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I \‘ l ’htOl It ( :‘l’lO\

Purpose. ‘l’hii~ rs’1usrl presents a %s ’ uiee r t lis’ors tie r t h e hiat’ kse ,g t t s ’ u i i i ~z s I s ’ Is , Irs,
iula gns’tit’ raslar W j %s ’ s l’roni ~s’gs’ tation. l i e s ’  Ie.i” ie t s ’s ’ hi , i i l has ’  et ii1uls ,s s’ ,l i’ th ud oh’ — i u is ui
lating (lit ’ vegctahuii w itli a rantloin mt’ shnuii au t h  then a’ ahs ’ iilatiui g ths’ scattered s’ Is’s tri,
unag ui s ’ t it’ (‘11,1(1 irs nit the ran shout ,uis’sli tu tu,

Bac kground. ~I the I . 5 . ~rins Eiigiuis’e’r hsp ugra1dt is I ,aborah a iris ’ — , w u erk oh (Its’
pro blem of radar Ieisek~e ’ ,,t teriuig from uiatti ral terraui i suurl’j t’e’s h a —  is’s’,, In progrs —— leer
una,is sears . hlo~s s ’~er , tIii~ work dulf l’r’. Ir’em pre~ 11111— 4% ork Is’, . e i u—u it at (s ’tui pts t ie
,uiode I backseat icr from reahi~ I u s , cx  tends’sI I .s rg e ’  I — ( te rrain) rat his’r I haui siiuup ls’ 2’ I I

metric obj eet~ or sur t’atu ’ s . \ f ter Ihe prohils’ni ~ .s~ sis ’ lit iesl and a l its ’ rat s i rs ’ re ’% s W  ¼ as

I s)rn1)le t(’d, this first work calculated (lie radar baekss’atfr r troni a bars ’ 1roUuid — u n  a s s

w ith only large unthuiaiion~ ~t’ t e r this , the e ’orhI IeIexttv oh thi s ’ bars’ groiuuisl 1,robls ’ni
7% as increase d by adding on small uuislulat iu,,— , l \s ’x  t , lIsa ’ 1erohek’ni 1)1 se ,iI Is’nfl g from a
shightts rough surt’as’c ith a los~ laser w as ~~~~~~~~~~ Ili 177 1 7cr, (Iii’ uiiatlie,natit’al

~iu~~kis tIs’~t is , ps’el for (hese si ( iu a t iou i s  are uio t app l it ’u Iel. ’ II, ras i ar ‘ c a tt e’ r i n g irs cii i  7 1 2 1

tation sir ruil(t iral features. It n ~ s de’cislesl thaI 77 1175’ st ’dh teriuig frs ,tut I 2s’h.,tion 1e re ’

set itesi (hitS tnos( ts)rm isl~sbIe prulelruuu ansi t hit ’ rs fe , re ’ ~ht.iui Itl be attas ’ keei I i r— t  , I
ru’ 1)s ) rt Prt~~~t 1 t s iii s leta il (lie’ ailalS —is j se ’ rftsrii iesh iii ole(aiu iiuig . iu i  a I ) p rsexluui at s ’  Iul , I t hiu ’ ’
,itat it’ .sl tnods’l fur radar ~s~e I t s ’ r iitg l’ruuui %s ’g e ’ ta t is ) n .  ‘I’Iis’ work hi is ’ hiid s’si: ( 1) a u rn’)
sur%es of this ’ a~aila ble Iitera(ure (2 ) thus ’  sIs ’%s’ l(e pnls ’hl t of a tu isnls ’ l II Ir s s ’ g s ’ t a t i s s n

(3) thi s ’ derivation s i t  s ’ s 1uia t isstis for (he’ ras i ir bas ’ kss - .stt e r I s e s ’ I t l I - i u ’ u t h s  for this tum Id
deve loteed ; (4) an analysis of p~ir~sniets’r ~ar ia t iseu i—: ansI (5 ) t h e ’  s ’otu ipa russsi i s it Ihue ’
dt’vt ’ iupi’st th eory with ssn io’ s’x ps ’rti iwnta l data , ‘l’hrouug$iouit this ’ stuck. t h e  X lsatisl
(H GIl z— 12 ( I lz) I rs ’s luseule s range’ %~ s’ml)IiiIsi7,s’5l: Iss ,sse~s’r . Ilis’ III ’ ’7s ’ ls ) Iss ’ I l  s s s l t i l iee u i —
are ie iss , appiis’a bls’ to I’s’ rta iri oth er frequenes regIs Ols . “U(’hI as k aunt kti leauis t — .

There’ are (77 0 dir ec t app li s’a ti ss u u~ b r  (lie results oI’ (lii’. work, ‘l’his’ first a~sp lic a
t i s m relats ’s to thus ’ iuiilita rs ge’I;gra 1)huis’ anals ~~~ $ ) r (e heIs ’ hii . It I— I ise pe ’sl t h a i  I S  re’ Ia I 1112

radar has’Lsratter to a~i ~iplero I) r iats ’ ve getation nuos lel , otis ’ ~ ill he als i s ’ Ice qu antihahu ~s’Is
analvzt ’ and/or s ’ las— i t’s agri s’ iil uuural s ’ r c qes , lurs’~t — , inar sin ’ — . ansi oIlier ~e ’ g s ’ hah te iuu  f rs e uuu
radar rI’Illri1s~ also it tuia s In’ p ss ’ . —t l h’ lee  s ’ s ) t u l ps i ts ’  ~s ’g e t ts t iueut  paralull ’tI ’ rs —uis ’h i  as lus’ ig l t t
s ls ’usj tv ,s ,u uh me ,istu irt ’ i’rom radar rs’ t i i ru i~ . ‘l’Iis’ ktio wh’s lgs’ ut ’ — u n - l i  I araiuls ’(s ’ rs s’tnil s l let ’

ii . ‘t .  I l i t  nor ‘t l j s k—I j ( I s ’ r j f l g  of IIr I- Iromlug ns’ t is ‘7% .01’ — Crsnii a Surf at i ’ S .oni ~l l l~s ’s1 of 1551 I 7 p5’’ . III “ItrI II
iIl!~l1III’~~ . ‘ 

~ ~— \mr. I’ ng ins ’s ’r t o lIogl’a phls’ I .abo rauo rss ’ ” , ( lil t 11111 I~ Ir ‘7 ‘7 I 1(11 1111 5) Hs’po rt I I t..I It - ‘
~ I - I

I ti IoIn’r 19’’ I . ‘7)) 73~ (cr5 .

Ft ‘7 I l I l I l l I r. ‘ I1ae kss’5 u Il ’ rIIl!~ ~iF l I - l r ll u nag u le’III ‘7% .111’ ” lrlefl! a ‘ IIL ’ IIIIt ItsIll all “ 110,1. 1 51 111 5 I .,~— t I 1% ~-r .
I ~‘. ‘7 rn~ P uIglIls’rr I o~sscg r apii i I ,at,se raI.Iri l , Es e r t  hIs’Ivoir . ‘7 ‘7 . III Illill-a l It r iss rt F : t I. i I t -~’ I - t ie , I II l-I’ Intei ’r
i~,rt ‘71 ) ‘715131111 :1.
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i iil 1 ese r l a l l t  il l this ’ lilihit a rs atials t s  551 Is’nr.i,eu ~~I’ l I , j  eI i ua l I Id t
~

a I i % e  wues l s i e .aui Iii ’ st—i l t i e

hl s’ I h i Ill ’ 7 s ’ h se l  raslar r s ’ s 1 l l t r s ’ u e l s u l t —  t i e r  u u t t l t t , e r s  2 5 1 i ~ r.i1,hils j 1i1d~~ ,d It ’ ~~,’ liii’ “ i’ s l . l l l l

a1 e 1eh is ’ a t is n i  rs’laIs’ s It, this’ s ls ’%t ’ h tc l i I l l t ’ I i t  sd raslar i lt iags’ — i i e t s e l . e t s e e d — , ~ I h e rs ’ —~’ itI , i nc a—I

rasla r image “ ,enulat is ’ uu— sb’~s ’ Ite 1e g r.ls t o u t s  ~aiui s ’ — le a—i’ll s i i i se i i  a l i t i i i t s ’sh I i s i ah I Ia I I7e ’ (— t i i i

j t ’ I t i % s )  uui i sl s ’rstauntiiig tel ’ this’ iia lii rs’ oh’ radar rs ’ Is i ru i— . It e , t t s  had ,I e 1 Iu4 I I t i I . e l t%t ’  t h i a ’ s i r s

to t’x 1eh aiiu tilt’ tia tiu rt sit ’ radar rs ’ turn— t hud u s c ln h l ar s ’ ( i  reasscue,lI,ls %% s ’ hI %t t l h i s’x 1,s ’nit ,u’- uI ,
(lien (lit’ gras I s e u i s ’  ~,iItis’ — t oils1 be .ess iguut ’sI l i t ters’ 5) h 5J 5 ’ I 117 ,-h , ~ I —se . l i i i i e l i i i i is ’ u i t j h tiii s l ’ ’r

standing of ras la r st ’ .II ter ing Ire s i tu  s -2IiJIiml wi ll prielialels lt’asi to set h i s r 2 .1111— i itel s s I
t ’ t  s u i t s ’  til l ) h alt ’s I,

I ts ’t ’o rs ’ proceedin g is , thit’ 115 % s lepiuis’iit eel a e’g s’ ta t  nell iiit ,eIt’ l . ii heni s’ I —t i f l  t~~

past contri heut is, iu~ to liii’ . 1e rs c h els ’ m ~ ill let ’ gt~e ’uu . ( .e e i i s p t l s ’ r j t ,s n i  will t i n — I  lee ~ t ’ ,e ’ l l  t i e

Ies thi h i gh .iiiei 11 ,7% fr t ’t iut’ Iit’ s’ r t ’ g t eeh l— . ‘I’iis’ Isew frs’s~
us’tls’s r s ’ g i c c l i  w ill s seue — t—I eel (lie’

“7 Ill” , I hit” , ansi I. letsii s ls : ansI th e’ h i gh freslus’ne’s r I ’ 1 i I I i l— will s - s e i i — t — t  s d this ’ \ . ku. k.
and K.s teansls . ‘i’hus’ 1457% f r es 1 uue u ts -s rs’gion ~sa ~ s t i i s l ie ’ el  f u r  le s e thi a i , u u u i t i i i u i i e a t i s s s ,  at t e h

retutete sensing ptlrptes(’s. \iai ts re’~e’ ,er s’lIs ’r ’~ h ua%e s ’ \ a t u uiuee s h %%t i%5 ’  1e r ee 1ea 1,t IisIIe iii jIli i2I I’’

~nlong t hi s ’ss’ . h’seuns ls antI l.a ( ;rtsl l s ’ ” t’ s e u hisl that iii this ’ ~ Il l” rs 2 u s e l i  (Is’ —— Il i,,i i 2t $ (

\III’i.) thus ’ s couldI rep lacs’ this ’ j ungle’ hes a l s s — — ~ el is ’ Ies’ Iris’ — la b h ta~ ii ig t h e ’  J%’1J1s i l le’ l I  I

Irk s’ uns ta iu(  cc l this’ jung ls’. I lagri ansi h’arks’r4 .11 t e ’ l l t l e t s ’ s i  I ts iiie’ ~t — s i rs’ t h e’ a ’7l ’rag I 1

electric properties sit
’ .t tu rs’ — t , a l i t1 ‘i’atuiir 5 ansi Ttiiuiir a , e s h I ll u si ’s’ —h t II7%IlI hh, .e I  t i l l

lat eral 7 7 3 7 5 ’  plti s s’sl an im portant par l iii 1ne int Is i pse i l i t  I i e l l i l l t i i u l l l  , e t t . i i i  ii, t his ’ j ieul ~I’
fur this h’reslus’uit’v rungs’. In aels ii (ise ii . an s ’ x I e ’ u u — t ~~e ’ I I I I ’ a — , l r s ’ I T I I u I I —  1 e r s l ~~r , i r u l  w a ~ s ,erri. ’’ t

out his this ’ \ ( lantic Research Cse rporatio tt 7 t o  this’ 1 1111 1 I. - ’ Ill l hiai l , cui e l  ‘ l ’ hus ’ r~- —i , I l— ‘‘ I
thius s’ s t t i s l i e ”  ansi others art ’ s uu rui nia ri z s’ sl in ( lie 1ersce s ’ s ’~hii~~ s e t  Ilu’ •‘fl srk~hsp I S I S

Radio 55 sh’tuis iii l” se rs’st t ’si anil/tir \ . ‘gt ’ (at es i i ’ u i ~ irseiim eu il— , ” lii this’ I - he ,e t I I I  re ’~ i seil ,

the lu~~s slielee’trk’ slab uuis’thiod Iirs’aks sisewn he s’ , ait — s ’ III l u u , - I I - ,l’I el ‘1 ,II II - IIII 1 i i  I l l

In t h i s region. Rusenhauun ansI 1 lte ~’, I.’— ’ msesi s’Is’sl a fsIrI’ — l  ~s j Ilt ,l r ,,, is iee iu i tu ie’dI i l l Iu i

eomputesl this’ heackseatiering t us u u ig a sitig ls’ ss ,II t eriutg thi s’s ers , i t t  l ss ie i j l i s eu i . I In hO Is eu t i

I). J. Pounds, and ‘7 . II. l.a S.rone , Considering h’rpsg Ie’getation as an Inipe’e’fee t I) us ’ks trcc ‘Sale , I Is. SrI ’ ~l ~~I~~~ l-

neering Ite’ss’arrlt I ,all or atory, I l I l t E r — I l ’ , of Texa s , ‘ 711—I III ltrporl 1,.55~ ‘7Ias I ‘55, 1.

i; II - I dia l - arid II ‘7% , I’arks’r, 1- l ’ ass i,ili t ~ .‘itu,Iv E~S5 SIll’ 1 11 111 (.Jprsa II irs’ lransmu.sw,e 1 1(11” , 1 a;sac ,tt,ts ‘I,, .
(:aIIIII’s to %h’asurs’ She Electrical l’rop.’rii.’s of I I’gI’ f ,sIIo,I, Staiifs e rd Its’—s’a r, Ii I l l—l I t  iii s’~~ i”s- ’a I I • s Inu s-al
Ite’porl 1:1, ‘7 ugll—t I 11(1(1

I he’ slors’ ‘t ’ iunir , ‘‘( lie Radii, ‘7% 50’ Prii~,agat 1(111 III I- ..r .— I I l I t  Ir , , I I ITIS ll i — . ‘‘ Ii I- I- Tranaas’lis,ns ,ni inl.’nna .. und
I ’7’op agation, ‘7 ol ‘ 71 1 1 5, \o I,, \. It 1 111 I.i’ r I ‘1(1

I) , 1)1 11(1’ , atid I I asnl r , ‘ ‘ It.I,II,I I s”.— of I,iit e’ ral ‘7% .111. III I l I r e—I I- il’, I r I , I I I I I I I I t— Iladi ,, ‘ I 11 (51 I’, \ll I - 1 111,11

1 511 4’, s itu IIaiI~’~ , ‘I’rop (cnl I ’7’op agat ion Rs ’.sear eh, I’ inst Repori, ‘7 selei ,ns’ I - I ~~~~~ n- . r.IIii I S.- 5 1 .eI mIld Iii ‘7 tI,nIIu,
It .‘“s’j r,-h S orp<erai Ion, ‘711’ xanslria. ‘7 ‘7 .  I 51,6553 18

8 , 
~ ‘7% al t, It, hi - t e ll , ,lIld I - I i’ Ife r , ( I’ sIutor~ ~

, II slrk.4h(q) s,n Radii, ‘s- cfrnis in I ,,rech’.I ti,.,! or I -
~~. I’ ll ’ d

Fus i rmensents . ls ’ s IInu-t-aI lIsport ~s u . ‘75 .1 - ‘ \s 0 I -r i, Fs’Ieru a rs I 9~’ I

s~. ltsna’nlnnsni. 51111 I,. ~~~ II . ( .IIithi’r R,’ tllrn friIIll ‘7 ,- ‘,~, 1 11 . 1  ‘7 r, ,~— II I I Tra,IMleSi..,ss (Iii ilII ~~ll~ ltl.s I I,’!

