y, = tan ‘(lﬁ,«i-‘l),' "Asm

3 and (\r3

evaluation to che 1eadu1g teri e 5 b r.n ‘Sa :‘
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*Ain‘#. (vul'f{(_p‘_q)}

o By ~1s 0) X, epr:l 7 sen(2p % w1

e (m, "5 pe —S&n(zm) —LZ"-"%N, —sgn(zwm) Gpin) gy -
2p4m

k‘v"*‘[x"-(zkmﬂ)zl

8, (P Mﬁ)

4 . (" J—3/2

eprJ 2 (sgn(thn)Kz m\ Zk

. * . .wheres | 2 i

3 2% . g
= N[ (ptm)° Fetm)T] S B (37142)°

e : ) !
U Ky = NG+ (2pi)?)

= EEN 275 < I TR W
i ™ dxs:in:e Ty 7 and the angles s Voo zequtreﬂ for the two

ac:enuacion £unctions Fy; md F, in the third -part of (3. 141), are gives

" @. 139) with'p' :e)amd by-(ap,): For clatity, they nay_ agah\ be

written as folllows: . - < 4 s




(1143)

% R © Withthe. help of (3. 109) and' (3. 107) the I\mr:tinn Q Eur each 'part in
- (3:141) may also be given shere for convenlence “They uul be denoted

as Q1‘ Qz, and, 03 corresponding to each of the three parts,

ofm.,-wq. Py “sgn i), iﬁ‘-«u, “sgitpin) SLZ

L
) (m)2k§ —ZL +'q<zm>cq+n>2k§ =
xm e

= [ ptai) {p (phm) Gapta) * p(m)(zqm + () (p7440))

v B (sh)(q(lr‘hn) (2pm) + q(qh\),(lqﬂ) + (q_-’-n)(p w1
S ww s 4 T 2

(3i144a)

s




Ee:hod applisd above. In reducing (3.125) to the above. form " (3. 141)

" in tio'stages. First the tuo dimensional method has been applied to

-5

o

- (thn)p i .

214 Ggmyad B
U o T VK
SR T %

‘A
. (p(zq-)-n) + q(zw-m))pq )2 }\z

K 25 u s Ve

: . p \ . ! i
- -[p(p‘<p+m3<21:+m) + p(r) G ¥ fprm 6% 2)}*\ \\ ooty s
#-alytprm) Cpm) + o) () + (gm) Bt K Tee
\ ) ¢ i
i

+ sgn() ;— o E
}1 @ N < .
- q,@ n, IR T T REREE RV :

Al a0, spnptm) Lﬂ@n - —sgaCipr) »U— -

p<zm>3 + q(zm 2 ) :
2p+m B “ .
4 L2 i
+ {F(Z‘T”ﬂ) o q(Zp'é-m))(Zp«Hl) (2q+n)k + KK
& R
Zp+m P o
e [(ZW){p(PHn)(Zm) + p(a+n) (th) + (phi) (p +q B
+ Qem{a ) (2pt) + a o) o) + (o) 24D} .
w, R vy : : ¥
. esnlpm) E—
= Qmih, ) o e (3 144c)

At this point 1: 1= woithwhile'to Goment onthe smticnary phase

we Have phase ', to.the leading terms




“e ¢ stant for s purpose: Thix applica:ien, along with an s,pproxi.lna(ian

the’ aq\mtion (J 125) £ (‘3.1&0), This. has been further reduced to

s @ 141) by “Using the ohe d:hnensional metﬁnd for =vuhmt1ng the ‘6! 1n:egxal

R (3 l“oD). Instead uf these, the three dimensionnl stationary phase

dmaltimeous: zquﬂtious are; eqhired as opposed,to salvina two such equations

“in-the:two dimensioml mezhoa TIn!the ‘Présent situstion: s three

2quatim|s are tna ctansdendental £om and i€ is dlfﬁ.cult to: solve for

v

‘the thize ~stat1msry potat g to u ].32c) fiowever, these three
equations ‘may be easlly 'solved for, the other two 'ﬂcnti'onaryv podnts

equivalent " to (3 132:) and (J 132b): Futther, Aty b shpwn, tat the

cun'trihu[ions s the luding térm for thse two stanana!y points are
the Sane s ohnmed aove, Lie., the first, two 'phtte of e’ euuatiun
(3.141) Because of thits difﬁcul:y, we' have evalusted the’ exiple

iu:egr.ﬂ succnssively.

¥, 7‘ The ‘emsining ‘fntegral Witk respest g o' o’ tack, parg in (3.141)"

" oy be cnnsidned now.Sincs o' is varying only fion (5, =4 ) to
o) =372,

3/2

w4 o the Eix‘sr_ two parts, may be npptoximted as (p

-3/,

le

Ina smnar vy, (o may be apptoxhnated as (a 6) ‘An the fhird’ ;L Y

part. whexe p' is varying" trons (p -4y >} raﬂ [ +A )- ‘This teans = ol

thit. only the amplitude cam and “miot. the phase tem (expnnen( tem) is"

being aproximated. This appioximation is'valid in the sense that the




uge. |t et anegmls remaining -t:er this

ated Bactly to. sive “the follouing nzumm for B nz"i.;

l¥bz(t°_) e
7

"G, OEY (R BB -
‘(Iwo )3/1 fa : ? $aq (@m)ECp-q) | P23 WR L

=gy R _-ﬂlvml<q+n<a|pm|

Ey (9 .J.,D (v v) # (ﬂ-p,-n—q))S:lA (Bln(v"l)xph-Zk )]

'-! 2 xp._ e -zn(vh)(n(vh) + ntqo-nm =

Ql(m, 2P, q) explj sgn(ptel{K .. 0, = ;)]

g/ F.(nn. Lo g

e L l,;”
(“P 53 2 “P»q (@07 (p,ma) Ll
:elelsslel: S

_' -, {po, 10, v a{(""“’ }) salt, (@)K, = 2,17

- 1 X, £ Zk Nz 0 (p) (mﬂ'nql]

“ Q,(m, 0, ps q) exp[; SEB(P)(K99°

—E 1 I“'r F(Hp.l.o)
(1!::0)3/2 2,4 (), —a) | P29 FanTa
ikdl]lkl(iflkﬁkm .
o] <2qtca | 2phi]
oy (xb, cos W, sin- Yy (VaW) 4 Copy I

S5, (ry os 4, metn 8, () # {("“Zq)}r :




m_av B U R B

'_- sh [s (sgnizmn{zm 2k - J—L O)]

.“2"5
-.-.Km-Q3(m, 8 p@ 'tg‘oglphn'{l(m,'i a1

g (3 L1457

In the abo\ze soluuun we have. used the felation (§. aa) fp’r F L Fy

E il ¥, aré the a::en\mt:\.on iwnctions with madifler) surface impefances
&34 by, snd A respectively. fhey ‘axe given by (3. 108) in" Conjunction

With (3.108)- Bnd (3:39).

hg exptessians for A " _A ) and , b, ate :‘he

+“sane except the dl{farem\% in the restrictians on _ti sumiatfon indices

(v,v) in their éxpressions. " They pay be given by G 42) after réplaciig e

wlor Xy by Gor'k,) “and placiag the appreprlnte réstrfctions on . (1,w)
there. " These' resl:tc:l.ul\s are mdxca:ea thraugh the argument of the F's. -

The other symbcle or “functions p!esent abuve ate defined. ea%mr by

@, 92) sand (3. 142). to (37144)

The above equation thus represents zn appmxmate second, order

sohltion for the vertidal companent «of ‘the backscattered surfacd £leld
received at r.:lme t= e The " ransmitted signal is a pulsed sinusnid
centered ‘at tisme £t 0 frbm an'elenentary. vertical electric dipule.

“Thé recedving antenna is assumed to be 4 fd

Tow beam ‘one and directed
along the 'posi:ti;ie x axis, . This solution consists uf'”nuee'pms. '

“The first part represiefts the- case ™ where both.first and second scauerings
‘et on the patch. ' The -sscond part ‘fepresents the case! whete the first
scn:teringv occurs nt‘the source point .and" the second sdattering ocdurs

oo the pdrch. Tastly, ‘the 'H_zir(d part represents the case whers the &+




two scatterings, occur off the patch but within the “surfacearea cor- . 7\ 5

o . e j we "
Ly responding to t,. o . . ) : 3

- .l .Y . e asswption of narrow- Beam for. the receiving antenna vas made

for the purpose of evaluating the integrals in (3.115). However,

this result nay be extended to the situation vhere the receiving

SR antema is vide bemn or omidirectional. This zxtensian may “be' carried

5 3 " out bysdividing the beam pat(’.ern into siill ‘angiler sepments.’ The

" .. . for each seghent: the hackscattered fieldmay bé given by, modifying the 2,

ahove result (3.145) This modificatdior {s via the asfnath tbtation of .

R :i-.g e Ay i Eha particular, angular location of the“bean * "t

e segment to the reference position.i Finally, by summing the restilts

£hus obtained for éach anmgular_seghent with appropriate weighting factor

v i fox ucii segient depending upon the béan pattern, an approximaté -sécond

order solution for the backsca:cered £ield may be derived. R

b g I may be menuaned . the analysis we hsve assuned the

rough sur face without ‘any curvature, whereas over large distaices st

assumption may not be j'umﬁed. Since the suttering ‘occuriig at any . : 4

‘ pnm: on the surface is a localized phenoﬂenon the surface there may be E

treated with no curvature. On the other harid the prupxgxquﬁ\he:ween .

T A &ny two points may be Lnﬂ\\enced by che nr:h s curvature depandxng upon

the distance betugen the pnlnl:s. his effect may be accountad for by

teplm:ulg the ground vave-attenuation functions (F's) by the: ‘gpherical’ .
edrth uttenuauon functions with ‘modi £ied surface impendances in’ che - <

_ previously dznved‘r_gsults. .




- may e

pexindlc snrface in space and €

My ) CHAPTER &

 APPLICATION T THE" OCEAN SURIAGE

(AEFLICATION TO THE OCRAN SURTACE

4.1 Genersh

We have considered in the ‘previous chapter khe vertical camponenr.

Jof the first and sdtont ordes bazk_scatmred surface fleh‘l fron'a mgh
sur.faz:e. The su:isce assumed there is.a non-tma varying tho dimensional

periodif s\nrfaca The,

y be: appned to.a alass nf tine" 1nv,ariant and (andom Tough sur—

" fsces such ai terrain. The. wsual model assumad for/a raidon rough sur=

- face, is, r.u describe itias 4 :wm dievsiopal periodic su:face with Fourier

coszlcients taken as Fandon vaxiables [R:’.ce (1951), Peake (1959)].

vHenne, by‘aasumil\g such mpdel, an svenge (stntistical},,rudar cross
semnn" to the. tirst “and qeccnd order in’ tems of the "Foughness spectrum’

of the Sutface. may'bé derived.. /The ]Jmih of the fundaéntal surface vave

_riunber (N);my then be taken to'be ‘Zerg'to r!duca the summa[iﬂns to

:111:23:515 “Of course’ thevosults will be restxicced to-those’ randis -
surfices w‘nuse slopes and hormalized sirfice impedances are mxch Tess.
than unity {a ﬂ(agl\icude. 'l'he crosg semun 18 the main paxauetar for

1dencif1r,ar.lon of dxfferent :argets in remcl:e sznsi‘ng by. radnr [Skulnik

o, ch.l-'j] o & : & o

ocean’ suxfacz. The, oceaﬂ surface is modelled AS a thrae din;nsional

Swten the. Fnutiet cneff).ciznts ‘taken

a5 ringén variahles The prevriously. ! defived results are .

apvlicable to. thia euctace’ m o strict mathenatical sense did to the

- facy thxt the *ocesn surfate vsriu w:l':h time ‘also. llmve jer, on & vala

B asnmpr_inn that tha Ei.me. ‘taken fw any eignifinnﬂ: durface verlation

e :

:sul}deuved fox “these” tuo oxders of: the Iield 2




Asvery large. camplred to the p:opa,gmou e o caith avis, b

Previous ;esultﬁ are suh:ahly modiffed to ':(l\clude the time dependency

e > . of he ocean surfaca. Hi:h t:his modificat fon an svmge fir

secunﬁ order of the Doppler frequency dapendent backscattexed Tadar

cxoss section are derived fpr a nirrow beam recex.vmg antenna

Th:se two. o:derg 52 the baud: santinn are interms of, the ﬁ:a: Drﬂér

nmmvwave heigh( upe£m of d:ep water gravi:y v.lav;s [Rinsmnn (1965:
it effect, dermd

- agu e the

ozd

or Haber and uar:ick (1?77), is als Ml\lded.




4.2 Model for the Ocean Surface : S : )

The ocean gurface nay be modelled as a three dimensional: per(iodic

snrface Ln x, ¥ and t. This model is an extension of tl\e Rice, (1951)

mogel £ora time anagiant rough surface dnd isused by other i

e.g.y Barrick (1972a,b) and Jéhnstcme (1975). " The:surface ‘may ‘then be.

dederibed by the thres dimensional Fourier series, Bt
F&e) =7 R Eprj(an + nlNy + 1Wt)]
ah,1 w1 i L )
,=“Z‘ 1l’m’n"1‘exp[;|(§m‘-x‘*Wr.)] il (4.1)
*viiere ‘. o " - =
Feok +ygand K 2wk +ni . e S 4.2)

4,1 18 the Fourier coefficient” corresponding to the wave number X and

—tmporal fxaquency 10-of the’ surface and s given 3.7

P i L/Z /2
1 . > . E
o T i £Gie)
S dAn -L72 /2,
em[-i@®, - F¥ We)layar o : .3

H

- Tu the- aboye equationis N = 21/ and W = 2n/T. L is the fundamental wave- "

length "(spatial period) fn both x'and'y directions, and T is the

fundamental temporal period. The randomness of the surface variations

may be introduced in (4.1) by teating the Fourler ;aef‘fln:lents as

"candon varlables [Rice (1951)]. Sincé £GX,t) is a'real suiface, we have
i

=P _y» where Lhe asterisk(t) asa Ssuperscript denoted the

Pan, 1 7 £, o,

- complex conjugate, The nean level of the suxfaqe is-taken to be the

20 plane, which mpues B o. ) " -

A three diménsional autocorrelation function for the surfal:e dis~

,ylac;men:}& heilght fron the mean level may be defined as [Pa[mulls (g6s,

vestigatuts,

IR




10), Phillips (1977 ch. §)]

l(x, T ,r)-(if)
* where

S

=£G,0),

RGAT 1) I
. e ERR XK

" We now assume that the ocean surface 1y -ci:v

)\omaxsnemu and temporally szstin\mry as propoled by Phillipa (1977, i

ch. A) and Kinshan (1965, :h. o

Faiction o BoWIGALY,  BRRRIH o6 Epdbtal oy temporal displacements

from mm\y ﬂifi:rsﬂt oceans, far a .fixed %5 r., Ed

Mathematicallys -this, ‘ensenble average may be liven as %

: dupucmu at (x.:)‘md G+ v.x, t+7 ).

by using (4.1) dn (4.4) ylelds R as
Vg B

0,1 Fp,q,17

"+ exal-gN@p)x = SHGa)y - AWa-De]

LN Gt + ax)) + Juit, 1.

(?x,xt) and not of positions (¥,t).

«.5).

: Annmhle 15 £ormai by ncllucu.ng ehe: smplet of surface dllp].acementa '
o course this

culleclion 15 not physically. ru)‘izable and 1t is only bypakhetil:.ll.

-Since £(%;t) is Teal and

(4.7)- ;

cally, !pntxally
‘This means.thé above autocorrelation

In other words samples.are still’




coll—ecced £rom many different oceans bilt -only For & fixed T . and'r,.’

Again, tiils collectian 1s not realzume, Prom the realhability poin[

of view, one may assume that tige randon ‘variation of the surface g,

placenents belongs to an Ergadic process. This means that the nmiiies |

may be collect: J fram the sane Dce&n and any statistics dazived from .

those samples’ applie: to a1l such ace:ms ,uruch forw & set, nE this efgodic

" process, Ergadlcif_y alvays s implies hamgenei:y and sr_’stinrna!‘ity but

. the converse need not be erue., Bracaading with the assuupuon of home

geneity and st-ﬂthmarity e implie\! that £he xigh: ‘hand bade of @7

1s also fndependsnt - of %.and t, and which- 15 passible if and only 1f

- KR ,,1!>.form=p.n-q.1=1
", otherwise.

(4.8)

- Therefore, we hate -

o, 4 b 2
REL) = L <lB, %
oty L <P o .
cexpli Ry - 't}_+>j1!ht:] . w3 ST .
S is a- specill case, for1 = TS T 0 we et Co =

,n.l) 2.

n(ii o) LR ]
o, 1.

B n, oy s
,='<fz(x,y,t)>'-h j.' ST @ i ]

where hz denotes the ensemb e mean DE he squnred surface heights or -~

displacements. Ve, now’ deiine

n’1] =(Z—s(x,?.w) % : (5.11)

uhere scK W) 15 refe:teﬂ to ast a three dimens;ﬁmml povier spectrun of

b 0 ithelsurface d;(aplacement [Klnmn (1965, ch, e misis also’ kioin as

a vave ayec:rnm IPhill(ps (1977 ch. u)] or'a three dimensional waye'




umnus,

s(ﬁ - w) ~ s

i B % lguh: spectrum tmn a (hrae dngnsxonu Pourkx‘ transfora pur.
from (4:10), s )

m:hex, S

= 1,: - (z.)'3 J f 15&,.‘) drxdkyd. e Ll ;16 2

4/K_.‘ly @ '_

set o & v 7, Thns, ‘n’? s(x,n) AR dx dar represents the - con:xu;u:inn to ¢hs mean .quau

" milca lm.;m: from . thola wave wmponcnls “swhose wave numheu and fﬂquenciu

:Lnﬂni:iml x 1nn £ormed by (K ‘Ky ) und (&-0- dx 3w

dl,u+ dm).




First and Second Ordet Gravity Wavds' ;- ¢
)

Gravir.y waves are conaidexsﬂ of matn mpmmce amnss: the Various

surhce waves of the ozeln._ Thzse waves.are- é,

ys presem; thé' ogean:

i alnols .ny natural ‘condition.  They are genera:ed by ‘thle wind hlﬂvlng
.'a‘var tha aced and, gl‘avdcy acts s the chief réstor fng, force. £ mammn .

+ theise vaves. 'l'hey are class

waves ES r;ferrgd t.as \‘Leep water waves. | This appzmd.mal’.inn of- deep

o =% 5 : greatel‘ than. half the' wavalength. For most practical pllrpnsei .an _acean

T “isuzficei may be assumed oL cnnsist of: mainly deeﬂ watgr gravity waves snﬂ,

therefora, ve will cnnsidzr here- oniy this type oF wave,

Ocean vaves aré govemed by @ et of. mmunm hydrgdynaate aqumons

[Kinsman (1965, ‘ch. z)], mely, the ccntlnuity equation, the's mmnentum

equation, and the ‘boundazy r,ond:ltions. Ina :Li.nea: or first ordér

apprnxlma:iﬂn of theme equtions an ocean anrfacg nay, beadacrivad as'a - |

differmt dltectlone.

Nowever, ‘fot - each ¥




g ‘ptoximatinn of the governmg»equz:mns, “ihiayies obeying ~this equation

F appxoach Il(insman (1965, en. 13) 1 Thus hy considering up to :h! second
; ufder “waves only, an’ ocean sutfaz:e tiay be- desmbed as,

CUEEY f (x,t) L (X.t)

telatéd to its vayelength and “the relaf.irmship is comoiily knowis as the

dispersion relaticnship. For' deep. water gravity wayes this’ relation say

be given as [Kinsman (1965, ch. 3], - ' -

N G Gan . E

# (org/L )" =t (8K, )”

1

‘where K15 the cnrrespanding. wave nu har.

Since the abuve equatiun (z. 17) is; nbtainad by a ﬂrs: order ‘ap- *

may be zefeued to as, the farer urdet g,ra)(ity vaves, Whdh the non--

1 of ‘the hydrod e equations are “taken. im:a the accountia’ | . e

snlution for the ocean & rface i cludes secund and higher nrder wavés: also

- The usual technique for solving thes‘e nmlinenr equauons isa psrturbational

«exp [ - 3?_+'31ud

and | 9'5 ‘correspond’ to the seéond order, vaves.

f
By vsing a perturbation anslyéia Jnimsmne_ (1975) has. degived a
‘solution forithe second ﬂ:der wavés (,P) in terns ofa Sl 5f ‘products 3

of two’ first order wave‘s (1P) for deep wnr.zr gnvi:y vaves. The' qugntir.ies




which are perturbed in his method are the surface f(x,y,t) and the

velacity potential §(x,¥,%,t); i. e., pertyibations of ‘surface Fourier |

coefficiem’.s @y L) _and of the Fuuriar coefficients for, the velncity

pqcenun- His method is'dr extension’of. Tick's(l?sg) methud {Kinsman '_

1965,, ch. 13)] by. cl}.\dlng the, th: #d dxmensml\nl (y) vanst).cms

for the surface. u:k has considered’omly two dimensional variatinns

(x t) for the sux‘face

+ and Bartick (1977) [along wf:h Barrick and We‘ber (1977b)] have also des" "

: ‘_xived a solutinn for the above. second crd,eg waves: In.their’ method” the
frequeicy. () is also expanded 4n a perturbatior series besides the.above

© - quantities. Thus a second order amplitude forrection-to the frequencies of

¥ ©  the £irst order waves, i.e’, a correction to the'dispérsion telationship.

(. 15), is also obtained thére. Dy qesming small anplitudes Eur the

¢ vaves'these cotrections to. the frequencies may be 1gnored. Undet this
conllition, the, second order result derivad by Weber ‘and Barrick is. the

same, as.that ef Johnstone. Ftom equatims @3 and (23) of Weber and

o Barrick (1977), this #econd ordar resulc in our notanon under this

condition may be given as

= I EyEa,1 ,p,q,i)ll’p’q ad W,n_q,H (4.20)
5 where' \P's cqrr‘espund ta the first order waves and ,
SEE ot 0, forw=m =20 e e
. 4 By @my1,p,0,4) = 051K F Kk K =R LR 421

pomep TP Wep

) (—£ )1,
11wt

where . )

Td'& more general petturbatlonal upp:oach Weber .




ocean in their analysis.

SE D)
: m,m,

-~ * 15,1 Puopjueg,1-4] explak - R R CED)

' By.comparing the above with (4.1) we get

122

ipf PN% + aNy, K = !Kp[

= Km_g.j(m-‘P)Nfc + @by, koI 5 ¢ @)
LR R S [ I : . .
g+ acceleration due to gravity = 9.81 m/s;cz cuT i ! 5
In (4:19) K {'iw and & e i1 1)W.are. spa:ul vave numbers and _ PO |

frequencies for the two ‘First ‘order waves Gf respentivé amplitudes

2Bt d % R, 0mg,ici The,se ﬁte: order wives obey the dispersie’n.’

relationship (4.18). On the othér Hand ¥ aid 1 are vave number and A

frequency of a second order wave of amplitude

2Pa,n,1 20 this does nor.v )

"nbey the dispersionequatl(m (b. 8), i

o W # (gm),asshmby

Weber and Barrick: Therefure the function H s pever, smguxan It may

be mentioned that' the authors have madethe usual’ assumptions about the

Thsse assunptions are that the ocean’ watez is

homogeneous, incompressible, uwiscid, and without Burfacé tension. Also, N \\
- the ocean is ed infiitely deep, along its surface and .

hds a éme interface.’ By ustng (4. zn) S Gk 38 i o sutface to

e bR, may thus be given as'

sPiqed)

[ o +-1 B @n
1 BB g e BT

LRI R 3 E L Ol ) By 1 Fpneg, 1o

# _(4.24)‘
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A %2  Have Heighe Spec:ra Fariths First ‘Order Gravity Waves

. As menuoned before an ocean suxface to a“first order approximation- :

"may be described by a.linear superpositinn'nf the’ firs(: order gravity

& . vaves,, ‘This description Erom'(4:19) mey be glvenias & @ -
> - o i - T
5G&e = [ 1"m,n,1 exp[;im % + je] 28
. fn,n,1 k . . "
el ¢ with the three ial spectrum, given from (4.8)
) and (4.11), as 7 ; o g 8 S
: (f.lw)form=vrn=q,1--1 e
3 .

ORI T oL IR Y i
Ve il G.3 1R 0, otherwise Y Ry (4026)

' since’ the o Eties order sves obey .the dispersion relation (4.18),

e have

M By fl(x.t) % mZn IP;,,; E_x‘p[jim s x%d _sgn(m)(g}(m)!fcl' ’

R e SR A énép[jf];, -73?.+j sgn(m)(me)%t],
s § L T

‘where we have' split'the first order P, n‘)“"“’ two parts as P n

_IPm,n *1%ant

‘vides a diséincciun of the waves. mnving in- che pnsitive x-half space ' .

. “fxom those moving in the negative half’ space ’l‘he superscript (+) on. ’
LA, * xdters to [hosg Waves which have. positive velm:uy componehts in "y
the'x qli:ec(ion. .Similarly,. (=) cerach feb, Blpussves Wt Rageies N

negsciva velocity components ia the x di’rention. It is assumed :h;:

P7 are ncaciam:auy 1ndependent of each ovhex‘, d.e1)

P andl

o
“iFu,n 15




- as

: ium:tian to’first ox‘der may._be derived as .

R1(1x, 1[) =

san? I J (8] 0R) esply sac) @0 e, -

‘.1nfinity (1 e, N+ 0y to reduce: e sumnations .

_tn ’(
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Since f, (x:6) s real, we have Py .

82sE® Y, formmp, niq
‘ ) 1w A &
<GP ) e ) . Nl
g s 0, otterwise N \
,whe:e s (ﬁ ) is & two dimensional vave hEight spectrun or‘a spar_ial 4.

spectrun for'the nrs: order gx‘avity waves, moving with pnsitive velocicy

cmnpenents in the x dnec:mn., simtlaEly 8]0 Lo e spattal dpstean
10 1o aiopat

for the same type of juaves but n;.ovingAwi:h negative veloéiiy'cdmpbnen:s-

*in r.ha x direction:, The_se o spatial spectra are ‘even’ funccinns of i

By using (4.27) "to (4.28) | ‘a three dimensxonal autocorrelation

<f1(x + rx, R 1c)£1("’:)),'

1@ exp()- sgn(x )(gx) bl

. exmﬁ BERE ¥ gk (4 2%

s
Fhareie have extended the Limit of fundamental wavelength (L) to

2] integtals.' Now b3

taking the ithree dinensional Fourier :zansfoms of (4:29) with rnspect

and T, yields s) as

s (i.m) = 21.[5 (E)s(um )+ 5] (K)ﬁ(u—m M

where EUEE w0 " & g BT




" ‘the mean square surface heighf_ due w0 the flrst atder grawity waves'may ~

- 8(@)

125 . Yo T a b

0 = sk (a0
e . (4.31)
B Dirac deita function of argument w . :

It a sinilar way a one dihensional vaveheight or frsquency spectrum may

easily be determined from (4:29) by setting T, ~-1,.= 0 and then by .-

Fourier transforming with' fespect to

This way.ie obtain .

5, '=‘ @n) J .[s_*l'(i)s (uta®

K K Y < *
. Xy ; :
S Kk LG
and, by using (4.30,
N 2 B R Bt B0 0 o
(m) ] (Zw) I, J Sl(K,u)) dl{quy- . el : . (4.33) €
o ) - ; A .

\Thus the above equations(4.30):to (4,33) provide.an inter-relatipnship '

betweer the three dimensional.vave height, two dimensional wave height

‘<si>acial)‘ and one di: i wave height: ( ncy) ‘spectra” for the

Eifst otder grsvir.y waves,

2 <

From the above incer‘-relarion hip and (4 16), ‘the :on:rlbutinn to

bq ngen as’: . &
- (21)_3’1 J J sl(if;u) dkxdxi}',fiu 5,
K K ; .
@i J J[s (ﬁ)+s<§)1am ST R
= (21() J s, (m)dm. Toa Bl e T ey




1t may be mentiuned _here thal: these one,’ two, and three dimensional

spectra are double 'sided, i.e., they are defined for negative ave nuiber

.and frequency space -also.” Further,the vave numbexs fu;wm aid three

dimensional gpeterd avd 1n the cartesian fam - In the case of a nariow

bean receiving antenna the i axis ig taken: to' be the ditéct:wn of the :

 bean for convenieiice. There are; other forns avuilable for, T

in the' 1ideratir Thése various] foms are’based onthe ‘coordinate.

|
wstem Cchiosen o ‘an the single or dauble sidedness of ‘the’ speccta. One

such cnmmqn ‘form 15§ (m, nd* 1t nay be, :alled a singl ‘sided - .

diz&ctional-frzquenty ‘spectrum. This spettrum

& dibo n g dimenslonalv

-spectrun and s dependent ofr; the frequen (m) and the '(a). -

‘where 0 is measured w—nh espact to the avaragz directicn of . the wj.nd

* -[Longuet-] mggms et. al (,\963), Barrick (19773)} The meap square: surface

o displaczment fmm xms spectrum nay. be given'ds
Cepe | 5 (0,8) dudo’ ., > ’
L s1 SRty Tl 5

. The: gbowé ‘spectrun nay be, shéwn to be telated with.our spa\:ial

spectrums(K) as’ e & N

5 (K) = S_EL s (m s) o = arglegn ()R - 6, " ' iz..ssé) :

Cedy = ‘—"i%— St’(w,s) ai_g{-hgn(ﬁié)x} Sl I (b".JSb)'_:

{ where

o @, R

nrg(:sgn(l( QI} : argument: of the vave munbe: vector {:sgn(x )ﬁ)
8_.: average dh‘eccion u£ the Hi.l\d measuréd wlth respact tD the x Bxis.

o B o i Gan”




ional 3 echn arg available for éxpsmen:al

| of the Spectrun § («. 6), e. g‘, by

: . ? usil\g a pitch and roll huoy [Longue[—Higgiﬂs et all (196331, The

- frequencytpectiun: alone 1s relatively simpler to determine. experimenf.ally,
e. 5., by uﬁg an accelerometer buoy [Kinsman (1965, . ch. 9)]; There are

many semi—empixinal. models ava:deble for the frequency spectru, whereas

" only ‘a few models are avauable for che directional—frequency spectrum.

he models availuhle for the directionzl—fz:quency spectrum are assumed

2 ug be L e falluvu\g s;parable form [Tyler et at., (1974)]

.38

5,010)' = 5w G

- where S, (u) is & frequency spectirym.and is related to our ‘frequency’ - -

spectrum as ¢ B e sy

XER Ls <m)' PRI T
- d(u,ﬂ) is the directional distrihutiun fsctm’ and is pormalized 1n such:

a vay -that - e e e,

=
ja(m,e) a8 =1L

(4.40) B
Chia .