Propagatu~n. ‘7111 ‘7 I’ 22 \o . 2, \lsrs’II t ‘ir I

I.i’Ji’ ri I Iii lta c’Is’ig is ,Sra tts ’rin~ froisa I , ’a I l l , “ I I s IIII III t i l i l lu r t  \ ., I - I Iii’ 1 11111) . 1 , 1 1 ,  I IlIt-. r’. I t% I 1,-I Ir~ “, 1 1 1 1 1 1

I,aIeI,rals,r-’, , ~ I lanui , , r’ ,  I

_  -~~~



1e u tt ’ e l  this ’ h{as-lt’ighi ss’a(te’rt tig Irsitit a lurs’ st oh’ I, ~~~~ s e t  ari,ei(rars ee r t s i t l . e t t ue i e  \et

s’ xat i i i t ia t is en ui this’  h i t s ’ r , e t i i r s ’  iii ills’ hugh lrs ’s ius ’nc ’s re gIm en ~b t . , t s  t ha t  ~s’r% l i t t le’ Ihts’e,ru’
Ii, ,tI wo rk has is ’s ii s l s nts ’ , ~ I th i s -i’ lti ~ lts i frs’sh si s’t te ic ’ — (Iii’ c’ l Ie’e t” s e t  — s ~c II s i i u t g  Is’ s .eutis ’

‘,e’r% iiu ip s’rt at il . hit fat ’t , it e - . s e t Is’ sh i l I 7% it (heal tlit’ “ 1112 15 M’atte’rihug l h es ’te f s sit  hts ,M’ll-

baum .In i Ituu ’ , t  I , —  t— l ime lseiigs’r , te le ’ s 1 i i , i l s ’  — d u l l s’ It ui i l l i h i ie ’  — s a l t s ’ r te ig  e’fl ’t ’ m I— ls e uhiiI’

iun1is irtais t , Rt’c’t’ntIs , I (ost ut arni l’a’a kt’ aI ts’ ui i h e l * ’ s i  Is, ntissls ’h a ii ,rcst iii (lit— lri’qus’ut’s
rl 1lI i t t . I h i s ’s Iacs,k Iul tihh lele ss’atls’ritug iut l o as s’ sstiui t les re ’eh sts ing t I l l -  t h i s  Lii ~~— — sal this’
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this ’ slifi’js’ii ltis’ ’. s e t ’ thi s’ die Is’ r ieil t it — Iel —e ,It i liseui . we’ w ill s - l e n— i c Ie r lies ’ cbs - Is - I Iris’
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c I i t ’ t u ’ i t r t e ’ l - l l u I — I . t I l l  — — c etu t e ’  ,urle ilr.urs l’ti t tt ’ Ii e ,t i of litre’s’ ti i t sli ialls jem ’r 1 s ’ii eh ie tt l ,- e r ~.jiatual

s’ s , . ’ re l i i i . t ts ’ .. ‘7’7 s ’ 7% i l l ilse7s rt ’1 tl,ua - s’ h is’ I s ,rs ’ sI w i th u a rj i ieles tu i iiim ’shiit iii u t  7~ h ie e ’h i s , ([) I—

gs’ii s’rats’sl les .t r . i t t s i se u i i  1 e r lee s ’ —— hia~ i itg t his’ ‘alum’ iuis’an. i~~ . a iuc l —t .e iisi.s rs l ei s ’%l at ime il .
js thi s’ siri gitial ft ) rs ’st , ‘I’ ’ 1st’ 1ui ’ i t h e - . 74s’ will le’ I
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(I)

s’,his’rs’ i,z(r) js a “ (a ( iu i i t ,er \  r a t t i l se i i t  1 e r ees e ’ —— w j lhu ts ’ r eu iuI s ’ ,eiu ,nid itiiil ‘ , a r t . s u l i i -  ‘7, s i i t i p le ’

s’ak’ttlatisni ~hio’,’, s that

<€ r ( > . ’ E i

< 
~~ r (ti - = 2 (.1)

~s t t t ’ r t ’  (lit’ ter as ’kt’ ts art’ t ’ s(’d I tt  iticlj eats ’ t his’ 1lr(I( ’(’ s— (It t . t Ltul ’ 1 a — ( . s ( i — 1 t  ,tI a7s ’ rags ’ , (us

atlel ilisui , it s~iIl lee ui u ’ ,’t’ ssars to Jssiliil s’ ss e il i e ’ s ’s ,rr s ’ Iat ieeti itti is ’t iteti , it(r — t’). I~er p( u ’ )
‘l’his’ sI-s ’ i’iiuition of this ’ s ’ se rrs ’ la h i t eu i  f iuu ie ’t i s ,t i e - ,il t les ’ s tat s ’ s i as h’sel I, I’,’ , —

< p(I) R(r ’)> I t ( r - r ’ ( I )

The correlation function lt35 (he property that it .epprl )aI’I ts’ s /.s’r , as r—r ’ aj Ipr u ,~‘-h. -

infinity. ‘l’ his ’ corrs ’ Iatiouu slistunes’ (
~ r vterrs ’Iatioi i length ) is this’ e l i i— t ai u s’s’ at Ill ’

H — r ’) sls’t’rs’ases ~u ~~ t ime’s it’ maximum value. \Vhis’n (he correlation uttns’tis,n t —

direction tlepen(Is’nt , ths s’ti tIn’ t’orrs’latisen function is csmsideres l i t s  lee anisotrop is ’ . If
the corre lation function Is irusls’pt’ndent of slirs’s’tion, th ia t is it sls ’ peuisls set uls on I r— r ’ I.

then it is considered an isntrtepis’ t’urrt’latitni fiint’(jt,ii 1st gs’st s’ral . the (‘tlrr t ’I,II tI l l

length is a measurt’ of Ibis’ avt ’t’agt’ s i / l ’  s it ’ (lie 1,artit’ls’ s iii th u s ’ ra i i e l s et ui  mesiiium.

The s’s n is l us’t i~ i t s  in ~s ’gs ’ (~e h iss i t  will also ba rs frseni point to p0iu1t~ Ihew s’~s’r .

the variations in t ’se ti t l t i s ’ ( 1% i ts  ~he e uld not product’ major s’ufe’s’ Is at the frt’queiis’is s s d

ititt ’rest , h u e  major e ’l l l ’l t me l t ’snis liis ’t i~ it~ is I t —  a~~ ’r ag s ’ valtis ’ . O~~, whiit ’h his’l ps a t t s ’tt-

uate this’ wa~e’ , 



Itt’tore ~l r t ls ’ t ’ t ’ ( Iu I t g  151 i t i s t t i ” s snun’ ~d th is’ ts ’s’hiii ’ts~tts ’ —. that s’ali l,s’ i t—c - u i  t ,e , .e l
m ’it l,els ’ h is’ lia~’Lss ’at (s ’ r t ’ s et ’ t  lt i ’ t s ’ u t l  , wi  i— hia ll m’tahui pu(s ’ ‘— set tee Is ~eu1’al ~a , e leie ’ . s a t  , 0 , 1511 ( 1

t I l t  a sl s ’ s ’ ie l i t se t t . .  h’s s rs ’ —t , Is s ml s ’ I s ’rtii iuit’ thee ’ se rs ls ’ r set ’ tt iagt i i t i iels ’ of t i l l ’ — . - h,arai i ie ’ he ’ r_ .

~ i l l  ,S’.Ittu tI’ a h’iers’ st itta els’ iu~
e ccl ’ Is ’~~~s’ s altnts’ . Eac h leaf 77111 i d ’  ,‘ ie i t . u i l e ’ r e ’e I  lii hem ’ j

rs’s ’ta iigtt lar ss el j sl  it shi .ilet’, 741111 h is’ mI I i i i5 ’ u i — j sSui ’ ~ set ’ w x ~,- I, ‘l’lis’ (I i t t l l ’ t l t l l t l —  s,I this’
s’ii tirs ’ forest 77-ill las’ I. ~ L x I) , ‘I’iit’ spas’iiig is ( ’ t 7% s ’s ’ t i  Iu’ .e7s ’ — iii h is’ hteerizou tal ll tr s - s - I t l e tl

t lz ~7 h u e ’  this ’ spa(’itig ill (his’ vertical sl irt’et itei i is a. ‘l’his’ 5 ’ la ( j % s ’  ito alt ,-s~uti p ls’ x slides’ ’
(ne , 

~ a ~~~~~~ t ius ’ui Ice t ’ se ut i ieu t t ’el js

\ \ ~ + % 
5,

= - — - —- --- = — j (o /s ~., ) (“ I )

~s bert’
= %‘ ultuhui s’ o h’ sins’ ls’a l’ — 7~ ‘. ~ ~ t .

total tttunil ,t ’ r sa l’ Is ’ases itt this’ l’orm ’—t

rt’lati~c s’omplt’ x tlii’ls’s’Iris’ s’ouis tauu ( sil ons’ heat’.
vt ,lutt i s’ oh’ thit ’ I’seres t whu is ’ ht  is .adm ’Is air,

e = rs’ lat ivt ’ dis’h’s’(rj r esni stat ut tel air : I

(his ’ (se la l vse liums ’ set ’ t lts ’ l’e ers ’ st I. x l~ x I) ,
-~ radian l’ r s ’ s j u t s ’ i i s ’ s

C Fes ’ r nhi t t i v i (y set ’ trt ’s’ s1eas’t ’ .

F’inditig (lit’ tlielet’tnic constant 01 (ca’~’s ol ~ t is  (‘,‘ pt’ i~ uIiflit’tiH to u s , , si l ls ’ . ’  s s s  hittIs ’
s iata has les’s u silelainesi. ( his’ of’ the Is’ s’, reliahils’ sotirem ’s asajlal ” 7% ‘s iiss’sl, i a ’ . Rrsiael.
hursO6 who tnieasuirs’sI (his’ t’setnp ls’x h) t ’ n i t i i t ( is1h ~ s d ’ (uli }e tree ls ’as~ ’~ anti ha ratis ’hu s ’ ” Ion
a broasl rangs’ s it ’ frt ’s ;tts ’neis’s , 1 m m  h i s  slata , ~ s ’ litid (Ilat iii the \-bansl region. (Its’
relat ist ’ complex ~)t’mnt1(t1’iiI~ uI tulip trs ’ e ’ hm ’~is I’ S is approxiunatels- 40.j 1(1, 1 s l u g  th is
s-alur along with the fohls wing params’ters. 77’s’ 5’ ilI i coinputs’ 

~ I
I .e t

I. = 15 usic ter ’.

I) = 3 riit’k’rs
7% = 4 ‘ s ’ u t t i u t t s ’ t t ’ r - ’

= 11.01 s ” nti met er

ii 4
a = (1,3 nit’Is’r

40-jl () = 

~ 
_j e~’

= 1.0

II, 
~~ ~, Broad ht i rs i  ,Comp lex Dü’h ’cirü’ ( o,satant and J)i ,cipolion t’ace,er of t’olü~ e, \at ional l$uirs’ati of Standard,..
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Ihis’ss ’ parai iis’ts’rs art’ c’alt ’ulatt ’si aiiti 1elj s’t ’sl j ut this ’ a lscc ’ is ’  s’e h iidt i ec t i ’ .. w e’  s e l a t a i i t  I’ser ~

‘

I .003 — ,j (1,1)0(18

(ii a similar mauuuter , liii- ‘i ariant’s’, € 2 
, sat ’ (hit’ real le~

rt  t cel l e,l’ the ’ I I  clii j e ls ’ x Ies’rniit Its it s

of ’ tIn’ h’ors’ s( of’ ls ’asm ’ s san be s’tilut puts ’sh le s using this ’ l’sal ls ew ii ig e ’s 1s ia l i tan t:

~~5. \ ( (€ l.
’ 

~ € * \~ (e~ ~ )
2

( 2 = 
i

~~~~

__

~~

_ (6)

It’ ills ~ data given aheos r is usesl . 2 can be s’asils t ’a lt ’t i lats ’el Is, gis s ’  thi s’ I sallow itig s altis’

= 0.126

‘l’Iit’ s’als ’tilat es l ‘i-alum’ tel ’ c~ agret ’s ss i (hi this ’ ops’iu w irs’ tr ans iuuis si s n i lint’ rs’ ’—u l Is prs’sents’ei
(es I lagn ansI Parker. ~~ It s an lit’ ses ’tt that s”i-e’ii thought ç - 

I ’ s s ’ r s ’  largs ’. (f it as .‘rage ’
tiit’It’ctr im’ i~ ai eieroxiniatcly tine let’s’ause oh’ tin’ small 1ee’ret’ntags’ of this ’ ts a ta l volume

that (hue least ’ s occupy,

~ iors’stt’sh terrain 77-ill is’ niosleleel IlS a flat earth t ’tes ,‘rt’s I its a slab s f
ratit lotii metlium. h’his’ ranelsuuu nis’s Iiuiuui is ci s ’ s m’ rileed his its siiels’etnic ‘i’ariatiouu gi’is’n b
equatiout (I). \ plane w ays’ from irs’s’ spates’ is assuntus ’tl It) let’ in t’ it ls’u u t 111)011 th is ’ slab at
angle 0 with rt’ s 1e s ’ s ’ t i t s (hi m’ nsertnal . ‘l’htt’ objective thieiu Is to cafs’ulats’ (lit’ faackscattt ’ r
l’os’ffleit’ti is for horizontal ansi st ’ rt i s ’aI polarizations. Th is moslt’l of t u e forest can lx’
sirn phifieml further w his’n tius’ Irequens’is’ s of itut c rs ’st art’ \‘Iaansi ansi ahti~~’. Its’cause of
th u s’ avm’rags’ hess thus’ to water s’onts ’nh and losses slut’ to multi ple sm’atts’ring, this ’ i uum ’ u ’
slen t wave will be compls’ts’ ls a iesse r~es ’s I in most s ass’s bt’fomt’ reaching thus’ ground. As a
result. ss c can neglect (Its’ s’ffect of thus’ grs untl anti assu ins’ I hat this ’ leas ’kscatter s ums’s
sols’Iv from the fore’st nuesliurn. Th is is equi’ i-a lt ’ n t thut’ui to ssi lsing (Its’ problem of a
plane wave incislent upon a bali’ spat’s’ of ltesss random metlia, A niitnbs’r of tet’hniques
will be briefly t liscusss’s I (fiat s’ould his’ used to cahs’ulats’ thus’ backse’atter from a ltisss
random half s hea rs ’ ,

Single Scattering — Born Approximation. h’hiis ls’s’huni qus’ 7%_ as outs’ of thus ’
first to lee used for thus ’ s’als ’ulatio ri of scattering intern ratuslom media, I3asicalls , tlu s’
unt’th od entails slividing the ;catts’ ring rnt’slktm iiuto a large number of individual
st’a tteriuig elernetuts, ‘l’his’ st ’att t ’nit i g from each s’ lei uucuut is computed separatm’Iv anti
in slependentls from all oilier eleme’iuts , h’luen, the total scat tered fis’ld is obtains-si bs
adtiing thi s’ fields due to t ’as ’ lt In(llvitiual scattering element. \lathematieallv . th us’

I 
~~~ II. Ilagn and II, ‘7% , Parker , Eeasibili*y Study on the 1~w of Open’Ji ire Transmission I,! net, Capacisos’s and
Cas,ities to Measure the Electrical Properties of I’egetsition, Stanford Rs’ss’arc h Inst it ute . Specia l Technical
Rs’port I 3 .5, Ij utnI I ‘)66.
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Ierolelt’iut iui’i-oivs’ — an integral s’quation fser tlis’ ss’.ttt s’rs’si field , iii ts’r u ii— eel this’ (satah iis’lel

(in citlt’ttt field plus st’attered field). ‘this’ ss ’~ t h s’n’sI f’iehsl is lIbin tlts ’ nuhs’gral i — “e ’ l  e’e1ual
to zs’ rsc in ortlt’r to detain a first ap~ers ix i uii atis cut . This’n this ’ it is ’ it le ’t i t 77 ass’ as- I— liks’ a

sse urc t ’ t’ser this’ scat ts ’ rs ’sI ssave . \\ his’ti thit’ s t a t  (s’ring tuis’diutti is Is e ’ —s , I hisass ’ s’ls’t iis’ti I’ I .tr
t’nuau gh irsme Ibis’ surfac e’ st’m’ alt ins’iels’nt fis’lsi 1 hal Is highh’ att e’ntjalm ’el, \ — a rs’siil I
their contribution to this’ baekscatts’rs’tI fidel is small. h”ser thi ’. rs’asseii , this ’ ‘ ie’gs ’tatita t i
las-s ’r appears to hiass ’ an t~quivalt’ui t thiickns’ ss f rseu ii wh iis’hi uii os t of th e scattering ea u ’ e ’ ( t r— ,

since this tet’hnis1us’ e le is ’ s not s’snisisle ’r mu lhip le’ ss’at ls’ring s’lfs’s’ts and is l i t u i i hs ’s I  to

media that art’ slight is randonti . th at is ~ I . it was els’s’idt’sI itta l to s’~ j shen’e th i s fs ’ e ’ h ’
nique’ auis’ furth er.

Niultiple Scattering. In this ’ s iitg ls’ sc ’atteri iig t ius ’t htoel j its l  eh iss ’ ust — s ’ t h . this’

randonu nuesliurn was broks’uu up into tiiauus- tuuu (ually iuisIeps’nslt’n( sc at ts’rt’rs, ‘l’his’

assumption of nuuttu a l insis’petislencm’ amoiug ss’attt ’ rs ’rs 15 in gs’ns’ral n i set valid, ali(i otus’
nutust t’sinsisIs’r (his’ coupling bets’ it ’s’ui ss’atterers. ‘I’his ntiutu al eteup litug s’aui las’ ac’s’snituls’cI

t’or It s iuisliislitug in this’ ieaekst’atters’d fiels! (‘s it it ributiotis fronu 7% ass’s that h av e bt’s’n

scatteresi nnors’ than sneer. Thut’rs’ prs’ss ’uit ls- m’x is t s Hiatus’ ms’t h iset l ’. that s’aui hut ’ uss’tl fsar
cals’ula(itig this’ et’f’s’s’t of itiulti pls’ ss’atts ’ritug . The as’s’urat’ y of s’as’h methuosi anti its

region of sa (ieiit art’ questions of ,‘urrs’uit research ansI have tis it beetu t’snuup ls’ts’Is

rt’solvs’d to slats’. ‘7~ laris’ f oittlins’ of each methosi will be gi vt’uu iii tlis’ l’olls witig para’

graphs.