A few.of these proposed models for the. frequency speétrum and the *

. directionality inc:oz are as follows.

Al Freguencz Spectrun
Neumann [xmmn (1965, ch. 8)] has prupnsad thM. fq:)a funy

davelaped dea § (m) B2y be' glven ss 3




3 fen:'h and for a sufEiciently long’ time.

~energy. of. whi.ch u is capable under the given-y

4y

el a2 e
Se) me Fu i VL

“i-gear1s-coy deTed o berTul Ty deveToped at & giveT wind Speed U whose

_spectrum ca‘m—.am’s compo‘nenés of all 'freq'uencxes, each with the maxinum

mi'. Fully de\-eloped

. seas are only encounteréd when the wind' blosis over’a suffi ciently Iong

I this sit:uax:ion the. phase, g

epact o the dam:l.nan: wave becomes, equal o me wind speed, i.e.,. 1:5

£requency becnmes equal to (g/u). in the aboye Equatian Ui, r.he winid

speed measured at anemﬂmete! ‘height (between 8 £o 10 meters above the
*sea surface) and g is the acceleration due to gravity.. G, is a constant
“anid ds asl’_imate;l fr‘mn neasurenents as -3: 0h a%/sec’. Thi ‘above odel 1s

also referrad to'as the Neumanfi-Pierson spectnmh o
By £otming “observed spectra ss a bﬂ\sls Pierson and’ Hoslwv.').tz (1962)

" proposed the following o for the spectrum for fully develop’ed seas

By assuning that w’ave'bxe'aking“ 18 che main méchanisn controliing the .
amplitude of ocear waves Phillips: @977, cliv 4) has, prcpused that, -in

the satural’.ion .range, the specn:um should. udopt the fuuawing fum

s, () -4: g% ﬁor’mm < m'< ‘Zg/U,,

where . c in.a dimensiohlEss constant nnd 15 de:emined experinentally.

u 18 the friction velocity and'ig’
E G J

It varies from 0 008 to 0, ﬂlfb .

SRRy

= (1 /p )’ . T (:..4‘4)
where Ty f.s the mean tangential stress of ‘the ‘wind’and [ 15 _the density
“of the air. ugds the frequency at which the spectral peak occurs and

-oms)\/' /




129 °
. 5 . it hay be. taken- as the frequancy of dominant vave, i.e., . = g/t
B. rectional Distiiburtan Factor
~+7 7 The simplest form of the directional distribution is ‘that.of semi-
SR _* ‘idotropic, .1.d., all waves moving in the half space with respect to the

direction of wind are equally favoured by the wind. This form is:in-

"dependent of the frequency (u) and may bé given as’

L s Uk for =250 1 I .
et s S w el el e L ol e 48
: hy e es i0., :otheririse . ;

*‘he’ above form has' been ‘used by ‘Barrick ¢1972a) and Johnstone (1975)

for csicula:mg. . radar cross section for the ocean surface, A more

. : preferable form is that proposed by Piersﬂn, Neumann, and James

" [Kinsman (196, cn. 8)].

to be'a-cosine square distribution instead of the above ‘constant

distribution in the half space with respect to the wind directiom.

his, forn is again independent of the frequéncy andfmay be given as

. 2
Td(Bie) = d(e) = (4.46)

0 ., otherwise

‘In 'bo:h nf these forms waves are assumed to be propagating i the Half

‘space Dnl‘y

From the dirsctionxl-frequancy spectta obtained fmm measurp- !

.niem:s ' Longuet

iggins ‘et. al. (1963) have pl‘ﬂpﬁ_sefl thﬂt the angular
© -0 % distribition is p'mpp’nxcnu to {cos (872)}%, i.e.,

d(e',m-) il C(S) feos (8/2)1%5 form<ocn @.47)

where. the paxamef_ar s varies wi:h £requency and* wind speed.

C(s) is a
. n_omalization .cqnstant’ ek that- & s LT

'In this form the duen:im,aucy, factor -1s taken -

i i

3
3
;




oo = r feos (0/2)}%% a0 . 5
.- -

=2/ T EHER DL i e P 3
vhere T 1s the gamma function. The paraseter s is found to vary with :
fnq\lem:y. -A graph lhw'tng the variation of s with (»v /s) -1ang with

_the “aefinttion ‘of r.I\! utg{me wind speed U is puunud 1,n their

. paper.
about 0.5 at hlgh frequencies. The above distribution n)lmu the

For a. fi.xed Uj» s decreases from néar 4 at low freqnenc);s to

. pmpaganon of vaves in. the other half apncs also ex-:ept 1n the diracmm

opposite to vim[ i 8.57dn the dounwi.nd directlun. uhe:e it is zerc

By, _usumin; s = 1 for all the above dis reduces o
* - a cardioid distribition as 3 o iE
& T a0, = ) = L cos’(0/2) , for e cn: (4.49)
- ¢ . Based on the observed radar, backscattered Doppler spectra and in-
situ measurements using a pitch and roll buoy Tyler et. al. ¢1974) have
L - ‘proposed tlu £6l1owing modification to the ab-:ve diltr;bu:im (6.67) of r -

R .Lunguetmg;hu - S i ete ¥

R o Sle+ (- o) feon /2120, For & cor W0

where H(s) is a normalization constant and is equal to

“H(s) =& +°(L - £) C(s)’ Sdw SENA G 51)
) vhere 6a) Tu gtven by (5.8 95 waletals & constetuiey with (4,47 -
: {0 . 've have used 2s for the pouer of the tosine function 1nsteld of .s used

by yler. This forn allovs a slight energy ‘vid ¢ to the vaves :nveuing

1|\ the down wind direction. From the ubserved rndu bucku r.r.ered

déppler dpectra an up J: itndt of « for an ocean weve of 7 sec path\:d 1s

found to.be 0.2. - The vhriation of s with (WU, /8), which vas ,oh:aipsd




L frequem:y Epecl’.z\.\m may be: givén as .

S, (w,0) = 0.008% et wxpl=0.74 (B3} cosP(e/2) . U (4.52)
Sy o LRI L Ty !

4 3 First and Secand Ord of ¢ Sbtace 'Pield

In chipter 3 under uem’_‘lm\s 3.1 snd 3 5.1 we hsv! derived [thie

vertical l:umpnnent ‘of “the, first and “seconid oxders bf :he b’ckscsv;tered

surface field zen:eived at tige : eréh o ¢ina mvaziam: two dxmensional

Thesé two soln:).ona aré 1dthe “form of spitial con-"

“-periodic surface. .

_volution 1.nteg1:als and’ are given by th equatiuns (3 BU) and* (3 115).

" The source ‘assumed is an elementary ‘vertical dipule which.1s excited by
‘4 pulse of sirusoidal current- “eentered at’ time t = 0. Since the surface
isa con:munus ubject in the spatial dimensim’\, che received batk~

i seattored sgual is.also continvous with respect to, Elue even thiough

the transmitted signal 4s'a single pulse. . 1a other Srda

‘scattered F1e1d is, cantinuously being received af:er the pulse is

ttsnsmitted " 4s the abseivation \:1,!1;e ‘advarices the propagation distance

',ana,' < '_ the'transmission’ 1

Teduces. zhe strengt‘h of the’ _received bsckscattered signal. Th‘erefoze,

an upper limir. on the obaervz:inn tie ey be'ger,, say t.,. such that me

“signal zeceived Fhén 15~Just 5enslt1ve enuugh to he detected by ‘the

recetver, This tortesponds to the mxim\m rsnge of . detectlun The

* range, will depend upon :hz surEAne conﬂitlan, external neise cendition,

and the radar Ayt um 1s used. .

tnts ‘in turn




. If the observl:lon l:l.t for (he ‘backscattered field is fixed as'
:i.:s t (tv : t.), dlen an area of’ the - .lurfu:e, from. Hhich the firs(
N : ard:x backscattered ‘field is received, 1s also fixed. clearly, ftu-

(3.80), this area is an annulus of radius cr. /2 lnd Iddlh e, IZ. vhexe
c is the pxopmtlon ve].oclty ( 3x 10 «I!ec) und To is the cnnmi:tzd

'pulse vidth.’ n: thc sme time t, ‘the second order blcknu:r.ered field

& is also recéived, f'xnu ;he urf-ce aru bounded by ‘the oute: hmmdary of -

thx.s anhulus s is -vldmﬂ'. Emn the. gate functnm in (3,115) For that .

matter highgr ordez! of his ﬁem are uso m:alvad at the;sané tine .

_but they are :asumed to

ot ':es':ru'nen ton

d radar, ‘Iwwwet. the' :'n'nsmuﬁni..ia

a gngu slml!uldnl vulle. !ns\:end itisa yetiedic :thamission ‘of

the,pulaed nin\umid. “or course, the’ pnlse nepeli:ioﬂ period ahnuld b=

) grenlu than the. above r.!.lu £y . that” the backscattered ugul received:

: . [ due toa zranmttzed pulse is mot mixed with. that received: “due ‘to’ the

£ 4L “pulse l:msnined Aubl.quntly. For m..pn, for a typl.ul ocean appli-

 cations xuht I’.me rpccl.fiur_hml ire.‘ fraq-uc.ncy - 25.4 iz, pulse

-d.au: = a ‘pseé, ‘and the pulse tepeld.:lon perlod = 512 usec. This-means

ﬂut fur this rullr the .lei-n thnntltiul range taken'is 76.8 Km. In

" whag fnl!.ws we cnn-ue: lm:h a pm.puc oshetiatin: )
= gt WG i Bov; for every- :unmued p\lls: we have a contimuous recwzd of the

backscattered field af 3 -onds long with ltlrtin. :!.le that of :Ixe

. pu!se. Therafwra, a set of many such recardl 1s collected by the peri- .

odl; i a£ :iul pulnad dnus M" The numher of records in the

set bbvluuuly can not. exceed tha number of pullel :lu: ate transmitted.
" Bach of"these records may be observed at a fixed time € (¢ measured

f£rom the ‘starting time of each record), and thus a set of samples may be

colativily eaket aud he_nnlv are ot popnidered. ]




sa.éples~ ¢

The miriinu $nterval between thie two consdcu Civ
ly ‘these s.‘mples

i mlie:;sd.

Cle

will be equal £o_the-pulse. reper.:ltlnn period.

2 represanc the u‘bserved bankscactered field from’ :he same area of the

'surf.’xce and this area cexresponds to t, as explai_ned above. Fur\:har,

ﬂll zhes; amplas are :he Bame .as x:he. ‘surface is not: vsrying vith ‘time.
'15) for firse “and

(3.80 20 ¢

The above; descxip o

+, Tidw e Jare denung wuh S timé vatying surf-ce.

Thedx

Cin" genexal equdl.
ith time.-

:ha' the tine taken fox‘ any significant sutiace variatinna is very

large comparedto- the provaytion tine of radio'waves,. these two equabiana
By

2 may “be. modigied to dnclude the tine dependency ofihe .ocean surface:

cumpazi.ng the Fuutier series: dzscription (2 7 for £(X) vith that of (A 1

for f(x, t) " che proposed mdifiutioﬂ :Ls :‘ !eplade

RATE P RANERC
in (3:80) and (3:115), f.ef.




>

f R By ea) = () ,t)"+EzbZ(to,;) e P d (4.53)

‘nihexc Ezbl(t »t) is the first nrder hacksentmred fizld Obtnined by -
carrylog he proposed mdliica:toﬂ in the cmespanung.eqmuu @. an) i N\

(In a sinilar vay, E b2 (Epet) 15 theé semnd order, Field obtiined by

" modifying (3»115') _Let us consider now the argunents’ namely c and't

H

g < dn (S, Ak, explainéd &bave, £ is any selected time at. whi:h e are ; §

: samplxng each gecod ok cha backspattered Fleld. Alsn, this £ cor- : §
e s, i résponds to the respentivs ateadsof the sixeface fyéu whi.ch t!w :?e j ¢
L orders of the backscattered field are. bétog’ recedved. ‘Thérefore, 1n 1

*this respect t is tonsidered fixed, . H'hexeas the variable t relaes to 2 l

G .. © . the vardability of the surface with ti.me, hence relates ‘to r_he \Izzlability

©of the backscattered field with time 1n edeh record at.a ‘ Fiked &

manticned above, the information for. the' Field with Tespect to tfor &

fixed £ is available in.the ;om of umple -only. Ihis‘muans.that this’,

infornatd ds discrete and is ‘available at i :

nl ', where T, is
Tl 4
. However, this information .

the pulse repetition pezlnd and-m = 0,1,2, &

o * may be theoretically extended to all t as.if we have'a raddr system

2 " -which can constantly receive-the backscattered signal from a s);ecific

drea of -the surface corresponding to £ Therefore, ‘the actual signsl

" . s nothing but the one obtainéd by ‘sampling th thedretical signal at

. regular intervals. L

[ Proceeding in this viy and . uing:(3.80).and (3:115) 4n (4.53)

it yiglds ot p o SRR -

upﬁmt)

Em,n 1

Eapltort) =
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T0 & 3 s 3 : e
S F G wiod 07, in 01}, (5, LBy

« [aN@N -k, cos 0') + aN@N - k_ sin 0')]

+ expljp'N(u cos. 8" + n sin 6') - 'ijop'l (iﬂ'dp‘ e

.éXP(:lmﬂt;)_ exp[jw(l + 1) ]

ol s aly { Pt Fan”
(myn)#(-p,-q) - e i . 3
e ¥ aon v 3
= J J I [ ke By 0", cos. 8, sin 0, (riw) # (-
0 ik i W x - s )

(m,n)

o fopor sl win il 0 #{E])

le, \z ®"+p +p')]:‘

~cos 0", -sin '}
k 2%

o

1 <sin 0')

- QGatp, r;frq, P»4,. -cos
"ol (p cos 81 + g sin9")}1-

+ exp[ Vi + n;

axidy"dd'dp "]

+ expl-gie, 6" + 03 49" RaED)

hete ve tiave carried out.the proposed mai'fxcanlbn. The, various terms

: ana nymbnls appestiog in the above equation have been defined eariier
For' the non-tine varying surface we

while deriving (3. 80) and 6. 115).
 have sedn that the. iptessionn for mdiiizd surface impedances contain
P, Therefore, they aléo

. the surface Fourder coefficients, L.e.; 2 '
K hnp{d'have,been similarly modified here to include the surface time

dependency. .However, in this work we. have ot performed this modification.
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This medns that we are’ assuning that :ha effect of instantaneoys-varia=

tions of the ocean surface o attenuation fuuctlnns is negligible compared'

£o the long term variatfons. The effect of-lodg term varldtions 1s
already accounted for through the Pv W's' To put it another way the ocean

surface' may be considered temporally frozen during any.obsexvation

. period as far as these s are .
The above equation for the backscattered field consiéts of two parts.
The first part r‘apt§seﬂts the £irst order field and the second part
represénts the second order field. As mentioned in section 42,1 the

Fourfef coefficfents (P, .'s) may be exparided fnto ‘a perturbational

m,n,1

series represem:ing the Dtders of otean waves, e.g

‘First order, second
ordet, and hgher order waves: Ve will consider here ox;ly up to the
second ord,‘.r. Therefore, the Fourier coefficlents in the fitst part of
(4.54) may, be approximated as C .

man,t’S To,n,d ¥ 2Paa, 20

and in the second, part as

p,qyi m.n, l X5 i n,:. . g .o
A solution for the second order coetEicients GPan1"® N

derived by Weber and Enrrick,‘(lgﬂ) in terns of a sum of products of two

first.order cuefficien:s for .deep water gmvir.y waves. | This snlution is

. given by (4.21). By using the above apprﬂximaticn and (4. 21) in (A 54) *

i we ‘arrive at the folluui.ng solution for ‘the backe:nt:eud field ]

C w *¥
fszbun,c) gty exp(Jm'atn) ~E K

exp(Jlm:)
() m,a,1.9 * wail




S 7, e, ~cosq", ~sin 0'} s, '(: '—ﬁ) ¥

- LGN~ k) zuse)+nﬂ(nﬂ-k ot oh)] \ S o

m[an NG 08 8" + nsin 8') - 23K p'] dB'dp'

c s o :
a ;
exp(ugt) 1 I AT
m Pty m k] TR Tma,l
. @,

T &"KP[‘JW(l + ) n{;.,n,l,p,q,i) ’

. l] [—} B ph, csi'a”, st 6!, () ¥ <~m—p,-n-q>1

. R R . B : .
»ra(p,nose. Eint)}G[o(l‘.O. 5 g @

L + WM +mN - k) Gos 6]

»‘—<q+n)m(q+n>n K eine'¥l R

: §
"expldc n((p +m) o 8" (g ), s s'})

. RXP(-ZJk (3 )dB’dp ]

2.2 o, fndhge! ~
Flam? A b,é,x’m,ﬁ,l g ol
X L mn)A(-ps-0)

<expliN(L + D)t]
i

f ﬁr rb' (6", cos 87, stn 0", (viw) # (=5p,-n-q)} $ix
¥ x & § E B
¥ ' v (m,n) ! g
) E (p , cos 8 - sin 0%y (v,w) *{(-p,-n)}} 3 . P

. r : Py
< v, £ ' P A
X {n 5 =cos ."w'- sin 8 e [t -2 (a‘ + o1+ pr)]_




Q(nﬁy» ntd, s weos 0", ssine) . -

. expljn{mx" + ny" +0'(p cos 0! +q sin 0/)}]

+ expl-gk (0" + 0% + o") dx"dy"dﬂ'dﬁ"] E (4.55).

where the function H'is- derived from B, by changing the summacion indices

(m,n,1) to (wtp, n+q,
By, 1 W34, 1) =0-5[K YRk (m&“ ﬁ <X

1+1) in (4 21), ie.,

oK ° +(1+1)w
(vm
gy © 1)2wZ

’(4.55)

Turther,- the- condition of H, being zeroform =n = 0 in @ 21) has been

. mcurporated in (1« 55), via r.he res:rinuun (m,n) L (‘P.‘q)

" The above equation (4.55) thus gives 3 snluticn for Ehe vertical . -

* conponent of the backscattered surface field u “to the second order

. for f:he assumed mndel “of deep vater grnvity weves: . This: Solutton consists

of thfee parts. ‘The fiist part répresénts a firse gtdet el correspond:

“'ing torthe firet order sca::ering £rom the: nm order gravity waves.

Therefora, thits pact may De: rafe ted to ds the first order elet:trpmagner_ic
and hydrudynamic term.’ The second. part repressnts i second order Eleld

conespm\dlﬂg to the first . ordér scatterlng from the’ cond dtder waves .

ms tern is obtained from senond order “solyticn of the hydwdynamic

equaticns £ehgmvu;y vaves in deep water. TherEf.orE, this term may be':

Finally, thie! m:d

refsrrad to as the sécond urdet I\ydradynamic term

part represents’a sécond nrder ﬂeld con:espundxng to. the second order

xnnt:erk\g fmm (he first otder waves. Hexu:e, :his term may. ba refexred'

tn as’ the second prder ele::romgnebi: term. The above sol\xtion 15 in




B

the form of a multi-dimensional integral and.needs to be evaluated.

* Thise integrals may be evaluated asymptotically ‘Eor the case of a narrow

beam re antenna which weconsidet now.

4:3.1 . Nerréu hemn Receiving Antenna :

Assuie we have for, teceiving purpuses a very ‘narfow bemm antenna

with a beam width 9F ZAe’directed along the positive x axis, The

radiation unifornity -in the ‘plane for the

is s€411 mai‘n‘:ail\ed Therafon, the mgle B' in (/a 55) vaﬂzs only from
t; to A' The iategrals in the ﬂm and third parts of (4. 55) are the .

Csdme -as in the cnn‘esponding equations (3,80) and (3.115). for: the tine

suxface. Under- this nnrrm.v beam cnndir.ian. they have béen,

_'evalua':ed_asymptoticany by usirg® the mzthud of s:nr_ionary pusa-in

sections (3.4.1,1) ‘and (3.5 1), Ihe nstute ‘of "the dnuble 1nr.eg:a1 in

the secnnd part, oi (4 55) 15 the same as in the firs(‘. part

'Therefore,

this. ;qmgml ‘may be also c\za_lnaced‘simuarly. ~thhn‘;: repeatini

evaluations ‘the result may be shownr ta -be

———%5 ,(p BROES)

1 |
) “p,g,t myn, 1 |1 Pt

o (myi)# (~py-g)
wlml<q+n<u p+u|

g antenna”
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D myn)d (-p.-q)
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e
Sy ) o nN

- salg, & Goanarm) Ky 2k, — K

"K Q(mn.pq) 18y Kypim {x »(2kmu) Bind

el sgnbummzm—“’;—“‘ %)1 LT

. st oo o InlN - "

.v-,expu‘o P2k -k B x, Koofod 1L : (4.57)
Nt ™ . : # . . . E - . b
- In-the above aquatien Fa, F,; and F_ are. a::enua:mn functions with
modified surfal:e impedances. The three functions Ql, QZ’ and Q3 are

défined by (3.144). The function H is the hydrodynanic tern and is

‘siven by (4.56). The‘re]evrant equations which define the other synbols
"6t functions are (3.92), (3. 142), and (3.143).. ’

A description of the above: sulut].an 18 aluost m_ saie as chat
.

already described for the cozzespbnding first and second nrder ‘solutions,

(3:91) and (3.145); 1 the case of che tine tnvartaic surface. The Eixst
part represents r.he first urder Ecatte!ing uccuring on’ the patch. - The
" second part, :epgesenrs the ‘case vhere both £irst.and seBnd ‘scatterings
‘occur ‘on the pn:ch This pa’!t 1ncludes the se::ond order hydmdynamic
effdct also: The third par répresents the case where, the first scatter-

“ing ‘occurs at the source point and the —— sca:r_erlng oceurs on the
patch:’ Finally, .the fourth parc Iepresamzs the case uhera the two
s:atnezmgs occur off the patch T within -the snrface raa SorEalpenated )
to, tn. A cmnparison of the above soluhion Hith thﬂl‘. fﬂ'{ :he time invariunt
hﬂt this solution; apart from ﬂm anlusiun of the hydro-

surface shows'

‘dynainic teim, is' tine varying and.this v&riatiun eorresponds. to. the

teiiporal: variation of the ocean surface. Further, this variation appears
in-the Tofm of a Doppler effect caused by, moving ocean waves, which is to,

@




+ (z_ﬁ ¥, o°,1 p)

o A42 L F g B =
“be expected. These Doppler frequendu are apparest Ln (4.57) _through

m tize deépendent amnentnl terss.

4.3.2 Narrow Iu- Transmitting and Receiving Anu-nll

Swpose e haververy, narow bean antemas for both mnsmmx ang

"‘veceiver.” In this sitvation the contribution to the second order-back-

seattered fxeu from off the patl:h nmttarhﬂ may be mghc:ed. This -

ceutubuuon cones fron the third statgonary potnt (3. 1zz=) in- the second

& nrdet ﬂtld Ind At corresponds to . the 1ast part in the solulion . 57)«

B this ‘case the, received bnckscattered fmd is ninly fm €he patch. .

'Unaer this condition (A 57) rednces to the iolluving equntiun i

Bt =

" xl AE s
(@ > 272 G0l ..E»l 3
. d ﬂl-,slr,ml

I

o sl
: T @t )
¢ = 3 v-up+nl<mlvh

s: [A lssn(m) Kota ™ 2}(0)],

50 (ptad] B o, Lo,

s o
il gxwi IX _}(m

'qul(-‘,-i,i.q)llﬁ K = 2 sga () Rk




e 3 m 0, )

" s = i L e ;

A
2k, : .
+—€,—, F_(,1,0) - J -] 3 P .
(ZWD)J 2 “avo i L1'p,q,i 1 m,n,l
: @3 pima) | e
=lplzaxele] : : %l
. e Tl o : (m,n) } .
e [0+ 00k F265,1,0, ) f {(_1,,_4) ¥ .
sa [Aé(s}gn(p) Ky = 2k H
. . 5 -
moan O IGE, + 2, sam &, K1
e [F sgnie)®p, =pIL - B, e o C4s58) s
) * 44" Average First and second Ordexs.of B2 Radar Cross Section

In-the, S seccion e aar:wed an’‘approxinate- solution up to’ the

“second nrder fnt the ‘vertical cmponem of the backscattered- sqrfnce

“f61d. In deriving: this o statistics of the ocean surface have been

“gmi, . THELOT R i caLiilAbeds 6ok EhiLs s Tt proridia T PovEtse

coefficients Of the, first order gravity waves are laown.. Jut these to-

efflcients are not- deterninistic as the ocean surface is random, How—

L e same information is available in.the o 8 the statistdcal | ¢ -

averages of these. L‘,Defﬂciem‘.s as discussed in sectien 4.2, It is,

therefore, more s Lugfull tor talk 2 ghe sttinEdcal averags ena For

the Field also apd, thereby: obtdin an average first and second order of i5 e

...t .. the Doppler d'epenaen: backscattered radar crbss seétion of the ocean

surface.’ The cmss secr.).rm 15 3 useful paramzcer 11| lhe remn;e sensing

of ocean surface conditions. e w!.ll derive this cross seckidn Lor two

4

s
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cases: 1) narrow beam reception, 2). narrow beam transmission and

narfow beam reception.

4.4.1 Farrow Beam Receiving Antehna

“excitation from a single pulse, to a periodic pulsed stnusold.  Censtder

Let us again consider the source. In chapter 3 ve assumed that

the source was'an elementary vertical dipele excited by a pylsed

-"sinusoidil current. To f'.numn the analysis we later reduced the

height of the dipole to ‘zero. Fur('het, in ucnon 4.3 we :xténded “the

now any one Pulse of thi.l pe:iudic excitation. ‘From' (3.7), the im:idem: %"

fleld in the far field approxinition may be given as
C

Lame

gl (r, a‘,vt’) sin 6 G‘a([' -§)'ex-pumnz' - jkaxf)ﬂ._ % 59) -

“The, above ‘equation is written in the spherical coordinates (r, 8, 8)

system. G_ s 'the gate function defined by.(3.2). The tvo consdants

C,-and c are defined'by (3.79).  The time. t' here refers to the *

propagation 'zx-e_'uf the ‘F1e1d ‘and 1s measured with Teferénce.to the

transaiceing tine of the pulse. Ve assume that the leagth of the pulse
(1;) 1s long enough to include mary cyeles of the stauso1d’of 'fxequncy
6 o0 that ph;lr;x analysis -;, be applied in (4.59). P e

tbe (3 :on-ponanz of the ‘tricident " field in phasor form as

S s
Eyo(E:0) = n—r- sin 6 exp(-xjk r) i

" Let & repreien[l the frée space gain of lhe tranmit:ing a.utemu 1n
:he 8= —‘(nr z'= 0) plll\e. It - may be dafinsd as [Jordon and almin

(mas, _ch. 11)] cE L W




o mr |E ) 1)‘1 . e o '_ (461

where P is the average power transaitted during mg pu.lae. 7 is the

el strinsic hpadance for free space. Using (4. ao) in (4.61), ylﬂds
le ) = omee,s (7 g e WD
or, ‘from (3.79), - a, ' e PRI DR s
2 . e el i
—juouﬂludl (4.63) s s

0 e n deriv‘lng an average Doppler frequenny dependent backscattered

cross section Imm (/4 57) we 0111 follnw the procddure stated: here.

First derive an autm:oxrelatmn Function (ensemhle sverage af “the prpduct

* of fields) for the backscattered fiald wnh tEspu:t to tine t. The

' van.ahle t refers to, that used in-the equztion (4.57)." By Fouzie;
transforning this fundtin with respent ta the tife.ddsplaceient (1) we :
obtain the average pover densi;y spectrim of the backscattered field. f
l‘i.nally, 1Y, SOEELE the s})ectrum with the sl:andard £adar range equatinn, )

an average “first and sacond onder F the bnckscattnred cross: seatfon may

1 he obtained. .

b - Cmsider now -the avetaging required for, the. aur_oconelat.lon funcr_inn

of the ueld._ It is o\wmus-f:,om (4.57) that “this ave:agh\g 1g\vn}ves
only the surface Fourler coeffleients &3 i *'s) aud ‘the attenuation (

 funetions. (F o).

As per che model assumed for the ocean surface: the

Fourder cuefficlents are consideted to be random vnrlahleL. The attén= ..
* uation func:ions are enrcring ‘into :his avmging pmcess as they are
- also functions of these coefficients’ throvgh their o fled surface

ippedanées. . In.order-to get a simple but useful result: we assume that

the at on fur may be' sep out €ron'this wveraging ™
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pmceés. on the othcr hand ench of the three mndiﬂed surface impedsnces

(A;,_ 4 8 and’_a ) ma.y be averaggd sep.uacely io iyt aversge mudul;ed .

“surface mpedams [Barrick (571)]. It may be" again mentionad that

- tl\g exyre!sions for all Lhree snrface impédances are the jsame except

for-the dlEferences dn the Testrictions’on their sumation inddces'y

w. \Ihese Yestrictions are shown in-(4.57) through 'the argument of

(withF's ed) for, yhe jcorrelation

. fupctdon ds pexfd:{a:; if 4s Lﬂtended to extend the. Limies o bott .

(L) and fun al period (T) ‘to h\finity Mg, s 1o

a%it thé sumations Say-be reduced to fntegrals. The\ume extension

alsa:apyli fot e modiﬂed mfaca ‘{ppedances.

h This/ln turn_ali

“the surh A dndiceby,w into

Jto ihe expressil

s us to fnclude, the countable reunccive points'fox z 2

by conti

1 Ehe sense ‘of these iabegrals the \Jé ctions on fadices v and v may A
“be removed. in this event all the thxe&wodiﬂed surface izpedanies are % .
S it e } , S
+ 'the same. Thus've have g
Aok, “eos B,_‘—ku s_m4k)= Bylck, S0y < sin o) o iy
g v e Y omha (K, cos s,\ i sin 8) " o w5, ¥
.= B(k; cos b, ey itn 0) (say).. . (4u6h) P o
-Tnerzfm-e, from-(3. 105) and (3. ws), it follows: Wt
Folos " Fos 9, s_:_hg s) = }‘b(p, _cos e, “stn 8) " \ g A
\ =TI (ps cos:8, sinf) i P
=¥, cost, sin b} CGsay). e - e
fron (3. u.), we have L : ’
" c080," ¥, sin o) = ﬁ;n(lfg cos'6, k, 'sii 8) 7 - . "(-4.‘63),, / " e




aay be given ds

y : @, (—k cos. a,

K, (Y cos 40w sin 0) 2N
[ n(v_w) FEE

A ):’
IR A%

S e T x (reosin+ sun'a)u-n(v,;.:)

D) + *A

: | k : :
(m 20" *T sins+rnos a)<1+57‘ﬁ\ 8 g

o

.wl”ki.zﬂj_ .

%) *
,A (k cos (6" -k sin é‘) (say)" ¥ e »:‘
. i Ve, e,
L A . :he above equation 've have ayprnximnted €he biirFace Fourder, ccefficients

5 @00 by their iirst order (P, 'S)-  The t6 fuctdons D(v,u) and< .
. ; (in) s
1

< given by G 43) with  ‘Teplaced. by k. . If ve assume small

va:ia:mns in'; the surface helght such that:

o [-gpemEG] = 1+ 1PEREG A S e

the.n from, (3 43), R

@0

xy etting W = K} and W 'K;, ‘and  then extending 'L tt inﬂnir.y (1.3 o

X% 0) xedices the summn[lcns in' ( .ss) into integxals a5 4

A (—k o8 B, sine) Lt

sfe S Ee e o
k,. (&) ‘cos j +.ky sth o)
R R

TPTLED +"vkaA”




OB e g bt
ko (Kx cos @ +1(y sin 0)D! (i 53

n'(xx,x\y) FED ol
X AT
B + (sin 20 3% sin ® +E1.cns.e) *
3 ; o ) B
£ kb !
T ey el B g i
A+ SRy TR T e )x KM 8y (K],K0), K de
i o
b <
£ where
2 ~n(K;,K;)= ) ; i o e
i : . ; 3L + ke cos ,a')2+‘.<x;, iy sifns)z i f-o‘gri:,:g_inary
“.72)
' T tand . -v
Ve " B
i §; (K, K') - s (K' K') * S{KLs L) (4.73)

“In deriving (4:71) -ve have used (4.28) and” (4. +70). Further, from (3.39),

(3.108), and (4.65), the attenuation function F may be giden as

o o D Flo:-cos 8, sin 8) = F(pzi . 3 ; i
B ' ol 1("‘? )!’ exp (-p, ‘) erfC(ﬂ'/p_J (&.74)
S e Py 28 the average modified numerical distance; ' : 5 :
= ik, ﬁ[a Cr, o 0, =k st 1%, L S wasy

\ “xy B
In view of the abeve discussion the solutian (4 57) for the back

zh(co,:) : B (ege0) + Ezbn(to.t)

# i zhlz(r'n':) + E:bzzc‘ ,r.)

scattered field may be rewritten as . k # .




4y 16 the-first order field and it corresponds. to the first ‘part of

(4. 57) In a sinildr way, the three parts of the second order ‘field in
t.57)-are, xeprelenud by Ejpp1s Bipgpr a0 B,y gy Tespectively. They:.
nay bem:un as. follows: © . i :

- sa A hgn(u)x - zk )]

<o [y sirte) (0, = .—,;) +§Ine] &.77)
poe . :

i) iR o 0
" ley u,lil.l | ‘PP"'i- E.‘P"“'l y -
U @
_.,|M|<q+n:;?m|
e . sa [A‘phzn(pvhn)! =, 2k} !
N A ¢ S I ¥, -p(po-n R q.i)

wlc-,n.p,n)[zzx “2k, -snu»-)i i r“)

ey Ty G, _-%) i aw




cor e e e T Rl (e, = 2
. (myn)#(-py),
,—alp 2azalp

Byl Qz(m,n,p.q)[KzK + 2k sgn(p)i ﬁ;]-'."‘

< exp _[J‘SE“‘(P)V(KP (X —7) * j(}.f uel| .

] i
< P45i mym,1

I mn)#(-p,-d).
ok [miverBez x
v—ulzmkzwmlzml

5iq,1. 17m,0,1

¢ B(ry, cos wb, sin, wb) P(r N .—cos ¥, wsin ¥ )

- sa (-—E {sgn(lp—hu)l(z o - % -J—Lx )1
oy, 03<m.n,1>,q)[s0 Ky K - kg J]""

.y & EDD i

. exp [J ssn(zphn) (szm—z = ) + 2o,k 1

RISy +J—L Kt o nm L

F(B P10 %

L(4:79).

(4.80)




In writing (4.77) to (4.80) from (4.57) we have used (4.63). and’ (4:65).
Also, the attenuation functions (F's) in (4.77), (4.78), and (4.79) have

*. been faken out ‘from summations as they are no.more functions of the sum-

mation indices, Whereas, in (4.80), they remain inside as they are still

functions of .the summation’ indices m and n through 8 , 1.,

2 Uy argd .

An au:acotrelatim f\lnction with respect to ¢ for the backscattered

field may ‘be d&flned as [Pspoulis (1965, ch. 10)}

< i'.z-b(:n,: ey En”(:o,yj > . S e

;-
2n

wheré n°i87the free space intrinsic impedance and'A_ is the effective

" aperfure of the receiving antenna, . The effective aperture is given by
[Jokdar; and Balmain (1968, ch. 11)] B oA -
L =g & e e R

_sihere A, is the radar wavelength and 8, is the free ‘space gain of the

recaivxng antenna in the patch, direction. . The. equatlnn (4.81) 1s
nomauzed by Lhe fantur (-—) s0 that R ©) glves the average back.scan:ered
Thatis,

power (pr) received from the surface area cortespending £0.€

= n (u) = ]Ezb(t ,:)l (4.83) .o,

In (4. 81) or (4., 83) there are 'r_we types of averaging involved, The
et type ds the ‘tine average of the zeceived pover during the pulse

-+ dength- (z,) 1in’the sense of pluso!s. - This average 15, accounted Forda,
the tuo equamns by the factox nne—half. Thé econd type is ‘the enseble
(statistical) average of the timé averagedipower.  The ensemble’ 15 & col-

lection of samples of the backscattered signal obtained from -different




oéeans for fixed £ and ;. For finding the autocorrelation fuiction, -the

= l:aupl;.é are required at. both t and (€+7)." This average $s denoted by

the angnlnr hnduu “and it i.ny].hs the lln-ptlnn of hommel. and
uaumuu:y for :ng ocean’ surface. " Becausé of :this sssumption and the
a:m{ comon assusption made latet, —iz turns out- from the wobition (4.76)
that the £161d By (t,,8) 18 also statistically nnua@a‘z&. To put it

another way :ha function R | (x), 15 independent of t as shown in appendix

’lhat is why the defini[lon [CH 81) for & stationary proces ‘has been

However, thh B nnd R (-() are: dependent on : in the sense

haL they aré derivgd from Ehe field uhich is recoivad frum the surface

area’ n:orrupondi_ng to t . ’I‘he other lu\mpr.i.on for the ocean surface s

" that the yxnhabﬂizy distribution of the first order surface dl.ipluunent

Glussinll vllll zero l&ln [Philups (1977 ch. 4)].

By rouner the ion function with respect

‘to T we obtain
e ) - J R () expl-fo e

T

- (4:84)

_such. that

o -1 i Yageatl o 3 .
pl__ @) | B (wgds, &, = (4.85)

a’ .
* where P (m )18 the lve:n;e ‘power”density spectrun. of the back.smtr.ered

* signal with iy7as the Dupplax frequency. This may

be called ‘the

b-ckaca:tered Doppler spectrun.

By using (4276 £ (4.81) ‘yields R.(x) as




. +K, 511(r) + Rszz(x) + RsBJ(T)

= Rslz(‘) '“_Rsnm_* “513( )

S R ) R ¢ Rs32(r) L i, L 8, |
- A Because of the sm:lonnrity, the fcllmrh\g rélations hold for- the cross-
éorrela:lon zem

a,pearmg on-the xight hand side of che above equation
{Papoulis (1965, o 10)]

Rp () =R, )

LROR S SHC I .
"12<—r> Tk Réali(Ti SRl

L R

B2 e
N : Therefo:a we have 4 :
St 7 (0 = f(T)'i’R (r)+ll (~r) !
; ¥, ll(r) FRo(0) + R533(1) W
Ria() + ) Rsl—j(‘)- . LI R
: ; . s
) R0 Rsm(r) + R e (f..sa'ﬁ
where the varinus symbols have the following meaning.
. URg() 2 ‘autocoreldion of the:first order feld
S ; e
. == zbl(t £41) Ezbl(t ,:) B Yy . (4:892)
3 xﬁ(x) cross currelation of ths first nrder wilh the zhnpe parts of
: ; * " the second order field i ¥
s n e TR Ezm(‘ Bt ‘)["«bu(‘ " gl
f B
o ;

Ft '(A'._Bé}:)'




<E n(:,t-rr)s (:,q>

au nmnu.uon of the second pait of the second: oxder. f.md' ek s
i i -
% ek

“ < !zbzz(‘o" E x) E m(c it) >

sy

' _1;33(1) B mmcornhu.on af the :hixd pu: of - the ucond ardet fiéld ;s E
: A
L

Zn zhz:“ per o Ezhza(‘u") 5

(4 ase) s

i.cross corrulltlnn oLl:he First part. with'the ' econd ‘par: ‘of

“the second order field

T

ucond order field
sy e R A
. g £ ='_r| < Epppi (Fpef # ) Bxh;;“ 0> 2

e

cross =Drr=ll:lun of the second plrt with the lhixd pax: of tha

second urdex field
A

A !
2 'zbzz(‘o" £ Ezbn(‘ ") >

(k ssh)
- Ve may now mm.m the .y-m_u for the Dopplex murl corresponding

to cach of the auto and cross correlation :.mcum neqciongd .lhwe. 'ny' *
_u-xng (4.84) 1n. G0 1 translates to these spectra as :

oo "szz("’d) 2 ?.aa("‘d? & de »“’_m("‘d”

2 Re (yg(e0) +2 Re (B (0)),




where n; {+} means che real parc:. It n; muy be veruxea that

2 (ey) is real and so is'the right hand side’ of (4.90)..

At this point ve find 1t

’forrzhg average backscattered power ceived from a pAr.ch o the ocean _ -

P, A(m’

- 2
“ PggA
2 t5t5:%

or Ln terms uf r.he backscutered Doppler upec:m a

ol d)-—,“"lrﬂ. ‘

B

“surface [parrick (972a,0)) e~

B an™ !r (wd)du

4

(vnt:s)

Wl s

o0 Y .(.6.91)

.vi,(r‘»d) 4

_m ‘the above eq\u:ims we have

-ven;- backscattused powic recetved fron zhe p.mh

average backscacuma Doppler spectrum. feceived from

the pll’.ch (uattl/xad/u:)

patch (rl!.\u(nuinnless)

average transmitted power (watts)

free.space gains" of tnnnuung and ucuvmg antennas

an the direction of the patch (dm-nmum) -

na.r _'mnngch (mer.et)

distance pf the pa:l:h £rom the radar (etery. - * 4

ane way attenuation funcmm her.ueen the zndut and ché ¢

e




: average backscattered cross section of ‘the patch.
. norsalized to the pat:h area (d!.lmsd.nnl:n)
-

=3 Av:n‘( b y mppxu

section of the- pau:lu nox-lind to (hg ltd: area (/rnd/

sec). "

. = 8= - Y
Tn view of (4.93):-&' ‘mdy write

antenna the fin; order of the hncks::'ttered £ield 1s reuéived fl‘nm thn

' pateh.” Whéreas in'the second qrgu,yhun eonatate ol Eikes aite, oaly

the first two parts are Teceived from. ehe p.:éh. In.the firsc part the.

two scatterings. ocgur on the pateh. " A second nrdcx \\yAtndyunmic tera

h.u been included in this part as etpllinzd lufou. Inthe second part

fhe First scattering occurs at the souzc: point and the u:md su:r.erug

occuxs on’the patch. The third par; lrrueu beulll! o( the- :in su:uri.ny “

‘occuring -elsevhere on-the ‘suiface but within the surface aréa corzeipondd.ng

:n t,- For the firsc m—du and each, of the three’ pnu oi ke

iie‘lda average auto and cross correlation. functions, deﬂmd by (b‘n'sa)‘

to (4. B9h). may be derived and liemes £bé.corn p‘ondlna Dopple: speétra

may be- obtained. The sun of these spectra thus gives an average back-

sna::zrerl dnpplar lplctrun [P (m )] up to. the ncqnd ozder as represenud 2
by (4 90).

Althnugh these auto 4nd cross Dapple‘r\ﬁpectrl are ot n11 recetved
from the patch, we may, En! determining the reapecuve cross. Uex:tione, .

treat them s if they were. This treafment may te achteved by fi:u
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5 ﬂeriving each auto und cross Dcppl:r spec:rum and then reduting if dd *the

fnzm of (4 923. Thus/by comparing each of r.hEse _spectra uu)y/(a 92) the

respeczlve cross ‘sectlons may be dérived. ’there_fpre. in’this sense we

- may sy 22 i Q)= Py (6. This in’curn taplies from (4.90)

that

ez ) 533(“‘.1“2“ “’su(“’a” et SR LR

+2're (asm'(wd-)—}‘ﬁ-?—lie (Ogate) ¢ 1 S s

- The meaning of each cross’ sectlon appearing on- the Tight hand side of .

the above eq\laf.ivn may_ eusily be derived £xon the definition of the o N

respecuve coxreln:ion functions given by (4.8g).

In ofder to demonstiate the method ‘used in deriving these cross

:jic'm,s, the First order case will be dealt with here. The other:cross
ctions are’ derived in appendix D and only the results will be presented

e . here.

J:4e1.1 Flrst Ofder Cross Sectior

By using (4.77) in (4. 39.), the autocorralation Eum;tlun for the
" first order backscattered mxd may. e given as .-

L
. 2P g A .
J e i 4
Ree (0 = —552 A (R 6 10|
s < wlp
5 it -
! .

® *
S kS e e
) -\mlu;ni_lneluv . S :
-[n' Jagn's|n’




'*ff@"

uﬂpo‘ul period (T) to 1nﬁn1ty (1.!., N lnd " £ J. :ha uhwe sulllmtinnl

llln,A
___9_
e:-' o1

* By ub.uw;xn;, 2
$

‘I K nF-K,lH-

lnd r.hen ntentllng the' lilit. ef both ﬂmd‘mul ﬂa'eleu.th (L) .lml

lu}' be redul:ad to lntgg'uls I‘




359 r
: 5 Rl Py pe AR,
5 o R ey = L0 2 T pg ,1,00)* . e
: co = s‘: Féo . - ; "’L
o oalk] - . 5 - A
s v‘{—.f»~ - I_slfi. WK [K - X, ma,)lz_'- e
4 St B Rekik] e B A .
; - sa? [, Cogn @) & - 26)] exp () ax oK do (4.98)
" where. " 4
i=xx+x);,1c-|it| h (Ayo)

the’avea GF the lucnv.ng Ppatch may be ngn as

'=I.pa 4 Noe - S 100y
R . ] . B

.. Therefore we get .

o 7

> ml)

uf the gnvuy w

s in the afove integrnnd m

dinensipnal spectra s and 5,7

Hith the tldat rnnga equation (4.92). s!:m:z. the nt:auuﬂ:i_on fllpctinn F

e e e
PN 2 s




» Slz [Ao(un'(r;) K o 2 11// N .

i, (s;db 8l + ngq(K e

gn(k, )(m"n ax

+51(i)e

B
The abwe cross see,v,/mn is nomlized to :he pl:ch ‘ayea’and is m
fum of a double 1nngr¢1. llmlever‘ thh a igu umm .ppmmunuu,
"the double’ mte;rll nalf be, évalusted sl the ‘soltion .upuned. The
absolute mxi.n\m of the lnpding squaxerl funetion oceurs in the region
) nf pnsltlve K, whien sgn(R )K= 2k;. Atso, this fmmm is cu::q de=:
c.yu_g as r.p 1§ usually large. For a 8 usec pulse 4,15 eml 6 600
'-gm—. ' Therefore, the contribucion to the integral from the negative
K, region may be neglected. | By doing 50 and by chms!n; «®, »K;) to the
pol-x for- (x, I) KM l.bava nﬂumm reduces to:

J x - ka)ZSB_z % ®- D1

SRS
Beglog) = 8,
*e Sy KR E R D

o is;(x cos 8, K st ) 8L, + 0%
7 4103

1 x® cas #, K 8in #) E[m = (;x)
The integral with n.p.u to K may be easily lvnlulnd blcw-a of . the

elta- funéedon; © The raluinlng integral with respect o g may be,

approximated by assuming the integrand tonstant over the narrow range,:




i

.That 'i5; ‘the spz:tax spectra sl and s1 may be approxmtad at

$ = 0.fn the range ~Ag < § < A" ‘to yield‘ - = Ty .

e e
g B A )|
At Ll : . ‘m <0,

The above slgebraic equi ian nmas the, first order nopplu o o

" freduéncy dependenc cross section vith the spatial 'spectrun of the frst . .’ i

order gravity.vaves. . The positive anpler flequem:les are{ausedvvby

those gravity waves uhich are mving mward the radar, 1.e., in‘the

negative x direction. In'a similarwvay, the negatiw Dopplér fxequencizs

ate caused by, (hose wavés which aré nwving away ¢:am the tndaz The ) 1
cross secmm penks &t two Doppler fmq\lencies uherg thie ‘saiping ‘squared | %

Sesbws nuxi.mum. These:two ftequencles are; u; = +(2gk 34 * From-the

Gispersion feldtion (4.18), it may be shown that ‘the”two peaks ars caused,

v by thoge' two ocean waves whose vavelengch: ate equal ‘to nne—half e

radar wavelength and orie is mnving ‘toward the radur while another 1s

woving el £rom it. This scattering phenomerion of. the firet oraer,,peaks S

. ne is cmmunly rgierred to as the "Bragg seat:ering" [Barrick [1972a,b)]

because of e analogy. with scattering from grach‘gs S optics, and it

cunfirms the .experimental observation made first “by. crnmaie (1958). -

Armmd thauz two peaks the ‘cross ‘section. 15 @ cohblai Bt 4t is .

x idly decaying ‘beCause of the sampnug sqmzeﬁ\mncinn. e By o

T
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The above cross section in the present form does not agree with that

-derived by Barrick (1972a,b) using the Rice (1951) perturbation techgique.

However, when the limit of thé sampling squared function is takén to be
the Dirac delta function by asseming lerge 4 [Lathi (1968, eh. 1], the

_result does go to that derived by Barrick. This may be show as follows:

) 2 . :
4 sa? Q4 - I A
. lim 4, Sa’ [,A“(’" no).] %8 ('a 2k°)

(4.105)
b ;
Also, it may be shown that | ‘ S
u : E v e
d 7 % )
5('5—;- &) =g E(md =g’ N i
“3 W pal i o TR
-k "
2y 80 + ug) + 80 < up)] (4s106)
. vhere T 3 .
& B A <" 4
ug ¢ Brags frequency = (gk,) (4.107)
Therefdre, (4.104) reduces’to: g ( i ;
= o and st
Ggglug)-= 32k] (8,7 (2K, 0) 6(ey + uy) i
8, (%k,, 0) 8 (wy mup] . * (4.108)

The result (4.108), after propestormalizations, is:the sace as givén by
Barrigk (1972a,b) for vertical polarization at grazing.- For comparison,

equation (4.108) has to be by.

iz }lnu our

for spatial spectra (5, and §,7) for the océm surface and the cross -

section (v:) ‘differ in constants with those used by Barrick: Again by
using the Rice perturbation method, Johnstone (1975) also has derived the -

poressions for firet and second order cross dections, Althaugh, ‘the form -

for the spacial spectrim taken by Johnstote is somewhat different than’
used here or by Barrick, the result (A.%Da)'_uxnei with that given by him




.. A U SR

when {ncerpreted m m nahiskbu A& compamon of (4,108) -with’ (4.104)

shows :ha:-:he soluuun 0N 108) _gives ‘two- spikes 'situated at plus and
minus the Bragg -Erequency instead of the continuim given by (4:104).

4.4:1.2 Second Ofder Cross Section” ..’

The different parts of an average second order Doppler zxequem;ﬁ
dependent backseattéred-cross section have Been derxved in appendix D.
The results are as follows.

Based on the. cross corfelation of the first order field with all

chrée parts of the second order field [from (D.4)],

Oy =0 s PR L 6.109)

2. Based on the autocox(elar.xon of the first pnzc of the !el:c/nd Drder

field" [Erom (0.19)],. .

16! { - ‘
m(md> e I J e, +:c |2 (yt ISR, ¢
@ By . '
b logF smty )by Tty )(gxz)i) s G0
here T ! y

=), isel, sum.of the four comhmu:inng

= sum bver superscripts ) and
L, G, —). (+ -), and (=,#) of s 's with cu!tenpundmg arguments
“of delta Function i
Kpom Kk Klyy - (ul = k°>x.+ 81y
(‘rr; +k o/)» =By - ‘
o I+
K n (4.111)




i h_, llud on the aumcornhnnn of the t\urd part of the nma order’

.1{ Gk ) Ry 5 h o
=-3 K #K, ¥ (KK, -k -K Y

% b oy yom: ~Some— - L
AL L (- u)) - s K, ) (KK,

-) combination

1, for (+;#) or (
W AR p .
-1, for (+,-) or.(-,#) cémbination

ug ¢ Bragg frequency = (2gk 3 stxr s birac delta function.

B
The p.lr: con:-mmg zh; function C in the. !elull . 110) is vlhd ;

provided.C_ is not nngulu This singularity corrésponds to the

denoninator being zero. in (3.134)' (see section 3.5.1.1).

A3 Basid an the lumcutrlln:xtm of the second'part. of the “second ovder
£ield [from 0.30], © © -
it 1Mk7 5 W s T
Gagalig) TSR (s FEIY? o, + “"s’ : TR

+ (‘sl-'(iL)l uud 4_1.»‘) +25) (ﬁ)sl-(ll)ﬂud)l " el

LA i @ 2- ol B
2 - (& +2K) - &)
3. 2% i ST PP S e
Tl l|i+i1)—(i’ll‘1‘(z‘ At
L) : M
T ot +(|,l(l)’+Ign(K )(;xzﬂ)uda B R L % 1)
where * x Shue

ﬁ =K xugly-zkx, Fd -lhx+K “-uzi+a’29' T3

SRR AP

Agam, the part containing the doible integral in'the resule (6. uz) is

valid provided the integrand is. not

' to_the denominator being zero in (3, 135) (gee” section 3.5.1.1).

fil‘ld [£rom (D.46)],




Tand £, R, R0, 0 and K,, are givén by (D.41).. “These are functions

: Pt of the second order £ield [£xon (0.5D)], 2 o

PTG e

foxem 00
m‘“'a) =4 11= I3 1 J J ¥ 5o,
= Al
. Uy By
ke, |K ]<x€2<2kk
2 %02

F [7(5";' cos 4, sin ‘abn‘(xc, ~cos g, ~sin ) J'Z»‘

P0Gk, =Ky =Ky Dk Ky O+ Ky )

1x "2’ Mol ik T2k - 283
2 2247 ’ f
- K (_le+ Ky bt lelx] )
2 - 3 ;
¥ 5 K e
p —————2 - ks i(iz).v
B T I B v
Kotax z

“(6.116)

K i

5 {u, + sgn(l( )(gK) + sgn(sz)(ng) )du d
- where ¥
ko= S A A
LR ;

Ix, | : E LA
- w2y WL :

K =% * I, ¥2s T2 @ais):-
By ®rakgns o P i L

S N R A A TR

of K, only.

5 Enled on the cross cntralncxon of the fxrst part wl.th the secand

12(«ud)ao g i 3 .

‘6, 'Baud on 'm cross correlstion of the Firat pnt with the- third pnr:

‘of the second order field [from (D. o1, dTT ¥




* ‘ } * e Pszz(” )+ Pogylug

. s s S, 7 4.117
ua("’) 0 Tt g pp B e w ¢ )
o heieton the cross correistion of the second part with the third part
of tha second ofder fle1d [fm @11

(4.118)

-23“‘"1) F O T e
" The aquaum Cn 109) means. that LI\B first and ucond orders. of the =

b.cks:mued field ate uncoxrelated. Ina nmlsr way , (4. 116) to
. 115) sca:e that. three parts of thé second orde: held are approximately
. wncorrelated to each other. Therefore, ££on’(4,95), the cross section

of the deean’ surface ‘patch up.to, the second'order reduces-tos
uv(wi) = wff(md) o gd oszvztmd) .+ °533(”d) ) - (4.119)
vhere g is.the fi‘tfn:. order cross. section and o)), 0,55, and 0 5, are,
thre parts of the second order crpss section. ‘The backscittered power
density spectruan may then bé given fron-(4.50)" and (6.92) as
Flog) = Prpmd) TlRglog) 2, 4

. B w120

It may be men:mned that truly upeakmg equation (lo 119) daes nut
upresen: the ectual «cross section of the patch. The,three parts of the
secdnd order ‘cross ‘segtian of the patch have’ been derived ss if the
‘respective three parts:of Ehaliacoli orilsd field are received from the
patch only. The actual cross section of ‘the patch pay.be given by the

msr. two terms in_ (. and o 11’ which teprenents the case

%t
vhere first and, second order deatterings occur only on the patch. But

these ‘two terms can miot be sepurated from the other two experimentally

in'the assumed antenna's configuragion namely ommidirectional transmission

and narrov bean i For this configuration the ing area




is not just the patch ofly.
area is equivalent to

(CIRS

?(m)—yrp 0g)

By using. the Rice' (1951) perturbation method Barrick (1972,

167

However

, the cross section of this scattering

that of the patch, given by (4.119), -in the sense

1977a)

has derlved an expressxon for " the secol\d order buckscﬂ:tered cross: section

of the’ ocean surfaca patch for vuncal pnlanunon at grazing.

Expresdion (s equivalentindid,s it

s11

second order terns namely o,

the expression (4.110) f\oi o

s11 with

both expressions are the same except
‘

is interpreted in our notation. The

and o 3

His

it does not contain the Md].tlm’lll
j; obtained above. A cnqmru\m of -
that derived by Barrick shows that
for two differences when his result

first difference is that the

N *
denosinator for €, in (4.111) is [&; SEE ") in his empression

N > * i
instead of (Kl . xz)‘. where &™'is the complex conjugate of the normalized .

surface inpedance, Since [‘k Al is véry small for the ocean-at HF, the

_effect of (k At ) is negllg:hle exczpt when (x K )! is near zero. The

second difference is that in samck s epregsion for ¢, in (. A1)

s =

. u = 1, vheress we have w =1 oz -1 depending upon the cosbination of 5's

as given in'(4.111). C, and Cy are usually called the electronagnetit

‘and

coupling tet ively.

Again by using the perturbation method,’ Jolinstone (1975) also ‘has *

derived an expression for the second order cross section. Obviously, :

the nature of his expression is similar to that of Barrick. His result ) O N

differs mainly in constants in the expressions for’ ', and C vhen g .

com]mred umt Barelck's result. Hehas conbiined the slectromguetic :

and I\yd:udynmxc terms of )he “second oxder’ £ield after the statiatical - 3




‘ -
where E,

avetaging, whereas Barrick and the author have combinéd thed before the
aim'uging a5 it should be, Further’ the fora for the two" disgnsional
" ocean wave hexght spectrun takeh by Jo}mstone is. samewha: dxifezent )

thah used hereor by Barrick.

By using plane waye incidence Barrick (mo)‘ his considered the
scat:enng area of the lurface 0. be the patch and thus he-has derived

the first and second ordeu of the cross Section nf the- patl:h Vhereas

-in this work the source is assused to be a pulsed -dipole whiéh does ot

limit the scattering-area'to the patch only as explaified before. As

a result the second order cross section derived above'contains additional

terns. The addftional second order power corresponding to us'u‘ may be
vieued“as a result of inferaction between the surface and incident:field
along the path fron source point to the patch. The other additional

pover corresponding €0 0,1, results . £rou off the patch double scattering.

4.42 Natrow Bean Tranimittih‘; and Recéiving Antennas.

Ve mv'mnsidu the case where .we have very narros bean ‘antennas
for both (unsnutter and Yel‘.el.‘l'zr and d)rected alcng x axls. For this
casé the received blckscnt:ered field is given by .58, m is means

:hu (6.76) reduces to: ¥
N

zb«(\tq’,t) ::szbr(:u,:) +i bn(‘ c) + Ezbzz(to,t) ) - . (A.‘lzl)

1 and £y

bsp 3T given by (4.77) to {4.79) respectively.

Zb1* Ezb2

between idi ional transmissi narrow beem

Thve only
reception and nartow bean transnission, narrow beam reception is that
off the patch double s‘canering’“huva been “neglected in the mc_en

Iheikfore, the Dipler Eraquency dependent cross' section of the' pateh

£rom (4.119) may sizply be given as




~ K

169

ap(uxd) = oglug) to,@) + 0w, . ) (4.122).

££
"a simplified Eof?n by. (4.108). gy and 0,95 are the second order cross

is the firsé order cross

In the above @ ection given by (4,104) ‘or in

- sections given by, (4.110) and’ (4.112) respectively. ThesSe.cross sections.

are normalized to the area of thepatch, In view of (4.122) the.