Scalar Renormalization, This’ total fielsl m u th e rantlsam rns’shiuni is s m ’t s’sjuah

to the sum of a coheren t niean wass’ anti a sm ’att e rs ’sl wav e ,  Twsi s ’quati s euus art’ tls’riss’d
from the scalar w use equation that allow for approxinuats’ sulut iouis s)f tius’ ms’an w as’s’

ansi thus ’ ss’attert’sl was .’ . Th ese tw s t’quatiouis art’ referrt’sI to us this’ ms’nuomnu ahizs’tl etlua’
lions for the mean anusl scatteresl ssa’ies. ‘l’Iis’ solutioui fsar the ss’attt ’ red ssa s s ’ iuus ulss ’~
thus ’ nuus ’a iu ‘is as_c , anti so this’ unearu wu%’t’ must be .‘a ln’ulatesl f irst , In fas’t . this’ m ean ‘is-a ss’
as ’ts like a sours’s’ tm’rm that gs’nerats’s thus ’ ss ’a t ts’rt’sI wass ’ . Thus ’ s s ihtu h isiri of this ’ s’t ina(ions
for thus’ ms’an wave will leash to a t i is ps ’ r s is ) u l  s ’ m i uat i o u u .  This shispt’ rsisitu s’quat iouu . ssh is’t i

els I’ll . ‘is ill s it’ll atu t’ffs ’ rtiyt ’ dis’ It’ctris ’ s’uuu sta nut for (hue rns’aui was s ’ , Thii-’ s- ffs ’n’t is m’
si it ’ ls ’ c tr ts - s’sj nsta nut 77111 let ’ s’Iimp le x s ’se ru if this ’ rns’an s ’otus luct ivits - ill thus ’ rauis leiuiu
rmu es lii i rut i5 zt’rs , Thus ’ in ts’rprs’ tatioti t hat Ii as IIs’s’u i 1)laes’tl set i lI t is is I h at (his’ I nuagitu ars

part of thu effs’m’ lis s’ sIis’ls ’s’ Iris’ csit ustan( arises frs)nu mult ipls’ s.’atts’niii g s’f ls’s ’ Is , Tiu ns ,

nuiult ipls’ su ’a ttt’ning is s’senusis ls’rs’s l whieiu the scatters-si ssass’ is e’alt’ulats’tI. T’us’ ut ikius iss ii
factor iii th is ts’chniqus’ is 115)7%’ rnus’Iu inultiphs’ ss ’at ts ’ r itig is rs’alhs- s’si uisisis’rs’s I. ,~ lsse .
this ’ se ’ahar approach s’ an utuo( a l lt ew ptilanzatisni efft ’s ’ts to let ’ m’ousisit’rs’sI. Iii t rehm ’r to
I - I , It s is lc r  polarization e’ ffet ’t s . otis ’ ‘is-mild huas-m ’ It) tsr a I’l - I sir ss a ’im ’ s ’t 3 t u ati m i i u ansi let’

c ertain th at thus’ rs’al causes uif sh’psilari’i.atioui art’ iuus ’ lit s ls ’s l iii this ’ ss , I tt t iss i u ,

Vector Renortitalization . This’ approam’hu taks’ni hu t ’ rs ’ i— siu uu i la r Isi thu r se’alar
re’nommahi’,.ation apprsiam ’hi . m’ xI ’m ’ p t th at ho w  at s-es ’ t s r wa ss ’ s’ehliat iot i is csitusith’rs’si ansI

~ 

-‘
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tlt’ps)Larizatiomi (s’rutis sa n lx’ ole(ai t ie ’s l . ~~ ‘is i lht this ’ se’ahar ap~ rsaas’it. a s i t s hX ’ r_ s l  I t t  5’~l1tJ -

ti omi is (chetaineti . ami sl ant e’fi’t’s’I iss ’ slls’ls’s’tr ie ’ s ’s eti s lum t l is feas insi. \ e iw , h te iwe ’ ’ i e ’ r , thi s’

effs’s’t i’i m’ ehis’lt’e ’Inie’ e’sanst.in I turns teit t te a he.’ ~ 3 b~
- :t uiiatri ‘, ( Is ’u i ” sa r )  ‘is hls’re’as i t t  Ihie’

ss’alar east’ , it is a ss’alar. hhe~is’ alls . Ibis psnuits se l t (  that w e ’  ars ’ re’p las ’ tn tg  Ibis’ ra nslee nt u
uuiedium us ’ a sieten iuuiiuist is’ anissalrsipis’ iuis ’slisuni. Flit’ e ’ l s ’ tu e e ’ u t  I — me l (his’ elis’t’tiss’ e h i s ’ I s ’ s -  -

tric tensor arm’ f s ) um ie l ts i imiss elv s ’  this’ s’serrs ’ la ( isemi iunus ’t isnu saf this ’ ramt s lsa uui muie’t iimint . ‘l’les’
tin-alt wave is theui ctsmputs’sI, as in th us ’ scalar east ’, Its ilsluu g this’ seihi ticiti front (its’
slispersisni t’slulati s)m i. ‘l’ii s’ st’ .ulIt’rs’si fis’lsl m ali th im ’ui let ’ e ’~ ls - ulats ’ el Its usitig thus’ ss ,lt i t iea m i
(‘or th e nitrate was-c. ‘l’hii s tt’ehniquts’ ‘is as this’ one eluuss’ti (se n thorough unals sls . and it Is
thi s’ uu uai u i —ulejs’s’ t of (his rs’sI t el th i is rs’heort

Oth er Tet’huniques. A nunuber of other Is’m ’Imisjus’— e ’ x i s t  (hiat t c ould lx’ a~e~iIie ’e l
I.e this’ s- s’getatisni probls’m. ( )nus’ such ts’ch ituiqus’ is thi s’ sliffusis iut nmt s ’t hit it i . Th is ms’the,ei
ili’i-oh’i’es sheris-inug atu esluatiomi for this ’ probabilits s ls ’ t tsits futuction of Ibm’ fle’IcI’s amj ili’
tu sle arts! phase. Once an approximate solution tsi th is s’quatitni h as brs’tt ob (aatis’el. tin’
radar bai’kscatts,r coefficients eaui be readily computs’d. ‘l’hiis tec humii qus’ hius Is’e ’ue
success fully carried out in the one dimerisionual case,t8 I..~., (Ii.’ s’ase whe re it is atssU m it t’ s1
that thee dielec tric constant varies siniy in ott.’ siires’(iotu.

Two othuer techniques that couhd be usesi art’ th e ratliative transfer rtis’thit,ti

arid thee discrete scatterer technique. T he radiatiss’ tmansfm’r techunu i qut’ is at phuenonn’mto.
logical theory th at attempts to calculate ittleuts ity using th is ’  assumption that Ilts’ 

~~~radiated from individual scattering regions aslds incofierent is. Alternatis-s’ ls- , this’
discrete scattere r technique makes use of t h e  far field rasiiation chiarueterisl im’s of m cii’
vidual scatterers to obtain backscatter characteristics fur a s’ohls’ction t)f thus ’ ss ’ ss ’attem s’rs .

.-~miother tes’hnuique is computer simulation in ‘ish ii chu this’ ss’attm-resi h’51’i”’1’
‘is-oulti be conuputed by numerical meth ods for niany tlifferent sanup l.’ saI nts ’s of the
mantlom media, The mean value of this’ scatt t’ res i power fme r (lie t’nsem(ile (‘t )tt lt i thu et u
lee cumpu te d from the individual samp le saInt’s.

ANALYSIS

The ‘it ’s’t or renormalizatiot i ah)h)r(ias’hl t ’Iuost ’ni f e r  attahy’~is i t i  th is r m ’ f sna r t re(Juir(’~
shs’Iinuing this’ gs’unuetrv of this’ SI Lt I t.’ning ~.roheIm ’nu i at ue l this ’ af e pro~ inuate Ssil u tioui of ‘is ast’

propagation in a random ni.’diunuu of i t u f i n i t s ’  m ’ x  (cii t in sermi s’m to slenise t’t1uatiouis for thur
t a b ulation of horizsnutal alit! ss’rtical ps)hari’Iatis)ul heas’ksm’alts’r s’e efficis’tuts, I-~tp iati tiuus
I 2m)) anti (1 75) arm ’ thu.’ final nt’suits of all thus’ eleri s -ati snus imu thus’ follsiwinug paragrap h s .
mu usis (s ’ r  the proldt’uui of a plane t ’ Is ’ s ’  (roma guuet is’ ‘isast’ iius’iskn ( t)h(is 1tus ’I\ at au au ght’

from a irs’s’ spars’ medium (z > 0) e nu to  a ltmss s ra n t l u enu u mui s ’ t hin u u ui (i. < 0). This ’ gs’mems ’-

18 
~, II . Lang, “ProbabiIit~ Densit y I” unct is nt ar id ‘iIoments of (Its’ held Ins ide’ a Onu’ .I)jnuus’ nsjonal Random
‘tedium,” Journal of Mathematical Physics, Vol. II , No. 12 ,I)m’u’,’mber 19T:u,
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F tr s set’ thi s’ prsthletuu is shiowut in figure I

k0 =~~~~~0~0

C(L) = c~, ~ r ( -EJ = 
~o ~ a +

Figure 1. Scattering Geometry

Thur hussy random medium is characterized by a dielectric, c (L)~ wh ich Is com posed of

the sum of a ratudorn part and a nonranudomn part. The nonranudom part. C~ €~ is equal

to the niean of € (!) . The random por tion comes from 
~ (i), 

wh ich is generated he y a
stationary ransionu process wit h zero m,’anu and a variance equal to one. ‘f lue objective
is h O W  tti obtain an approximate expression for the backscattered far field iii this’ upper
mfle(iiUmfl . ‘l’huis field can tht’tu be used to computs’ the radar backscatter coefficients .
lii order to m’onipute the scattered field in t he upper medium . one has to first oblain
an unuders tansling of thur nature of w use propagation auud scattering in a ramudom
mneslium of iri f i mu its ’  extent. This will be done usimug the reuuonm nahizatiomu formulation.
The mns’thiod of renorma(ization was developed in detail les Tatarskii ansi ( ertsenshtein.’9

Tht’ 5’ ht ’ . ’e n c ’  (E) ~unumi nna gns-t ic (II) l”iehds jut a raneloun uiuesh iuiuuu m’an ice’ relate d liv

~hix ‘iss ’J l ‘s equations in time Iiartnoruic forni. ‘l’he tints’ huarmmnu is’ s’aniatioui ‘is ill he.’
I’) 

~ - I. I’ata rski i ,  au isl \I. E. ~~‘r t ~s’ t t sh tm ’ i r t , “ Propa g ati ono fW avesi na Medium withStrong Fluctuationsof the
Rc’fr as ’ t is e Iuidc’ x ,” .S01’ii’t I ’leysics Jl ’~

’ Tl’, %‘oI, 17 , No, 2, August l96 1,
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t ’xp (jo t). ~\ e’ ‘is ill assml t i is ’  a rs ’s ’ta m iguul ar ( 
~~~~~~~~~~ s ’s na rsiintat .’ ‘.s ‘ . t s ’ u t e  Isa hat’ i,nhis’slshs’sl iii

ties ’ rami s lse m ti t uues i iun i s e t ’ it t f i ui i (s ’ s ’xts ’ r t ( .

V ”  I -j ~.’p0 U ( 7)

V ’  II °~ 
t +j ( I.)E(t)L (8)

C(r) C0 ~~~ 
+ € p (L) I

‘h’hue hitis’ utidt’r a ss nileul ‘is-ill let’ uss’sl t se rs’prs’scmut a ‘is’s-ts ar e1uatili (s . ‘I’.ikinug thi s’ u - t i r l

sit’ (7) atisl using (8), titus’ hias this ’ i’o lltess j u g  rm’sult

V xVx L-k2 L Is~
2 C p(r ) I (9)

wh ere k2 = - i ta)~~ a + p C Co a 0 Si a

k 2

Equation (9) can also lee ‘is-n itts ’ti in siperatsir nusetati umu us i’olhs i’ iss :

= (10)

£~~~ V x V x  - k 2

= k0~ C • p ( r )

We w ill now assume that the total s’ Is ’ s ’tr is’ field (E) in the random niesliutfi s’atu

written as the sum of a mean wave and a scattere d wave ,

( I I )

<1~,> is t he nwanu WaYs’

is thur sm’attered was.’

()heviously the mean of E is ze,ro. hi s t ’ iss ’’ is ’ r, thur nut’anu of h” ‘ i-~~ ‘is- ill uu s et let’ z e ’ r m e , ‘I’him’
star indicates taking tht’ complex conjugate. hiharing .‘ m hutatis nu ( I I )  into (10) ans I taking
tlue average of thur resultan t s’xprs’ssioli will gis’s’

£ <~~j >=  <fl’ > s i n u s ’ s ’ <E > (I (L!)

10
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\‘i. lus ’ m i (I 2) is — t i hetras’ (s’si t’rs em m t ( 10) ss e m ast ’

£ ~~ -< i:> 
~ 

= ~ E - ~~ F > ( 13)

I> ,  ~ E - ’~~~[-.> ( 1 4)

~ = C~~ ~< E >  + £~ I~ F - ( IS )

lits ’ ittvt ’ts s ’ ohuerator £ t aut in’ wri t t en iii ls’runs m e l ace i t i t i t uj t e ’  s~e ae -e ’  t is as h is’ ( r s ’s’t i ’s
l’unctioui.

£~ ( ~ 
( ) ‘ l ’(r .r ’) s Ir ’ (Ui)

whi m s’ sIr ’ = el~ ’ils ‘ mhz ’

I (r, r ’) is Ut.’ inifinite spas ’s’ sls -as iis ’ ( ;~~~~~~
‘5 l’iins’t iomi , ‘is hus ’ rs ’ (lie siseuhels ’  line (littler !’

r t s t ’ s i  to indicate a dyas iis’ . ‘l’hts’ fonuu mef I’ (r. r’) is Lts fs ellse ’ iss:

r ri~~7’ 1 ,‘ - j k r - r ’
I (r.~

’) = 1 1- -~ “-~~ — I , (IT)
k j  4ir lr -r ~

where J is  t he  unit el~ aei , , ,%~ gsesa.I uls!nivatitn i of this ’ ds-as iis ’ ( rt’ .’ut ‘s futu ctis nu s’at i hat ’
foutid in t he monograp h b) Chms ’ ru- ’I’o Tai.2° l’be imutegration in ( 16) is Its he s’arniesl
out over t he entire volume of ’ thie randsini medium, whichi itu t h is s ass’ i — mis n’r all spas’.’ .
\\iien the equation for as givs’tu h~ ( IS)  is iilacm’.I m u  esluatitin (12). this ’ folkewing
result is obtained:

[ .C - <~
C-

~~>I < E>=  <~C~ ~~E - < ~~E , >J> (18)

For a first approxim ation of this~ mneati ‘ isu ’ ie ’, ‘is,’ will s’onsisler thus ’ right hianti simle tef
(18) to lie zero.

~C -<~~~~ ~~~~ <F>  = 0 (I’))

\n i equatioru for (hue scattrrt’sl was-c in terniis of thus’ me’au i ‘is ass ’ m’ahi his’ obtaitued Its
uis iuug ((5) , Thur secsmml term on the ri ght harith s ide’ tif (1 5 )ss  ill 1cm’ consitl.’rs’si stnall in
co mparisoni with lit,’ first term invt)lvit ig thur mean wa s t ’ .

j~~ ~~~~
I I~<E>I (20)

211 CIwn-T o’Tai, Dyadic Cre’en~, Functions in EIectrom~~netic Theory, Inte’rnaiiottal ‘l’n’xtbook t:ompan~ , 1q71,
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I t l 15 _ m I1se ie ~ h tm ) i  . t t t e l  ( ,.‘Ii~ . i im t h is ’ pair e e l  r e ’ u ise um i i a l i , , c I i ~ cu c s s l t s a I i I c i i —  h i t s -  Iu r — I ed iss ’ rsa
t ie f l i  t h i . et .iimii ilel let ’ t t t.u e ls’ i — Ihtal th is ’  mu i e - , i t s is i s Is ,’ — mccc l  ~s rec ~e ,ig_u Ie ’ is tth i (lie’ lsr m l t , 1 ’~

s
t t t em i  m m ’ u t ” t . m t s l  k. I l i C e ’  u t s t i ’ — t h r—I c le ’ r t ’ i e ’  a m le 1 i m ’ r—i t u t  s ’ t l ml .mt t t e t i  f ’rs e um u ( I’) ) anti Ih es ’ u i ~-~ds
lIt ,— t’,j ii.ilisaii list ass s l u m S i t . - f iresj ia~ Lt SIsig I .. ,c—I.i ,iI I It ,— s - l l e ’ e - I i ’ i e ’  ~ae’eqiagaIim,,, c e a s t

— t.eie t i st h i e is ’ st ri les’ l ies ’  a I I s ’u t s u a t i semi  .e mie l Ieh t Li . ’a’ ‘ l t , t t , t ’ l i t — ( t c  — si f ’ this’ m m e s’ auI ‘sass’ , ‘h ’hic
s t ’ s ’ sem is i  im u ih ese rta ui l  e l ts s ’ rsue tu t , m t ( hi att  s hitn t lml I ce ’  itiads’ t~ ( heat this ’ m i ts ’ a u i w ass ’ as - I5 like’ a
smet i r t ’ s ’ (sir th e ,’ ss’atters’ei is Lts s ’  •i ” shi t a ’ is mi Its s ’ e l mliut ise m i (21) ) t\ hie ’ m t l ies ’ 9 li ieti l lt lu’ s Icir
£ , ~~. an is i £_ l  art’ plat ’s’mI iii ( Ii)). this ’ I’m e Ih,ewiui ~ m ’xh ere ’ssimc m u re —ti l l ’ . ’

V xV x  <E(r)> - k2<h’~(r)> - kc
4 

C 2f<p(r)pU’)> <h ( r ’ )> ~(r, r ’ ) t ir ’ (I (2 1)

‘h’hi e quan (its <p (r)p( [ ’ ) > ‘is as tlt’ fint’d s’ar lis’r its this’ s’se rr .’ la lis ime I m i mmm ’ t i sa t u  . \ l — ’  e , it
shi setu h sl let’ m t te t i t ’ s ’ s I  th at ‘isit hni ti this ’ sse h i umnis ’ im its ’g ral this ’ uiis’an ‘ isasm ’ t— a fmu i it ’ t isi nm sef r ’ :
‘is Ie,’r,’us (lie t is e t  (s ’ r rm m s ituvs e hs lug (In’ hnts ’a ru wa ’ im ’ sesi tsids ’ th em ’ irmtegral art’ t ’um m s ’ t i ui ms s e f  z’ .
‘I’huis Is Iit’s’uuse m ’ ’ im ’ rs (lu ng I ts  (hum righ t  sef this ’ ~~ 

I se p s ’ ra t m ar  tiiust lee iuis’ lucis ’ eI iii this ’
integral. \Is me , it s’atu be s iise wii thuat les’s ’aust ’ of (lit’ s~ tnuu is’tr im’al Iero hes ’ rtms ’ s si f this ’
sl~ asl is’ Grs’ s ’mi ’s h’umi s ’ tio mu th is ’ fmello’is itig t ’quati memi t aut let’ w r i t t t ’ mi :

<E(r ’)> ‘ F(r . r’) = f(r. r ’) ‘ <F(r)> (22)

We si-ill s.’ck platus ’ was e solutions to (21) sshu icht wil l hiase t h us ’ f s ihts ew ing form:

= .J~~ (23)

‘5 is a (‘t )t iSt att i t  ‘ i e t ’ t t e r

ix is the e ffective propagation t’olislatit

Thur effective propagatiotu constant i’~ is conip lex ans I will hat ’ cotuip lex m ’ ss ’ ru if L is rs’aI
(o = 0). Thur colnplex port iomi of K will attenuate this ’ Iuis’umu ‘is as .’ , ‘l’Iuis attenuatiumi
f i a t s been interpreted as arising only from multiple scaUerinig effects, wherm a5 is zero .
Itt general th en, th ere art’ t ’is o factors th at coui tri hen ute to this ’ attt’ ituation of thur mean
wave. i’hue first eon(rileution is thus’ to the avs’rage loss iii thus- rantionn medium that
arises front a fin ite value of a~ . ‘h’hur seconsi t’ont rileuitiotu s ’otuus ’s front thur s’ff ects of
tuiult iphe scatterin g. ‘fhie mean sva ’ i - s ’ thuat appears insitis’ t lts’ vse lutns- imits’gral can be
writt eui as

<L(r ’)> = \ ,‘~~~~“ (24)

<F(f)>= \ ,,-j~~~L 5 ,jk’(r-r ) (25)

<!~(t
’)> = <h’~( r  u> ~ 

,K’(r.r l (26)
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\\ ith t he aid of (22) ansi (26), s’s luatio n (21) can hem’ ss-ri tts ’ ut as f ,illsisss :

V xV x <LU)> - k2<EU)> - k 4  hi(r-f) [‘U-i’)’ <LU)> ~~~~~~ ir ’= 0 (2T)

EV xvx  - k2 -k: e
~f 

Ii (r -r ’) F(r-x’) ,,j K ’(r r ’ ) sir ’] <EU)> = (I (28)

Now , let us cotisisier ant t’Iectroniagnetie was-c ~iro~iagatinig imi a s ls ’ ts ’ rntu it u isti c
unisotropic medium. TIne electric field for th is w a ’ i s ’  will lam’ desiguuatemi his F,,. This ’
relative complex dieleetrit’ tensor will be ~~. ‘Flit’ s e m Is er w as  s’ s’s 1iua li seti for this’ m’lm’s’tris’

fi,’Id propagating in tiut’ amsotropie metliunu is as fsilluws:

(V xV x -k 02 ~~E = U (2~))

‘ishuers’ in general ksaru bs’ written as a 3x3 matrix.

C C C
x x  x )  ‘.1

A
C € C

= y x  i i  yZ

~~~ 
C.,~ C ,,,,,

~i
5s h im ’ mu esj uatitin (28) is compared withu s ’quat iotu (29). we set’ ((sat ((Wy art’ ol the saturn’

t orm and can lie made .‘s1uaI if we allow (hue following tWo relatitiuts ( me iiol I :

L0 =

un it !

= -j~-r I 
+ k hl(r-r’)FU-t’)~ 

j~~ ’( r .r ’
~ sir’

Thius . it can be seeti th iat the mean wave in a rantionn tu im’ti itun u can let’ s-onsi,Is’rs’t l us a

‘save propagating in a mleterministic anisotropic mt’thintm. Thur re lat i ’ im ’ cotutp lex tu ck’s’-
I n c  tensor can lee ss ’ t ’ nu to lie a fu nction of thu.’ t’orrt’Iationn function. l!(r — r’). sif thi s’

riuiudonu nwdium. ‘l’lw dyatlic Greeni ’s function can s’as ihv lee writtt ’n in res’tangular
e’tem 1eot us ’ nt fsirrn so that the iuutlividual compouuettts of ~ cat i let’ tls-I,’rni iuws i .

13
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J (r-r ’) = 
‘~ x~x + ~ y iJ) 

+ 
~~~~ I f 2( l{) + (~~~~~‘ )

2 
+ 4 x 4 s 

(~ -~
‘)(s-~

’) 
+

a ~ 
(x-x ’) (z-z’) 

+ ~ ~ 
(y-y ’) (x-x ’) 

+ ~ a 
( Y Y ’) 2 

+ a ~ 
( s - v ’) (z-z ’) 

+—x -z K2 — y 
~~~ 1(2 - K2 - 

~ Z K2

a a (x-x ’) (z-z ’) 
+ ~ ~ 

(z-z ’) (y-y
’) 

+ a (z-z ’)2 1 f (h()—z —x 
~~2 K2 /~ £ K2 j

Vthu s ’ re

is a tuni t ss ’ ctse r in (hue x direction

a, is a wilt s-s ’c tse r  in the s- direction

a is a unuit vector in thu t’ z direction

It = r-r ’ I = y~
’(x_ x ’)2 + (s _ \ ’)2 + (z — z ’)2

12 (It) = (k2 It2 - j kR- I) “ -jk R / (4irk2 [(3 )

f3(K) = (3j kR + 3  ~k2h(2)e~~~ / (47rk2 R3)

Thur individual elements of the relative complex dielectric tensor, L cant nuc es s lee written
and are given below:

= k2/k0~ + k~
2 

e 2J  I! (r-r’) f~ (K) + 
(x-~ ’)2 

f 3 (1t)} 5~ii~(r-t ) 
~~

= k0
2 

€~2f  1! (r-r ’) (x-x ’) (y-y ’) f (J( ) ~, K.(r_ r ’) tir ’

c = k0
2 € 2J  13 (r-~’) (x-x ’) (z-z ’) 

~ f3(h-t ) s ’t”~-~ iir ’

~ y x  
= k0

2 C 2J I! (f-E’) (y-y ’) ( x-x ’) 
~ f 3( R) ~ th1L t)  tIn ’ 

-e = k~ /k~ + k,,2 ~~ / l~~-,r’) f 2(R) + 
(
~~ f3(h-[) ~~~~~~~ sir’

= k,,2 € 2J  h3 (i’ m”) ~,cy y ’) (z-z ’)~ f (i{) (,JK ( !L)  (it ’

14 
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= L 2  t ,
2

,,/

’ 
IIU — i)  ~ ~~z’) ( x — x ’)~ f 3( h() ~~~ ~~~ ‘!~~ ‘i!:~

= k,,2 € 2J ll(~ - !‘) 
(z-z ’) (y- ’) 

~ f 3 (lt)t ’~~ ~u - ~
‘ ) ~~‘

= k2 /k,,2 
+- L,,~ € 2/ h((r - r’) f 2(R) + f3(R) ~~

)
~~~‘(! 

- sir ’

It can s’asihs he,’ st ’s’tt frsinu thus ’ afeovm ’ eqnuationis th at the slis’It’ctric ts ’ i ist er ~ t~ s% t nt  t t it~( -

rim’ . Each ve f the elm’nuueiuts tii’ thi s’ mi im’h ’m’ tri s ’ tensor s’an I,,’ see’ tu (te Let ’ a fumus’tion (if ix-
There fore , tut u ne nuls this ’ unagititnusis’ but ~ehsme the dires’tion of th us’ s’ffeetis-e propagation
conustatu t is important iii dets’rrnitiinig each sif thur ehs’mt’muts imi thus ’ si i.’ Ies’ Iris’ tm ’ t tsc i r ,  \~
will nice s s atts’mpt to tda taiiu a tlisps’rsion equation front (2’)). whuichu will allow’ a sohu-
ti .emi for ~~~, This’ operator V x Vx can let ’ written i in matrix fsirnt as given below:

az 2 ay ’2 J ayax axaz

- ( ~~2~~~~~ 2) 
~~~v

axaz as a’z \ ax 2 8y2

Ih usinig thus ’ a h esest ’  sie ’fit uiti .iuu ansi ls’ttiug E = < E U) > = A cxp (—jK ‘ ~
), equation

( 9) lem’,’om,’s

K,2 + K,
2 - k ,,~ e,~ - K~ K , -k ,,2 c~, - K x K, - k 0

2 € ,,

- ixx hS
~, 

- k ,,2 c,,~ K,2 + K x
2 -k ,,2 €~,,, 

- K , K, - k ,,2 € ,, ‘5 , = (1 (30)

- K Ix - k 2 e - K  K - k 2 e K 2 + K 2 - k 2 e ‘5X / 5) ZX 5 1 (5 7% ,
‘ 5 0 ZZ 1

‘is hu rt’ 
~~~ 

K, , ititti K, al’ s’ t h e  ctnnps)Iuruits of ~ along the x . s , anti z. ax s ’s  rm’sps’s’tivm’Iv.
I ,ikm’ ’isist’ ‘5 . ‘5 amid ‘5 , arm’ thus ’ s’tim ponuents of A. It m’a nu Ies’ ss ’m ’ui that the sv s t , ’m of
partial eI i fb ’ m’ r ,’ uiI i~el s ’ m 1nlati s ) mus has hes ’.’ti r.’plact’sI Isv a s s s I , ’ n t t  me t’ Iiti~’ar algeleraic eslua’
t i m - i i — . m’ will nsess sss- itm ’ lu f’rt inn rt ’t ’tat u gular ke sphum’r iral coortli tuats ’s in senir tlescri ption

I S



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

of thus’ K ss’s’tter. h- i g ns r m ’ 2 ~ht iess — this ’ sim ’ l’ini i( it ami s oh’ 0 , t u s u I  0, thee’ — 1 e h ts ’ r i e ,sI .imigls ’ — t hat
ss’ilh be used Ise nis’ss’r iles’ K -

1

7

~~~~1

_

Figure 2. Geometry of the K Vector

Thue angIe 0 is the angle bs’tss s ’ t ’ns this’ z axis and ~ - The anugle ~ is this ’  atug ls’ Ies ’t s it ’s ’ nu (hue
x axis and thue projection of ~ u nto thur xy plane. Thus’ rs’s’tan gular s’omnps) nus ’t its of ~
can tuow be written as follows:

K1 = K sinu 0 eos 0

= K situ 0 sin Ø

K, = K ctes O

K = ~
‘K 2  + K~

2 + K
~

2 = K I

The magnitude signu omi ~ is meant to change a v m’ct o r to a sca iar anti not lie laks ’
maguuitude of a comp lex number. Thus . K can still lee complex. ‘5\ s ’  w i l l  ; u ’ e ~s m utt ’ ’-
duce the siires’tit in e m is inus ’ s of th.’ K vector (a, 

~~
. ‘y). which rant  Is s ’ drts’rrnitu cml In s i r  t i

.‘quations above ,

16
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K = K a

0 = “ i u i O s s e - Ø

K, =

j3 = “ t n t  0 ~ i tI  0

K, = K’y

‘7 = s - c s  0

a2 ~ 4 ‘y~ = I

It icser psiratinug thit ’ alesi ’ is ’ s ’t lm iatis eu is ~stu eI s l s ’ t ’i t u i 6me mts imt to s ’s (ttal iset i ( ill) ‘is ill s us ’ lel  this ’
I’s dlse’isi iug:

K2 ( y 2+~
2) - k,,2 c,, - K2 a~ - k,,2 e~ , - K2 cu-y - k

55

2 e~,

- K2 c43 - k0
2 e ,~ K2(’y 2 +a2 ) - k,,2 c ,, - K2 L3’y - k0

2 c,, ‘5 , = I) (31)

- h’v 2
~’y - k,,2 C,1 - K2 (3’y - k,,

2 € ,, K2 (j32 +a 2 ) - k,,2 C,, ‘5 ,

In our l’irst solutisiui of (31). ‘ise will assutnut’ thuat all th irs ’m’ s’ mluat iomus art ’ coupls’sI. If
th is is true , this-ni ii tus intris ial solu(isitu to (:3 1 ) can lee sihitaiuied se t u l s  if t he ds’t .’ rnuiinuamut
(if the square matrix is equal to zs ’ rse , ‘l’liis will her satisfied if

hi k 6  fl
K4 - K 2  (

~
-)+ I) 

= (32)

w h ere II. I), anti i~ I are sie finuesl Ieehtiw:

Ii = k,,4 1(’72 +a2 )C~~C,,, + 
~ xX 

IC~~(132 + a2)+ e,,,(’7
2+02 )I

- c43 e~ ,,€,1 - ~xy k,, + C,1 (3’y I -07 €,, C,,
— C1, jC 43 C, + C~X /37I + 07 ~~ Czx 

- C IC (72 + a2 
- ~ ,, 071

+ 
~
Y13 C

V X
CZ, - C 1~ IC~1(I32 +a 2 ) _ e ,7 (431 _ ( ‘ 7

2 +~~
2 ) C ,,c,,

+ € 111fry€ ,, +c ~,~3”y fl
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I, = this ’  ‘ ial s us~ s i t ’ th ee s i t ’ ts ’ r i mmuui a uel t e l th e , ’ .lit ’ls’m’Iris ’ tm ’ u t ” , tm ’

I) — k,,
2 ( y~ 

+~~ 2~~ It ,, (~
2 +a 2 ) + € ,, (~ ~a2 )I ~~2 

~~~ 
e,2

)

+ (43 I~, ,~ ~~~~~~ C,, Ct Iaa e. + j3’ye I
+ v ,,L3”’7a ~ ‘~“Y IC ,,1(’y 2 +a 2 ) — € 07 1 ~ C (7 2 +02

) tc’y

+ a13 1€ (
~

2 
* 0

2
) - i,,i~l3l + (43 (~~2 +02

)

+ (7
2 +a2 ) (t; + c ,,) a’7_C,1a272}

‘5 sm elit t lout to e’slu zuh ioui (32) ‘i~ ill  gi st’

K 1 = (21)) [II ± 1112 - 4 k ,6 I) c lj  ç (33)

‘is- bert’ ‘is n’ tuo (s ’ two pmess ilal m’ ch inei s ’ rs of sigut amisi , hut’nt’t’ , asss es ’ ia t s ’ (hut ’ sni hes s ’r i h e t s I ansI 2.
\m ’ t u t a l l s  tIte rs ’ arm’ fseur see hn i t i s en ts , w i th u  ( its ’ iesiss ileil its sit’ a h lnus or nuu i n u s si gh iii fromit si t ’

m’achi se t ’  thus ’ K’s gis’s’ui les - (33). i’ius’ signs itu front of this’ K’5 art’ inut’sinss’tj ut’uttial levs’aust’
t h e y sentl y s letern uu inue thur tl irt ’s’tis tu of ~ero~iagaIioti . ssh is’hi ‘is ill let’ m ’a ls ’ ul a t t ’ t n itt a

heounu dary ‘ialu.’ heroblennt hey thur as’(ual hesiundary conuditiotus . ‘l’hus’ solutiouts fsir K u a mt s l
K 2 giss’ui huy (33) are imhihit ’ i( , si n s- n ’ (1w , ‘ I t ’ u ui m ’ mut s of thur dit’lectris’ tt’misor an’ functions
sit’ K. lii order to si letainu auu .‘x 1el it ’ it solutiotu for lx~ and K2 , ‘ist ’ will 1ecrtur b w itli
rt ’s 1et ’ m’ t f tc  € ,  ‘5s in first a1e1eroxiniatioui , h s’t €~ equal zero, then K~ auu d K 2 are

K 1~~~ = k (34 )

= k (35)

The su1ecrscri 1et one ititlicates a first ahtheroxinuati oni. ‘5 st’t’onutl aheheroxinn uation cant Ice
,ileta ituesl les using (34) and (35) itu thu r slielectric t n ’ n i s t e r  auid 1ev letting e~ lee fituj ls ’ . but
tu ot tomi large . ‘I’hen the ss’ s’m inusi approximationu can be calculated hms using (33). Itt
gs’nus’ra l, the mean wave in the random medium will huass ’ thur form