" expiession (4.120) for the backscatterdd powst density spectrum becones
pe (g B (W) HR (). I .123)

Prfwd) =7 (

rpla) =5,

4.4.3 Simplification. of Second Order Cross Section

Mhe three parts of the second order Doppler £requency dependent
backicattered cross ;ectivn, 117 Pg22r Tg33r dewived in' appendix D
and presented in section 4.4.1.2 are in the fom of a double integral.
They were left with double i‘ntegnls sy, ds ‘usually given in that
form in_ literature. Since each double integral.contains one Dirac délta
function, one integral in each.cross section term may be evalual:.ed'
analytically. Hovever, arguments of the delta functions mot being
atiila, CARCAGERL e AR, 45 Gabtaeally oneHkat Cading, Wi
shall evaluate one ;ln:egral in each termbut the'alge‘braic details of

their evaluitions will not be here. For-an’ x

" of 'the method used, the main steps and transfornations involved will
be given. e integral evaluation for o 1 in (4.114) requires. solfing
transcendental equations which may be done numerically. E :

; 4.4.3.1 Intégral/fvaluation for "su("'d)

The expressicn for “ull(de is given by (4.110) along with (4.111).

To evaluate one integral in this expression we use the folloving steps
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and’ transformations :

4 (@) We divide the Linits of the o) ‘integral into four intervals; T

—gapgky; %k La£0,0 ;‘al';k;a, and ke <0 5 =80 that the
sign functions may be cleared from the®argument of the delta, function

and in the expression for Cy.

) By changing (a), ) to (-, -

) in thé region withipegative o,

and then changing 8 to -8, in the negative region of B, the total tegwﬂ
of the double’integral reduces to: (0 < a) <k, 20} and
T,z o=, b 2.0} =

(c) The integration variables ;" and 31 ate transforned to l:'he variables

X and £ (&) >0, K, 200, vhere x and K, are deﬁned by @ 1.

2
There are now thiree dlfi!l‘E!\t regums fo}' the dnuhle integral in Kl'
plae with K, along the x axis and K, along the y axis. The £itst
e - . ‘v
region congists of the area bawnded by the lines K, = 2k =Ky, K) =

: i
. and Ky $K. The second region fa the drea encloséd betueen K, = 2k,

Ky =K, and K, = (K + kg )l The third region is given by the area .

enclosed between &, = K + 2k wid Ky (1( + il 2} The'argument of

the delta function is now-in the £orm of (wd ¥ (g\(l)] (gK )!} T
(d) For convenience, ve normalize the ocean wave iuaber vectors hy the -’
radar wave' number as ) = K) /(%) and K5 = &)/ 2k ). sisilarly, the

bopplex frequency is nimalized by the Bragg frequency as v.= @ aluge

Thus the argument of ¢z ta Eunction reduces to the form
i ah

() Finally, by using the tramtormtion v« &} and w = ®D)Y, the

s integral vith respect to eithet v or v may be evaluated keeping in'view

the regions Of integrations with respect to k.
! a The result is as follows: &

. j
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i) ror @b v <2 . : :
he 82 )® HIE
fanq) = — L .
L g . '

l ’ .r’[rf;(ilis}(izi + SHRDSERY 10w

/2

r r [s—(I‘)sz) + s-(il)s-(iz)m

: i
Jo-af 2 641y

€ g Y
| 1+a2 \ 3
! =,
St . 41 T [s‘(Il)s-(vj) +s «1)s—(ilmu
/ il s ;
- vsal <6 -

a2y - -
() For |v] >22 ;

a1

[ ’ rxs-(r‘)s-(izns-al)s—(i,n« :
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- . B ’ 4
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Siom =3 4G - 008 - B

T [s(l)s—(i)d-s ils;(il

L 4 H o
v-.|<(.. - ; (uz.sd)
In (4.1%4a)" to (4 124d) the upper superscripts on s 's should Le'uken: .
for the negative Doppler frequdncies, whereas for the positiva -
frequencies lover superscripts should be taken. _Also, the restrictions -
Placed on W as a result of the integration have ‘to be meti- The dif—

..

ferent s for the i are clearly mentioned in (4:124a)

to (4.124d) . The various symbols appearing in these equations are " .

defined as
v-'h_d/u‘_,a-lul e ® E
(r{x")’“
o 1Cen * G
¥
L‘l )3I2 =
+ |1
P Chop
y 3
0 .0 TO , #O
. =_{(xxu'2k1'Kz’ .
en "~ 27

.--<‘*"2)—;-1 ]
1= @)
cm--llK LERRCUE SR i el
% o ) .A..u )
bl ol el

(KlK )
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30 T_0R L 0n o |0
Kl._=K1xxr+Kyy s K W ”

20 oo 0k 3 ;
[ R 1%l ‘ g

P o, Lo
Kjoom 2k (kg x + Kyy)

= 2% (K x~x(y)

© =Lk 'K"Z = (K°2+K —1) ‘ .‘ A

y 2712 1 . el T '
€ = @-a)? E B .
')(n -UZ‘

It may easily be shown from (4.124a) or’ (4 124b) that o 3 o at
5y =y or Ty This teans that this part of. the second ofder cross
section is disjoint with the o fust order pealu situated at plus

and minus the Bragg fr:quency.

4.4.3.2 Tntegral Evaluat:l.ern for o zz(“d) 5 -
e el dt j

The expression for "szz‘"'a} is given by (4.112) in conjunction

i
w)th (4.113) . | The ethnd used to evaluate one l.nte;ral in (b lln is

.

"as £ollovs; i




mtegtal are dxvided into tywo mtetvsls, s

£,50 l:hat ehe'ﬁxgn functionsare cleareAA

.and _then changing s tn —B in the egaex..e regior of 8,; 5 :he total

region of ‘the daub'1e 1ntggrnl 8 raduced tot] oy =o ez 2 50

o i
- (e) - The'integration variables. o

. coordinate variables X,.and §,

i P

gwennsx 20,0 <0, <n/z;
2 - 2=

C @y Agam, the yave number véctors.até norailizel by the' radar wave’

numbir and the Dcrpplez frequen:y is normalized by the Bragg fruquency.

y:, Thus the form of the: grgument of delta function reduces to {v t1+ (K ) %o

whgre x =K, llk and v ='w alig- et .

and Bl for different regions of ¥ is as_follows: ! "

i RN O Fmauy, by using the uansforma:mn v = (K )l, the mtegm with 4
. ,.' | respect to v v eauly ev.nluated. The revn of rm evaluation' is
L5 "4 Eollowt g ‘\ i g
Uygp (0g) = Awg) + Blup o ) : o ) («;;zsl)
| shere N ae g 1 v
; ¢ e uee? 9 o ’ ‘
3 CAG -TA—W—”S (Kl)) s(u;‘?) v ) N
: - . : W <
L Hs @) ae - § (x DRAEBDI 1w :
3

(i), For.v 3

N
(2%)
Blug) = —=




N
s F
s
e ¥
< !
% =

e
£30)] + 0,15

1

+ s ®DIE
T AE L
&

e & iy s .
+ Sl(ﬁz))',)' ACTEAREA RN

+ Si‘ié’” a,

e TN D,
3 sl<x1>[q3(s}(x3> + SjEDY + CA“I@J)'

L. j.+ oy o
(iz> + 5.1“‘2)?1

sh@).+ ,s{(fi;g“j £ ]

+Sl(l(s)}] dﬂz K :

- ({ii) For v >71.
N

P (2k;
Bly) =y

"ug

e

\+s [£53

+57&)Ie

N

371

R 's‘{(ﬁ;.))] a6,

In (4,129) to (4.128¢) we have

w2 LE
] Ao s
SR e, (57®)) -

et T
91+ czls}(@ fﬁ.‘ﬁpn

- - P K
(570K, + sl(g)) +“cﬁ.(sjl(ii3) .

e

+
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3/2 l(xz*%xl - %31
5 l(x +i‘l’

3/2[(i°——§f:1vi"l
B[ 5 ] ~i;|

3/2 [‘(i" i 1R - I°1

L@ F R 3G
C, = K 5
Vet l( i")-ilv.-_iv
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%.129) .

N L
K Zk(Kx K9 -

x = Z}D(K;xx + x3yy)

ié - qu(kai:.( - Ksy’;f) @

et i B R 3 A '
e . 0. 0 i bt ¥ .-"v_.'.
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.,urdmal:e_vauables (®,y, ¢;) as «) = K, cos Bz and ?2 =K,

“
Coa
S S <. P ] :
Kyl = K3 cos'@, . S . -
T, 2 o .
= Kynsin.g, i I g v i
o / ) - ‘
o B !
& 7 ¥ v -
xg =ip—) e
! B . !
4+4.3.3 Integral Evaluation For'y, 33(md) ‘ S %

' Mhe expression for g, (uy) is given by 1) aﬂ;p_g with (\A..us)‘_
and (0.41). ‘The method used to'evaluate one integral in (4.114) is'as’’
follivs. Hovever, the evTiE T e el e for cight
transcendental equations which may be ob:nne_d numerically !

(a¥,

in secfion 4.4.3.2 the sign functions may be cleared and the region

for mtagtatwns may be reduced to:’ 20, 52 0, with the restriction

2k el < {u +82b <2k (o2 a0 as aentionsd fn (. 114).

(b) The mzegra:wn varlahles are First Lzansfomed to polar ‘com

sin ﬂ2 . _ Since

Kz’ < 2 _, it is then transformed as K2 = 2k cos 8. The':egion of
integration may now be -given as'e; £ 0 < % =5 (e ie ) 9, %%,
where El and E are-small pusitl\'e constants. Thes'e constants arise

- while convextmg the énd inequatities into equalities in the restriction

. 4
" (e) The ocean wave number véctors K

the Doppler, frequency u is normalized hy the Bragg Erequency g

‘méntioned:in (a). & SR -

nd &, are normhzed by 2k, and-

Thus

the arguments of the delta funcfions are f the forms (v + (Kl)i + (cos

By folloving the ateps (a) and (b) mentioned in the case of LR e

obh -




ctmur.endznul gqu.mm 3w¢n t{y the axgunnt or delta: (nm:nm. In,

. expression for o

U SIEDSTERY + &SRS EDT (£ourt)
'uus(k)s(ixus(i')s @1 teiEm) L
BLEAT e (2) + a8 @yst (iZ PI° it o ’

\A' .

S

O} + (cos 8311 ;x‘ézv\ba[hjlz and 1§ aze funitions of 8 and .

(d) Puully, by using v = (K )* in r.he fuu type nf llg\lmznt and

(lg)‘ in :hc second type, each integral vn:h rupecl v or v may °

be mluam. However, each evaluati Guifes a- -olntwn ofa &>

uther words, £or a given v il Bea lolnnm for ¢, is uquxr!d -o':(-:

the argumznt of deite function’ is zero as vélL as ‘the’ solution is e

in the lunt; of I Ubvmusly, 1£ ¢ has no uolnnon or cha solution

Y 5 2
“does ot 1ie wlthl(n r.hc 1mts, the mtegxnl is zero.’ The fuul ,, % /
aﬁz(“d’ may be; gl.valr as follows: 1

12, - P .

X

- sk

o -4

b 533("d) =3 |Pp|,. v
vug

5 e ""-':1 st 3 o

. xluls;(il)sl(x )+ Ay s (;1)5 & n (ﬁ_{._;)

(second)

+ nxxdls;(il)s;(iz) + fzs;(_ii)-s;ﬁi”

R SEDSIEY + ASESTED) VftAhi‘r_d) g

g nzulslei,ys (i) + s, (ii)sl@ I (seyenth) =4 4 L
Cenast (i )st (Kz) + Azsl(ﬁ')s (E')l T Ceignt) )
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de.

A
In the above we have
ve=wglig e 2

LA IR pg, 1 OFGy, cos B, sin §FG, ~cop 6, ~sin 8)[*

LAy = [REp,, 1, OF(R, eos

sin B PR, “~eor 9, sin B -
i1 av8® _ pe0 5 i L X et X
B = L2 2Ky = 2 U (K 3 K.
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I
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. . In G 131)%, is & solution for#, obtained by solvinga’
:rm.c;ndmzal cquation for a given v and ¢ such that (s 'sz) ;ldv-{;{ s
N2 )
since mh part of (4.130) has a_d'iit'zremz equation "o 23

my be dxf(zrqnt for ‘each part. Thue dxfhnn: :qntl.onl

“ing to lll‘aight‘_‘?x":.c as ol Lous! T v
’»+,1<¢ o+ o5 w0 L e
8, ‘4) - eds. ilimg 7 T L (second)

) 4(«301 obeg ol (third) *

,H;l(lz, o)~ (cos®)! = 0,7

.e)' % (cos ©) -‘o' *

Ve 0 - (o e)'

gz§¢2; )+(cos s)‘ S0 T taevena

5,0y 0 - (cos a)’I

(eigh:‘mz i I iy B

“where’ the functions gl and gz are given as

; - Ity by seen from . raz) and (47 m) ey “ 132) -
‘[ I

| > 2,06, Bum:c G333 u zexo ior

033




: of the o:‘an mf.:e. The fir

noppm ion ',

. order cross section, O (u ). is given

byt m«)\ The second order cross section consists of three paru' H
(m )/ 21( d)’ ﬂ (m ) Ilhlch are available from (4 1‘0) to (4 115)

in the form ofA double integﬂl or ‘from (6 124) ‘(4 .133) in the iqtl

of a “single me.ml These expressions  are normalized to the aréa of

de. suctife ‘patch. 'Al,pan\:luned in dection 3. 4.1.1; the firse md!r

Sckbcattered Fleid ‘detinés 2 pat:h o the surface depending upon the |

For an lnurprentlon of these two orders of d\l brun lecnm and

" their_utilization in extra ting Felevant ,1plam!lm‘abou; uca.; e Ecy, o

ons we shsll now present graphs for s few typical cases. Tiese~ -

graphis are in the. form 6f ' the pectial density variztion of the cross

section vith ‘the Doppler frequency. The model for the wave hedght

.. specErun takén here. is the pimm—uukwi:': frequency spectrum with the

distributi

,
cardioid directi

, @odel isgiven by (4. 52) The mtegn!xunl nquxud in dxifetent pua

o s
of the second order cross aer;nan are et formed- dieionily,

e Fxgure 4.1 shows the sum nf the Eus: and. ucm\d order tross

‘lu:ti.cm at a radar fnquuncy af 251 m;. m wm speed 'h 307 knots

and, u:s d)recnon is at45° ‘thh respu: to the x nxia, where “the latter

u‘ tlkan to be r_he d.‘hoctlon of. the pltch or the ﬂdﬂr look dlte:uon.

m radial mm of the pltch required Eor the Eul: ord-r cross: lucxnn Sy

is assused to be 1.2 k8, which corresponds to-8 lsec pulse duration. .

fantor fora fully develoyed sed: m. S
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" The two large peaks

" Let us £irst consider hhe Exr:t order paah 1 As evident. from (4. mk),

in the iigum show the first ordet. effect, while

thi)continuun with other puka surrounding them i the second order-effect.

the two peaks are caused by r.hose two' ocean gravity waves uhiose wave—

lengths u; equal ‘to ane-'hal‘f the radar vavelengtj - one is moving to—

w . g .
vard the radar (tve Doppler) while the other is moving away from it (-ve

Dogplex).. Further; the mo!peskz occur'at plus and winis the. Bragg -, °

frequency [wp = (ng ) 1 wluch \‘“abouc 0,51 Hz u\ this case.

In"the model assumed. for the ocean, surface it tus been considered

that the surface itself is|mot moving. Only the,waves are congidered to

|
However, it the surface is also ptvysmmy toving in the *

st

be moving.
form of surface cunenéf the fusr. order” peaks are equally shifted fiom

the Bragg position by a small amount in the same direct{om. The shift
fowards right or'left and its auount depend upon the radial tompomént

(along x axis) of the current vector. The presence of current modifies

the phase velocity of ocean usv@ Thus’ by ‘measuring the above shift one

canobtain the radial component (V. ) of the mean, surface curreay vector,

fron the rilationship,V,, = B /2, where Xn is the' radar uavexeégch and
and}_ is the Doppler shift in Kz [Barfick et .al. (1974)].
The relat strength of the first order peaks depends ipon the

vave hexght spectra s and SJ, which in turn depead upon the wind speed

andiftw dicucelons o this particular case s1 is higher than s’ as the

wind is more effective for waves Woving with. positive veluuty “Gon-

pcnents along x axis. ‘Ma result ‘the first order peak situated at the
negative Bragg frequency is higher than at the'plus frequency. By..

dssuning a model for, the wave height spectrum’ and measuring the relative

;Long. and “Trizna (1973) have estimated the wind:

ki

strength of the.two pe




direction us:.ng a sky wave él’ radar, ‘The technique is eq;:ally applicable

to ‘ground wave radars also/. It may be' mentioned here that thé two orders
. of the cfoss “seceion habe been derived assuping an infinitely long

Yecord length for the backsgattered signal. I}hereas in px-é:ics the

record 1=ng|:h is of a fxm.:e tie diration vhich cagsasia b:osdemng of
“the peaks -and the other parts of the npectru‘m.

Ve now consider the second order. cross section. To show the. . ¢

ihdividual effects, of the three parts of the s?c;znd order‘cross‘l}eet‘ian
ey, ‘a8 plottid, sdparately fn figm' 452 since the expfession for

the eleccmmgnmc coupling coefficient . (C ). given hy 4.111), for Gy
. da valid provxded K1 Z #:0, it'is taken,as zero in b nelghbnxhoed

o [ the numerfeal § i The i

for Ogps Biven by (4.112), is also taken ds zero in the neighborhood of -

S . ~
& +%) - Ez = 0 for the sume reason. The o_,. part/of the second order

s11
cross section corresponds to the dase where the dauhlz ‘seattering oceurs

on the pa:'ch o‘nly‘ The ‘sum of any. two ocean wave number vectors .

xesponslhle for'the scactarmg in 'this case is aluays” equil: to 2% N

e , from (A m), Kz -2k k.

The speutmm of ¢ = cm\taxna peaks. at the Dappler frequencies of f

3/4

<'end 27 times the Brajy. frequency. These peaks are marked in figure .

4.2 as "a" and i ceaphitivly; 7He paak.s asciie vhantha ocain kave
numbers K &, and KZ producing thé seattér ‘are both'equal to -k &, which
. u : 3 5

makes the

oupling ¢oefficients quite-laxge at v =% VZ (v = wylog)

[dohnstone™1975), Lipa-and Barrick' (1982)]. ) The peak b oecurs when

il . Ez-‘ is nearly zero, ‘Under this condition the: electromgnetic coupling ;
coefficidat becomes: quite 1ug‘e'. Also; theé mtegrluon cantour dxctated

by. the nrgument of the dei:a function in (4. uo) touches tangencully to -

i




f (ab)

NORMALIZED, CROSS. SECTION 4(SPECTFIUMI

~30. 00

Ly
3 7 v
187
L ! B .
g "
== RADAR FREQ=2S. 4MHZ
HIND SPEED=30. CKNOTS
E TE v i3
g s HIND DIREC=45.0DEGS
2 833 o

.00 -3 -15. 00

-45,

~60. 00

=75. 00

2.00
DUF’PLEH FHEUUENCT (Hz]

Flgure “4.2 Differant parcs of second order tross section -

cam.ponm. te fxgura

S




. o y
s Ooforv =t B4

the circle descrived by X * ¥, in the o), By plane,

where o) and B are the integration varisbles in (4.110): It gives a

i g ; s
‘significant contribution to the intégrsl and thus -the spectrum peaks

. Wotmstone (1975), Lipa and Barric;lgm];. This peak. is. usually
referred to 4s’ the cormer reflector” effect [Barrick (19726)]." The )
océyrrence and, strength of :hese,,peaka d and b, “on either or both sides
of the zero Doppler frequency depend upon' the umd condition I:‘hrcmglu the

. - wave height, spectmm (eugus " see hgures 4.5 and 4.6). "¢

N cemninatbion of, squations (4.122) to(4,1244) reveals- that

% . spectrum of il at_high Doppler frequencies (auay. from +/— Bragd | ey
. frequency) are produced mzrnly by short ocean vaves (large vave numbers).

Since the yave ‘height spectrun decreases rapidly as the wave nimber in- .
? e ! : : B

creases, proportional to K% from (4.36) and 4.52)," decreases

Yo o i1
| . qiickly as the ‘Doppler’frequency increases. The long ocean waves ' v e
: " | H
contribute mainly around the tuo first order peaks. Again, near zero .

Dopy}.e&' the s o contribition t3 tha spectrun comes "from relatively &

shore waven, For examjle,  the zero Doppler is caused by those ocean’

+ wives whose wave numbers. are higher 'than 4K, or. at 25.4.Mk the re

e “duired wavelengths are lover than 3 mi

[ .
,ansxde:a:wn is given ta o now. This part of the second ordef

522

cross. s'eétiun corresponds to the case where one scétteting accurs,at the

snux’ce and anpther ‘'on ‘the patch.; The expressmn “for ".22' ngen by T
- (4.112) or (A 126), containg tvo l:y'pe! of. term! The fxnt,type con~

: sists of delta functions erﬂ'lmpullles u;uated at’ the zexo Doppler and

iy ‘at. pluS ‘and minus :ulce the B‘taig f:equency. " These mpulses are :Aused




, . by ocean waves having wavelengths ‘equal to one-half the radar wavelength

‘¥ It may be vieved as a repeated first-order phenomenon; first at the

.t . jsource then’;on the patth or vice-versa. -However, their weights are

very small cammed to the we).ghts in :he firs: order cross section,

uhen che ‘latter 18 [aken in the slml.lar form as glven by °(4.108).
o

- . These tmpulges are not, show in the f)gutes 5 c 3 -
: The second -type of term. for’ o 1m1ntegtsl fnm which gwes a
"_ continuum as shown'in- figure 4.2. . Thé continuum is produced by a1l
ocean Tavis repint at the soutca bit by only.two waves ‘on ‘the patch

# 5 - 2 L 2 ot : 2y
& whose wave' nubets. are. eqyal to2k, where oné is moving towards and

another avay from the radar. ~Tn’a-way similar to G,1q» the:spectrun of

- . k . - . :
0,27 als0 ‘contains peks but'they ate situatdd at v = 0-and £2(s'= u fuy)
These peaks are marked, as ‘J'c“ and "d", Tespectively, in figure 4.2.
They‘are in additfon to those m\pulses ‘already’ described wluch are also >

situated at the ‘same ‘three frequencu ¢

Of Course, the occurrence and

strength of these peaks as well as’the mpulses are dependent on che

e wind condition. - Referring to_ (4. 112), ‘these peaks are caused whén °

(e “i‘z)‘

R, iswmearly zero. Undei this condition the Torapvald

: bécones quite large., Also, the intdgration contobr dictated by the-’._

argument of the delta funcnon meets :a“genuauy to cl|e cxrcle given ”
~ ] ‘hy(2kx+§2)~xz

the ocean vdve numbexv

This hap‘pens atu =0 and gy add. when -
I

cm'a( 5 respmnbla for" the senttern\g at . i

" the source becomes eqaal to’ -chx At w S i ¥
f .




-»'na: for a given v, the ;nagjutudes of

‘the ocean wave number Yectors respmsﬂ,te for the Scatteru\g at the’

source are tant. The i ion is only'on- their

and, shurt waves ‘even at h1gh noppm- frequenues dependmg upon the,

* radar- wavnlength * Also, the wave numbers respcnslble for the scattering

.on the pstch are f1xed They do not. enter intg the 1nzeg(at1un. Whereas,

An the'case of usll,‘che integrafion is perforned-over the magnitude ‘of

the "wave numbers As a.result,’'C, 622 decreases much slower than Usu -

evident in‘figure 4.2. The cun:ubumu from long waves.to the spec:mn :

zz is effective near the zero Doppler frequency also.

We will now comuder €he spectrum of the third part (Us33) of the

second order ctoss. section. This, cc:respends to the case.ivhere the two

scatterings occur off the patch. Although this term inwolves the

attenuation .functigns with modified surface impedances, we have treated

" these furctions with the normalized surface impedance for sea water for

computational purposes. -The distance of the patch required for them is

-taken to be 30 km. Huwaver, a’ atxacmn of thxs dxstance is x\ot found

to affect the spectrum of 0,33 very sl%nxhca.nl:ly e e aa1E eonatanks

¢, and'c, appearing in:the' limits for the integral in (4.130) dre 'y

1

respectively taken as 0.1'and 0.02. The value clrésen for € is relatively '

Highieo thatsthecasiond scattering point maintains a redsonable minimm .
distance from the receiving or source point. We made this assumption of
a reasonable minimum distance while eialuacing the ncegrals vich rospct
to the. thxrd s:acmnary phm point (3. 132(:) in section 3.5.1.1. This

value of €, alopg with 30 km patcl\ dutunce correspond to' the minimun .

%
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distance of 6k between the source and the second.scattering poifit,

Tt has been already mentluned in section 4.4.3.3 that 0\, =0 for

533
dj . 2.06 wg. At 25 4 MHz" :h; cut nfi frequency u abou\r. 1.05 Hz

It 15 seen i flgure 4.2 that 53\ is about the order of O ‘2 near the

eopleeiiiiin poiat, and at’ the zero Doppler it is of -the-order of
~

giiificantly small compared to O

%e11°

At other fréquencies it is
a : ¢ 11/

or Olop. ¢ STt o . ) .
Figores 4.3 25 5.4 show ‘the sim of tite'Eirat aud secoud order. cross
weckion for  thayditterent wigd directions, 9’ and 90°. ‘The radar
frequency and the wind speed -are taken to be the same as in figire 4.1.
The relative strength of differsnt yirts of the second order eross
section af 0° wind mre 4.5, and in 4.6 for 90° wind

condition, smce the assumed model for the vave helght spectrum does

not anr.vw w:ean wagves to prupaga:e in the duectwn opposite ta wind, the

© first crder-apuctrum at-‘the positive Bragp frequency,is zero in, Figure

4.3.° In actual situations it is not zero as the ocean:waves moving *

"opposite to wind are invariably present, although EHEYGarzy very litfle
; g : . g -

enérgy. Further, the spectrum of O_ . is comparatively lower than that

s1l

of 45° wind condition at positive Doppler frequencies. Whereas the

spettrun of 0,9y 'is not changed that much: At 90° wind the Doppler -

spectru. is symetrical about the zero Doppler frequency. This is

because the v hught spectra s and §; are the samé under the crosé-

“yind condition. Thus all ‘the second ordez paaks mex\r.im\ed above are

présent in figures 4.5 and 4.6.
Anothet example is presented“in Eigurés 4.7, 4.8, and 4.9. The

radar ‘frequericy taken' is 10 Miz agd wind speed of 30 knots, The wind
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. : *‘dirdctions considered ae again 45, 0°, and 90°. The Hiires -sivitie S
" smyof the first end second order cross ssctim ‘for tiree différent wind
S directions. The Bragg frequéncy in m. case is about 0.32 Hz. There-
) “for , most of the secopd order features are conconlx.lt:d in a mlanvely
7 " darrow Doppler band. The cut off of the spectrua is again slow dve to
) ’ tlm second part of the scond order cross section.

65 . Blsed on-the above diuu. i

ion and the graphs presented it may. be
xnferred thl[ th! Cdllttﬂlutlon to the cecond order cross sgctum‘by GAZZ
I s ‘\xgmncam around the nra Dopp‘ler and at crequencm grea(er thnn
g 3 Lo

B). The canmhuuen from -l

the cnrne\' :eflector frequmy ([ma| > 2%

T ooy 33 18 effet:nva only at a’few isolated fnqulncicl nuch as at the zero

nappler and near the corner réflector point. Tt may be mentioned here B 2

t the above results lre based on ‘the assumption that’ the sea Ls Eully\/ g

in the t ing region i ing theé .gne ing the

trlnsmttxng antenna. Hﬂwever, in Fost of the cases antennas are - 1nut=d

. on the beach or fear the lhare. “The long ocean waves (depending upon
“the radio wave length).sre very rarely present there and besides, they

can not’ be'c

Eully d ; Therefore, under. these common .

; situations 0, Bay mot be “holly present.’ Also, 0_,, may be néglected. -

533
vhich s equivalent

| Thus the second order cross section reduces to 0y

to Barrick's second ei»du result. His result is used videly-to extract.

e wave Height directional spectrim by _nvertmg the |

i :egnl eqlmtinn. v

T Ty RS 1 the other hand vhen the. radar is based on-a nhi’p or ‘on an uii uhuu

.'pu:fom the situatlon is différent.- The sea may be fully develcped

there™nd thus~thé contribution by 0y, to the sectnd order cross ‘section.

N : may be quite effective: nmce. it may modify the bék-ucm—ud Dopplel‘

alote. In order to ndnu the wave .

spectrum predicted by um




height directional spectrua from the measured,goppler spect?m the,

total expression for the second order cross section has to bd

uwerte(

‘This of céurse is a ptoblem mvaxvmg the .solution of the relevint’

idns as integral equati and_should form the basis for'
. o . .

further research.

It may be mentioned that while odiEying the TaduLesEor

the back-.

Vscattered fleld (prevleusly derl\ved for a time invariant surme) to

| nclude :‘ne‘ surface. time dependuncy in section 4.3 we did mot include
;he ground. wave. at| uation ions. These tion fum:tlons
con:a‘in modified suzface impedances whlch .involve _the surface Fouri.ax

coefficienta. If they are also inciuded.fn the modification they may

give rise to additional Doppler

so that a marE/complete model fut the Dopple: refurn frou the

surface may, {e formed.

This phenomenor should be lnvesngated

ocetn .




" is kept arbitrary, thus maintaining.the generlll’ty of the surface fxelq_

k 201 - - - .
. : i L 3
Voo e omemms - 5 )
v (., CONCLUSTONS . . .
" A theoretical én'alysis of ‘ele greti i £ram a tough

surface is carried out. The analysls is based on Walsh's (1980h)

formulation for the s’ca@;e:mg from a general time invariant Tough

surface. The formulation appears in the ‘form of two vector integral

equaéion or the electric ﬁeld fh the'twe dimensiondl 'epstist Fourier -

cransfom dgmalih » A dlon~tie varying rnngh xurface vith a high!

g refracc1ve index is cunsldcxed first, Fnlluulng Rme (1951), it is

“Bodelled as a two dxmensxm\al pericdic surface. - The, Eirstrequation is,.

then' formally inverted in a Neumann series to'yield a solution for

‘.

the electric field on'the’surface in. the'spatial transform donain.

It is shown how the Rice per:urbatwn result fur the. scattered field

,may be obrauwd from t:h).s series soluuon and the second, equation when
.the surface is perfectly conducting. The Nouians series solution is :

partially summed again -formally, to form'another series which is more

-amenable to physicai inccrprecacian. _The choice of a finite source

“selution in the: spatial transform domfn. * —_—" - R
The source now assumed is an elementaty, vertical electric dlpule
Tocated close to the surface and exéited by a pulsed stousotds] Gurcese.

To ‘accomuodate this excitation, the pievious squations are’ takéd -iri the

empotal Fourier transform domain. For.a non-pulsed sinusoidal

xcitation, these may he considered in the ‘standard phasor form. Fop

analytical .ease it is ssumed that the surface slopes are smail -

compared to unity.

For this source, zero, first, and second order




detxve&_ These thrae oxdets of the solur.l

“convolutions..

p:e.:ed The modified sm‘face impedances take into account- surface

approxivations of the vernr'.sl compénéat, of che~surflce field are

e r.hen inverse spntlﬂly
transforned, where e have used first the s:a:mnary yhuse méthod and

then the steepest descen( _method gwen \:y Wait (xgm z:h 2) for,

evalvating the integrals asywptotlcally. The "inverse :ransfom for -

the first and second order solutions dre in the form of Asga:‘ul &

a -gr\mnd wave

: The zero order salutxon

outward: from the sou‘rce uxth a mod)fled surfar.e :myéd.anr,a: The first

order sqlution reprdsents’ two grqlmd waves, again with moditied

‘suiface 1mpedam:es, pzopagﬂtxng i aieterent dmmm due to’scatterings’

Sinilirly, the setond ml higher orders of thessolution say be inters

mughness, which is to be expected. Tt mdy be mentioned that the:

sur{nr:e, their Aalutmm for the ix.aid are not in the fohn cf'gxmind, t e




thq first and secw order surface Fields ave

apbroxima:EIy obtained o return to, the- time donaixi,. The spa'un

convalu[ieu »1ntegrals fox cheae Ewo ordexs of the” “backscattered field * -

are then’ evsl\[\ated, “agalo asynptotically, by the sta:lonary ?use methnd.

‘assuiting a nargow. “bean. receiving antenmx

‘_'uwever, :he resule for ede’

otdér'ngy be extended for a wide bean ox omidirectional’ receiving
g nténins e eine "detay Situsen the eransmitéd and weceived siznals,

trzmsmir_f:ed pulse wldth. and the hnxizmzal bean wm;h of” the" receiving

; anl:enna define o pu[ch nf me surfat:e from where me firse. order Exeld

is xeceived o In the seccmd o}'der case’ the fields .are Eived From the .

the same tife. o Thus & pulsed excitaclan of the soutce, cleez-ly s‘nows

. Inat theigecond order’ field s ot received from the

n(r_h alone St

efficients [nar:xck (1972:)? Enr this mndel thie pnmmmi

derived

sn]‘\x(iens fnr the first and second order ba:ksca::eted surfne fields

rom s, tind ;nvarian: sutiace are suitably modiﬁgd“'ta aqcnunt £z, the

“tine dependence nd [he B ar.isx,lcal variation of the sux‘face, this - =

makihg then more epp;%caue T—— ecean. i se:ond ordér hydrodynamic el

affact] derived by Heber ‘and BIerick (19‘77)‘ i also’ inclyded in the

% ‘second order selpcxan for the han:kswtte:ed surfma field !‘ur mdelling

‘a pulued radar, the excitatiun “of the_source dipu_
! .

1s extended :from.a’




single 'p.lls d"sinus;nid: to a periodic pulsed stnusold..

~Wesult' consists of three parts. :

w2 i
Usitg chis, time

he, dupexsmn relaticnship for deep wate! otean

dependen result “an
gtavity waves, dn average #17dt"and séesnd order Shekacatiered Doppler .
spectra- (pwgr density spectra) have been' derived; again assum:xxng a

Gorisegiient1y the tvo orders. of ‘ehe back-

“narrow heam .receif\@ng antenna.

“iross s section of :he ocean aurface

prler
“have b‘eei{ derived. " Thése sclutlons relate to_thé spatial (directional)
: {

v

spec(n\m of gravity vaves.

The. Tesult obl’.nined fm' r.he fir,st order ba‘:ks:atte Ed nupp12r &
'spectrun or ;he cross ssc:ien is] the same _as rlerived by Barxick (197?

1ot 50 for’ the sécond order. .Thé uu;hup’ s second or

{vhereas this i

“The first part is almost the same as '

‘derived by Barrick: (1972h, 1977a), a‘l\d it ‘xepresents the’ case where

: dunble stal:!er_ing ‘oceurs ‘on zhe patch nnly [Srivastava md wush (1983)]
he s&cond part :Drrespands to.thé case: where one acattexu\g qccurs at

the, soux;e zmd ano:‘her on’ “the ‘patch. The third part represents the case

Crof off the patch dguble scattering [ualsh and, Stivastava (1984)].

Using an uceanagruphic model, for the uavaheight spe:trum for'a,
Thése

i1y duveloped sea ,graphs. ate présented for &' few typ:u:al cases.
gn\phs are in’the forn o the ‘spectral density varia:‘lun of the first
and’ sécond order. backscateted cross sections’ with che Doppler frequency.

*fhe. first order result shows.two.large peaks si:ua{ed at pivs and minus

C.the Bragg £requency in Acccrd.lm:e Wwith’ Cromble's (1955) experimental:

ivas 1 (28)% rai/sed, hstars

abservation:  : The Brigs frequency. 1

is acceleranien,ﬁue to. gzavny and k  is thé incident radio wave number.

These two Fifst order peaks are surrounded by the second order. continuum.

A éiudy‘of the ﬁdividus; effects of the three parts of the second order




croas section is alsomade: The résilts show that, when compared with -

the first part, the contribution to the second order crds : secticm by ' : ®

the secorid part is. significant near the, zevo Doppl&'{ an® ot frequendies
.. .. greater than the corner raflgetor frequency, "“The comer reflector effect
b is produced by the first part|and the orredtondiog Dopplit Fragmicy is :

given'by 23/" tinés ‘the Bragg fréquecy TBarrick (19720)1. Becalse of

the second part the total Dopplex spectrun decreases very slawly at

. S higher Doppler frequenciesu The contribution from the third part is

o effective ‘only at a fev isolated frequencies such as the zero Doppler

. ‘and nedr the corner.reflector frequency. - Moreover, this part may be

neglected if the transmitting antema also is assumed to, be a ndrrow =

g .beam ome. .

fc may be mentioned that o' shve S demade onhe Ak
g * :haé the sea’ts fully developed in the scattering, reglon' tncluding r.he- , T W
region surrounding, the trmsmu’.tlng antenna. However, im most cases
antennas are lnca:ed ‘n the beach or'mear the shore. The lpng ocean’

o . "\ vaves (depending upon \ fhie st wavelength), whir_h are’ responaihle for - -

< .
*‘thie_above behavioir of The second part, "are very ‘ravély present neat” the -

fenna and: besides,. ‘they. can’ not he cnnsxdernd £ally deve],‘)ped‘ There

_fore, under these common sitiations' the segénd 'vax_tdnay not be.wholly "

_present. :Also,. g o Part maybe neglécted.’ Thus the s‘ecund‘\ order i
" ercss s'g;uo_n reduces to the fi;-st part‘only whi ch 1s equivalent to
Barrick's second order result, On the other hand when the radat is
based on a.ship or on ag; aEflhore plntfom the situntion s differem:. EA

The sea may be Fully develuperl there and :hus the cuntribulicn by the.

f
. .second part may be qulte effective. . Hence, it ma)' mndlfy the 'second .

: » g Jordex. Backscar_:azed Doppler ‘spectrun predicted by the nm bart alone.




- ; In mnalusiun it.may be said that the rough “surface seattering, ;

. 5w 2 unllysis fresented in’ the thesis 1s ‘quite gener&l, slthough a series =

£ ‘of npprcx sations Kave: been made €0 "arrive- at. some usetul engineering

resules. 1n crdet to orfent: the.problen tnwards praclical situations T
the ‘use -of 'a.simple dipole §ouxce is-ah obvious cholcéi' - This choiy

¥ . S vrovldes some interesting phenumenon rentioned ahove, e.g., i) - propagation

and scattering solutions for the surface fleld in the form Of

! . .. ground waves with mogiﬁed suxface inpadann:en. 14y e second order ,

. scattering fmm a surface patch and “the other regions of "the  surface

5 y ol and consequently thegr ef(ec:s on the secund order cross section cf the 5
® !

X ', ocean gurface.’ Tn. thése respects the. allthut feels that this vorrk foims

an addition to the existing models foy EM scattering from rough’ surfaces. e

. N 5 3 L N R o 5
-7 5, Froposed Fuume Work. Y P B B B

The spacial cunvolutlun integrals e the first and second oider”

scattered Jurface felds are evaluated fot the backstatte‘nd case only.

They shoiild be ev:‘ua:ed for an srbu:tzry ahservas:xon poing also followed .
" by @ derijation of the bistatic.tross secticn oF."thie ocean’ surface in a

way similar to phat. used In deriving. the backseattered (mm\ustatxc) 'y

* . tross sectinn. This woyld be u!eful for the biscauc radh: cunfigumtions,

- .7 hleb, while modifying the resilts for the ‘backscattered surface Eield

(Previously derived for a time invariant surface) to include the surface

tine dependency we have.not ucxudcd‘;he'.c:enm'inn functitns. .

3 Theae attenuation functions Ccontain- the. 5urfao,e Fourlér Ceefficients i ®

2 = thraugh their modified suface XMPEdanceL If they are also ineTinded in

H r . the modiﬂu;\tiﬂn they may-give rise £ additienal Doppler. This

phznomel\on ‘should be invusttguted s0 that a moré complete mudel for the
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APPENDIX A ‘

N R . RICE. PERTURBATION RESULT

R In this section a procedure to obtain the Rice (1951) perturbation

“’result from the relevant equations is described. By using the series’

" solution (2.26) for E_ in'the scattered field equations (2.12) an X
expression equivalent to all orders-of pertufbation may be dérived.’ The
complexity however increases with the order. Rice has obtained all

three sca electric field

for both vertical and hori-

: “. zontal polarizations up to the second order. The order of perturhation

is equivalent to the order.of the product of surface Fourier coefficient ' ~,

P

n,n-Co8s second order implies terms containing the product of two P, b

S
For comparison with Rice's result, the derivation is carried out up to
the second order for the case of vertical polarization. The results for

horizontal polirization may similarly be derived. The incident £ield

taken is' a plane vave with exp(ju ) Fine dependency. ‘Therefore all

i
k|
A

- equations. are taker in standard phasor form.with u replaced by u and

. and k replaced by k;. . ; i o

. A.1 Simplified Basic Equations w8 ’

Following Rice we will assume

hat 1) the surfdce is perfectly

conducting i.e. the refractive index (n,) tends to infinity; 2):both x

and y slopes of the surface and k f(x,y) are small compared to unity.

) We shall also maintain our earlier assumption ‘that the mean- level of
) the surface is zero (i.e. P = 0). Under the above assumptions the

matrix T . given by (2.16) and the scattered Field equations (2.12)

may be simplified as
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where A B, C and D are defined by (2.9) and a. B
m,n’ "m0’ n,n m,n 0
5 Yp,n» @0d 6 by (2.10); The superscripts mand n identify negative.
y » L Yiidih 5

shifts in§ and X by oi.and o respectively as defined by (2.13), -

For convenience we revrite the series solution (2.26) for E_ as

WLy qms E L

adel Tl Yprygms fei 2

o
B0 F 0,0 @o »«{“’,3}
* ¢
v, 8 5,4 i
vou Ve lviey Tpirygme Ted T s T A

. o w 400} ok e -
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where the simations with respect to indices p, q, ¥, s, v and w with
propet restrictiops are implied. With a little algebra the expression

“£br B with s general shift mN and nN dnk and K uay be gived as,

S E . me . me e @a
€ ci P-u,qn lei T Urmsen pr.qs ei 5
4 - @) e
@ G {M) ,
- e, VoW L,sS EP )q Fa o . e} (A.4)
o e e Tl e B )
¢ “"'“’} () £ i S et
: by,
AL2 ion Of Auxiliary Fourier Coefficient:
" From equation (2.9) we have " .
exp(-te) = | & explife +m)] . ) *a.s)
m,n ¥ -

By expnding the fumction exp(=fu) as
exp(—;u> =1- e+ £, .
where the terns s to the second order only have been kept, and by “using
the Fourier series expansion (2.7) for £we get

exp(-fu) = 1-u [ P expliN(mx + ny))
ca ™

™

u
TR X exp(iN(m +ay)] . !
L 1L P‘h-p.n-q ;

“Locating the coefficient of exp[iNm + my)] ‘yields

s 6m’n - uR T pzq Pp,q e g p (A.6)
where §_ . is defined as
R
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s o {1 for (m,n) = €0,0)
m,n " 0 for (mn) # (0,0)

By following the above procedure the other auxuiazg-paurigr‘

dbefficients may also be expanded. By doing: this expamon and making *

a generhl shift vN and wN in K and K respu:t:lvely ve have

. . 2 i
3 vonl s ;
e R SR AL I
5 B, LA prqes P8 mRy
VoW _ 2 s W
Pagn = I By 3w Levr, Fozp g
- Pyq <
Vaw . A v fe
Carg = 0N Pon 3o [ N vaq wpiaa o
. 1
Vow 2 3 ik
“;p,n ): a@p) N2 [ W~
P SW ki o N
nyn ™4 T g %) Pp.q *m-p.n-q
. X "
VoW . SV : .
fan = d08 By g+ S L Fp.a Fn-p,nmq "
Pia .
viw . L VW g % i
MR LB R I ,,Iq WE R g
oY 2] qGp N2 P 2 v
mn K P»q ®p,n-q s - R

‘In' (A.8)'we have carried the expansion up to the.second order ‘only ahd

VoW ..
u is given as

. 2 _ z; 2.4, - L
_[(Kﬁ-vm_+ (x,} wN) k1 § gy raallroo:,

HeSe vN)za- @&, - 214" for tnaginiry oot

(a.

9)
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: It may be seen than'B)*" , cn,a.. Bl s and Yoo %€ }de;\ca.cnlly zero !
dué tG the periodicity of the surface. s il . ¢
0y ; F ,
. . - ¥ g K -
A.3 Incident Field and its Spatial Transform = . - . T

§ L) 3
We consider now that the incident iield is a‘verticnlly poluized -

plane wave. The dn—ac:xon cosines are taken to be. - sin B D and-¢c0s 6 -

< wheke 6 is the. angle of incidence mzasured fmm r.he z axls.v Thzrefﬂte

<
’\gom'pnnentwl.se the ingident "Field may be given as - . e, g S
G R cns:S exp(-sx,mx + unz)_ » ;‘ . o - ' i
v (Byg = : " . ®.10) - °
= sin 8'exp(:jK_x + u z) 9 .
.
. l 5.
] ] i LI . ]
k sin 6 : i "
e wiFy . s

Ll 2
4= K

X e :®
ka) _Jkdcas§ ¥

= AES -

X . , 5

/

T
!

D)ruc rleltﬁ funcnun gf argunent Kx' By usmg (A 12) in (2 4) we

/ohtam % " %




E Y

Cv
column vector E,

' Form=n=0;

8n? cose (K, LK) 8(E) R G

2 . = ' = - % oo
81 sin '8 cos: 8 6K, + K ) SE) . . =
Tn obtaining the sbove equation ve have used the following' property of
the delta iu!\ctxﬂl’b [Papoulis - (1962, app Il

80x,y) 0 ~x ) 8(y = y ) = glx,s y ) 8x -x ) 5(y—y) f (A1)

_For arbitrary shifts vN and N ia K,

nd K respectively; the

defined by (2.17) may then be written as

cos ©

ik, of cone [0 |80 WBE ) SOCS WD L (a1
1 i .

sin 8

Al xeaqm\pn of Series Solution (A.4) in Terms of B 's

Y
From. (A. 1) 5 thé matrix T,  with arbitrary shifts vN and N may
: . 7

. be given as - 2 ;
3 /
T (K -, K -w) =T 3
Sm,n'Tx v Ty m,n
vi¥ N\ _pvw s - ATV
An,u X nn,n i '")A_l,n
Vv A § 5 v,w
= |-n N 30, = w0ap
T

‘myn N 'm,n
\
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o v, VeV _ v,w
T Ao,u Do o, j(Kx VN)Ao,u I .

3 . v | v G el
U TD,Q ng’e J(l(y wN)Aa,o

v - o \

= . [ [ I
g 50 F

v :
The matrix To’: may beinverted as

1 . . "

@ R S B .
0,0 NGRS 1
L [(Au’c) (D) 1 .

V2 v VoV VR L v,w iy R
(Aolo) N A : no,o u JAO,O['(KX' vN)AD &t (Ky u!i)Do,ol

0,0
VW o V,W VW w2 VW RS _ v,w. b \B
AD’O Dn’o u (Ao’o} u JAD’O[(K vN)D + (ke WN)A ’OJ o
o Va2 V2
y 0 L0 W= @y

(A.17)

Since we have assumed that the surface sTopes are small, this implieg

. ' (A 2 @y e arn? - ; ST
. ) Further, under the small height chdxt‘l.un, fron (A.8) )
Vw2 . .
O B R ik R (T S LU i 419 «
o Pya S
Py 8
2 . "Let us define : e
v,y 2 By
R TR O\ i 11’,, q[z
Lt 2ol
d n‘”’.— { pa N IP | . (A.20)
Pq. : ¢ N .

By ‘usings (A.18) to (A.20) the inverse Gf the matrix 192 (A.17) may b

*approximated as " %

v




o | v,w s
a - :;}—v F(Kx - vﬂ)av + (K ‘vwll?dj

alih e |4 QY -k - va - ")
N ¥ ﬂv'" / .

¥ . il : R

In the above the élements have been written up to second order terms

,only.

T | Tor .convenience let us revrite the series solution (A.4) with :
% ' T ©

summation ‘syabols as o fo © B B & . a0

R L g 3 m,n P 5 B ;

t S g Gy PR e T ¥, g
: gt . i .

e 2 + 1 o7 e i 15 P-‘l_’ BN N
= = 7id (r,8) # [(p,g)] TS PTEATS “ !

. i i
. where £rom (2.21) 2 LY o
mn (Tzu,n)—l o0 ’ . Wi Al O R
. Pp-m,q-n Tp'n,q-n ¥ b T

“‘=(Tmnj—1 wa

By inspéction of, (A.22) it is found that the first cterm of this'series .

3 contains zero and higher order terms in the B - 's. The second term

contains first and higher orders. In a similar'way the third term .
& starts with'second order and so on. As we are interested in terms up

*, bo the second order’we will.not go beyond the third temm of the secies,

Furthet, in each of the first, second, and third terms of the ‘series

the various expressions will be writcen up to the second ordef only in
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whére E‘:in 5 s‘:;“ 5 and zz‘i“‘ate~mpec:iva1y the first three terms of
3 the corresponding seriés (A.22). We will now expand each of th: above -
i .
st three terms to the second order in P '8y kL 2 .

Y E e m,n . :

First Term

PITIR R
i 0,0 oi

o - By using (A.14); (A.15), and (A.21) the above e/q{aticm' may be- written as
: : e y 5 .

o,
amd

. sin/0 + i sino G0 R IR el
p = kg Z P4 5
P:q Qg
e,
Pogadf - c SR - N K Y G(Ky'—'nﬂ) 5




= -1 L 4 LR - @.27)
—2 (3,0 # (@) BT .
i ol + " m,n
By using (4.23), (A.21), and.(A.16) the matrix' L2l . may be
evaluated to_thessecond order ‘as
» v S . o
mn . é . -
Prm,q-n - : : %
(®,0) # (m,n), o L 2 ¢
o L 3 - FRCR S mn :
P-m,q7p SR pmgn b, qn [E R
g ;] e . Y
it _ J(Ky - oN) wn ik _ K- aN)
prm,qtn T mn  ptm,gen pm,q-n R pm,gmn
J ! i n !
5 p-m,q-n m,n
S pm,a-n
o S : @.28)

In the above .the zuxxlxary Fourier coeff).clents are to be éxpanded up to
the second order with tha help of (A.8). Howeve'r, in this expansion
the geroth order term should not-be taken as (p,2) # (m,n). By

performing this operation and then multiplying the matrix by the coluin

vector x;"-q [given by (A.25) and (K.26)} ve arrive at’
(R~ ) (p - mN

oo

.m,n _
i

E

oy AP (K, ='n0) (p'='mN .
k .EH

By =3

T b
L0 £ @) R

° ik gin e
L




.
x-ylu-_gm) 5(xy-qn)

R CHEE DICEE ]
. . + ik, hﬁ - (s-n)(p-!)RZ#(K - ) (x - wN
- "(pyq) # (m,n) r,

+i0 - N
v, i T i O e PR Keo) sy ‘--qu) s (4.29)
The restriction on sumation indices(p,a) # (m;n) may eadily be re-
moved in the First part of the above equati
double summation.

n i.e, the part with single
This-is because of the assumption 7, o = 0. For
the second part we may write i

(p.;x)):# Yo r{;. DR

B (4.30)
P:q I,8 » T8 i
{um: (p,q) - (n,n)] 4
By using (A.30) and the ndantu:y 5 $ 2%
DICEE NSl | @wan,. -
/:fw lq\unun for x“"‘ may be revritten as

m,n (KX »
u

oY) (p - WK . E
S

1. - & nll)(p-m)

Pyq

-‘p‘u + KD _E(Ky_ =qN)




2 [
+ (K, - N - N

s~ \ + j‘ko a2 ] 3 |- (s - - 4 ®, - o]
= Pq T,8 m,m’z ) 7 %
" * f—sina(“Tvk'j(r—m)N i :
o b~ .

Pr—m,s-n Pp._‘_.q_s G(Kx - pN + Kxﬂ) é(xy - qN)

, o -
2 L 20 =
e I )
.8
e L s m,n,2
“ 8 e . (T}
Y . i sin o St .
o
> R
. irdTem . i N :
= 1.1 i o pfaf  EPad L (4.33)
pya (1,8) #f(p,q)| 7™ o P77 S E N
L (m,n), . e K ¥

" & procedure similar to that used to derive z':i“, (A.31) leads to the

follpuing expression’for Ef3". the relevant equations, used -are AA.8), .

(4:25), (A.26), and'(4.28).

/
1 ¢ ;
3 B
_— . i
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’ ® - eNp - DN ® - ) (e ]
a r,s ma _
) ’—([u e 1 ]
¥ ol
+ R, - m0) (l(y ='sM(p.- r)(s - N
« - ™ (p - N . -
T % £
1 ot 1, - o0 (c m) oy
el :
= "t3 E E
p,q T,8 | e (5 = oN) (s* = )N .= DN
™ ; “m 106 - a2
L ®, =N - DN § ;
R E G ‘_‘W~— L omn . L iosm 6 w™® ;
RS ¢ . .
i + J'(Ky - s - (s »_n)ﬁ =i -oN ) ‘}J
3 2 5 )
DR LS BT B gon Pporqos 00 ~ PN H K B - (@.34).

P =0. T
“o,0

,‘).

*In the above the restrictions (r,s) # (p,q) and (p,n) have been removed as

The “above three mlum( vectors (A.26), (A.32), and (A.34) may be

sumed to give Eg’" to second ordet.

¢omponentwise as’ -
cmn s 2 e ~
By = ik, 8T 5(&x N + Kxn> 8K, aN)

ik D A n§ - o) (p - mN
L
. 6(Ky N qN)

g [Cridic e I Lt % e v
+ ik 8’ I 1 [- =5+ (€ - =N + ™% -k -2y

Py T,8

oy
g

By using (2.17) this may be written

e

L
o0
uf

pm,qn

/
S(K - N+ Kg) _//
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Hl - W06 -8 ST

6(1& - pN + “"), L1¢ aN)  (A.35a)

P, P
T-m,5-n p-r,q-s

.0 pm,qn

cmn o g2 : i
z: " o ~jk, 8% P{ (l(y - nn;&a - n)TP SR - pN +_xx°)75(xy = qQN).." .

N ) Zl(x S - N - (e WG - N
. P)q 1,8 )

e, o Ry --r);‘:—,.— Hg, = o) G- n;)u—"—;:

s

‘ Vm,n'_-‘ " i - 3 g W e
RO (Ky_ al) (s _n)“—“,—‘.l )(Ky M) (e r)u—]

. Pt_w’”l PP’_"q_i “‘x - pN + x“) nS(Ky - qN)
p . (A.35b)
3. o X - 8

: & sin 8 6K - -u_v:u)d(x’ ~ nN)

T
3

B gl ™ P + K, 80K
+k B (\1 "‘) wf
L) ),‘t--u.e -(r-n)l+lm9-——-——-
P.Q o

o (p-1N, (r-mN ~
* '-(xx-:u)-l’—url,}“—m’;

. 2 s Jisn
- & —-N)(v—r)(n-n)m+(p.—r)" -
: u

@ P'_m.n_“ Pp_nq_’ S(R, = PN +K )6(1({— qN) .

(&.35¢)

Ksonan s

e
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" scattered field:.

A.5" Scattered Field =

Tn the prévious section ve have obtained a series solution up to

the second order for E™", EM and E R gor'the case of a perfecny
R R o

conducting surface. The,incident electrical field taken is a vertically .

polariud plane wave. This solution sy Dow, be used ln (A 2)wto derive

‘the scattered field in the spatial :ransfom domgin. By taking the

*inverac spatidl ‘bransfoin the scattered ‘field in (x,y,z) domain may thiis

be obtalnsd, *Tnthis’ mamer we ndw:drocecd: For " ench ‘omjouent ot thas

A.5.1x Component -/
‘From (A.2a) thé x component Bf the scattersd field may be written

‘matx.

&
5l gy
E, &) -_-Tmi [C Ao +JK E{)//

P (4.36)
* m,n Fey
we i - another £ " (i = 0j1,2) for -
Et > ind E ;a! [E[x. ,Et i and Euxi' This !uh!crl.pr, Lndl.‘cates

:_he. order in the respective solutiong given by (A.35). For example

Eyyo Means the zeroth order solution for E . in (A.35a). Similarly

Ef:xl means the second order ‘solution. By using this notation’ anfi
expanding the auxiliary Fnu'/{i_er coefficient o . and‘e,  the folloving

4 UP to-the second order may be derived.

<




-

[(Etxo t Kx Eazo)
=2 . :

+ @Ry, K Eazl) 2 R “(Etxe + 3K B:za)

[y K, v.‘"'“)

+ (B + IR Eazz) I i W
] ma P —— =
L Il Py g N
+ P o Bissim s (EXESEAR D] (A.37)
. T L b T T Ceno I Pato
in the above we have heglected the contribution from 6 Ej’" as the '\

. myn “ty "7 ’

. g

By using (4.35) and performing

. minidum order of this term is ‘three.

some algebra we arrive ‘at

? cos 8 exp(zhu) 8K +K ) 8 © v,

3
Eg, () = : :
-j8n? | exp(-zTu™™[{k - sin 6 (K- mW}E_
o > oS xo n,n
+ 5 Tep = W =ik, = sin® () = a0l WP
Pq ~
¢ . Pp ;;Pm 2 4 .
L IRagymep,neg- - »
LR b N+ ) 6K, - ) *.38)
o ;
where . ] Ten
X, =k sin® - -
xo = ¥ ®in & )
2. 2 2.4 §
(& - an?+ @0? - 121 ; for real root -
il o 5 *.39)

stk < k= m% - @21 5\for imaginary root.
o~ %xo %

The above equation (A.38) may be inversespatially transformed to give—"

the x component of the scattered

field in'the (x,y,2) domain f.e. B ..
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’ /"
} This inverse transformation may easily be achieved because/:he <8
: ¢ expressisn contains two Dirac délta Functions for K_ and - By :
using the definition of the inverse spatial transforn (1.9) E| may be
written as follows; : \
B, Aieeenarerla s £ ) i \
sx ? %o™- o s \
. } .
-23 f expl-3 (R~ mx +43nmy - 2F") |
min &
Lk - stn6(® - mMY P+ ] [kp(m - pn? N 5
. o %0 LR © Vo
e . sc:‘{\ 0 (X, -m))’(u""‘)'ﬁfﬁﬂi;m} \ =
o TR e A WP
5 A 3 . 4 a =
& cl A.5.2 .y Component y H o ™~

From (A:2b) the'y componentof the scattered field may be written

. & -t & =5 o 29 . N
.. E IR Vi S i ;
" - ﬂ( ) 2u mzﬁ m,n (_x JKy EQL) g
. 4o s B @. 1.1)
g o
|- em’“ E 1.
A procedure statlae s vped oEE component leads to LTSS 3
k. expression for B (K. - ' &
: __Z

+
-z

[(B o ¥ I8y Bagg) B+ (F. 1t 3K 5“1)

1 _azo’

mZ B e TR B | : 3

— . myn” 5
y Bagp) * U mzn Poin Eeyr * 3%y El:zx

B R Z . ‘2
. : "L L T e (TR T e )

' . .
. i . .y Fy, (AJZ)

S - AT SO Y




4, B R Agatn using (A.35) and :?ying but the algebraie detail results in.the
following: .= < ~ - Tl

¢ i ¥ Bl ™, sl @
S yiz(f{) = ~j 8 m{n exp(-zh o {nn sin a,P M y

L T S L e g (kp(n—q)“r«fnﬂsins(up’q))
R DL R R _v,q . . -

: " ‘The above may be invefse spatially transformed:as

£ i L e Ny Fmn.
. E - 25 1 expl 3 (Rpy = mN)x-+ JuNy =2y

. mn

Slwstmor, o+ [ fkp= g e sn's @D
: L

L WE mee " o . .
P ¥ o | (a4t
o —P:4_mpum-gy i
ul’,q' S N
. >

A.5.3" z_Component

. From (A.2c) the z cumponent of the acatterad field may be given as

H . s s
-z'u Il g n75 Em.n
) (x) R T B B R ' Hg

o v, 5 * L Rl U on RS,

2 ‘. T Ry e s RO

: n, “__L i * T
. By applying the. Same procedure as for the other two'components the above
SR e A A, (Eoliows:
U E® = lue, "+ R, )
é : 2 m,n m,n N
+ 1 (uE = jmN ET2" ~ jnN EL %
: - o Fazo Ftxo tyo! |

¢ +uE +‘I\P’ (ur:“"‘—jmnz':xl—1nﬂ




= f ]
o Lo ‘ w2
. - < 231 4 oy
iy S . A
. Ve . " b a » 1.
& g Lo @ i
- L o 2 Z B (—— - JeN Ep i !
. s iy ainpe v, P,q ‘m-p,n-q * 2 azo txo e 46)
» Equatian (A. 35) may he used 1\14 the above and algebtalc slmplifica::ions
v
carriad cut. The final expression chen is as. Eollnws, .
ssz(i) n? sinop" (-2 i) scx R 6(1( Y o o 3 i
o . il . |
8 %, . "~ i
2 53 myn. 5 0,2 3
! N s Y 5 exp(-z*ium ) [ Hin 8 G0 } P 3
myn o] . : ;
X B ;
i b - E = 5 i
2[kpnum—p)(x AN am-gNF =T A
| % g B B i % \
P> . . ve T E o }
Y . ._ﬂ'z 7. 9ed A i P.q 7
‘((kxe mN)“ sin 6 + n’ N' a:in (] ‘kn(x)m mN) (ug? )‘ g 1
i %% . SR Tt T, ;
+ . . Paq mp,n-q & ) SK - N s
i S 2. L 1 8K, o+ K ) SRy S aN) Lo 23 i
b ; Yo e
oy Then taking the T B gives e ,
< Esz=smeexpl—jx x-zu] ) L ; & L

”z A E
5 :

ik s e

exrl [—JKK - m!l)x +, jnNy BN
o
o

+ [limy + stn 0 (uz'“)zy el . AR

R - 5 lepii(s = PR, =)= n@ =N} - s !