= 
~~~ 

e~~~~
!’+ \,, s ,

_

~
”’

~~ (36)

= K 1 (a u 
~~, 

+ a1 
~ 

‘
~ 7u ~,

)

K 2 = K 2 (02 
~ X ~~~~~ ~ 72 ~,

)
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Whuenu computing (hue elements of the tiis’lt’s’trn’ tt’tusor , this ’  tiirem’ tisin c- c islt i t ’ s of m’at ’hm
wave will be computed tusinig thur first appr’~e ximnutionu for K i ansi K2 along w itii the
appropriate bouuudary contli (ions.

Each wave in (36) nuust satisfy equation (3 I) hey itself. Th is fart can be usesi to
mietenniute the relationships arnonug this’ electris’ fieltl componenuts.

= a15 \~~, (37)

‘u = a1 A~ (38)

a = 
a u2 a23 — a 13 a22

Ix a11 a22 —a 12 a2 1

a — ~2 u in13 — ~~~~~ a23
a22 a 11 — a 12 a2t

Thur eoe ffiri,’nits a1~ are (hue eheme nuts of the square matrix in equation (31). wit h K
being set emlual t me  K 1 . a = . P = P~- and 7 = 7i , A sinnilar rela(jonshui 1i can be w ritten
for ‘5 ,~ ansi

‘2x ~ ‘ b21 ‘52, (3t))

‘2, = b9~ ‘2, (40)

b = 
b12 b23 — b 13 Ic 22

2x i t i nIJiu 1~22 
— 012 L) 2u

= 
b21 b23 — b13 1) 22e2~ ~ ~ ~ I‘-‘ii 022 — 012 02t

The coefficients b1~ arc the elements of t he square matri x in equation (31) w ithu K Ieeinug
set equal to K2 . The general equation for the mean wave nuow becom es

= -\~, (a11 ~ 
+ a 1~ ~ , +~~ ,) m . ~~~~

1 ’! +

‘5 2, (b 21 ~~ 
+ b2y ~ 

+ 
~,

) e~~~ ”~ (41)
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Omit’ t’oulsi uto’ is use thur foriii of (Ii,’ mean ss ass ’ gts m i t  his h i )  anus 1 h elas’s’ it mni (20) I m e

tis tt’rmnimne (hut; seatt,’rs;sI W U ’ i t ’  in a raiuslonu mm ieiiitiunu nit ’ mi  l’im u tt m ’ t’x teti I, It ~heuscl s i lii ’
clear. huoss’s”is’r, tha t equation (41) ss as sim’r ist ’s l witho tu t mmta kim m g a mu s ~tss n u mu 1eti met is ale meu l
this ’ siirectioti of pro~iagat iomu or this ’ ft rnmi of thin’ cor rs ’ latise u i fuuictmon i . s’ .t lss i assuttus’s l
th at t h e  (hires; equationus givs’mu icy (31) ws’rs; t’seup lesl. ‘5’5 m ’ will tunis go hias’L tse e ’s luat iseu i
(31) an sI ss ’t’ wh nat huapps;tns whienu thus , s iirt’etititu of }eropa ga(itet i s 1  tIme uuus ’atu ‘is a ’im ’ atuci
thur correlatiom n fuuuct iotu of p (~) take on s1et’cific fornuis . hi ’ this ’  assm unti 1 e tis i mi set ’  s i c ’

pt’nisletice is s-nerr et ’ t , tin,’ n u t  set ’ fromit (41) hm si w mIm ’ptel ari ’i~atis e ti  tuu igii t arism ’. I - i r
instance _ suppose a ‘is-a,,’ th at us polartzs’sI seu m lv imu s is inueielrnt frsenu i frm’s’ — 1 ret - t ’  s i te  l ’ s  a

half spar,’ of ranus iomui media. Thieui , froinu (41) thus ’ t mis ’atu wa se wsiu ls i gm ’tum ’ ra (t ’ x at ue i /

coniupomnt;it ts as well as a s cotuupotienu t. ansi a sls’pselarizm’sl term m u  the sm - at t e ’ rc ’ c I  iit’ lel

‘s ouls1 result,

tess , let tus esiinsider w h a t h appens to equation (31) ‘is h ut ’ m i s s m ’ iisssumt’ that this ’

correlationi functiotu , II (r — r ’), is isotropic. ‘h’hu is n i te al us th at 13 (
~ 

— f ) is a f um ic t is emu ’ se n e l~
of i r — r’ I anu si is therefore inuds;peuitieui e of tiireetioti. V* s’ will also assni tu i t ’ that (hum ’ s u re ’s ’ ’
ti omi (‘sisieun’ of K wit h respect to thus; axis (

~
) is equal ts e zt’rsi. Thu s assiunluhitioti is

(‘ertainuhy’ allowable siuuce we can sirietit our coorslinate syst i ’  mit in atuy manner ism ’ ‘ i s ish l :
there fore , ‘iss’ will s’hnoos,’ the crientatioti thuat sets a t’tj ual to  zs’ro. 13s- using thts’ss’

assum ptions, thit; element e~~, sit thur dielectric tenusor is

c ,,, = k,,2 € 2]
’ 

U(nr j~
t
~) 

{(x - x’) (y  - Y ’
)} f 3 (R) s’~~ 

‘~~~~~‘~~~
‘
~ 

~ (42)

‘isht’ rs’ K ~ K (a 
~~ 

+ 
~ 

a )

Lettitug x — x ’ u , s — y ’ ‘i- . and letting z — z’ ‘iv , atu si renuenuuh it’riuig th at ‘ is m e ’ i m ’r all
sl)ilct’ . equation (42) lercomes

e = k,,~ C~ J siti
J 

sivJ dw 13(R) {
~

} f3 (R) e~~~~ (43)

whirr,; R = Ir — r ’ I

T he upper part of figure 3 shows the relationsh ip Ieetwes;n the ~ and II vectors in ( hum ’
u, s , w ctiordinuate ssst,’nuu. Sm i t e  a = 0, the K vs ’ m’ tor is itu th us’ ii, ‘is- plant- . We is att t
to rotate thur ii , ‘i , ‘is cosir dinate ss s tm ’m i i  to u’ , . W~ m u  order th at the ,, u ~~~~~ ric iut
t ’ idt ’ s wi th (Its; m lj r rct ise nu ,,f K. Thur resultant rsita (,’ml m’oornlinatr 55 s (m ’n i  is shuow ni m i  this’

lower portioni of figurm’ 3.
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_ —. ,

w

7 = COS

a cos 0~

u’ = Rsin0cos0 R

U

Figure 3. Geometry of K and R Vector,,

l’hr mathe matical relationsh ip between thus ; unprime(i and primesl coortiinat,’s art’ givetu
let;low:

u = tu ’ cos 0, + w’ siti 0, = II ’ ‘V + ‘is a

‘is — Lu ’ situ 0, + 55’ ’ m ’ mes 0, = — u’ a + ‘is 7

V = V ’

21
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Equatisemu (4:3) can tu,e’is I,,, written as i’ollows:

k,,2 € 2J slu ’f dv ’J tiw ’ 13(R) (u’ 7 + w’ a) ‘i’ I’ (It ) ~
j K.lt

U~ nhuangtnug to s1iht’ri,’aI s’t corsh tuatt ’s , tint’ above equationu Ies;com,’s

= k~
2 C

~
1:hOJtIo1hR R2 siiuOl3(R )~ sit10simiØ(’Vsinu0t’os ~eses 0)} 1 3 (R )m’

Carry ing o u t  tine ititt’gratiout t’or thur abuse es1uat ionu in 4e sh ows thuat C1, 
is t;quah tse

zero. -\ similar analys is will shuow thuat C,, is isl s t e  zero . ‘l’hus’se r,’stilts will nuakt’ t ’t4ua’

tion (31) appear as givt’nu Ies’ ke’is

a t 1  
I) a A,

U a22 (1 A = 0 (44)

a 13 0 a33 A,

where
= K2 72 - k,,2 e,,,~

a ,3 = - (K2 ’ya+k ,,2 C,,1)

a22 = K2 - k,,2 C~ ,

a33 = K2 a2 
- k,,2 e,~

~ xpression (44 ) shows that the equations become uncoupled by allowing the correla-

tion function to be isotropic. This means that the equation derived for the mean wavn’

earlier (41) is muot valid for au isotrop ic correlation function auud that a new mean ‘is- av s ’

must be sought. For a wave polarized in y such that ~ 0, we must have a22 = 0.

This condition yields the following solution for K. which we designate K~~.

K 2 = k 2 e
yy 0 yy

= k~~1 + k ,,4 e,,2 L/k2 }~ (45)

L =f R( R ) {f 2 ( R )  + ‘h” ~f)__ f 3 (R) } ~~~~~~~~~~~~~
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‘flit’ sIe fim u it iseuu te l’ L gi’ is ’mu al inest ’ cseutis ’s irsimuu , ‘l’hut’ ‘i-alum’ sif K to lit’ usesi in I, ‘is-lin e
n’teuiu ~eut iu ig (45) woulmi let’ K,, , ‘I’hue solut ium’ integral is s’valua tm ;si in a1e1)euishx -\ alotig
‘is i (It thu s’ s thus’r s’li ’ttuett ts sef  (‘lie dis’I,’s’tric ts ;nsor ant i this ’ directioni t’ositit ’s a auusI 

~~
,

It raui alsse let ’ see’ t u I’rte mim s’ quationu (45) th at a first ap~eroxi matiott f(ir K (wluis ’hi
(en’(’urs wh it ;te C, is equal t se zero) ss ill simply be k. We will rt’wrik; K ,,, as feell o ’ iss :

K = k ( x 1 +j ~ 1) 2

= Rs’ ~ I + L 4  C 2 I,/k2}

‘i t = Itn II + k 4  ~~2 l,/k 2 1

hIs s’huanig in u g ts e polar coserti uuates w- t’ h ave

K,, k 
~
‘
~
‘ rxp~ j Ø1 /2) (46)

[ 2  2Pt = yx 1 ÷ y 1

= tanu ~ (y1/x 1) -7r <~~~<ir

Equation (46) rs’prt’ss’tuts an s;xpression for thur effective propagation cotusta nut when the
meanu wa ’ im ’ is polarized m u  the y direction.

If we allsew tInt; nus;an wave to be polarized m u  (hue xz plane such that A1 and A,
art’ nonzero, then the following determinant must be set equal to zero in order to
oilitaimi a nontrivial solution for K:

inui a 13 2tlet = in u l a33 — a 13 0
ini3 a33

Thur alcove eqnlatiotu will vi,’Id the following solution for K. which we slesignate K,,:

K,, = k,, 
~ ~:: ‘÷~

:
~:~ + 27aC,, (47)

a first approxinuation for K~,, we set C, o;qua! to zero. W hu,’ui thuis is done, thus ’
following result is oletaineel:

K~~~~= k
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TIns’ first approx imniation f’or K5, is the sans,’ as thur l’irs( a1epruxmnniatit ni for K~ . W iten
thus ’ first appro xinuatisen I’or K,, is uss’si to compute thit; s ’h , ’nnut ’nuts of thte slieleetrit’
tensor, a ss’eouud appro xittuationu fser K,, s - am u be eonuiputs’d from t;quation (47), whuich
we how writ,; in a sliffertynut form,

K,, k0 (x 2 ~~ j y 2 )

C C _
~~~ 

2
xx  xx x xx 2 Rt; 

2a2 e,, + 7 C,, +27 aC ,,

C,, C,, - C,,,2
= Inn 2 20 C,, + 7  C,, + 2’VaC,,

By ehuatuginug to polar coordituates , we have:

K,, = k0 ‘,T~~ e~~’
12 (48)

/ 2  2
P2 ‘~~~~X2 +~~

02 = tan ’ (y2/x 2) -1< 02 <~~

We have obtained two solutions for the effective propagation constant. One solu-
tion is used when the mean wave is polarized in thur y direction. The other solution is
used when the mean wave is polarized m u  the xz plane. The next section of this report
will consider the problem of a horizontally polarized wave incident obliquely at an
angle 0~ from a fret, space metlium (z > 0) unto a lossy random medium (z <0). The
bounudary comudit ions for the niean wave will be satisfied ; then the scattered field in the
free space medium will be calculated. Finally, an equation for the radar backseatter
coefficient will be derived. Following this, a similar derivation will be performed for
the case where the incident wave is vertically polarized.

Horizontal Polarization Analysis. The results of the previous section on Scatter.
-‘ ing Geometry and Wave Propagation In a Random Medium of Infinite Extent, will nuow

be used to derive a radar backscatter coefficient for the case of an incident wave whichu
is horizontally polarized. Consider figure 4, which shows a plane wave inucident from
free space (z > 0) at angle 0~ onto a half space (z < 0) of random media. The polariza-
tion of the incident wave is in the +y direction. The coordinate system is right-handed
so that the +y directionu is into the plane of the paper.
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Figure 4. Geometry for the Coherent Waves (Horizontal Polarization)

The solutions for the mean waves in the two regions will be considered first. Thus’
scattered waves will be considered later. The total meaut electric field (E 1 ) in the
upper medium can be written as

= 
~

y [ e o ~~i ’~
! + R1 n’~ ”0’~r ”~] 

(4’) )

mu 1 = a, sin O j — “°~

mu = a sin 0. + a cos 0—r —, n —,

r = x a  + ‘ i j  + ‘,,a— —x — v — ‘F,

is a reflection coefficient.

Tht; first term imu (49) represetuts the; incidt;nut wave , anti thur second ternu represetits (lit’
reflec ted ways;. Thur mt;an electric field (Ff2 ) in thur lower nuedium can let’ writtenu as

~~~ 
a ‘l’~ e~ ~~~~ 

‘

~~~ (50)

113 = 5~t i ui - a ((iS
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is a transniiissneni e’oefficit;mit.

~ is thur comnu p lex anugls; of rs; frautisiuu.

F’romuu Smut ’ II’s law , thur following s;xpression holds:

K simu u~ 
= k0 sin 0~ (SI)

Dv following Strattonu 2n , au t;quationu t aut bt; ei,;rivt’sl for s - os u-s . If we writs ; K,,,, as —

j a~, . thienu situ 
~ 

is 
- -

siru ~‘ = (a +j l e)  sinu O
~ 

(52)

where a = k,,P~, I (~~ 
+ a~

2 )

aund l~ = k a /  (~~~2 + 0 2
)

If ‘is-t’ solve nosy for cos 
~
, we have

cos u = \/i1~~a +jb)2 sin2 O~ = p1 ~~~

l’hie magnitude p~ allot the pha se 0~ can let’ found by squaring (53) anti equating real
ami d imaginary parts onu e;ither side of the equation. The subscript t has been used tsi
indicate reference to the mneauu wave , which is transmitted into the random ms;tlia.

p1
2 cos 2 = I + (1)2 — a 2 ) simu 2 Ø1 (5 k )

p,
2 sinu 2 0, 9 au situ 2 01 (53)

Solvitug equations (34) and (53) for p~ atid 0,~ 
wt h as’s’

p, [ I + (1)2 -a 2 ) simu 2 01 1
2 

+ 4a 2 b2 situ 4 O~ 1 (3(e )

2ab siuu 2 0-

~ 
tan ’ 

l ÷ (1e2 -a 2 ) sin2 0 , 
(37)

~mi t;xpression can now be writtemu for K~, s o s  as follows:

K ( ‘OS u-s = ((3, — jay ) p, (s-os 0~
— j s in0~)

ens u~ = sj - ill (58)

21 ulIu~ “is l a t t i— ~ irat ion , Hertr ontagn s ’tic l’hp ory,  ~ile( ;raw I lilt , I 941 - pagi’ ~ e i i
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w h ere p = 
~ n ((3~ situ + a s’tes (5(,l)

anud 
~1 = P~ 

((3, “~~~ 0, — a~ sinu 0~) (60)

‘L’hus’ uuneatu electric field in this; rantelorn nnediunn can now be writte nu as

F (E) ‘I’i 
.jk ,,xsinO 1 jqz (6 1)

‘rhne tau.gential comnponemlts of thus; electric and ruuagnetir fields must be continuous
across the boundary at z = 0. The magnetic fields in each medium canu be; computed by
using the electric fields and thus; Maxwell equation V x 

~~~ 
= — jw p,, II. ‘Flit; boumudary

conu ditiomus w ill permnit a solutionu for R1 and T1.

k -os 0. - K s o s  u-s
R ° y y ______ (6~ )
‘ k,, cos 0~ + ~~ ens 

—

2 k cos0-
T =  I (63)

~ K~~ cos ~‘ + k,, cos

t’ art- muow in a positionu ts i compute the scattered fields amud then to calculate thur
raslar backscatts;r cos;fficient using the scattered field in the upper medium (free space).
l’hue equatiotu for the scattered electric field in th; ranudom medium is

IV (V E)  
~~~

2 E - k2
~~,J = k0

2 e,~ ~
) ~~~~ 

.jk (,xsInO1~~qz pz (64)

If we say that E, is of ortler C, ~fl magnitude, thuen V ‘ K cauu be shown to be of order
c .2 anusi (‘an be’ mueg lectt;sl m u (64), sinuce every other term in thus ; equation is of order €~ -
‘l’Iu’ three componenuts of (64) are

V 2 E ,1+k 2 E ,=o (63)

V2 
~
‘ + k2 E .~ 

= k,,2 ,z (r) ‘1’s 
-jk ,,xsiuao1 5 jqz 

~~~ (66)

V2 E,, + k 2  E,, =0 (67)

Ste h i l t isetus imer I’~ ,, atun i l-~, (‘an let’ ‘is r i t t s ’n  it t tin- formn oil a F onirier transformu u as follows:
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h’~,(x. s ‘z)  = 
(2~ )2J J iIX (k S . L, ) t ’ ~~ ’

’ m ’~~~~ s~~~~
’ t lk~ elk ,

anus i _

h-I (x ,s ,,.) ) 2 JJ D 1 (k 5 , L ) s’~~~’ 5)
k15 jk 

sik ,, slk , (65J

Inu thus ’ alesivs’ t’quationus . II, amid II, are l’unum’ti ,ens of this ’ l”te ur ie’r ‘iar iahcls ’s k5 anusi
“i solnuti etu fer k, ‘ s’at u s;as ils be sd itaittt ;s I hey pu t( it ug ((e ’)) heat ’k itu ts e (67).

\/ k2  - k,
2 - k,

2 ( 70)

Sinu s’s’ k is csituu1ilt’~ . s’qiuatioti (70) us not its a good fornu fsir m -alt’ul ati einus. Ls;t t i n t ~
k — jO . ‘iso’ hua su ’

‘2 = (32 - — ~~~
2 - k,2 

- k~
2 = s~~i’ (71)

‘h’hus ’ magumitusit ’ p, ansi phuass’ 0, se t’ k,’2 s’ani lit’ ftiumu d Ie~ squaring (7 1) antei s’t~uat inug
real amid inua gmnuar v parts mu s,itlier side sif thus ’ s’quationu.

= \/((3
2 - ~~~2 

- L,2 - k~
2 

)
2 + 4a~

2 ( 3 2  (72)

- 2a (3
= t~~ - ’ 

- ~~ 2 - k 2  - k~2)] 
(73)

If k ‘ is nisew writ tenu as L + j k. whs;re k anusi k. are leo t hu real , ‘ism ’ luaver u r

= kr + J k i (7 k)

kr = p,” cos (07/2)

k1 = p
,
”
~ situ (0,12)

~t solution for E~, is much more difficult thuan for auusl I-I,, siw ing to thus ’ ts ’rnu
appearinig snu this ’ right hatum l s init ’ of s;s 1uatiouu (66). This tt’rnu is a ratudonnu functis emi of
all thires ’ coortlinu ate’s sew inug to 

~ (,r). \ ge’nu-ral fse rm f(ir thus ’ solni tisi mi (if i’~ ,, eamu let’
writ ten a~ 

-
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h-I S, (x,s ,-i) - 
21111 ( k .  k .  z) ex ue fjk1x + j k, s )  e hk x elk , ( 73)

l’las’iuug s’slttatioti (5) m i  t s e ((e6) will gi’i n’

sI2 U

(~ )
7~ )

2
’J  ~.k5

2 II , — L ,2 II, + -~1~
-,--~�- +k 2 h1 , ~ s’x p (j k 1~~+j k ,, s ) eik 5 thl., =

— k5,
2 p(r) ‘l’~ 

- jk,,,xtntO 1 ~~~~ m ’ 15’ (7(e)

s; ss ill utow slrf iuus; this ; te rtui S(k k, - z) as l’mc llows :

S (k,, k,. z) ~J~[~
) ,,.jk,,,sntO 1 t’x p (- j k,~ - j k~ ~

) ek el~ ( 7 )

~(r)e j k ,,,5m0 1 = (k 5 . k~ , z) s’xp ~ k,x + jk , s ) tik, dk , (78)

‘Flue assumnptiomu has Ieet’n nnasie thuat ~n (
~) is Fourier tranusforunable’. I sim ig (78) m u  (76)

will give

—
~
---— I I - k  2 

~ - k  2 U + __X +k2 B +k 2 
~ S (k ,k .z) T jqz 5, pz x

(2ir )2 I I ‘ Y ~ ~ dz2 Y 0 S I S I ç
cxp (jk,x +j k~ y) (1k, dk~ = 0 (79)

One way to be s’ertainu that the integral on the left-hand side of (79) is always zero is
to set the integransi equal to zero, When this is done, the following second order
differential equation will result:

d2 B
+ (k2 - - k 2 ) B = - k ,,2 e8 T1 S(k,.k~~z) e~

’1’ es” (80)

Vu i’ will let B~ lie the sum of a complementary solution (B
~~

) and of a particular ssilu-
titen (B

~~
). Thw complemnentary ~oIution can be found by setting the righut side of (80)

t;oltial to zero.

I1,,~ 
= 11y i 

jk ,,Iz 
+ ‘1y 2 

0, ’-jk ;z (81)
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‘l’hut’ s l uamut ilit’s II at iel II,, ., art’ inel e 1,s ’ um sl s ’ uut si l’ z, ‘l’ hus ’ h’sertn of them ’ huartis ’Lilar ss ,lutisnt
s’aui lit’ w r itt e uu i s—

~~~ = ‘i (-z) e~ ’~’ + ‘i , (z) -Jk~~ (82)

Plas’imig (82) into (80) auus l usinig this ’ nuus ’ tl use m l of s -a riati u tu of paran uts’ ts’rs will ~ is ’ ls l

dv 1 = - 

k0
2 cT 1 (k,. k .z) ,j qx ,pz -jk,z (83)

si’i. .j k, -

= S (k,, k ,z) 5, i~i’ 5, PL 5,ik;z (84)

Iuitt ’grat itug leset lu sitis’s of (83) lit’tweeuu thur lintuits of a anusi z will give

- k0 e,11 
/5 (k,. ~~ ~~~~ 

,, pt ,,.jk,’t 
~~~ + ‘in (a) (85)

ss- h us ’ rs ’ the’ lowt’r limit a is a couustant. Integrating equation (84) bs;tweo;nu thu,; limits of Ii
ansI z ‘is-ill give

= 
0 y / S(k 5 ,k ,~~)r

Nt ~.Pt ~k~ t tI~~+ v 2(b) (86)

whers; 1j is a conustan ut.

The solution for F can now be written as follows:

E~~(x ,y,z) 
(9 2JJ frV1

e + B~2 ~
.jk z 

+ 
[vi(a)

k0 ç 11 [s(k,, k , 
~) r~9t e~~ e 3

~~ d~ - O
IJS(k k , 

~
) eJqt e Pt e JkIt x

e~~ ’+ [v2(b) + 
kO E;T

lJS(k k
~
. ~

) ~~~ ~~ 
j k,t 

~~ + 
ko

2
~ sTj J~~k k~ . ~)e’ ~~~ 5, Pt 

~

~~~ ] , -)k,’z 
exp (jk, x + j k~ y) ‘1k1 dk~ (87)
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‘ishu,’rs’ ‘ iso’ hu~u’ it ’ nu tam ls ’ this ’ integral itt ‘i u (z). a stinul of t us ee i uu t m ’ gra l— ,“ t nn u ilarl~ ,
hu ,n ’, les’en uuuas l s ’ s ’sj ua l toe thus ’ s n iu u u nd t ’ i sme  u u e ts ’g r ~e ls . ~ m’ w ill m use w e ls ’fim is ’ thtm ’  s - mes ’ i I i e-ue ’ mi t —
hI t anusi 112 .15

k 2~~~ j ’ - -

hI , = lI~ ~ 
+ s 1 (a) - - 

~~ k, ‘ 
~ / S (k s , k ,, . ~) ~

, ,,uIt .j k~~ sl~

k 2 e ‘I’
112 - lI,,~ 4- ’ i~ ( 1e)+ ~~~~~~~~~~ / S(k .,.k .~~)e’~~ 

~~~ j h,t eI~

hu ts ’ orpserati uu g t his ’ alnevs ’ sI,’l’ im uit i ,e uu s i tuto es i muatimi ut (87) wil l  j e ld

F (x ~ ,z) = 
~~~~~ 2J J~~ 

u~ 5,
j k z ~~ 112 ~~~~~ - ~~~~~~~~ [/ ~ (k ,, - L , ~) f (~ )e ,k7t 

mIs] ~~~ ‘
‘

+ _~~~~~[Js (k,. k .~~)l’(~ ) 1~j~~ ~ ,-j k z  
~“h~ ~

j k,x + j k~ ’i~ sik,elk , (88)

‘is hers’ f(s) = e’

Thus; first ternnu imi tlus’ inuts ’grauuti of esluation (88) rt ’ 1e rs ’ ss ’ m u ts a s o t  of s s a ’ i t ’~ pro~eagat imu g
in the minus z tlirs’ctionu. ‘l’hi,’ seconut i tt’run rt ’ 1e rs ’ se nnts ‘is ass ’ s propagat ing isu the julus ?.

shirs ;ction u. Frsnn thus ; radiation cone iitit ,tu . K ., tuuust gsi to zero ~ z approas’his’ i. t ue m uut i ~
inufin uitv , This meanis th at 112 m u u ust  lit; zs;rsi, - ‘Flue rest nil this ’ te’rmns in (hi,’ iii ts’grautsl sin
gte to zero as z approarhis’s nninuus inuf inuitv . altboti ghu this ’ last tt ’rniu mIs ts ’s St e snu t y he usitig
I,’h Isisp ital’s rule’. Tit,’ final t;xprs;ssion for K,,5 is thurtu

h’~ ,, (x ,v,z) 
2JJ~~ 

h4~ 
,j k

~~
F 

- 

k0
2 E;T j 

[/5(k k, - ~)f(~ ) ,,-jk t mIs] 
j k,,.

+ ~~~ [ Js  ( k .  k .  ~)f(~ ) 5;~ ? ole] e 1
~~
’ t’x p ~ k,x + j k , y ) n lk,slk ,, 8’)

Tlue ss ’atter et i s ’ lt ’m-tric field (K ’) iii ths; nipper niis;sliunuu (z > 0) u t u n u s t  s a t i s t ’ ~ this ’ lsel lse ’ i’ i -
inig huomnogo;mue’onus ‘ isa ’ i- t ’ t ’ q miat itenu
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V
2 h-I ’ + k 2  I; ’ = ()

‘l’Ius’ t - s eui u 1~ )uue’n Is set ’ I s ’at u Is’ ‘is ri t ts ’ u u as

I I ,,,’ ( x ’s ;i~) = (2~ JJ ’~ ” k, ) t ’x 1e (jk, x j L, - j k ,-i.) 5Ik x elk , (effl i

II,,,,’ (x ’ s ,-i) = ~~JJ \  ( L ,  L ) t ’x p (j L ,, x ~ j k , -j k ,z) elk ,elk , ~il I

I’I,~ (x.~ ‘z) (2~) 2 1J t~ (k 1. L, ) s’x le ~
k x~ ~ j k,~ -j k ,zi elk ,elk , (92)

Thu,’rs’ art’ six unknowns ass ots - ia tt ’ t I ss’ilIi thus ; t ’ sen uu po nis ’nits s d  this ’ ss’atl,’re’ eI els’ t - tr is- l’is ’ l s l—
imi thit ; two mns’sliumns. Thirst; utukmu ow-ns art’ -~~ , , \ , II , U~ , anus 1 II . ‘b’Iis’ rs ’iors’ , —ix
iuisl t;ps;nislent s;quations must lit’ els ’ss ’ It ps’eI that will alltew- fser thus ’ ssdiut ioii eel thus ’ —ix
unknowns, \ ‘tnially , ‘iss’ art’ se u ul ’i - iuitt ’rt’stt ;mi iu u sselmuti onus for \ . . ani ,i A - whs im ’hi
w ill lit; ust’d t s e s ’sm uputs ’ thus ’ l’ar zunu, ’ st ’atts ’ r ,’s l l’is’l,l, \ t  z U. thus ’ ta uugm ’ tut i ~si s’ s itm i-
pouwnuts of t h e  electric anus l uuua gnt;tis’ ss ’~utts ’ r ,’t i l’is ’ Inis must Its ’ s - unuti uusuu u s , ‘I’hti~ t aut l,e ’
s ta t s ’ s t  as

\ (1:1,, — t ,’ I = () (‘13

0 (94)

‘is hers’  II’, amid h i art ’ t Im,; ‘—s - ~e t t s ’ r s ’ , i  magm i s ’ t i m ’ fis;hsIs itt thus ’  uppm’r nn s’ sl iuuut anisi itu thus’
ransbenn nns ;di nmn ,u , rs’s ps ’ t ’t i ’ is ’ Iv . ‘I’hus’ tss o leoutudary esn un hi l isn us gi’ is ’nu ah tm e ’ i s ’ m ali I t s ’
rs;statetl imu lernis of this ’  s’lt’ctrie fit’lsl s’o:n1et)uut’nI Is is

I-I ’ (x,v , ( l > I-I ,, (x.~ .0)

l- I ,,’ (x ,~~,(J) = I-a ,, (x .~- ,U)

‘ ah~: 
‘ aK 3h -;

- -‘ 
- = ‘-‘----~~‘ - —~

- at z (I ( 5) 7)aY az

i) l- a l’~ ‘ il l-I ~
) I-I

- ~~
‘ -~~ - - - -

“ a t  z = (Ia-i. a-~

:12
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Imu ash oh i t iseu u to thue four t’t1uatiouus giss ’uu alesiv,;, t hners’ art ’ two sh is-t; rgs ’mecs ’ contslitions t h at

aui lee t iss ’ d_ Thus; e l i ’ is ’ rg t ’ m us- s ’ of Iii,; seatters ;d s ’ ls ;s ’ tr is - t’ieltl in thus ’ upper nuesiiunn is zs’rei,

V~ F ’ = I)

k ~t + k ;‘it - k ~ = 0 (99)
I I S S Z Z

The divergence of (lit; seatteres l ,;ls;ctric fis;hsl iui this; random niediunu will his’ z’’ rs ,. 1ersi-

vided we use only thur complementary solution for 
ç,,

. if ‘is’s’ consider only t hi,’ ~~m-

plemeuutar y solutionu for E,,~ , thn;ui the seatters’d fis’ld in this; random medium oiit’ys a
homogeneous wave; equatiotu of thus; form

V2 E~ + k2 
~~ = 0

Thue subscript c has bt;en adds;d to indicate; that omuly comnplemt’ntary solutions art’ to)
be comusideresl. ‘Flee ’ ahoy,; ‘is ave equatiomi implies that

V • E  = 0

k, U, + k, hl~ + k,’ U, = 0 (100)

Evaluating equations (68) arutl (90) at z = 0 anus l placin g the ro;sults in thur boundary

comud ition given he y (95) will yielsi

- U,~ s;x p~~k,x +j k~ y) dk, dk 5 = 0

‘Faking the Fourier trans form of the above; t;quatiomu will give

= B, (101)

When equation (89) for K (x ,v ,z) and equation (91) for E,~’ (x ,x ,z) are eva luated at
z = 0 and places1 intt) thus’ bounudary coruslitioru given liv (96), (lie followinug equation

results:

(21r i~iIf { ”  - U 1 + 
k ,,2 c~ T1 Lis (k ,, k~ . ~

) f 
~~ 

, -~k t

- 
‘F1 [ !~ 

(k,, k ,
~~

) f 
~~ 

s’~~z tie] }cxp ~k, x + jk ,, ~) t1k,m1k~ 
= 0
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‘L’akitug thur h” me s ur io;r transl’orm,i of’ (lit’ abovs’ m ’ x r e r t ’ s s im eu u  w ill gist’

k 2 
~

— ll~ + ‘ ‘

~j k’~ ‘ 
(l~ — 1 2 )  = (I (102)

whus ’rs’ u f S(k ,. k,, , ~
) f 

~~ ‘
~ -jk,’ ~ d~

anisi l~ /s ( k ,  k ,
~~ ) I’ (~

) ,,jk t  d~

Substitutimug thus ’ props’r t’quationus fur Ui,; rls;s’tric fielsls into thur bounudary eomusl itimni
glst’n Isv (97~ amid evaluating (Ito; final result at z 0 ss’ill gist ’ thus ’ fohlowiuug t’xprs’ ss ume u i

(
~

)
~11 ~~~~~ + j k,-~, -jk~ B, +j k,’ II~ - _~~—~~~ --_~ -

• k2 C T
- —

~~
—-

,
--

~~
—

~ 1~ t;x p ~j k,x + j k~y) dk,slk
~ 

= 0

W hue’n ‘iss’ take this’ Fourier tranusfornn of the equatioul ateovo;, thur followiuug result i5

obtainued:

k~ -~, + k,-\~ - k~ U, ÷ k,’ B~ = k0
2 C, 1~ 

(I~ + l2 )/2j ( 103)

Sulestitutimug th e; proper equations for the electric fit;l,Is inuto this; leoumudary conditiotu
given by (98) auud evaluating the result at z 0 will givo; the following e’quation:

~~~2 J J Jk,A, -jk ,-~, -jk,’ U, + j k,B, } t’ :p ~k,x +j k~v) (1k, (1k v = 0

Taking the Fourier transform of the above equation will give

k,-~, + k,A, + k,,’ U, - k,lI, = 0 (104)

Equations (99) through (104) are six equations with six unknowns. l’he quantities
of intero;s t are A,, ~~~ and A,. Whus;n these quantities are solved for , the following
expressions result:
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\ ,, (k,,L5 ) l~ ~ ~,2( k , k,) F, (103)

k2 C ’l’ k k k
‘i’i-huo ’rt ; -\ ,~ 

(k 1. k 5 ) - ~ 
(k,

2 + k 2  + k,k,’ (k, + k,’)]

k0
2 

€, 
‘l’~ ~ 

k,k, (k,2 -2k ’
,~ 

- k,k1)
ails! ~~~~~ k,,) = 

~~~~~~~~~~~~~~~~~ L k + k ,
2 + k,L, (L, + k, )

2

A 5(k,. k~) = \ 5,1 (k,, k, ) l~ + -‘ ,2 (k 1. k 5 ) I, 
- 

(106 )

k 2 e ‘I’ k 2 k
whuere A~ 1 (k,, k~) = - °

2j 
~ 

[ç(k,
2 + k 2  + k,k,’) (k,+ k,

t
)]

k 2 C ‘F k 2k + ~k ‘ (k 2 + k k’)
arid A 2(k,, k )  = 

0 

2j 
I 

[k:~
k
~ 

+ k 2  + k,k,’)(k~ 
+ k,’)]

A,(k,, k~ ) = A,1(k,,k 5 ) l~ + .t ,2 (k,. k )  12 (107)

where; A y1 (k,,ky ) [ k ,A ,1(k,~ ky ) + k y A y 1 (k1~ k 5 )I/ k 7

and

A solutiomi for the scattere d electric field (E,’ ) in the uppo;r meeiium huas now bt;en

obtained in terms of the integrals 1~ and ‘2 ,  arid also itt terms of the integra ls in k, and
k . In order to calculate the scattert;d far fit;ld for the case of backscatto r. ‘i’i-s- will tiss’

V
tIne Stra tton-Chu integral as niodified by Silver.22 ‘Flue Stratton-Clint itutt’gral will be

changed to a form that will allow thus; results of the previous derivation to be utilized
in computing tluo; far field. The scattered far field (E,f ) in thus; direction defineti by this’

unit vector n 2 can be stats;d as

= t12 xJ ~II x - 
~ x (nx  iJ~)I jk~~,. nis (108 )

where £ IS a position vs s ’ t e ir pointing fr3m t h e  origin of ths; (\ .v ,z) m’oeorm !ina te sy stt ’nui to

a surface elerruent (Is situ thur surfacs; z = 0~ K = —j k ,, t;xp (—j k,, H,,)/4irII,, : thus’ distanucs’

22 Samuel Silver, Microwave ,-lnte’nno Theory and I) es~gn. \ s w  York . McGraw 11111, 19 t7 , p. 161.
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Is fr s e: u t  f l u e ’  ori gin te i  th is ’ l’is;ld ptiiui I wh,;rs’ j
~~ 

is e’a ls-uulal s ;el k ,,’ au tsi jj,,’ are’ th us’

total st at  to ’r t ’ t t  s’k’s ’tr is’ autti uuua guuetic fields s;saiuated on [lit’ surfam’s’ z 0; i
~ 

is thus’

liut rit isis- iuii ies ’s la uuc s ’ set ’ l’rs’s ; s lsi nt ’ e ’ (upper uis;diumn); amusi mu is a n uuu it se ’e’ts r uiornual to
thus ’ sur l’as’r z = 0. ‘l’lu; surtaco ; iuitegral in (108) is sivs ;r thus ; i lltunuu iuiatt ’d area. For the
(‘ass’ set ’ le at’kscatts;r. !12 ~

— a  situ 0- +a cos ll- = — t u -— — x  t —z I —t

Thus’ muuagtuo’ti c fis;l,i conupom ns;nts of jj,’ canu tie cumnuputt ;d usimug s;quations (90 to 92)
along with the \Iaxwt;Ll equation V x = — jwp U’ , W Iut’uu th is ~5 doris;, thu s; follow-
inig s’sem utponuo’nts set ’ ii ,,’ art’ obtaitues i:

~ hi ,,, ’ = 
(“7 ) 2 k ff(k5 \~ + k, %.~ ) exp ~j k,x + j k~~ -j k,z slk,dk 5 (109)

~ II..,’ (~~~)2k ff(k/ ~~ 
+ k,-t ,) s;xp ~ k,x +j k

~
v -j k,z) dk,slk 5 (11(J)

n II,,~ = (~~L If(k, -t~ - k, t,, )s;xp ~ L,x +jk, ~
- -j k,z) tlk,sIk 5 ( Ill )

Thur unit norunual (ii) toe thur surface z = 0 is simn plv the unit vector in the z direction,
ss hich is a,. ‘Flit; eak’ulatiumu of thus ’ quantities 1J2 x (~ x E’ ) anud 02 x (m u 2 x (ii x JJ,,’ ))
are now straight forward.

Li2 x (Li x k~’) - 
~~~~~ 