; v & - (&, - m? sin g +_n2yz stn’e S = m) (D) )
5 W o : L ©(au8)

. 2pag “mepyng g . | s
o




'l‘hlll the 3 § of the

Vfleld for t\m case of

vertical pol-rhation are given by (A.40), (A.44), and (A.48). It may

vuaL:l_y be verified thll this result is the same as derived by Rice

(1951) when written in his notation. Clearly the result for the

vertical component breaks down at grazing, i.e. when ot = 0, as -
.pointed out by Rice. However, in this spectal casé he has given @

correcting lodiﬁutm using a u\lrfu:a wave formulation in the

 perturbation, :edmiqu.

bl
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* APPENDIX B

\ PARTIAL SUMMATION OF THE SERIES (2.26) . 2

In this appendix a procedure is described for partially summing-

the series (2.26). This series is given as

Bl +1 1P
13 P4 m=p,n=q. 4
@0 F (00), G # (G| - :
@n)f - E
s Pid 7 "
e =
(r;8) # {(o,o)‘} (p,a) # (m;n)
P,q - " 4
For i we change ' the ion indices m,n, p,q, r, Fe

, and n, respectively. Tharefore we have

m,,m,
e +[ fr, n'L3_3n_ﬂ 3
-E l"z o o e Bt i BES
(mn)f(ou) (m,n)!‘{(ao)} '
27 3%
(@y,m))f | .
o, m,,n
e PR i I
W3y, My yeRy mymmy,nyong 4 A
(mA.n ) # {Eo,o‘)‘ )} (my;n,) # (my,n,»
Bely) : v
i L"‘s’“s : L“‘A’“z. y aifar ., =
I e e B i Yaragnymy o

" mgng) # {(o,c) } (agsn,) # (ay,n3) (aung) # (myny)
: (myn) :

5 . mn, .
EL N 1 - 2 ®.2)

ci - o B
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B.l Left Side Partial Sumacion ! d

Swernittieitar dee s w puecial sunmarionion the left side of
eaah tern in_the above “wielus (i8)s Fox thisswe proceed by opening S
" the sums present in the bracketed terms of tht series. This m;e;,in;_
may be’ performed by setting each double summation indices: aqual fo
(0,0) provided they S ien;ric:ien: a0
The .cdse of detting (n.ny) = (0,0) will be considered later.
Obviously, this opening starts "from the foutth berm of the series by
.seé.[ing‘(ma,na) = (0,0).. n shen & manner we formally perforn the

‘opening for each term. -

i “‘A'“a = 5 )
oy o angy Toymey i,y 2 : :

) {gq.o)“ }_(nh,ng # +lmyyny) .
B mJ,na)

Fourth Tern = -

By setting (ny,ny) = (0,0) the suns'in the above may be uritten as

e e . L R o Py
mny mmy g0, '

2 A L R e T
(my5m,) # (0,0) - (myn,) - ¥ (0,6) (ma,nb) + {(o,n) } (my,nq) # {(n ,0) }
g0y (my,n,)

e ¢
oy F3%y »
2 e B e« o
(ayny)f# ©,0)  (m,m) # {(o 1) } (nyn,) # {(.m) } .
3

_Lm o0,

(my,m, (mymy)
In & similar vay the sums for the higher terms may be opened with the . "

result as follovs: B ¥
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5 . ) C 7,
2 Fifth Tern = C, I, g Y L o,
: ke ), ' iy 'z" %57
+ (my,n,) #0,0) . (m,, ) # {(0,0)
B ) mys0y) #:1c 850, {('1'“2)}
mg,ng oy LmJ,ul ; \

+L L L -

\ 2 ¢ b e T e e T e T S e T 3
+ (mg,ng) # [(0,0) . (m,n)ﬁ{(ao) / . 33
s {(m‘,uk)} #rAsy (u,,ng)} W

T o 2ag myny s Yow
Sixth Term = - (Cl +_¢C3)' f,m ., & CZ ng.!la Lmz 3’“2-“3 . g
; (@0, # 0,00 (my,n) # [(0,0) 3
218 ]
; @@y, . %
3 il |
T g S
N r L% P L
,—& / 1w, ")‘A 0y, 0ym, Ty 3-“§ ;]
i (mn,) # {(a,o) } @303 {(o »0) }
; E 7 mgny) 27 Mmg,np)
. % »
2 s e T

=L L
) - Magng tagag nieng U mm,on
3 . 2 e (.n)#(o,u)}(l,n)»‘{(o,o)}(n,n)#{
s ("' GA_\.{"s"‘s’ R ) f-‘ G

3 5 L T
N o ’ b T i T T o P
H (@ a0y ) # (0,0)
“ my51,) -
. = ¢ 2 ‘”31“3 ’
- Seventh Term = (clcz + 0,0 + cb) L. i ® (cl + C, ) L 3,“31. iy nyy
- (m;,n)) ¥ (0,0) (ay05 ) i{ga ,0) )}
: B ‘ et
e [
40, , o
' X |
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& KY m_,n; "

R R A-mA s, T, 0,5, <
& g By Mg NpTaR RSN, 5, o

‘“‘4’“4) # {(o 50) }(m .n) # [0 } =
515) ) (myuny) .
m,,a, 5T,
T s K P L33
b1 B Ui s"‘3 g ngny g

s : ) # [06) Vmgin) # fGo0) o) @yn3) 7 [Co,0) o]
K 5 {(m,’.l'}b)} o {(mj.na} bl {(m )

7.n7 mﬁ,nb L omging o

h "‘7’“ "‘s"“7’“e s'“s’“s'“sLma'“s'“A‘“s
X L .

(yon) 4 [C00)" ) (aing) # [Cor0 m,nn{(o,o)} R |

L {<m6,ns)} 56 {<m;.&5>}_ ¥ ] !

s 4 %) # [Go0) “
3 B o Aé_ {("‘3"’5)} 5 5
2 T e T

-~ ;
’“3'“‘4"‘3 4 HytgpBy ity

\ BRGNS (0,0
2 { "‘z'“z)

3 2 "
Eighth Term = = (CJ.+ C,Cy +C,C; "+ G + C) t.mz,“2 :
% 4 g oS ‘ 1

- (myom)) £ o)

3 . :
. - 0y

S -(€,C, +C,C, +C,)L L s

1727 "2%1 7 "4 0 ey gm0y

N * . (nppng) 4, {(c- »0) }
s (gny)

- x
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=

B ll,n. m,,0,

O Oy n et mn on, ragsnyn
e L

(a,.m) # [(0,0) ) (ajuny) i{(o.u)
i '{(-3.n3)} "3 (mz-ﬂz).

.

[mgan - mhm, - myng

(809 # [(020) | (mm) # [(0,0) | mgm) # (00 )
"5 {""z.'“a’} uy {(u,.n3>} 22 ,{(-,.nz)}

mgng agyng m,n, mny 1

=% Yo o ta -z 00 te w00 s, nn, M e n, .
b T T i e et e T B S B e e

mgong) # f(0,0 | gng) # [(o,0 | (mun,) 4 [(0,0)
e {("'s"‘s)} 2 {(rh,‘,n‘) e {(m,.n,)
3

. . Wmymy)
27 "6°"6

“‘61‘7'"5_“7&5_“6’"{“61 - . &
..('-s,na) + {%ﬂ;?i,{} (a7 {ﬁ:;?:).s)} gy # {E:soz‘s)}
. : . I("SJ“'“?* o)
"s5"s Tty =TT s
5 i R

@gn) # [(@0) | mguny) # {(,,a)
&y {(-3-“3)} 23 Z>}v

L P
L b s niae e

opn

}

% . (apny) i{(O.o) }
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In the above the matrices Cy, Gy, Cy Cj, and Cj are given as

[

S

.q2 )
oyt t-p ey .

(P;ﬂz) ¥ 00) -

Lvaxq] "2"‘2
pyﬂ, "z"’a'qz'q: P9

(Pydg) {2;0‘)‘ )} (0,00, #
. 2°72 T

LA "3"3

L. oL
Py PS—pb'qS—qk vz-Ps»qz'qs Py~

(0,0)"

L"Z'“z\

(e = [(0,0) }(p sap) = [{o,0f } (9529,) ¥ (0,0) *
L { by = {(vz»qz) 2R

P R
* U gia P05 Ry P 10579,

tpguag) # {(o,») } (pg099 ¥
k . ("6,'“4) 4

““ et Isrds
6% "s‘"s"‘s'qs P, Psea,70s

Pyiy vz.ql
Py Py A7y Py,

(0,0) - | (py59,) f
{(93.‘1 } >3 {

Py, Pyhy

L. -
!'ps—v,..qfq,‘ Py Pyrdy7dy Py

(Bgeay

(0,0) }
(Pyray)
(p9,) # (0,0)

T

(799 = [0i0) | gag) # [0 | (000, # [Cor0) )
t\.‘ (ps.w} 258 { )} ok { m;)}

(03099 4 [(0.0) | (pyeap) # (0,0
3‘ " {(vz-qz)} o

~

R L
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where (58> (23085) 5 (2,,9,)s (P5>8;) and (p,,qy) sre the indices for
o 22'ta’s (yslasiingrdgli iRty Pg* g

local sumations with projer restrictions given on the sumations. '

Thus ve have carried out the openings of the suss up to eighth

€em. This procedure lny'be extended for higher terss. It may be seen
that the opening of the sums in each term id (B.2), starting from the ‘
/ . fourth ‘term, provides two :ypal of the-terms. The first type consists

* of those terms which are the same as the lower Perms but. modified by

coefficient matrices. These ‘matrices are’ €y Gy et The second type

consiats”of new terms. - These ‘new terms are the same as the term which

48 tpened but with additional resr.ricuons on the sumat:ions. The first
o oF Catue. iy b6 EHOTYT OF s - CoracLon tatne. < POE] BAPLE the
Fourth ters of the series (B.2) provides a correction term to the second
ter of the sertes and a new fourth tem. Tois new fourth fefm is the
same as’ the previois fourth téra but with additional restrictions.
Similarly, the sixth ters provides corrections to n‘ second, ‘third and
: v fourth terss sud gevirates:a new sixth tem.  These correction terms
may be collected together for cach ters’and an expression for say the
‘second tem may be'writteas - )

_[xfcl-czfcfa—cl-clcz—cc

25
4t€.+clc3+czcl+cz¢cs-4

@yny) # (00) .

[ i It 4s obviois that these cosffictent matrices fom a sertes wiich

{

may be generalized as 5 )

PR ]



- they may also be summed formally .as above. “thus by carrying out these

240 %
B G 5] . »
2 4
FG -G C - L L)
3
K + () = G, + C D
(3 g ’ ’ 1
+ ... S B
X Mpn g, |
. (my>m,) #(0,0) : }
i S PR . .
nr,—[l+R1+Ri+Ri+...]L a o & '
o RIS t ;
(mjny) = (050) . i
The above series may formally be sumed as }

=(1 - R,

®.4)

Sinée .the same cosEfictént matrices as for the-Second term, are alsd

generated for the third, new fourth, and the hewfifth-and higher terms, .

rewritten as. follows;




- ; { 3 # 241 R
- ) m,,n, %
+.(1 - Rl)_l‘ L /4 ok 3_m3 u
' T e e T e
L. (@uny) # (0,00 (myuny) %{Ea,a) )}
(my 1)
! : e
LA f &
R o T )
9 @ e e B T R e ) E
(®,n,) #{(0,0). ) (ms,n,) #[0,0) ; -
o . R {(“'3’“3)} 373 {("z’“z)} .
S e m,n, i m, 0, Comg,n,
g 5 i Tty 3773

S an’ II—!lL'mn’nL" -1,
R, o i Bl e T B e W T M L

(mgong) 40,00 N(m,,m) #[C0,0) Y(ayn) #((o,0)
25w {(m/’,n,,)}‘ @ {(ms,nao}m’ o+, {(mz,\\z)}

m (B.5)
=5, T 4 .
Cei
. : N .
. 2
In the above equation R, i§ given by (B.4) and (.3).
. The suins in the above series may again be opened by setting the

summation -indices (mz,nz) \’{ (0,0). This operation result#®in the

following:
Bt (T-R) "Ry h v g

. . )
ST S A S L:3_m3 e
x TR iy Woe o g o 9

(myn,) # (g (mymy) #{:;,o‘)‘ )}(mz,n2> # (0,0 +
-

m,,n m,;n, m_,n,
—Lmnnfuml‘“_ﬂ m3*3-n~n+"lg?z" (B.6)
L e i S R R W I il f

C e @png) 40,0 Vo) £f(0,0) Jaying) # (o100 o\
A {(mj,%)} . {(m,,nz)} 2 s

(-

~

e i i
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- These shifts are 4nalogus to the modes of plane wave propagation.
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The first two temns in the above series may, be formelly coshined

as (1 = 1) B Therefore ve have
'3
E . =t
Fei myny
e, (o ,nz> # (0,00
¢ m,,n, 7 &
S B S ;

L

Mysly Ty MapMy g L

lmgong) #((0,0) Ylmgun)) # Co,0)
\gnp) ?

5 oy,

m,,m,
L - L 3-‘“3 .
i R T

Cmgm) #(0,0 Vgsny) 40,00 ) @puny) ¥ (0,0)
A {(ml.na)} 3 {(mz,nl)} i

“L Bty L4 PR
gy W,y 705 Wy~ ny Ty, By g0y i
5’“’ ¢{<u ,0) )}(u,,.n,j) "{ﬁ;"’?, )}(m, ny) %{(o 0 1(m2,n » # (0,0
. 31%
. e )
Tarty
LR L

In the’above (mz,nz) may be regarded as a general mode of
propagation. Therefore the £irst term représents the propagation in

"the- (0,0) mode and the rest

as a sum, the jon if.
the non (o0,0) modes. This interpretation Is.Based on the shifts by z
“m,N and n,Nin the spatisl trandform variables of the Jncident”Field. -+
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folloving result.
-

B.2 Right Side Partial Swmation

It is possible b I partially sum the above series (3.7)%
We will perform this partial susmation but now oi the right side of
each term of the series except the £irst term. For the first term the
-partisl sumation is qver and is perforned only on the left side of
that term. We again open the sums yrell:lt in the bracketed terms of
~(B.1) by setting each of the double sumsation indices equal to (my,m,)

'pzmuded the indices are free from thu restriction. This opening

stam £ron the fourth ‘tem of the series by s ?u/(/,nl.) = (my,n)).
. That is the fourth term my be revritten as fol “

"b'"

= R ’
Fourth tern = ~ L 13 i e

0y, e, g
Gpn) el !‘{(n,o) Jng # o )
L 3 2
. . (.3’_‘.3) : (my,n,) i

v A"‘L L':'“s .
y0my 1 Vmpn, e ngn e,y .

n,) s‘ (0,0) (,.n)"F (u 0) . | (my,0,) #{(0,0) »m,) # (050
& Ea) 3
[ (myyn (ay,m,)f © .

NS
L

In'a similar way the suss for_the higher terss may be opened with the,

'3"‘3 -
Pifth tern = L, g, D, +L, 3'ﬂ3 S o, &
('"2'") + [o n) (m, n) #[(0,0) }(m
(ay.m 2) v

R
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5% FarPy 3"‘3 ;i
5' s 70 s '1'"‘15’“3"“1. "z"a"‘z'“s

)I{(A,v)) Gagn) #

(0,0)
Cmpm, (23,0,

(mpung) (my5m,)

. A e i s
. SixthTerm ='- L"'z"z (@) +0) -»L. '°3 m, “z"'

B i3 A"’A ‘3"'3 ‘
5 oy ey ey ngny 2
G0 ) ) # o o) J}) 4 o0
i fet 2

(-:2 2,)
\Lmﬁ'nﬁ .S’ X =
e T B e T \

(o ng # Coi0) ) aging) #{(0,0) @y in #[ (0,00

‘66’ ' g% 4 ) P
| Gagngy @panpl 4% "] g

oo (mzynz) Logomp g

mA ,n‘ 3 >0, - - N
b i L) "'1—“‘3"‘1'“3

(o) #f G0l Y (mn) 40,00
\"3. 3’“{(%"’“2)} iy R,

(@, ) #[(o0)
E {(-;,nz

(@i # Co0)

) # (ojo) (my,0) #{(n,o) }"'z"‘.z’ ¢ (o.o)
: (apmy) "o
. > 3 ; .

o»

3

3

b




Co2s

v Slvlnt‘h Term = 1.‘.‘2_ a, ,(”1"2 +‘Ble +D,)

D T g b (0,0

s |
— E) 4
1y0my e,
+L L (; + D)
. e ox 1 ) a
b (yiny) #{(0,0) J(@yny) # (0,0) \
: - St {«-z-nz)}‘“‘ >
s § " =50, my,1 N : J
H P o PS5 44 P D, "~
i \ - L i e B ] e E . &
i (m;0n,) #[(0,0) ) (my,0,) #[(0,0) Y(my,n) # (0,0)
wiz 'y l- (ny) S '.{"z-"zl} iRy ?
Vi (my,m,) ; s
v . m_,n, =0 m,n, G
T B O
et T e o B B i rz i Yo |
* (mging) #[Tos0) ) (mn) #[(0,R )(myn,) Fflo,0) 1.
DS 001 g bee D) e {(mz,az)}
: (my,n))|" (my,m,)( -
: (@,m,) # (0,0)
N A i
) * "7"‘71",6"‘7"‘_6'_“7’-"'5""5"‘_5' ' 8o :
(@700 #{(0,0) ) (mgrng) #((0,0) ) mgung) 40,00
s (mgmg) (. i )
" @y, (my,0,) gm)| *
; " Gyany) #(os0)
; . A gl
e 4 o (LA
o ‘,‘_n,“Y . Lm?",nj : v, r\ < .
b B B e e L ) o B Ve 3
(m3un) #[(0,0) ) (myin,) # (0,0), : 4
2 R Yo
: ) ; ) A.‘ . R L3 N * 7




In m/ above D, .. , D, and D, are given as
Bysmy % ) 3 [
Bpgata™ig TorRp Ty

(py59,) #{Eo.o) ‘)} . B . - ’ .

&L
o ; ;
2°72 LPg a3 Py
"3 920570y Py Pgsd, Ty z'pz,pzrqz :
(p3:9) #[(0,0) ) (pyua,)- #{(o,o) } ,' (5.8)
1 (g095) (my.m, :
| (myomy) .
220 P59, p;,qz py0d,

L L°-
ph 29470 P3Py 3y PPy Ty My Ryl
(p3) #[(0,0) | (o83 #{(,0) ) 5,0, #{(o )
g AR ,(p3,q3; P Gpapl P gy
(w,,m, (m,,n,)
2073 ) :
v

2"‘ Pss s Py LP3,<13 L Py

I L
e ” Ps Ty»4570y P;"Pg29, ™45 Py PQ-% 9, Pp7Pyr9y703 WPy,

(pgs5) # [(0,0) ). (p;»q,) # (u.o) (]1 2d,) # [(0,0)
= P29y Ay (grap)| -2 2 (prqz)
(my,n,) * | (@ysny) (my,n,)
(pya) # [fo,0)
e {( 2 ik )}

where (pz,qz), (py395), (pL,qA), and (ps,qs) are the indices for
local summanuns with the given res:nctmns, treating (mz,n )
as constant. This constant refer to the doubla .summation indices

given in the series (B.7). .

S




- Lrﬁeja.hove proceduré of opening sums may be extended for higher * ue

terms of (B.7). But -the complexity of the algebra also increases.

However, by collecting the newly geperated correction terms and

summing them formally, as in the previous section, the series (B.7)

may be rewrittes as follows:'

@,n,) # (0,0)"

T L B . 3
e e R W R
(myn,) # {EO,D) } (y3n,) # (0,0)
mysny) :
i ® F: ) _ Comen, mg,0y

0, n -m 0.0 b0 S0,
Mgy M3y My

3 . % & ou

T Ban) # (@0 ) @n) £, | ) Fle,0) TR
] 2 e lapag) @R {(m;,nz)} B ey g o S
‘ (gony)
& -
‘ . ] 503 A B0y '

L
e R U e e R T R Y o B

(g0 # (0,00 ) @ 5n) # ((0,0)" ) (my,ny) # [(o,0)
3 Mol Y gl 3T {(mz,nz)}

(ayony) L lagny) ;

“myn,) # (0,0)
o, m,,0, .
_ Va-apter™ o ( , e

\ . . .

Biven by (B.4) and (B.3) and R, is given as

vy Ry =D =D, +D, - D,

LTI ‘ . |

with D, D, etc givenby (B.8). .

<




248 . - l

B.3 Int diate Partial St ion and Generalization

In the prévious two. secfions we have carried out the partial -

" summations, first.on the left side of each term of the series (B.2)

ahd then on the right side of (B.7). The result obtained after

these two summations is given by (B.9). These partial sumations for
the First S tatas oF (B39)" 558 CoipLsted 6s 56 iFthér worreLtion
tern 1s available for them. We, therefore, call: these two terms as
2eto and first orddl-terns respectively. However, for third and

higher terms, further artial summations may be performed. "These
sumations will now b:Min each term. We call these further partial '

internediate partial

We will carry out one *
‘such ingexmediate sumation and on that basis generalize the result

for all inte7mediate summations. o

/

To carry out At SEGEHRILAES SRAEION WY GURTOHE BiikE prAReHE
in the ‘£ifeh‘and higher terms_ of (B.9). For the openiirg we set each
of the double sumation indices equal to (my,n,) which does got violate
this restric’tiun. This opening starts from the fifth term by setting

. B
“"S""S) = (my,ny). " Thus we may vrite the fifth term as.
mg,ng m,,m, LN

Fifth Tern W L L 2
3 »n5 m-mg,n, o mym o,y ny —

i o
mgn) # (0,00 ) Gyun) # [(6,0) ) (myuny) # [(0,0)

37T Lagny) ""’ Gy 22 {(mz.nz)}
(my,n,) 4 |@yan)) z

@,5n,) # (0,0)

o s



249 3
3
’ 1 8,0,

=L F; L
°3,0, 1 m,mg,0, 0y

(my,n,) # {(0,0) )( ,n,) # (0,0
S el 2%

m m, ,n, t,,n,
SRR AR
ot B e e B T B e e

(gsng) # (€0,0) | (myum) # [(0,0) ] (my,siy) ;{«,.o) }
¢ ) (my,n,)

SR (a,0,) 5
(@,,n,) (@,,n,) ,-:
(0ny) 3
> () # (0,0) 3
-
In a similar way, S
g - mya0y .
Sixth Term = - Lma’ l’z an—n;/,nz—n: . e

(mg,mn,) # [(0,0) (my,n,) # (0,0)
3 3. {(“‘z"‘z)} 2! z/:

m, ,n, R
-1 e L)
T Mmgan, mymmg,ngn, 1omptmynpemg . ®
(=;.m,) #[(0,0) | (@ny) % [(0,0) ) (m;,n) # (0,0)
= 4" g 3073 { 4 } o »
‘ @55, (ayn,) ;
7 ) - (3,0,

-5 g T S ip bl 3003
b T T T T o e M e A R T R

g # (@) ] (o) ¥ 2‘:'?‘)‘4" (a,n,) # [(6,0)

o A & LN (mg,nz) E
N @yomy) @ymp| @gony)
i ("}’“3) (@y,m,)
g ST () # [(0,00 ) (aymy) # (0,0)
o . @3 {(‘?‘;?“z)} o T e
-




Seventh Term = 1 (2 p)A D
my,0y 1 3 my~my,n;mny
(L 'L{(o,o) } (m),n;) # (0,0) ’
. (ysm, ; )

v il 4

. Sien B
+L ¢ L 373 F, L 33
Hmyom, "mymy g, T2 Pmymn)my
L s ‘ G,n,) # [(@,0) | (yiny) # {(o.o) } @yn,) # (9,0)
oy, L Mgify aeig) #.
iy [NER) Il .
. @ )
4 TR Bseny oMy S SO5AT

+L 12 L S A _“
g m B, Tmg,m Ry gm0y, " my gy ny

@) # [0r0) | (i) # [(@0) ) Gaponsd # [(o,00
's s A (mama),.’3 {’ }

gmz‘,n4 (y,m,)
v . | (mymy) | | (myny) : ;
Bl B (W) )
(myin)) # (0,00 ;‘
B mn, . mgn _v
+L L 7: 7 _ 6'°6 _ L 55 - § L i
. 'nm7, “mgin sng-n, “ngmgngon m-ng,n,ng i
(@n,) # [(0,0) | (mg,ng) # ((0,0) ) (mg,ng) # ((0,0)
LA [t} S [T | B [
s F a ) (mz,nzi @ . (mz,nzz
x (my,n. (m,m. .
. ) (mJ’DS) 33 ; ‘3 3 | !
tE ' i . ® (my,n,) # Eo,o) ; ‘ i
m3-l|.3 i
[CHE )
: X, i .
| " om »n m,,n, - i
- L e 373

LI AL “'z'“’;"‘z'“a

(mgn) 4 f(050) | (ansn) 4 (oy0) 7" o+
4 {(“;’“2)} E ’ . .




. In the above ¥y, T, and Fy are givenas . | :
™ g, Py, 3
Fo=13 3 Li 2 H
L Ty TRy myRynyTdy !
. (pysa,) # {(0;0) . ¢
% 2 (mynp) ¥ i
4 05:5) . i
. 5 i
LITL I 917 Py, Yae : i
B o= pa_ 3 o Lps_pa o Lmz_pz W g M . }
| PmydyThy Py Py Tdy ByTRRyTdy &1 g
y009) # [(0,0) )| (000) # [(i0) 3
P4:9y 209
- (py»9,) (ay5m,) i
B : . . (my5m)) < (mgyn,) r & v
3 [(aym,) =
) .. ngma e A o s
v N R T R I P T R
(508 # [0 ) (93,3 # (0,00 ] (ppra,) # [(os0) ;
(23505 (pysap) | - (my,n,) i
@y, @yny) . |@yny |
(m,n,) _ l@ynp . :

where (py,0,), (pyd3), and (p,,q,) are the indices for the local sumations
with given estrictions. The sumation indices (@,,n,) and (m-3,n3),>
referred to in (3.9), may be treated as constants in the above equatiods
(B.11). h .

It may be seen that the nature of ‘the correction terms is similar
to those obtained previously in the left and right partial sumpations.
Therefore we may collect these correction terms ‘and ‘sun them formally.

<+ ' By doing so, the series (B.9) may be rewritten as follows:

it + i 3
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. AR
-1 1 §
sa-rpTE ra-rDT -1, !
" B Ey L iy,m,
i (@y,n,). # (0,0
) -1 P30
+1 ax-») "L
. = - S R’ e MoV
(m3,0) # [(0,0) ) (my,n,) # (o30) o
32 {(0:0) | @pm) # o
i 2"2% w
\ "
i, ,n, m,,n,
W B s L
~L L (X-Rr) 1L .
R
) . 'S
(m, ,n,) # ((0,0) (m,,n,) # [(0,0) (m,,n,) # (0,0)
FH T sl T {(mz,nz)} SR

|y

Py o,

4L -yt
i Wi o L, B

Ry Ny
sg) # (0,00 ) (@,unp) # [(0,0) ) (@ymy) #-[(0,0)
@7 ol Y faap| 22 {(mz.n,)}
(my,n,) L (®m),n,)
(my,my)
(8.12)
-e . @-Ry) i
where the new series Ry 'is given by
Ry =F ~F+Fy-. .. ' (8.13)

with' ), F, ete. given by (B.11).

Thus ve have carried an intermediate partial summation o

Lt 3 ; i w
third and higher terms of the series (B.9). The result obtained is i
given by (B.12). The summation for the third term are now completed
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and thereforethis term may be called the second order term.. For the
fourth and higher terms in (B.12) the ‘process of intermediaté surmations
may still be carried out. The procedure to be followed is-the same as
" used: before i.¢!, opening the. sums, collecting ‘the correction_terms, )
and their formal summation. For opening the sims' a1l the double
summation i!n‘lices are ta' be set now e;zual ‘to (mA,an. The process may
be repeated ‘again by setving the, double indices equal to (mg,ng) ‘and s

on.  We may thus generalize this procedure to a final result as follows;
i E

ot - my g eyl
E_—(I Rl) E»r(x Rl) -5

iy .
@ymy) # 0,00 - - Qe
m,,n, - "
(G258 SRR
3

(m,,n;) # [(0,0) (m,,n,) # (0,0) 5
o 4 ) e 0

. : _' m,,mn . RN % ¥
T, GRS T
vty 3713 2713

} @yn) # (0,0)

) # (myany) # {

@, (0,0) (0,0)
. (mymy) @yn)
(mg,n,)

: o, ,0n
[ Sk el

‘575 5
n,-n, ‘ 4 m,"m, ,0,"10, !
45 R

oo
Lo (T-RY LS
5205

(agng) # Ea,c) , (m,n,) # ((u,o)_), (@y,ny) # {En,c) )}
B o 1) a0y A mpnp))

(my,m) \ (m3,n,)

@, m)

1
1
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A & o
a,,n :
-1 """, s 2 ;
(T =R L - a- (8,14 .
o2 b L - % M b
(mpany) # (0,00 . RN
= where Ry,R,, and Ry are given earlier in  series Form. R, ,‘RS, etc. may H
also be written in a similar form.. For example Rj may be givenas >
m, ,n, Pysd, o
RGBTy '\ 3
; L R S R R Y
2 R : ; U5 .
i (ot fosod— e e e :
« L ¥ ’ 2°72. "
i (@3,n5) ,
(@,n,)
- LA Pyidy Py, .

L
P393 P2 Pyedp70y WP,

0y # [0, | (p0ap)# [Cor0)

(py>a,) (my %) ; :
@yn)[ (g0ny) : : P
(my,ny) o @eny | T L
(m"o’“b) . B
o b TE Pt - Py | Pyady’ _ .
P97y PR3, Py PGy B RpRdy .
’ (8.15)
Gp # () | Gogpag) # | o0). | (r0,) # [(o50)
(py>ay (023, ) (my,m5) :
(my,my) (my,n,) ("‘3'!’3)_ 2 :
. (agomy)|. (myy03) [OR) i

+

@)

A o) . . 4

i

In the above (pz,qz), (ya,qa), and (pL,qA) are again mdu:a: fot local

double uumnms trearing (m),n, N (m3,n ), and (mb,n) as constants.

\ . .These constants refer to ummatznn indices in (B.14).
Thus the above series (8,14) represents the original seri¢s (3.2)
after the Latter is partially sumed.




" APPENDIX C

ASYMPTOTIC EVALUATION OF THE INTEGRAL Q(3.37)

In order.to find the inverse.spatial transform of the zero order. .-
surface field, as discussed in sectiqn 3.3, an evaluation of the follo\'ﬂ.ng
integral, gwen’hy (3.37), is required.

"ok JK0)

ﬁ—ﬁl(ﬁen(—hu+1kx+JKyy)dK dK
k8, ‘xny

% : : ; (c.1) z
In the above b, is the height Gf the dipole above'the mean level of E b

surfdce, i.e., z = 0 plane. h,-is assumed to be small. 4

surface impedance given by.(3.32) and G is given by (3.31).

, is a modified 4
u is defined

Las . : g

(l( + x K )! for real root
o

PR

sl - - € for imaginary root .
with K}" and Ky as transform Vatiahl_es. It is likely that the above

\uuble integral may not be evaluated exactly.  However,,an asymptotic

evaluation is possible and which may serve as a good approximation for

| the' integral. ‘We, therefore, proceed in the following manner

: N s r
Let the transform variables K. and K .and the inverse transform .

variables x and y be chnnged to respective pnllr coordinates as per

thé following substitution

; Kx=Acus,v,K);=Xslnw,x=ﬂcose;y=psi_n9. ©.3) .
';I [ We' then have, o T ! .




[

(c.4)
. . %
By substituting ¥ - 8 = § it bec
L e oam-e . 3
el 26 {hcos (@ + 6) N\ Asin (4 + 0)} :
= u+ 3kA_Dicos (B W\8), A sin (8 ¥ 8))
il 0 -8 5 I .
E exp(-hu + joA cos Bagdr . (c.5)

- Since the integrand is a periodic function of §, ind ‘the range of

3 —— » "
integration with respect to '@ is 27, we may write Q as

T (c6) !

1
Q=15 (q +0y .
4“2 g3 2
where Q) and\Q, are given as -
il
L
hou + 3or cu;'({‘ wa g (€.
= /2 s
A6 {A cos (8 + 6)\ A sin (8 + 6)

T R
o niz 2

+ exp (-hu + oA cos ) 4 dr

N N AR




By; chaugxng $.t0 8- 7 and.d'to -k dn 3 (€.8) and then adding @, to

to ql yields q as
&

Il exp (b

3 G {X cos 18 +6), A sin (§ + 8)} exp (m cos
A t I ¥ 3k, heos B F0), hsin @+ 2 a1
: JEniz (.9
N £ g
We will evaluate asympccucally the inner mtegzal with respect to.f
first. This lnger _intdgral may be vrxl:ten as
o -
/2 *
J b(®) exp [3phg(P)]1ap. (c.10)
-T2 \ PP .
where ’ ) -
(@)= S (A cos (@ +0), Asin (94 O)} - $ %
o+ Jkﬁa TX cos (@ + 0),\sin (@ + 0)} (C.11)
8@ =cos ¢ . - . ) oo ; ]

It is now assumed that the fgpction b(@)\is slowly vlrying and oAl is

- large. Since the argument of the exponent in (€.10) is purely lmigxnlry
we wauldp/‘rer to evaldate this integral by the method of stutxonnry

phase [Friedman (1969, Ch. 3)1.

Now from.(C.11) the stxtxo!\nry polm:s ¢ for g(\a{ may be rler;ved as

< _s‘(¢)=—mm=n x oo e * 5 .
¥ where a prlme dehotes the partial derivative\with respect to §. ' - »




PSR A e—

Since’the range of § is from —1/2 to 7/2; the|stationary point to be taken

is 9, = 0. The Fuoctions HU) and-5(8) T, (C.10) Sy be xpanied fn s’

Taylor series about the stationary point 8 = 0 to obtain &
“w/2 : )
B P LT ]
I, = Ih(n)+lh'(n)+2— + 2. d)
iz - ? o o
+ expiliph. (8(0) + 5 £"(0) +.0.01d0 . -
Substituting § & —ti ,
5 ; o
. A S TR
1 A > ® v T * 4
I s exp Liph 8(0)] 4B + = b'(0)
Ut !
AP ; =i ] e
: ; ; : ma B . & .
(c.13)

f—T—ﬂ- 0)...] exp [_1 sgn (ax) g’ (0)

vbeu we have u.ken up to the g" term in :he expouent. The first term

in the above series is O(1//]pA]). The second ters is o(1/{pA]) and

“all sicceeding terms are even smaller. ' To the leading term,

y m/2)7[eA] .
) 7 i e at g
==L exp (;pxi exp [ sgn )51 dt €.14)
/TeAT. T % L .
vhere ve hatk used (C.11) o detxve 30 and g0 agn(:Lu e it

sign fxmcr.:.an and is defined as
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55 1.5 x>0 Lo
sgn(x) =, . (€.15) -
-l 3 x<0. . ~ :

s

. Further; .wgn(pA) = sgn(A) as g is.positive.. If the limit of [oA| is

extended to infinity for the integral in (C.14) we obtain

. : ¥ @ q
; . : 2 . " i
L s 2O g oy J exp [+ sgn()) 31 dr. L (). :
o JTA] N . : 5 1
% , ¢ The above integral may easily be evalvated by using.the values for the i
P Fresnel integrals C(x) and-S(x) at infinity [Abramowitz and Stegun (1972,
- ,:.ch. 7)] with the result ; : i
e o) & ’ o
. - 3 [_VTD ‘?(0) exp. [joA =.§ /4 sgn().)] - S can.
3 This completes: an asymptotic.evaluation of the integral T4 to the
+ - leading tern. By using the above result and (C.11) -in,(C.9) and by
. noting e
PRSI & B ¢ e . N
J VIAT exp (-3 /74 sgn(A)]. = VX exp (= m/4) :
i o ', we obtain . . R
2 g ¥ : ol s > '
. . . . iaog
N , _exp (= n/4) VX_G (A cos 8, \ sin 6) . ; o
N N e T8, (eos 8, % sin 6)
exp.(-hou+ jo)) e, T ; (c.18y
= o ) < H * i
TN : ! ‘
L A}
¢ 2 o
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<

The ahove integral also may be evaluated asymptotically to the
. leading term but using the ‘method of steepest des‘cent [Friednan (1969,
¢ . Cheyd), Wait (1970, Ch. 2)]. " The method, of stationary phase can st
be used here as the exponent is no longer pure imagin'sry‘ for all X. The
s pucmeter considerad o be Tongs Lo uow me, Here i is assued pontiive
Cand R = 02+ pBY. Lot A be substituted as '

N=k cos u : T (ca9)

where i is complex with *

W=o+ 8. : N (c.20) e

. " We,therefore, have |

= jksinp- o T RCRIVEVS

Q=- & 1/E) /E /c0s 1 G (k cos W cos 6, k cos U sin )
a i 75 | sfau &, (k cos u cos O, k cos i sin 6) i

(]1 N
*sin p exp [-jk (b, sin v - pcos )] du ! (c.22)
where the contour €, is shown in the figure C.1.. By substituting *

(c.23)

o = Rsina ; p'=-Rcosa

we obtain

_exp (jn/4) [ | Ycos w6 (k cos u.cos 6, k cos u sin 6)
2 7 Sy + B8 (k cos U cos 0, k cos U sin B)

k! b Sl o
* sin W exp [kRg()] du R G RN CEY)
© T where g0 is given by - < _' ‘ .,lv .
w 8w * - cos (a-w) . "8 ) oy ©.25) °© .
: - L .




i

That is

Ve follow the standard procedure of deforming the contour C; to the
path of! steepest descent passing through the saddle point. However, in
this defornation care must be takeno include the contribution from
poles of the integfand if they are captured in. the defo;mar.ion. The
contribution from such poles may be found separately by the residue
theorea.

By differentiating (C.25) with respect to U and then setting

it equal to zero, the saddle points may be faund as B, =2 + o (o=

Since we consider h < <p or Rit follows from N
i

(c.23) that 2% T ora=T-¢ where € is a very small real ponnve

0, 1, £2.% % L)
constant. Further, since Re [u] lies between O and T the aaddle point
may be taken as

£ s : - (c.26)

am-
vy =2

The path of steepest descent may be given by setting Im [g(u)] = constant.

cos (a'- o) cosh B = constant. (c.21)

Since this path passes through-u = a, the constant may be found as
equal to unitfy Therefore the equation for the steepest descent path

is

cos (a-a) cosh B =1. (€.28)
By defexming the contour, c:1 to the path of steepest descent cz,

where Cy: ;is given by (c 28) and shown in fxgure C.1, the infegral Q may,

be rewritten ds

- .
G 2, 3 :
In the sbove the two integrals I, and I, are

(c:29)

S

st i b




Figure €.1 Integration contours in the complex i plane .\

for equatiods (C.22), (C.30), and (C.31)
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[ /o8 7 G (k cos u cos 0, k cos j'sin 0)

_exp (5T [k
o 2
c .

$ £ (c.y{%"
* exp [kRg(W)] du, -

I,

exp (G n/4) /T 4, /eosH G (k cos p cos 8, k cos | sin 8)
o Zmp sinw+ 8 (k cos i cos 0, k cos U sin 0)

€ .

» exp [kRg(w)] dn . (c.31)

The integral I_ may be considered first. Assuning Giis a nice function
and is slowly varying at the saddle point we find that-the integrand is

free from poles. This allows us to use the simple technique for an

‘exp (kR dr . (c.3)

exp. (=5KR)" J Jees e
N T

By expanding the slowly vadying function in the above integral about the

i ) 4

evaluation of (C.30) asymptotically. Since lgn)) - ()] is purely "
. B
rpal and positive along cz we may make the following substitution:
g - g = 7 ©.3)" :
where T is real. Or ' !
'
- £ L " N
20 du =23 3
cos (a W) =1-j° 5 e oy . (c.33) -
\ w pi ]
. . iz 1
S 4
By using (C.33) in (C.30), I may be given as I




s i Ty o«
J I exp (k&) ar . i 5
Q

ey 3 -
Thesucceeding terss in the i i myb«nhm?/to be .

‘0GH) ox smaller. The remining integral in the above is the error

Eunction and is equil to (I (bramoviez and Stegun (1972, tn. 7).

Thus ve have’ . 3 7 e bR

. ¥

3/ % © Cheos s, -k w. 8) exp (~3kR). co s

. We now consider the'integnl»[b given by (C.31). The form of this 3
integral is similar u; the one ev;luaud by Wait (1970, Ch. 2).
Folloving his procedure aud. the sssumptions: 1) treatisg 8, T ot
by evaluating i at the saddle point 1y =7, ii) IA | £< 1, amd u:)

0 cag sy, umy be shown that -

i Ib L= GUW) [T, J /205 B G (k cos y cos-B, k cos 1 sin 8)
- 3] 26 a :

si' (3 cos B3
v & .
P o (c.3n
+ exp [kRgTin)] du ) \ : 4 ) ;
where the following substitution has been made, = - = .
sinve A (k cosd, —k ain 0) , : : (c.38)
We note here that the integrand has a fole at j» T+ because of the | |

cosine function in the demominator. This pole fs near the saddle point




as v (or Aa) ssumed to be small.” However, because of the assumption

0<ags <Il, this pole is not crossed over when deforming the

integration comtour from €t C,. This singularity however makes the

integrand not slowly varying near the saddle point. The slowly varying

4

G (- cop 9, "k sin O)1 (©.39)

wiere ve bve sppraxisated cos () as unity, and

8 =A Tt 'coi0 {—u.in LI )

1= I o (Rg@] g . i 5 (c.61)

E cos 5

By making the same substitution (C.32) or (C.33) as for the integral

1, yields, - B

T T, =2 exp (<iR) edi & at.
- :
(c.42)

i

. \
. The above integral has been evaluated by Wait (1970, Ch. 2) and

the result isjas £ollowss LB S




cerfe (z) = 1-lerf (z) ) L. (eas)

: g
1, = -2 exp (-jkR) exp (w) erfc (j.&;) . (€.43)
where

¥, = “2jkR eos?. ¢ . o B 5 (C.44)"

The function erfc (j/v:) is the complementary error function and-is

defined as v

vhere erf (zo) is the error function. It is defined as

i .
°
5 : . .
et ) = 7 [ ap (2 dz . )
0 % A g
Use of (C.43) in (C.39) yields " . .
4
-~ 1 B .
3k ’ | —
Lod 1ot ¢ Ok cont, —k sin ©) e (k)
s exp (-w) erfe _(le.) i (c.47)

The above may also be written as

i 3 g
. P, 4 :
I s - v_' ] n-rwe)le (-k cos 0, —k sin 0) exp (~jkR)/(2m)-,
a .

b
(c.48)
shere p, and F (v,) are given as. 5
& D2 - ’
v, ==jk § &7 (-k cos 8, ~k sin ©) . s

Flw) =1~ i (w.)! exp () erfe (i) .

1n deriving the above result for the integral I it was initially '

assumed that; 0 < arg 4 < 7 . However, according to Wai, the resilt

may be extended to include all arguseats of 4, by snalytic continuation. 5

ket an bbbt v
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By using: the respective results (C. 35) and (C.48) for 1, and I .
the original mt-;ral Qmay be given as . P, 51
. i AR :
Q=G (kcos B, -k .sin®) [1-|F {1—1?(»:.))] E)
g : i

(€.50). -
* exp (=jkR)/(27R) .

In the above we have approxcimated p = (&% - i)} & R since the dipole

height (1) is assumed to be mch smller cospared to the distance (p).

Now from (C.44) w_is given as

2 .
sin a T
D5y -

2 5 2 .
- -k ¥ [————] [1+:-1
z (‘_;2"_") R .

Since a =7 and v is very small we have sin (5 Y) =1 andR = p.
Therbfore w, may be related approximately,top, as

2

h % o
% ° 4 e
wEe ity - ) (c.51)
{

e ny easily be seen that in the limit as h tends tozerove gt

@ p, ad, " therefore, Q reduces to,

Q=G (-k cos 6, “k sin®) F (p‘) exp (=3kp)/(2mp) . (€52)

{ The function F(p,) and the argwent p, are givén by (C:49).
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BmVA'l'IO)I OF SECOND ORDER DOPPLER SPECTRA
AND” ASSOCIATED CROSS S!CTIBHS - e

In this sppéndix ve will carry out the dertvation of ‘the second.

", order auto and cross correlation’ functions defined by ((4:89b) to (4.89h).

By Fourier these the

Doppler spectra and hence the associated cross sections will be obtained.

and 0wy ¢ w 4, .

D1 R (0), By Gy

|
The cross correlation of the first crder blcklcut[ued field with

the eecnnrl order field is. deiined by (4.89b) as

A : .

o i =

Reg Ch R < B (et + 1) (B (e 00 % B
S SO R E:bﬂ([o"')] 3w ®©.1)

- vhere’ E ) 1s the first ofder field snd it s given by (4.77). i‘bz!,

Eyage a0d 5:523 are the respective three parts of the second order

f1e1d given by (4.78) to (4.80). From the expregsions for these fields
it-is obvidus 15 _that the above correlation function nvvnlvel the lve'(lglng

" of “the product of th’ee first nrdu surface Fourier coefficients.

form of this average may be written as .
< P o o >
Panr 1Ppat,a Paar,ae .
Fron océmnographic measurements it is found that:the probability
distribution of surface displacement {s almost Gaussian with zero mean.

v .
Therefote, 'to.the. first order disphcement, 1ge., for £ (3?.:). the *

diseribution say be assumed to be Gaussian with zero mean [rhuup. '
(1977, ch. 4)).. Since aty linear operation on a Ceussian process is also
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£ .

Gasas:tan, 1c implies that the firat order surface Fourier coefficients
(;P's) are also Gaussian random varidbles with zero mesn [Thomas (1969,
Jch: 4)]. Further, the average,of the product of three Gaussian varisbles,

each with zero mean, is zero ds shown by Thosas (1969, ch. 2). Therefore,

oy & .. -

Paaa 1%prg,1t ety > 70 - Lo ®.2)

This in turn gives

Re(t) =0, . s (DJ.);

hence .
(m)='0 (a) =0 . " . .4

fﬁ d
Th! equa[ion (D.3) means that first and. second .ordera of blcksca:teud
flelds are uncorrelated. ;

D.2 Ru(x) P and o

511 (%a) -

N

The autotorrelation. function of the first part of the second order

field 1is defined by (4.89¢c) as i

R (0 =g <Epo(e et ) B (6,03 ©.5)

2n

By using (4.78) for £, and (4.82) for A_ it becomes

2b21

i :
By () -‘—“ﬂ 76,1, u)i‘ 2.
(vrnu)

' : :
; ; Wb o
.P-E-i ‘,_Z'I o .E. " ,,-.,E,',lx Worq,t a1 et ;
(m,n)#(-p,~q) g . . %
@,n" ) pty-a"y - s . S
~alvtm| <atnga|pha| ., s g
—afp'+m' |sa4n ol 4t | g

“ s.[qp(-gn(pn) Kota 2%} Sa [Aaflsn(v'H)KP,‘-, - %1
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J ((Km) [k Ko ™ %o sgn(ptm) ] H(m;rg,{.p,q,i)

+ 0y 2,0,) (KA Fora™ 2 sentpem) £, + K] oy

) [y = %, sEaGie') LG 0,1t

+ 2 ('t pta) (K Ky - 2k, sGte) Ky o R 07
e {3 S0P+ Srmeo) -
e -1 @M ®yyy 0 - PmiADMY . 0.6)

\
In (D.6) the asterisk (*) as a superscript denotes complex conjugate.
The two functions Q) and i are respectively given by, (3.144a) and (4.56).
Kge 808 Ky, ave respectively given by Ky and K\, in (3:142) with
(m,n,p,q) replaced by (a',n',p',q'). 'Now consider the average of the
product of four first order Fourier coefficients in (.6)- Since these
coefficiefits are Gaussian with zero mean, it follows then [Thomas (1969,
ch. 2)],
* *
< Prast 2w 1%phgt et Lty 7o
o
“Froa,i 1Pma1 ™ (1Pp' a1t 1fwatr

: ek .
* SR ettt 7 P, Fatent

+ <P Pt e

1%p,q,1 Tty i @)

P P*
Tmn,1 L'p'yq'y
Since rl(I, €) is real surface, the first part of the three-averages
sppearing on the right hand side in (D.7) may be reuritten as
P P > P »* > *
1op,=q,-i 17mn, " 0pt, gttt Ut T
From (4.26) this average is'non-zero only when (i;n,1) = (=p;-q,~1) and

(@',n',1") = (=p',=q',-1"). But these, two* equalities can mot be satisfied




in (0.6) because the equation has restrictions namely (z,n) # (~p,-g) and
@',n') # (p*,~¢").. Therefore this. average -y be treated s zexro far

(D.6). This is true ll.lo for the otbex auto lni cross correlation hmc:im

& generated by. the three parts of the second order backscattered field as
> each pare of the fleld hes the restriction (am) # (%-0). Tms, 2 far
as the sem{ order cc are d, equation (D.7)
g wad reduces to: % ) ;
3 * - *®
< Prast Fang et fatat 7 ¢
; " +
= = Po,qt 17001 o 2fuat 1
H * e * -,
M T R U L R A -
" o
or, from (4.26), i e ‘
4
= s, &, s, &, 1w s
with (p'i\1",a 0", 1")=(uq,4mm,1)
3 . »
W Ty 5
= &, s, &, . - . L
with (p',q',4",a',0",1")=(=,n,1,p,q,1) . .o~ (0.8)
By uslng (D.8) for the aversge in (0.6) it becones o E s
: 2 v S38 :
18 2 P8, 8.4, 4 2 . .
" @ = ——' IFe_,1,0]" & 3 .
T Four an®m)? = .
i . .
i I 1 e s &, ms &1 o g
{4 Pt monl Lt k . 3 L '
! (@) (-p,-1) . « LR E e 7N e
§ —u|pﬁ!<q-ﬂux]p+n| . v G % \ 2 '
!l sa (8, togn(p+m) gpm--zkfn ‘ ) A %
{ . \
1§ - |(lw);"[ o ~ Ko SBEH I @n,1iga,d) ‘ |
: +30y el Ky - 2k ampta) Ry Ry 17 ; ;
& B 5 L3
] i . . . . 5 5 L §
/\» . ‘\. ~ ¥

ez N S



+% Ql(p.q,m{n)[Ki ‘iﬁn - 2k sgn(pta) in‘ -Em]é‘l _ ¥

ST S e MG s : )

€4:56),

LUE @nlpd) = E (pyqdmn,l) .

By substituting

. =@- 2T, By =2 T R S
e @k PNy By = n U b s
-1 ‘4"vu2=_1" o : ¥,
% # and extending the limits of L. and T o infinity i.e., N,W 3 0), -the - . ,
e summations in (D.5) may be reduced to itégrals as ’
i g Ewea D ww
-~ VP88 2 : w S
R;u(x) =EEES o 0 A: o bR s ] .
) Yy § sl B
ol

d o 4 | . .
. o [”J ’ I I § o) 5) Kyaup .

‘\@1 o Byrafay|

« *ga® [Ap{s;n(K’sx)‘ Ky +.2k°}]

|(x3)’? Ity + smatky Ok b xl,ul.ﬁz,m)

2 i 1 Sty
Q) KLRDIK, + 2 sgn(ky) ﬁz,u ﬁs - . 3 | .
o : 1 2, R ’
. . 8 *iﬂ;_.:(iz'i{ VKK + 2, sgnlty) ¥ K,] . . ¢
[ ~ - g
/ < exp [+ o mz)t] doj d8) day 8, dul ﬂm C012) .
il
\ continiity. This point corresponds to the testrlctlon (m,n) # (—p:‘q) on; %
' i A g i
i st s 5 (o




A . . &
‘sunmations in (D.9).. Also, the evemness property” (4.12): for S, fas been

«g} » p .
used in deriving (D.12). , In the above equation we have

i . X
a
LR e - TZ)SM(BL i K1=-|i11.‘ . '
a 8 3 : 5 S
ERN TR PP L S 'Jﬁz’ SLER). G-

I SO I SR X
Ryt B FRy S SRS By ,

. The two functions H_.and Q) .may be given from the expressions (4.56) -

and (3.144a) of the corresponding functions H and Q, after substituting

(D.11) 4n the two expressions.. The result of this substitution may be

given as follows: . S
% d \ B :
B, (il,ul,ﬁz,uz) S+ % L s L a f
. X 9 o : . E s [ L
- : i K, + () + o, i s : PN
S T A A e R R I ©.14) |
¥ & " Ky - ‘(ul * mz) 2 . i
o 7 .
where g is acceleration due to gravify: -
2 PR
&k =, + kD i e ' .
he®rrhgd =, o h K0 () Ky
Je3Yy 12 42 k2 E " "
y Cuy * Ky GO K HE Ky .
B . " ° ) 2 f
]
| IR Ky K )1K3xx(3y
- . Sy - = k
+ [st(xlx 2y T Ka) + lek3y(xly + Ky ) + Kaxxl} . "
. + )
+ Kgy{KlyKh(le X+ KlyKJy( 1y Eyy) + KK S )
ean® 02, . i (0.15)
» 37 . oo B

AR AL AR




The three dimensional wave héight spectra presént in (D.12) may ‘be :

converted to two dimension or spatial spectra with the help of (4.30).

. The two fntegrals with respect to'wy and w, in (D,12) may be then

&valuated easily because of the associated delta functions in the
conversion. The resulting expression may be Fourier transformed with
Fespect to t.to give the foumhng solution for Doppler spectrui.
- . w 5
P 8.8

g tt'ro

3 (u‘)=—- lr (c ,1 a)[
s11Ya

AETE am? . )
3 K . ; ,

. |
2% . 2 .
D A .., sa EAﬂ{sgn(Kax)K[;v + 2% 1]

=—ala,| P

S (O (A YU R R N )

1 E 2 | %
vz Qu«r‘?a”}%“z * 2y sk R, - ?3] .

3 RIS + 2k, stk T, - izﬁs' £ J
st & st @y .
+ 8 g g omn (6K g smn(ky ) (k)% T o
- day a8, da, 35, vy ® ©.9
whéz; A i ) . a

] = sum over superscripts .(+) and (-), i.e., sum of the.four

combiriations (+4), (=4=)y (=), and (~#) of §;'s with cor- .-
responding argument of delta function

1 ,-for (++) or (-,-) combination
W= X . (©.17) |
-k, for (=) or (-,+) combination

area of t_hc patch = ApnApAB . .

ram——




“g(il'iz'“’d) =Lk v g, ® Ky )
A" 2 " )
|G reh ' .
(e, mz) sgn(lele) ®p)?

. .The’above equation (5.16) may now be compared wigh the radat range

equation (4.92). ‘Since the attenuation functinn F in (D.16) is che sane -~ 1

as T, in (4.92), ve obtain the fnllawing solution for the Deppler

frequency dependem cross section. &
24

LETICR =
m Aﬂ 2 -

sa? {Aﬂ‘(sgl?(KS*)Ka + 2k} .

oy [x + sgn(xax)k 1n,@®

R Ry ; N
.

+39. (El.?a-)'lx3xz + 2oy sy IR,

. X
3 3 > o
+30, (xl,KB)[x3x§s+_ 2k, sgn(; )X, - K I

g 4 ) -
: st &) s;(@ "

 togy sea,) @) 3 el 6

g J
. dul a8 da, 48, . . . [(0.18)

The equation (D. 16) thus represents an average backscattered Dﬂpplet

_spectrum of the fixsr.- part of the second order field. “The “corresponding

cross section is given by (D:18). This part of the field is received U

£rom the patch with both first and second scatterings occyring on the

i B ¥
patch.. In either (D.16) or (D.18) the solution is in the form of four *

4
4
i
i
4

s
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integrals. Hauever, the. tuo incégrals with respect to o, And 6, may be ",
SURTiAES] BpRRIRALALY, Since 4 is usually 1srge, the linie.of the
semgiing squaced Einctibmimay bestiben dto'be the délta function like
-Ui.lﬂﬁ) in the first order Cﬂse:v By Changing (KZ,E ) to tP;e pular form
(Xz,ﬂ Yo I'.hE integral with rESPBCt to. ‘2 may be evaluaud :asily becnuse

of the delta function obtained from this limiting process. The remaining.

integral with respect to 9, may be approxinated by assuning ‘the integrand

‘constant over the narrow range-of f,. Thatis, the integrand may be

/

For the square root term present in the denominator 1 the ki tans o 655 u

approximated at §, = 0 in the Tange -4 -y The result of these (8
evalustions {s thesas follows: =~ . L b :
o i , S A . ;
16k, ; ;
o ~ it 3 J & " . H
Ty =7 j-_[ J log +c|” 57 ® 57 &) - 5 :
y By et o u il . 2
. W ' X
- — % i e
8 {uy sgn(K )(gK) Fooen(Ry ) (gK,) ") day dpy . (0.19) F
where now we have | v JE : . :
[ R % L R A 1 . T
. = g ' .
Ky = olag # k)X - 8y, 'Ky =V|Kz‘
a0 ¢
71(112,(-21(1&2) , . H
B . |
. dtl Ky « % X
2 2.
" (07, +w)) s
¢ == x4 K, + (GF . zz) ‘2’ ; ®.20) b
(wg 7 uy) 4
; i
.. AE— e {
. K ] A ow v 1
sgn(leKh) K K)) . i
Bragg. frequency - s, )ss { = . i
4
i

C., the root with imaginary part > 0 should be taken.

)




D3. Ryp (X)) By, (ug)y and oy, (uy)
822" 82204 a22 4,

The autocorrelation function of the second-part of the' second order

" ‘f1eld 16 defired by (4.89d) as .