t-si s 0. + 
~~~~~ 

cos 0~ +~~,E,,’ sinu 0~) (112)

02 x (02 x (Li x 11,’)) = ~~~~ cos2O 1 — 
~~ 

hi ,,’ + ~,li,,,’ situ O~cos O~ ( 1 1 3 )

Placing equations (90 to 92) amid e;qtuations (109 to 111) into (112) and (113) and eval-
uating the result at z = 0 will give thur following result for the scattered far field (Li):

= (o lr) 2fJff~X I.-t,cos O~ ÷ cos20~ (k,A, + k,A,) 1k0 J +

+ 
~
,, LA ~cos O~ + (k~ -t , + k, -\~~ )/k,, I + a,t ~1s~n O~ + simu 0~s’us O~ (k,-t

~ 
+

k,t,)/k 0 J exp ~k,x +j k~y -jk ,,x situ O~) sl y dx slk,dk~ (114)
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r w ill now allow thus ’ u n i t s  omu this ’ itutegrals iii x anusl y Is , his’ frs et ut mnu inus inut ’ unii tv Is ,

htlus itu fittity. ‘l’hu is will let ’ a reasomua ble assunuhetion as Isnug as this’ slimni s’mi sis ,ns of thu s ’
actua l illumuuiuiatt ’s I area art’ all mnuchu greater than the s;sirr ,’latiout s iistant re sif thus .’ ram ts ltnru
sIirle’ctric fluctuations. This’ imuts ’gra ls mi  x ansi y will (bent y ie;Id l)irac sls ’ lta fuuts’ t is ,uus ,

= - 

~f J  ~,IA ,~o~01 + cos2 O 1 (k,:t, + k1A,)/k ,, J +~~~, I \ y~O50 j +

(k~ A 1 + k,A~)/k0 J + 
~ ~A,sin01 + siuuO 1eosO1 (k,A, ÷ k,\ 1)/k0 J

- k0sin01) ~(k~ ) dk,dk~ ( 115 )

Evaluatin g thur k
~ 

amid k~ integrals in (115) and sim~eli fyirug thur algebra will gist ’ the
followimug equatiomu for

-j kR
2cos0 (jk ) e ° °

= 
4~~R 

E~,~~,(k,,sinu0 1.0) + ~~ -t~ (k0 sinu O 1. 0) +a ,it,(k ,,sitiO 1. 0)1
( 116)

If (lie m i n ds-nu t wave is horizomuta lly polarizesi amid thur re t ’ m ’ i ’ i  s~s ! ‘ i s av t ’  is alssi hiserizouita lly
ieolarizrd, then our iruterest is onuly m u  the y comheomuent of 

~~~~~~
. ~\ s ’  s.Io’signats’ this’ v

componenut of as E11 ~ 
, wh ere thur le;tter subss’ri 1ets refe r t(e the jeolarization eel the

incident and the received waves respectivel y.

2coso.(jk )e~K1111 = A
~
(k sinu0. . 0) (117)

‘Flu,’ defimuitio nu of t h e  radar backscatter coefficient canu be stat rs l as

. 4~rR
2 

< F 1,~* >
= 

I{~~~oo A0 
~
:‘ 
~
‘ ~~“ (118)

whue;re is ths; irucids’nt wave and a * is used to denuote a complex t’onuj iigate. ‘Flit’
- - lerackets aroun d E1111 K 1 ~ 

art’ used Is) indicate thur conipnutationu of a statist ical
avera ge. ‘flue quantit y \ ,, is the illuminated ars’a, Ily usimu g the s’sin u~eute t I fsern uu te l

as given by (106), K11 san hr written as

:17 
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E1111= 
2Jk,,(:~ oR o cos O

if dxf d~
f 

sI~ ( -2Jk,,x,uiO i~t

• A~ 1 (k ,,sin0~,() ) r~ ”~ + 
~~~~ 

(k0 sinu0~. 0)e~~~ } ( 1 19 )

wh ere t he definitionus of I~ . 12 amid S (k slut O~, (I , 
~) have les’enu usesi in (119). Thur

complex comujugate of (119) cant nuow let ’ writts ’nu easily as

= 
2iko~
:oR 0 (;oso

if5 1
~~

J

~ 
dy’ft i~’ , 2ik0xsrno 1 -jq [’ pt

~ A~~1 (k sinnO~. 0) ~
ik

~
’ t ’ 

+ t *
9 (k 0 siniO 1, 0) 

-jk~~ 
~~

‘ 

(120)

tn expression for lbs.’ average of K1111 E’
~ can now be wri t (cmi.

<K 1111 E 111 > = 
4~~2~~~ 2 

0
if (IXf dx ’f d

yf 
dy’f ti~f ic <p(f)~~’)>

-2jk,,s~ O~ x-,’) jq ( ( - ( ’) 
~ t+t ’) 

~ ~ A~ 
-jk~ t ik t ’

y I y l

+ A 5 I 
~~~~ içt ~~ik~

*t 
+ A 9,\

*
I ~~~~~ 

Jk ’ E ’ 
+ :\ 9 it

*
~~ 

j k t  -jk~~[’ } ( 1 2 1 )

T ..  term <,,z(~)IZ(r ’)> whuio;h a1e1eears iii the ah oy,; int;gral . ‘is as t iefiruemi s’ar lier as thus ’
s;orrrlatiomu fumus;t iomi , l1(r—r ’). In our s’ase . we sh all le ’t B(j— r’) lee ’ issetr o leis ’ . that i5
U(r—!’) = B( I r—r ’ I ). Al sse . in order to maks.; thut; mathit ’nuaties muatuagealelt ’ . we will
assume’ that the form of this; correhationi fun ietisemu is s’xponential.

U (R)=e ~~~~ U = Ir - r ’ l ( 122)

wht’rt; Q is thus. ’ s ;serrehati oui distant ’s’ , Thuese assumletionis a leseu l  (hue fserm uu tel ’ (lie s’serrs la-
ti sen fumuctionu eanumuot lee j ust ifietl anahytit;ally, sinus ’s ’ nuu se m is - ss s’ nn us tse rs’ally knio’is thus’
nuature of the correlation funu,’tiomi for actual vrgetatiomu. ‘l’hie ass unu p l ionus art- mnaslr
mnt’re iy (ci sinu~eIify calculations so thna t an analyt ical result can Is,’ ,e btainus’sl quit’kh’:
t hurni thur thuo;ory can lee com1earet l to as;tual ex1it’rinue’ntal results. l’hue assumj etiunu of
usimug t he  isotro 1euc s;orrs ’lat isenu fumus ;tiom u give n alcove canu otuly lee j ustifieti semi thus ’ lsas is
of csim~ear ing thur final rm ’s eill with e’x perimental oiata. . t l sse . any miss ’ of an a u uiss etr se~eis ’
t’t irrelatisiru function will result in vt-ry great math ematical c enilelrxities . ‘l’hus’ fm ells ewin ug
t’hangm’ of ‘i-ar i ;ilels’s will bs.; made to facilitate carry ing out thur inuto- gra lionu :
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•

l’hui~ m ’ hua t u gt’ m e l ’ ‘i ~er ual e ls’s wil l  allow < F11 ~ 
E~ ~ 

> to be’ writts ’nu as follows:

<K~ut F~ 11 > = _
~~
_ 

~ fs17i fdn J
ix’fi~Jd~

J
~~~’ h3(n ;n ,

~~~
-

~~
‘
) x

~~~~~~~~ 
j q ( ( - ( ’) p( t ” ) 

~~ 
t 5,~I~~t ’ 

÷ ~, ~~ 
-ik,~t -Jk ‘

~I ~I ~l s

+ ~ 
jk~ Jk *t 

+ ~ 
~~ k~ t ~J k * [ } (123)

l’hue inuts’grals m u x ’ ansi y ’ a} e l es ’ar to let ’ nis ’am u imug less h,s’m’auss ’ thus ’ lirmuits m’xt ,’nd from
nnu ituu s iuu fi nu it y to plus inuliuuity . I he ’ ism ” i s r .  th ut ;ss ’ imuts’grals as’tua ll y formu t his’ illuminatesi
ars’a. s imts - s ’  we ’  want boe h ays’ thus ’ avs. ;ragt’ leackss ’atteresi P~ ’i~ ’~’ equal to zs.’rsi outside ths.;
illumnu ituatee l area. s’ sa n tiow writs’ equatisenu ( 123) m u this. ’ t’o lluwiuug form :

~~~~ K~~1 > = 
hu~~~ 

(k~ rse s 2
O ,) 

of1~,f1flvfti~fel~
l U(~ ,, U

l
)

-2)k O~~x swo i

~ * -jk ~~ jk *t 
÷ ~ ~~~, 

~~~~~ ~~~~
s I  s I

• j k [  J k * ( • jk~~ ~jk~* t
+ \ .,~ 

t •~ 5 ~ ~~~~ 
s; s’ ( 124)

‘I’hio’ i nut s ’ gr a t i eetu m u  ~ ansi ~
‘ w ill Is m’ Ies ’ rt se rms ’tl first hey usimug this ’ l’mi lls ew ing m’huanige of

sa r ialeles :

‘7, -

= ~ +
‘7,

‘h’luenu . this ’ m lt I’t m ’ rm ’ t i t i a l s sl~ s1~’ ‘is III hes ’ s ’se mn, ’

el~ ~I~
’ = —

~
-
~
--
~ ~

‘? 
s1~ el~ ’
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whu s’r,’ thur J acobiauu us “ivs’ut as I’sellsiss s:

a,7 a~7,

a(~1,. ?1. )

a,

Figure 5 shows thus.; area of im ut s. ’g ratio nu for s’a ,’hu te l thus ’ ( wee  ss ’ts e e l’ ‘iarialels’ s.

-h 

(T’ 1’/2 )
(0 , -h)

Figure 5. Areas of Integration

If we now re1ere se mu t thur entire integranud of (124) by f(~. s ’) , [luen the integrals iuu ~
amid ~

‘ will become

0 0 0

h_
~
ooJ

~~~.f~~ 
f(~ , ~~~~~~~~~~ f(i~ + ½ 

~~~ 
- ‘/2 n,)

where ‘?,, (i~~) and 7?,2 (ni) are d,;finued below.

i
~~ 

(~~~~~ -2 (~7~~+h) when - hu~~~~~~~ - h/2

i~~ (,
~ 

) = 2u~ whuen - h/2 ~ (0

‘7,2 ~~ = 2 (,
~ 

+ Ii) whenu -Ii ( - hu/2
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2 ~~~ 
= —2~ ‘is hu etu - h/2 ( 7?, ~~ 

0

‘h’hum ’ l’uuts ’ t ioui t’(ii
’
, + ~2 71, 77, — 17., ) wil l  I’all oIl’ rap idl y t’s er thee ’  s-ass - w hue’ rs ’ I

is grt’aler th uaui the s’orrclat iouu ,l istauim ’s ’ Q, ‘l’lus’tu , (lie initt’ gratise nu is etu l y over thu s ’ — h ,as ls’d

ars’a iii I’igurs; 5, whuio’hu wseuh ml let’ a t e s s  s ’te rrs ; latis ,t u lenugthus wide. TItus , this ’ iut t egratisem e

77, auus l fl, tioss Iss ’ s sem uus ’ s

f (~ . ~
‘) _+Jin ftiii ~(77 + ‘7 z ”7 , - ~~~ ‘7 z )

‘Flue ahoy,; a1e1erox inuatioui ol’ the inutrgral sh ould let .’ valid for (hut ’ s as m’ w hus’ rt ’ hi ~
(corrt’hation distance). The es~uation for <K1111 K~ 11 > as giveni Icy (124) tuow

becomes

<K11 11 E~ ~> = 
~~~~ 2 R 2

’
~ 

° f  dn~f 
d7?~fd ’7~

f 
ei~~

’ 13(17,, ‘7w . ~~~ 
e

2
~~ O~~~~

U18 1

jq i~, 2pii, ,{ t ,, .
~; 

~~~~~~ 
+ ~~~~~ + ~~ ~~~ 

e
_ ik

~
(1i

~~ 
‘/zii,,) jk ’:(~~~

_ ’ 2 ru ,)

+ .t 2 t;1 p
1 2 T h ,) 

+ ‘s 2 ~~~~ 
J k ( ~~~+ ’/z~~7 ) ~1k~~~(~~~~~ Y 2 f l z )} (123)

The integrationi in ‘7, is miow quite simpk;, and when it is carrio’s i out , tine follow ing

equatiotu for < F1111 E~ 11 > will result:

<F~111 F~~11> = 
(k0 cos01)2A 0 

fdn~ fdn~f 
tin, 13(7?,, fl y~~’7,) 5:

2jko~,
s
~
0j

~~~~~~ 
{A~ 1A 1 o’

~ 
e~~”~~ 

+ k ) 12 
+ ‘y l t~2 ~ 2

+ t~2A;1c3 ~~~~~~~~~~ 
+ A 9~t 2 c4 e

k
~~~

2
~~ (126)

where e1 . ~
‘2 ,  5 3 and 5 4 arc defined leelow:

c i = ,
2o - ik +j k *

7 7
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‘ *2j e-j k ,-J
~~ ,

= ________

21e+j k , +3k ,

5 ’ 4 
- 

2ie +j k~-jk ~~

‘I’lt” Vo lume’ irmte’gral Iers. ’st ’mttrt l m u (126) is hes’ st evaluated if a change is made to s1ehieri-sa l  coorsl inuatrs, Figure 6 sh iee ’ is thus ’ gs’oms’lrie’ relationships Iee’tw(’(;u 
~~ 

and thursphut’rie ’al t’oordinuates U, x~ ~~ . tIss , , t hus ’ s’s irrrlatis ,nu l’unicb is ,mi is assumnirel (ci lit’ isotrop icanus! cx 1eomus ’mutia l,

It -R / ~l3(~ ,. - 77,) = e X t; = 13( 1-3 )

Figure 6. Spherical Coord inate Geometry

Equationi (126) t :amu now lee’ writte n as follows:

<E~~ E1111 > = 
c~s0 )2 A 0 f  iaf dxf ~~ R2 sin~ 

-H I Q -2ik 0Rsthx,o~~smo 1

jq Il cosx 
* -Rt o i ~(lt , + k’~ >12 * -Jil coex(k ~-k ~A 51 A~ 1 t’