Rs22 Zb2 Eeaetl? - . {pe21) ; 5

. By using (4.79) and (4.82) in (mmn . . = 8
N * 3 [y

(t st +1) E

Ar N
CER=2-

) .
88,2 . i .

m(o —‘L’—“lr © 100 o E
2(0)° :

. < e 3 it n gt (Farar i g
L, ! 1 i Lmnl 1p,q%1 Llm'a,l
,q,i m,n,1 p'he'i' a'a',1t] LR " L 3 L3
(@, n)#(p.—q) N . &
DFp! =)

-alp! l2'salp'] . )
v sa (b (sma)K, - 23] Sa 18 (sEi@IIK, - 2631 ¢
‘ 2 £ . I
. ?z(m.n‘,‘p,q)[l{m B E qu{ sga(p) R’m . ﬁp 1 )
- @@t o e I K+ 2k st By - RTHY LS
i .
. . + exp. i) sgnl)(K, o, =) +F( + Di(e * 1)): “
A \ = 3 .
+ exp {-} sgn(p')(xp. Py - FEHDRY . - “(0.22)

& ;% ¥
By using (D.8) for. the average in (0.22) it becomes
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EE A 2 ® .

o Zet £o——F 6 Lo . . %
Re22 2(2) o ) s A . (LA "
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Foo ) b NHS(i,xu).;- %
. Piq,i ‘m,m,l Tl *
(m,n)v‘(—prq)
~alplsazate] L C e
& ¥
;@ Gmap) (KK + 2k sga) KT 7
i 2 (a (sgn(pg K - 2k }] exp [j(i mh] S
+ 1 g u‘w 5, (k,tw)s di,m:
Py¢p1 myn,1
(m,n)#(«p,-q) - .
. -alp]sasels| s SET
5, afalsnzala| W B
R R LS R
o iamnd K K+ 2k, sgote) & - R T o
+ 82 (8 (s6n (@) K, - 23] Sa (4 (sinm) K, = 2k} LB
Cexp [Lsan @ (K00~ D -5 sga@ Gy oo - D] \
s \
< exp [§ (i + Die] ®.23)
. i , V.
By substituting " I I )
a = PN By=aN & ¥
L=y, By =oN Ap.24)
s wys T

and then taking the linifs of both ¥ dnd W to zeto, the sumations in
(D.23) may. be n:duced to- inlegrals as
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R0 = 7 G 10| el

202080 )°

R ol o e .
J . J J J { J J [ 8y @p0y) 8 &p0a) -

ol oy by wy oy o

o By
S - G E Ry Ix;xg + 2, sgn(le)El\.- 22|" x
v . +sa [ (ogn(R Ky - 3]

e *exp [3tuf + wp)r) | duy 8By da, 48y duy du,

|

aft

|
1

£ 3
{ 81K pp0;28, &z 00))

Y e L . ”

} .'.Qz;(%i’ﬁz){’glmi + 2y SK‘?(Kh‘()il -k ]_Li_ . sy

0 @ KLy + 2k, ,gt’«;x)zz S Ak

- sa (8, {sgnx, K, = 211 Sa (o, (sgnly, )Xy - %1

| ’ Toeexp [ sgn(lilx)\‘K

cexp [§ (o) + wy)r] day 8 duz'

| sgn(Kz'x)(Kz'ne =B

8, duy du, 2 * (0.25)

'where we have “included the point (u,

= (-a,78,) fnto integracions =, .
by continuity. Tis point corresponds to the restriction (mm) = (~p,~q) **

on sumations in (8.23), In the above'equation we have °

Ro=dirag ok =R - ' 26 - .
@ g, 4 s B o i
! K=ok + 8,7 5 Ky = [K]1, : ’ w ’

. and the function A}Zc'may be. given from the expression of- Q2 in (3.144b)
W f e




> > ) 3ok 2

Qe Ey) = (2K + K IR &
¥, 4K (k°2r; [ 4 %2
Sy Ty 1y K L ‘1‘ Sl

4 . . Cx
- : o
FlRy (g H Ry FRy @Ry + R bRy &)

- ((k1x R ) (3K Kz“) * (Kly + l(ly) (31(1},'# Koy

Tegm KK, . . ! 5

to spatial spectra'vith the help of (4.30). The two integrations with
Tespect to w) and «, may.be easily performed because of the associated
delta functions fin this reduction. By doing so and then taking the

Fmrrut l:nnlfom of (D.25) with mspe:( to 7 ylelds lhe Eo].lm',iug

£

i fut Ehe 7 DOPPler ]

%
P2 8 $
7 s r o e 4 : :
Papley) = '|F "8, Z
s )
¢ el

S [

'-«Inlla £
- LR ke 2 .gn(x)ﬁ K|1
-}s‘f(i) A I

J slagx sg.\(xumxl)" + s )@Kz)”r

* diy 980 a8,

4 o
after substituting (D.24) in (3,144b). This sibstitution ylelds

2 .

»

(.27)

The :hue dinensional vave hdight spec:u ln (D.25) may be reduced |

A :
sa? (5, Cogalky K, = 2)]
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\ : “ﬂll .
++Z_ s |4 . Sa [bp(sgnl(l!.h‘()l(l'— 2k}
o Bpaley |y 8ymolay] ' i

i .
15 [Ao{sgn(l(jx)l(z - 23

: uzp_ (El,x ) [RKE 2y gn (€, ) F, - &1 b

"0y, @Ry (kK2 4 2 sgn Ky & [

+exp [§ sen(Ky,) (K 0 = 7 53 'szn(Kb“) (&, vvo J P

© 6 ag £ men () () £ (0,) (6K

+da) d8) da, dB, 3 i . @28

where % § . 4
: \

= F (01,0

AP =4 Py Ap Aa i,

‘and ] is defimed by (D:17).

il i i ‘
“The above equation (D.28) thus represents an average backscattered
Doppler spectznm of thesecond part of the second order Field. This part
of the field i reccived £rou'the patch where the Hirst scattering oceurs
ac the source point while the s\ecuml scar_tering occiirs on the pa:ch. By
conparing this equation with the radar range equation (4.92) we obtain

the corresponding Doppler frequency dependent cross section. |
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FR e SJE\V‘.I“Xl whs T

5e sa2 | K -
sa® [, (s,gnq&x) K 2.}
\

2 a4 2 = st
* Gy ®pKp) [R)Ky + 2k spn(y) Ry - K]
Ak .
SR SRY
" st 5 " w, g
L Sl san(y) (8K sgn(Ky,) (86,0 : : i
| i 3
* day ’dall da, 48, .
s K
s \ . flel
S ] } o
i w AB o J .
o Bymaleg| oy Bymaley] Ve g
. Sa [Aofsgn(le)Kl - 2k }] sa [Aafsgn(sz’)sz - 2k .
Rk (K2 + 2k sgal ) &, izl“" : .
o Wb 2.5 " Ly lae
e B tRpRp), Ik + zka.,gn(sh)itz ill Y 3
s [ smalky,) (g 0, = ) = 3 sealky ) Wpp, = ] s
o
sy &Sy &)
o6 g + sgny,) (6K # sgny) 6k
4= %8 Vax VY 2 20 B2 R
+day df da, 48, . * ©:30)

In order to simplify. the above solution we may use the'same ap-

proximations for evaluating the integrals which have been used prewiously

in simplifying (D.18). The for these app e
.may. be stated as follows. In the first part of (D.30) the integration
variables (a;, B,) may-be changed to polar form (Ay, @;). ‘By approximating
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¢ # the sampling sqiared function as the delta fungtion, assuming large by i

-'the integration with respect to ) may by easily perfomed. The integra-’, P
. B . Eion with respect to P, may be approximsted by treating thé ncégrand
constant over the small range of dl. Tie varisble ‘B, ranges from -y to

Ag.. In the second part of (D.30) both (a;3 8)) aid (ay B,) may be changed

£o polar forn (A, #)) and (y, f)). 'In this case both @y and @, range
a from -b, to bg.  Further, there are tvo sampling‘functions in this part.
However, both of these functions may be approximated to respective delta..

functions. In this event the integrals with Tespct to Ay and A, may be

evalusted. The remaining integrals with respect to §) and f;may be
approximated by treating the integrand constant over the mamrow range of

@, and B,. The result of these evaluations is as follovs:

- ) , .
P o zk';_ ; L[ rdg+ ZEZ) . iz]z = . . i
: o G gt B i il MLy L B
s22%) =2 L 1+ % - %yl .
*OEN % B . ; .
Coday Ao \ . . o )
g SR s& ¢ s )

-6 a6 £ san(K, ) 6K, da, @,

7 s d
144 k A
000, o 102 . ‘
+ ?“51(‘(1” Slwg + 2 wp)
+ 5] @1 6uy - 2up) #2857 &) 1R sG] )
¢ where
2 T | . .
B R R B i B
5 -
CoRe IRl . . 0.32)
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DA, Rog3(0), B gsle), and 0 g0

833 d

The. autocorrelation function of theithird part of the second order

field is ‘defined by (4.89¢) as .

R
oy e
3533(1) T =lm(: ,:+r) E Z Ce,t> oo .(D.33)

" By using’ (4.80), for E 1230 (4-82) for A, and (0.8) For,the average id
: . A age

(D.33) it becomes i <

iRg.g
£ o
Ry = —EEERS. ; )
an® o)’ ; N )
I I S,
’ pg i mg o B0 BRI
12 .

(m,n)#(-p,
Bl szI,zm_u?zml
2k [a|n<ilak K
- 2K 0o’

[FBp s 1, OF(x), cos y, sin .Wb)l?(rc,rcos' ymsin q;c)l2

B .
- sa’ (2L Geenpral, - Zko-J—%J!Kmo}]v

2pim {x @ (kau) 1 .

+ exp [j ()]

02 s : .
+ .1 2 nwzsl(l(p, s &, 1w
p.q. m,n,l . - # - [ N
amir | oo :
-o| 2ptal <2tica | 2pal . ' . &
~a|2m|<2mq_u|2nnp[
2k ;m|N<x UK s

2k, p|N<kEezk K -
o e D .




FGp,1,0 r;(:;’, cin s sin WIECe, w08 g, wwin B)

.F*(s;no, iy 0‘?1’*(!{’; cos ¥}, sin w;,)F"(x;, ~eos ¥l; —sin 1)

[ . -
B A A % :
- sa (52 (spizptalk, o = s LIPS )
= .
84 y )
- sa (‘.’ {ign(lnﬂ'p)l(zw - —Jilﬁx il
iy, L8Ry (K - (2, 80 T X

K Qa(p,q,m,y)[s sz

+ exp [j sgn(2pim) (KZF‘“"-

sexp [~ Sen(m) (K, 52 ~ D)

. 3 N o N
+exp. [Hp {8 () + %: K- By (kg +-|ﬂﬂj(; Kol

< exp [G+1W)

In (D.34) s.;, Ty Tos Yy oo and K

CH
They are functions of m¥'and a only.

(Isl-(zxspn)}]i '

B i “
N

are given by (3.142) and (3.143

By zeplacil\g (m,n) by (p,q) in

their i the corr

K, maybe given.

).

¥ ¥l and

We shall fus: conuclet the second nart of the tlght band side of .

©134). Becayse of tighter restrictions of summatisn Chiilen s dad

q, the cnn:r).buuon to Rh33

(r) frnn this pm may be approxlmxhd to

This may be showm here in' the sense of urtegmls-. By substituting

zero.
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(Res. 3: 6k 20, - | <{(2a, e+ (28, < 8)) 1‘

L] I i o

1 %2
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= @pamN G B = (20 N d h —

= (2m + p)N

Sy e By al " (@.35)
) = i Lo, B !

, and then extending the limits of L'and T to infindty (i.e., N,W¥= 0), the

summations hay be reduced to integrals. Symbolically, it may be written as

J J [ J [ [ ~- - - dudB o dﬁzdmldwz, o (D.36),

Qhy 9 By W 8y : g} . |
Where the integration variables a5 By 8y a0d.6, must comply wu:h the -

_set of four, restrictions corresponding to the :estncuons on summa:an

indices\mentivnied in the secand part of (D.34). These restrictions arg,
Rveg‘.’l: '-u!a.l.| 8 < u|rx | " : N <

Res. 2: -alay| <8, < n\laz[

|
| gl PRt 2 T
i and {20, - )%+ (28, = 8))7} <_6ko r
|
|

. 2; 2
.Res. 4: '6k° |2L;1 -yl Qe - a)® 4 28) - 8)7)

; s et &
and (G2 - o) 428, = 8" < o, ;

The restriction (mn) # (-p,-q) is not included in the above set as thé
integrations may be extended to this point by continujty. ik
By EeitwEotiing ke litegtaitba veciabTeacin civtaatan. fora cu"

|
polar for, i.c., changing (a;, ;) to (1], 6) and (s,,8,) to g aé)

J

(D.36) may be written as

Ay A

1 %2 Py
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The set of restrictions in terms of new variables are

Bes. 1: -8, <9) <4 and (v - 8)) < @) < (w8 N <ol

¢ 5 . )y
L Bes. 2: -A; <@, <4 and (v. -8) =¥, S' +8)
A o s a8 i@ "
Res. 3: 6k |21, cos 9, -2 cos 9| < ,(“z + ) - ), cos (B ’Z))_

B il . ’
and {6254 A - G\, cos (B ~'9,))" < 6k, ea
+ = ' 2452, You B8, =
+Res. 4 6k [“1 cos 0., cos u_2|' < AT+ A5 - WA, eos (@) - 8))

»

v S R sl i :
- ; aid (0] #1374, cos By = ) < 6. ) e el
 The lntegrand along with' integrals with -respéct to Modys 0, and wy may o,
0 be treatedas a functiop of §) and §,, Since 4y, the one-half beam width P

of the receiving antenna, is assumed to be very small, the two integrals
with respect to ’1 and 'z may be approximated by treating this function

constant over the narrow ranges @, and §,.. #hat is, the function may be

7 evaluated at @ =Oand 7 and §, = 0 and 7. In this event the restrictions *y
* 3.and 4 reduce tor, - 5 . A !
» 6k < |22, = A Je bk, for (8),8,) = (0,0) or (x; W) :
P . Res. 3: : e 4
N L 6k, < l“zf‘ xl|< 6k, for (51. = (0,7) or (x, 0) \

by < |24 = 2, |< 6k , for (4,8, = (0,0) or (x, 1) ) %

Res. 4:

Bk, < 122+ Ap|< 6k, for (B),8,) = (0,1) or'(x, O

Clearly, the above restrictions for xl’ and ‘z can not be met.  However,
again by continuity, the inequalities in the above restrictions may be - N
allowed to include the end points as well. Thus the restrictions are

met. But then both A; and ), reduce to a set of finite nusber of points
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v .
B s
and they do not span continuous regions.any more. For (.1"2) = (0,0)

or Gx, ©), A =), = Bk, Sinilarly, b =), = % for (8,8,) = (0,1)
or (1, 0). Therefore, the integrals with respect to A, and X, in .37
may be taken to be zero. This means that the second part of (D.34) may
be taken as zero under the above approximation for the 9, and 9, ‘integrals. f

The first part of (D.34) may be considered now, Let, for this part,

a.= @pton. 8, = (2q + )N

% 3 By = nN e . (p.38)
) =W ; W T
. = kg .
. By taking the linits of N and ¥ to zero, R ; (1) becomes % N B
R.(0) = _—-“ts[!x%np » & .
.833 6 3J¢ -
(Zw) (o, )

a e—alu | e, B @y . .

AT PET [t g
. - >

.holkh|<rz<1kulz ) ¥ wm 5 %

- 2
o8 9, -sin 8] &

oy, 1, o)v(_nb, cos ¢, sin og?r(k;
.

2 ety L gl oo TS
s8R (kK - 2 - Ky,

2°02 & i 4 2 <L K “ . K
- Ky Q5 () RDIE KK = (2 K, 00 Gl R s
exp LG + by)7]dmdfd duzdazdmldmz 5 e (0.39)

In the above we have




1 o o Ul aine
1 o7 (o) - api 3 (8.~ 87
.

K, =ax+8y

“y Sy - -
Ryeok + %, =ax+py

and €, nl:" R, 9, ac, and K,g are given by s‘uhst'i/mting (D.38) in the

" corresponding expressidns £6r 8, ry, T » Yy, ¥, and K which are given ¢

N by (3.142) and(3.143). By making this set of substitutions in.(3.142) |
and (3.143) we get ) L 4
. ; . . . \ Sk
1 o ;
2 |k, |
sp®y=21e | .
02 KZKZ
2
oy Pokofs (Gl Kay ) .
i B =B R - -
28’ 2
pke K| K iy *
R =R () = SOl .41 i
\ o 20 T2 2 . : |
2 £ o e
. p B bk, |K, | "3
cos @ < cos (B, ()} = o0 (BB e 3
R, g, 10 i i
' - 25 2 4
5, 1
. 2 g 0
. B b oE, 1K, i k!
sid B, = sin {9, ()} = 222 sgn(K, ) .
. b b2 2] 2) 3 L
Roxp CORE - : .
' 2 e
. ©op B KK K . p
7 b ) o il oyl & e .
cos. @, =cos {9, &)} =522 oy
. . LR L :
NPT NS .- LI i
sin B, = sin (5, &) = 22 sgix, ) — .
4 3 ¢ 28 2 5
o ik . : :
Kpg= k2 -K) .

: 4 o . .
In a similar way, Q, 'may be given from the equation (3.1l44c) for Q, as
. 3c Y bl ¥




Yol @ e 4 2, -1
T K ij (KI,K3)[£°K3 Ky = (ZkoKZ;;) )|

. 250
T 3 kel 3 k2
G <K G+ D)
; - e %
2 w2 e S
+Ry Ry - BT Ry R KT Ry Ky (KJ) . .

.
. p s, . 4
= IRl By 7 Ry By Ky HKp) + 8 Ky (g = Ky D)

1y 3x 3%

+ sz.{ (sz - Kly) (Klyl_(ay + Kl) +K, K, (K iKl")‘”

e X
. sgr:u(Kax) E s )

¥t i

wiui‘ respect to'T we obtain

. ' o
P e ”:gtgr‘il\ﬁ ) e a
G ym £ OB
30 T . .
j el | . S "
. +2 J J J IPCE o 1,»0)|> 4 ‘

ay By=efay |, By
1 v Wy
| 2, [k | <K3<2k K, )
< [P cos gy, gin BIPR, ~cas U, ~sin 8|
£.4 %y, |
. safploe RS A :
82" [ 7 {sgn(KzX)K3 zka S Kzs)]

+ o2 ot
-sTﬂ(l)sl-(Rz) 5

8l + sk, KD £ s, )Y

o duldsldaz ﬂBz .,

(D.42)

= | By using (4.30) in (D.39) and then taking the-Fourier transform

(D.43)
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The abéve: aelqt).un thus gives an average backsém.cema Doppler spectrum

of the third part of the second order feld. This part of the fmld

represénts the case where the two scatterings occur clsewhere on the

surfqce other than the, patch. However, for dekiviiig. the average Erosy

section -Eorresponding to the above Doppler spectrum we may treat.this R

solution as if the third part of the field also'is réceived from the
- patch. ' Then by rearranging and z:omparu\g (D.43) ‘witli the Tadar ranga

equation (4.92) we get the follomug cross sectmn

9533 d) =I5 ‘
. ) - P 3
. 2k:]x2x|<n<2<2kloxz ) % B .
+ |Gy, cos @, sin BOFE,, -cos §_, ~sin 8| Car
> By R L el
. Saz[%—”— fgn (K, K, - 2 —TZL Kphl -
. 2 . 5
2.2 & o 4 3, ’
o O R RDIEREG - k)T ‘ i ; ;
o S S . . ,
o TR ST » . g » .
+ 6 g e (& (erp s (5, )b : :
Y- dugds dads, ' ©(D.k) st 73

where F is the one way attenuation function batween transm::mg point
and the pal’.ch, i.e., e '

F, = Floy i, o . T - . ©.45)




C
‘The two integrals with respect to « and B, in (D;45) may ‘be
evaluated approxilately by folloving the procedure used for similar
evaluations in (D.18) or (D.30). The result isfs follows;
- 4 .. .

O LA J {[F(Eupa, Lol o )

| 3
‘ ‘2k°|l(zx!< Ky< ZkDKz_,

+ [R(R, cos 8, sin 8RR, ~cos 6, “sin wc)lzv

)(kol(lx

))+K‘K1

(Zle KD v .

]1' .

) oy ko
-—————S—(l() 5= (K,) . &
77 v ey (AR e
£D[1{2— (2K Ky, )7 ; . )

6 toy 2 s 0y D! £ sm0 (Y dnen, ©.46)

‘where now we have
Ky = 1K ;

; : : ©.47)

K = [Ell .

&, ',“2"‘.*'52?".
Ryl 7

4 - 2,

ifl (k°+—ﬁ)'z—|(_

The other ‘quantities £.; Ry Ry By B, and Ky are given by (D.41).

D.5 nmm,(vm(ud), 00500 .

The cross correlation function of the first part with the second -

part of thé second order field is defined by (4.89f) as

LR T)Ezb22(to’t? TN % W8

Tt A
e
R =3y < Zan G,

[




e

where 1 and B, ), are given by (4.78) and (4.79) respectively. A_

is given by (4.82). Using these equations in (D.48) yields

o Pge
B =L£‘—°-|F(p,1 o)sz2 , R
512 £ ] .
5 7 o
; 5
. 5 sy D iz .‘P*,,, o v
RE-ORTA RN T ER SR T I o 2 S N AL
o'y Prs
vy
C@adCe 5" . -
(',n')#C¢p' =q") 3 L A 5 & =
wlpimlsmetalpml - )
alptza'selp!] L i

. sa, [Ao.(.sgn(p‘hn)‘(w - 2,1 sa (b (sgn(pV)K - 2%;)) L

Sl >’ug -k, sgn(pHid] H@,n,1,0,4,0)
: (m ,0,p,0) [Kme - zko'sgn(m)im RN
2<n}',ri‘v,p'v,q')([1<§.xp. + 2, ssz-(pf)im. ot g e
< exp [§ Sgalpta) (€0 =) + 3G+ DGe + 0]
) {3 a2 o, - D -6+ 1n R YD)

where | K + and K | are respectively given’ by iZ and K in (4.22) with

(m n,p,q) \teplaCed by (m* ,n‘,p ,q'). By using (DJB) for the average

" . and (0.10) it becomes £ e !
oy v o tgtgro ] ikl
. Ry, ——T——fr(po, 1, 0y
(2m) (ﬂp ) 3
[ : 4 ¥
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P e

P31 mn,1
(m,n)#(-p,~q) 5% 5

~u/phn|sqinga | pra : ) S e
~alp|qsalp]

* 4.2, = . >
) W' &, s, (K, 0

+ Sl (sgn(pm)i s - 2K V1Sald (sgn (XK, - 2k )]

. ((xm)’(uw - K sgnlpra) JiGn,n,1,5,0,9)

3 O DR - 2, sen(pik -« K

‘3 Ql(y{q,m,n>[K§Km EE N XU S

: Qz(m,n,p,ﬂ)([l(:lip + 2k, sgn(p - Ep]'i)*

- H
sem L sl K0, < P - @ &p, =P T S
©exp [§G+ Durl| . . © 7 (D.s0) N
By substituting - ° . . )\
o = BN N gL . . 3}
oy n RN, By= (@t N \ . s i
wpm i, u, =1 o q 4

and then by taking the limits of N and W to zero we get

: Pggrl
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R0 =-EEE0 _re ,1,.00]% s
12 T Gt o o

ol |

|
2

|
i ] 8, () u)s; &) ,0)) :
jo, 8p=msloy| oy Byl 6wy ’ e
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At e
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} 4 <

%3 i
\ S s;[Ap(sgkh)x;~~ 2k 1sals Isgn(x, J&, = 2 11
|

! . ((!_:3)‘[(3 -k, -sn(lk)lﬂtﬁl.ol,éz.uz 3 >
N
+7 Qu‘.ﬁria’"a‘é =" sgn(k, K, - isl-l .
i "';‘,qm(iz'ia’“a‘% =%, ;@“3,2% . i:4’_‘)
R ta(il,iz)i[xlli + 2k, gt JF, - B o
l . e [ ssn(xlx‘xxjp - 1k mclp
|

cexp [§ (u +u )'r]du ap. duzdszdmldmz ) ,/‘ (0.52)
/\_/whare s '

Kl-nlx+E

AL ¢
By =y ma)xt 5y =87 -, K= By < .
G =k 4R, mayx 48y . |i3[ (.53)
The -functions H_and Q,_ are given by (D.16) ghd (D.27) respectively. H
| 3 20 & 5 : ok 1
The function Q,, may be given froa the expression (3.144a) of the cor- :
responding function ql"uter substituting (D.51) and (D.53) in that
expression. The result of this substitution is as follows:
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B % .'2 )
" ij(Klyk.'ix(K + K ) + KIYKJY(Kly +. Kly) +_K3yK1}] :

(D%54)

» sgn(K3x %, 4 s ¢ .
' © The three dimensional wave height spectra appearing in (D.52) may
\ s y : .
be rgduced to two dimensional or spatial spectra with the help of (4. 30)

Then by, taking che Fourier transform of (D.52) mth respect. to T we ge\: ¥

the” following express:.m\ for the Doppler spectrum R
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where H; and A ate given by (D.17). The above solution thus gives an

average backscattered Doppler spectrum due to-cross correlation of the

‘first part with the second part of the second order field. By comparing "
‘this solution with the radar range equation (4.92) we get the currespond’xng

Doppler frequency dependent cross section. Jw e Be a4

(o) = =2
v

812

" sale (agn (i 0Ky - 20 )
.E

zﬂlaz\

. Sa[AD»(Sgn(le)Kl - 2knn

+ Ky 1Ky =k spn(ky )]u (x iEz,m L
1, @ 2 % o
+3 ‘{m(‘(l'i:) [KgK, = 2k sgn(KSx)KZ‘.- K
. . te s &

1 3 3 2 oo i
3 QK RIKEK, - 2%, sgnl®y, ), + Ky

) C e
LRI + 2 sga K - &)

,. exp [j sgu(l(ax}(KJpD -

% g 2w
» ST (Kl,) Sf (KZ) .
Cely t sg.n(l(l;()(gl(l)-i + sgnlk, ) gkt . .
+ do,d8, da,d8, ) ¢ . (D.56)

The four integrals present in (D.56) may be evaluated'approximately
as per thé similar evaluation in"the second part in (D.30). By doing

4 = P
so the surface wave, number vectors Kl and KB become

L
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and which implies from (D.53)

%,-0. .

" Since the mean Level of che surface is assundd to be zero,

s = 0. Therstore,

T2 0g).

s - . sy

ahd'thus B, (u,) = 0.2nd Ry (u) 0" This means that £y and By,
are appra}f’imaceiy- uncorrelated..
S
), and o

4 ey
D.6 :Ryyy(t), Py, 813

g wg)

. .The cross correlation function of ‘the first part with the third

partwof the ‘second ‘order field is defined by (4.89g) as

. & . .
2 - .
B @ =g <y (e + OE (05 (0.58)

where ., and B, are respectively given by (4.78) ‘and (4.80). Using

these equations and (D.8) for the average in (D.58) it becomes
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[F(Bp

Por s vd)'('p cos ¥y, sin yb)r(xc, ~cos ¥, -sin v")l'

< sa I8 (smlpimlk - 23]

B A - .
- sa [ (sgn2pta)k, -
N 2 =, 2ptm

S M, - K, spn(pi) R, 115,0,0)
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Because of tighter restrictions on the sumation'indices m,n,p, and g,
5 craos . &

R 5(0) may be’ approximated to zero in‘the sense of integrals. m

.ppuum:mn is nniln to that usad in the second parf of (D 34) md

vhich may be shoun here as follovs:

by substituting

p, RN, o al-(qn)n : )
4= (2p + mN - ol = (Zq + n)N‘ L (D.60).
6y = iV b ..z'- w

and ‘then taking the limits of N and W to zero in (D.59); the sumations

Bay be reduced to {ftegrals. The form of the integrals may be written as.
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. Reso1: -mlay| <

integrations nay be extended to this point by continuity.

‘ami (A ¢2), (D.61) may be wkitten as

and 8, misst comply wil | the PR

here the intégration variables a),fy) o

set of three restrictions corresponding to the restrictions on simsation

indices in’ (n.59). These nnncnans are

Res."2: * —ala,

|

o e R} i
Rea: 3: 2|20 - e, +028)

cend (0o —a® sy s et e

The restfiction (m,n) # (-p,-q) is not “included in the abbve .set as tlie

By transforming’ (ul, B) and (nz, [ ) to polat variables (Al, B ) y
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M A : X (0:62)

The set of restrictions in terms of the new variables are
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The integrand dlong with the integrals with réspect to X




the restriction 3 becones & om

301 * T

u, in (D.62) may be treated as a { function of s and 4. 1)15 two u\tegrals
with respecc to 0! and E may be evaluated appmxmately by tréating this
Fulietton-condtant over-iheitarrow ranges of § and 9,. Thet is, ‘the

function may be evaluated at E =0 and 7.and ; =.0 and 7. By doing so

[ 2, < 122 = a,| < 2k for (8;,8,) =(0,0) or (n,m)
Res. 3: - ’ ]

2 < |22 4, < zk>D‘ for (6),8)) = (0,1 or (1,0) .

Glékily, the integration variables A {n.{_ iz can not meet the above
restriceion. However, again, by continuity the inequaliies in the
restriction may be,allowed to inciude the end points as well.. Thus the
restriction is met. But then for any fixed 3> the region of fntdgrarion
with respect to A reduces o a set of a finite number of points and it
doss Gt wpRn. Ay CbALitoNs Heglen,  THEEATILY, thE 3, integral is zero.
Alternanvaly, the variables Ay reduces to a set of a finite number of

points for any fixed )'2’ which makes the A mtegrzl zero. Thus we' have

1
Rga(m) =0, . L . ©.63)

which means tha: the fields Ezb21 and Ezb23 are approximately uncorrelated.

This alsc‘ fmplies

Fsl3(“d) =0, % (D:Gf)
or i T L .

913g) 50 . R . (n._65>
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. The cross corrélation function of the second part 'with the third




" is given by (4.82).By using these equations and (D:8) for'the average
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are given by (4.79) and (4.80) respectively.
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integrations may be extended to this point by continuity. In a similar

o6 . i
o= . L8 = Z 3
=(p+wN -, 8 = (23 + ) S D700
wi=iw s wp=l
By u.mg above substitutions and taking the linits of N and W to zero, £8%

‘
the lmnmatmns in (D. 65) and (D.69) may be rldu:.d to mtegtali. “

" Sysbolically, A and B in the forn of integrals luy then be“written as
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