~ 
e’ ‘ + A~1 ‘v2 ~2 °‘ -

+ 
~~~~ 

jH coix(k _ k ,~)/2 
÷ ‘~.2 ~~ 2 

jRco5x(k 4 k~,* )/ 2~ 
( 127)
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‘l’hue inutegrals in (127) canu mus iw be worke,1 out analytically ani(i are in a1e 1ecn dix II.
:~f (er carr ying out the inutegratiouu , thus; following equatiouu her <K11 ,~ 

l’~ ~ 
> is

oe betau u it ’sI :

<F F
e 

>_  
2k~~Q3A 0cos2 O . A~ 1A;1~~1 

+ Y J y 2 2  
+~tt1I ~tlll 

— 
irR~ I I+b~

Q2 ] 2  11+112 ~ 2 J 2

* *A A ,~ C. A 5 A ,) (
+ ~‘I ~— ‘~ + ~‘ ~~~ 

-

~ (l”H)[ I+b2 Q 2j 2  11+b~
Q2 12 —

where [lie quauu ities b0 , b1 - b2 and Ic3 are defined below:

+ (q - (k~ + k’
,*)/212

= ‘V4k~ siuu 201 
+ [q - (k - k1 ) 1212

b2 = ~~4k~sin20 1 + [q + (k~ - k’,~)/212

b3 ~~~i~~sin201 
÷ [q + (k~ + k~~)/2]2

The radar backseafler coefficient t’an now be easily obta ins;d from tlw defiuuition jero-
vided by ;quatiomu (118).

* *-t ,t 
~
‘ t A

= 8k 2
~~ u s e s~ O. 

~ I i+b~
Q2 J 2 

~ I b~
* *;\ , A s’ A t , c

+ 
y2 ‘t -

~ + ‘2 ‘2 ~ (129)
Il+1e~

Q 2 l 2  [ 1+b2 2 2 ] 2

Equation (I 29) is thus. ’ result of all ‘is merk in this section, It must lee rt ’ms’rnheero’sI that
t he solutionu assum ed an isutro 1eic ex~eonus ;uut ial s ’orr el atisenu funiction, .-\lss ;, t luo’ s’f l’eo ’ti ’ is ’
propagation c onstant for the nneatu way,’ was derivt’sl usinug th is ’  sse ln i t iouu te l ami i t i f in i ts ’

s1eacs.’ problem. (mu order to let; strictl y s’ss rrecL tins; t ’f t ’s’ t’ t l ’ is’ propagation *‘ onstauit
should h e m ’ obtained from a sohi tionu of (lit’ hualf-s 1eacr hcrohelen n,
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‘Flit’ uis ’x t st ’s ’ t is i tu of ’ this report will be els” i s t s ’ u l t e e  se letai nu iti g a s s el ut imc ui  fs er th sm -
teackseatter s.’oeft’ic is-mut for thus’ cast ’ where [lie incident ways’ I-. vert is’a l$ y 1,silarizs’ti.

Vertical Polarization Analysis. The results suf th ee scm - t i m  cmi on S m - a t  t e ’ r i t u g  ( ;e ’ s i t nt m ’ I rv
amid ‘s1c a ’ i t ’  Propagation h u m a Uau uelon uu ~uI,’t liurtt of ltuf inuit r Extent will uuoe w - lit’ nu sm ’s l to
der ive a radar j eao’kscatte r eoeffis;is.;nt fs.er the s’as~’ of an imis’i sle ’n ut wave ’ ss h i s -Is t —

vertically let,lariz ’tl, \~ s’ will now- s’s)tis islt’ r a ass ’ with vs’rtis ’al ico e lar izatisemi thuat is ~t i t ’~-

slemut froun I’rs’e s 1eas ’s ’ (z > 0) onto a hussy rauus lsem , u media (z < 0). Thit’ gm ’ em mu s ’ trv of (hu t’

situationu is givt’mt iii figuro’ 7.

1 

Z 

k 0 
~2

Figure 7, Geometry for the Coherent Waves (Vertical Polarization)

‘l’hs’ 1co la rizat imenu ‘is’e ’t ,e r her ll~ ’ imuci els. ’nut ways ’ n u es s l i t ’s itu the xz plant’ . Tl,s’ solutionis
iser thus.’ nnuo’an , ‘is a’i s ’s iuu leot hi tns’nlia will lit; siletaint’ ,l first; tluen this. ’ sse ls it i emi for thur
ss’atts’rs’d ‘is as m’ s ‘isill lee siletained [lit’ same way as in thur }uerizouutal pssIarizatio~t case’ .
‘l’ lus’ t t e ta l  mean ni ua gmum ’t is ’ iis’lsl . II, (r). imu th is’ tu t e rser nuedium camu let.’ ‘is— ri (bet , as

-j k n - . r ~jk ii • F 1
Ii , (r) ~ [~- o ’  + U e o— r — J (130)

mu. = a sit uO - a s-u- ’O— ,  ~~‘5 I I

mu a sintO + a c ’ s es O—r — x  I — -i 5

= \a  + V a + / - a- —x - ‘, — -,,
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U is a refls ’o ’tis.euu eos’t’l’icis. ’uut.

‘I’hus’ l’irst ts ’ rnu itt (130) relero’ss’ui s thi s’ ine ’idt’mit w ~s’i e’ , auu el this ’ secomud tm’rmti rs’hcrest’nits

th us.’ rt’fls’s’tt’d ‘is as 5’ , Thee nus’atu uuiagnuetis ’ fis’IsI. !J 2(r) , m u this ’ l,ews’r im us ’ sl ium uu s ’a nu be
writ te mu as

112 (E) = ‘I’ 
I 

-JK ,, ‘ ( 1 :31 )

H3 ~~~ ‘ I ’  - a s ’ o s ~’

is a tranusmissiou i coeffieieuut.
cu is (lit’ s’om uu1elex angle of refras. ’tionu.

Writin g Smu ehl ’ s law , ‘is-c h ave

K,,sincui = k0 siuuO 1 (132)

.~ gaiu, by following Stratton 23, aui s.’quatioui camu lie derived for eoscui . If we wr i te ’  K,, as

— 
~ ~~~~~ 

then sinu ~i is

s iuuqi = (~u + j b) sinO 1 (133)

2 2
‘is hi m’ rs ’ 1 a,~, k 0 1(13 ,, + a,7 )

Ic = a,, k0 /(13~, + a~,)

Solving nuow for rnj s~i. we have

e’os~~ 1 - (~~ 
÷ ~j~)2 sinu 2 O~ ~ 

~~ (134)

This ’ magn itus ls ’ 
~ 

amus l this ’ ~ehuass. ’ 
~ 

camu lee foum ud Icy st~uarimug (134) anti equating rs’al
au uml imuuag iuiary 1ear t s  s i te s ’ i  t lis’ r s imi s ’ tel thur equation.

~~ cos2~~ I + (te 2 — ~2 s it e 2 O~ ( 133)

~~ s iuu2ç~1 2~~,s im u 2 O~ (I 36)

“ s s I ’ i i t u g  s’nluat io uus ( I  33) a nusl ( I  36) I’s e r a nu sl 
~~~~

. ‘iss’ h ays’

= ~I l_ ( ~
2 _ t e 2 )s im l 2 O~I2 + 4 ~~2 t e 2 siui 4 O .~~ ’ 8 ( 137)

s~ Ii~s ’ - tsl a,n,. S t ra t t on , ~-h ’s’Sromag n~’ti e Thsorv . ~i et ;raw h ilt , \s’~ ‘n ark, 1q41 . pap- 501 -

~~~~~~~~~~
- - -

~~~~~~~~~~~~~~~~
-
~~~
-

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



-- - -- —---~~~~~~~~~
- - -—  - -

~~~~~~
.—---

r 2j h e ~ e uu O.
= t a m u  ‘ [ ~ ( 138)

-t mi s’s luat is e ru s’ati m e sew Its’ ss r i t ts ’ tu Isir K,, s - s e s  as l m e l l s s s s s :

= (a~7 -~~,,) 4~ 
( s ’5e5 Ø~ - j si uuØ,)

K,,s’sis cu~ 
= 

~ -j ~~ ( 139>

where ~e = 
~~ 

(a,,o’os
~~ 

+ ~~,17 s i mu ~~, ) (I L(9

amus l 
~~~ 

(~,,o’os4~ — a,,s iuu
~~

) ( I- I  h

This’ meamu nuaguus’tis: field m u  this.’ ramislonu media sa n mum ,w his’ w- ritts ’tu as

112(1) = 
~~ 

1
1 L  

—j l ~0~~u1~~0 , ii-’ G~ ( I  l2~

From this.; Maxwell s;quatiomu V x 11 J + -~_4?_ . ati s ’v lsr s ’ s s i seu u s’ani lee seheta itus’s i l’ser (him ’

meamu electric field , h2 (r), itt t hue random m edia.

= - ~~o I I  [ ~ 
k~SitIU , 

÷ a, 
~~ 

, j k 0~~~~ 0 1 pz N’ (1 43)

The tramusm issiomu and rt;flection coefficients s am e lit’ s’omj c uts’s l frsemuu this ’ tatugo ’nitia l
components of the electric and magnetic fielsis, ‘is hirhu must 1cm ’ s ’seuutinu usi us ae rse ss this.’
boun dary at z = 0.

K,, cosO - k0 s’s is~i11 = ‘ -
~ ( lU)I I  

~~ , 
eosO 1 + k0 s - s s s c u i

2K , ‘osO-
‘I’ = ‘ (113)

k0 cos~’ ÷ 
~~~ , 

s’tesO ,

The meamu electr ic fielsi as given Icy (143) is muow s.’om~ek’teIy s ls ’ts ’ rmitu s ’s l amid s - a mu he’
used to calcu late the scattered field in the lower m

~dium.
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e i,z(r) wp(, ‘I’ l l  [ / k
55~ iuu O. \

IV (V ’  L) -V 2 I - L2  L~I - 
K ,, 

~~~~~

‘- ‘~~~k~,
) 

+

~ -i~~ 
-~~~ x- ~us55 ~ia5 • ‘ c s ’ (I -1(e )

s ’ sh all mie gles ’t t h e ’ graslis.’uut ts ’ rnmu i m u (146) l’or thus. ; sat m us ’ rs ’ a ” s  cmi it ‘is ~t s  mis ’g ls ’s ’ts ’t l l’or thus ’
huser izseti ta l pse la rizati oc ui soelu tioni. ‘Flit’ thures.’ s ’om uu 1conu s ’ muts oil ’ (14(e) thus ’ uu Iees ’o mu io’

~~
2 l-~~ +- k2 

k~ e p(1 wM 0 T 11 

~~1 

_j k x ~inOt P N ( 117)

V2 K + k2 
~~ 

= 0 (148)

V2 F’ + k2 K 7 = 
k~ ~ ~z( wl~t~ 

I’ l l  
sim u O. 

-Jk 0
,~’tts O 1 

~ 
i(1 (1 4°))

-
~~ soel ut iotu l’or K 5 s - a mu Icr writ temu iii this. ’ kernu oil a h”o,uri&;r tranus f’ornu.

E~5 (x .v ,z) = (k,. k )  
j k ,~ 5,j k,~ ~~ sik,dk~ (150)

Imu thus ’ ah ss eve equation h3 is a fu uictionu of thur Fourier variables k, atu d k 5 . ‘I’Iuo’
quanitit y k hias this.; samne d ;fimuition th at it had earlier, as give- m i Icy s.’qtuatio inu (70). This’
so lutionus l’ser K auud E are muot as siraiohtforward ~ts h- - because t f  thus - ts ’ ruuus on thus ’

ax sz
right-hiand sis ls’ of ( 147) and (149). ‘l’ h um ’ss two to’rnis m’o nutaimu p(~). w hu it’h i~ a rau usl se nui
functiomi of all three coordinates. By comusis ler ing Eq, first , a gs.;mieral sulu it iset i t’atu be
written as

E~,(x ,y,z) = (~2f fu x (k,. k~ . z) t ’x Ie ~~~~ +j k~~- ) t lk,tlk~ ( 131)

Placing equati simi (151) imut s i (147). ‘s o’ Iris- ,’

(~~~)2f f~ 
-k~ It ’, - L2 It ’ + + k2 It’, 5 ’X t e  (jk,x + j k 5 ) dhs,.1k 5

c~ i~(i) ~~1’to 
‘I’

1 
~ ~~~~~~ 

-jk0xsino. ,k 
~~~~ ( 152 )

K,,
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II’ ‘is- s rs’s’all thus’ els ’ l ’ i u e i t i s cuu se t ’ S ( k, - Is,, - z) as gi’i- m’mu Icy s’s luati otu (77) . thu s ’ ahcsi’i-r m ’ s -  j e r e ’ s-
sj o e uu camu let’ writ t,’nu as

~~~)2ff ~~- k~~lt~~- k ) ht X + 
012 11’, ÷ k2  It~~~~l S ( k . k ,z) s’

P~~s.3~~~

(‘xli ~j L,x +j k
~ y ) o!k,dL~ = 0 (133)

2 , ,  ~k e 5 , ~ I II Pt o’
‘is hu rt’ M = — 

-

0 K ,,

Thus’ integral omu the left-hiamid side of (153) s’aun lit’ satisfied Icy s~’tt inug thus ’ intt’gramisl
equal to zero. Wl us’n thu is is dons’ , this’ followimug ss ’t omu d orsls’r difft ’remutial s’quat iscmu
results:

d2 B’
+ (k2 - k 2 - k 2 ) J 3 ’ -=M 0 ~~~~~~~~~~~~~~~~ ( 134 >

Thus’ aboys.’ diffs.’rt’nutial equatiomu has exat ’t l y thur same form as equationi (80), ‘is bu ic hu
was sssl’ i-,’sI prt viously m u  conmuection with the horizontal polarization ruse . A pplying
the same var iatiomu of Iruramnetcrs meth od to (154) wiH yield thur following solution for
F (x . v, z): 

-

E~, (x ,y,z) = 
(

~~~~~~
)2 f f

~~ 
B~ e

ik
~

7 
+ -

~~
0
, [J~ (k~ . k~ . ~

) ~~~~~ ,~
jk

~ t 
d~~]

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

cs - p ~jk ,x +j k ~ y) dk ,dk~ (155)

‘is liers’ I-1 is a function of k, and k~ . Since equation (149) for E,, has exact ly the
sums’ fsirni as (147), a solutiomu for F can be writtemi as

Ea,(X~Y~Z) = R c~~
Z 

+ ~~~~[fS(k . k~ . 
~ 

Pt 
e~~ e

J
~~

t 
d~]

Jk~ z 
- ,~~~~~, [J’~ (k~ . ~~ ~) e~~ 

0;i4t Jk
E] 

-jk z 
(156)
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€,, cs j’z0 ‘i’ l l  siuuO .
w here N0 =

Thue components of the scattere d s;lectris ’ fielsi in the upper mediunu (a > 0) came lee’

written in the same manmuer as was done for horizontal 1e o)tarizatiomu (e.g. t;quatiouus
90 to 92).

E~ (x ,y,z) = (fl2 f fc,(k,~ k~ ) ex ie ~k,x +jk ~y -jk ,z) dk,dk~ (137)

E~~(x ,y,z) = LJJC (k k~ ) CX 1) ~k,x +jk ~y -jk ,z) dk,dk~ (158)

E~ (x ,y,z) ~~~2 f fC~
(k1~ 

k~) cx l) ~j k,x +jk ~y -jk ,z) dk,s1k~ (1 59)

where k,=

Again we have six umuknowns , C,, ~~~ C,. B’,, B’
1 and 13 .  Tlue three umuknuowns of

interest are C~ , C~, and C,. whiehi determimue the scattered electric fields m u  thue uii,eer
medium . The boundary conditiomis at z = 0 that will Permit (hut; calculat ion of the
wanted quantities are as follows:

E~,(x .y,0) = E , (x ,y,O) (160)

E8~(x ,y,0) = E 3,(x ,y,0) (161)

aE aE aE’ aK ’
- —~~~ = —~~~- - —~~~~ at z = 0 (162)ay az ay az

aE aE aE’ aE’
ax sz sX sz

— -  — a tzO  (16.3)
az ax az ax

In addition to the four boundary comuslitions given absive , we luave this.’ two divergence’
conditions that also can be used. W hen tht’ appropriate equatiotis for thur scattered
electric fields are substituted into the alcove boundary conslitions along ssithu tlur divs-r-
gence rela tions, the result will yield six algebraic equationus anol s ix unknowns. l’he six
algebraic equations are obtained m u  exactl y the same manner as th ey ‘is-cr ,’ m u  (hue’ luori-
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zoemutal h eolarizationu sselutiomi and art.’ gi st’s Ics;low.

k,C, + k5
(:~ = k,C, (164)

Is, + k~ u; + k’,It ’~ = 0 (165)

13’s + -
~

- -
~~~

-_ (1~ — 1 2 )  = C, (166)

13; = C~ (167)

k N
k~C, + Is,t:,, - Is,, R + k’,lt’,, = 

2j k~ 
(1~ — 12)  ( 168)

k N (1~ 12 ) \-1 (I, + 12)
k,C, +k,C, +k I3 - k ,It 

2j L~ 
- 

2j 
(169)

whis’re I~ S (Is,. Is . ~) t’~~~ ,‘
~~~~~~~~ si~

‘ 2 S (
~,

, Is~ .~~~~) 
f ( s ) 

J k [ 
s1~

, Pt j °i t
t (~) o ’

~\ hes ’ m u t;quations (164) to (169) are solved for C, , C ,, and C,, we have’

C, = 
~~~~ 

l~ + ( : ~~ 12 (170)

= 
2jk~F0 ~ 

k,k,k’, N0 Fi +k~k,\l 0 l” 1 - k~k,k N 0 F2

-k  k k M I’ 2 }y x i, 0

C,2 2j k’ F0 ~ 
- k,k,k ~“

i
~
l
~ 

- 2k,k
2 M0 F’ 1

- k~ k,M0 F’ 1 + k~ k,k N 0 F2 + Is,, k,k,\10 1-’2
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(
~ = C~~l1 -F Cr2 12 (171)

= 
2jk~F~ ~ k~k,k~N0F3 + k

~
k,k~

M0 F3 - k,k,k~N0 F2

- k 2 k2 M F2X 0

Cy2 = 
2jk~F0 ~ 

- k~k,k N 0 F3 - k~k,k,M0F3 + k,k,k’,N0 F2

+ 2k,k~
2 M0 F’2 + k~k,M0 F2 ~

C, ~~~~~~ 1 u +C ,2 12 (172)

C,1 =(k,C,1 + k ~ C~1 )/k,

C,2 = (k~C,2 + k % C,2 )/k,

whuere F’0 (k~k’, + k k  + k k , + k~~k,) (k~k + k~k’, + k~~k, + k ~ k,)

- k 2 k~(k,+k’ ,)
2

F1 = K 2 k’ ÷ k2k’ + k2 k + k ’2 k\ 7 7 7  y z z Z

F2 = k,k~(k~ + K,)

F 3 = k:k: + k~ Is + Is
2 Is, + k~ k,

- \ r u  e’quation for (hue far zon e scattered field, E~ , was deve lups’el earlier from the
Stra (tomu- Cbuu inuts’gral and has thus. ’ following fornu :

-jk K
- - 2j k s’sisU t’ 0 0

= [a,C,~~0 simu0 1~ (I) + a~C~(k 0 sinu O 1~ 0)

-5- 
~t,C,(k0 simu O~. 0)] (I 73)

‘flit ; imik’rt’st us now in the .s- and z rompomu;nts of (I 73). whis’h wil l form flu,; vertis’ally
1eolari zt’sl rs ’s- m ’ i ’ i- s ’d wave , ~~~ 

‘h’h,; doulele subscr ipt is used lucre to) iuudicats. ; the teolari-
zat isemu of the trauusnuitted anti rm ’ s ’ s ’ i v s ’ s i waves , ro;speetively.
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• 
(~~, 

s’osO 1 ÷ a,situO 1)

—jk H
2j k s’os O- s ’ 0 0

[m;osU~(A , i ~~ ~ 
~ x2  ~2 )

+ situO 1 (“,~ 
I~ + ~~~~~~ 1 2 )]

‘l’his’ above equa(ionu cant be nianui teulated easily into a form (hat will allow a quis;k solti-
t iotu for thus’ heacks catter coefficient . a~~.

2j Is t’o:,tI 
-jk0R 0

= 
4rR 

[A~ (k0 sinO 1. 0) I~ +

‘v 2  
(k 0sin O ,0) 12 1  (174)

where A~ (k0 simiO 1, 0) = A ,i s;osO 1 + 
~~~~ 

sim uO 1

A~2 (k0 sinU1, 0) = -~,2 cosU~ + A ,2 sinO~

It camu be seen t h a t  the form se t ’ 
~~ 

as givs;nu Icy (174) is thur sanue as that of E1111 givs ’ mu
by equation (11 7), Therefore , a final result for the lsas ’ kss’atter coefficiemut a~ can be
written directly. since it w ill have (he same form as ~~~~

0 — 
4irR~ <E~ E’!~,>~~
‘0

where E. E1 - (.k 0 Iwe 0 ) 2

*
- ‘ -t s -~ A A s- ,

= 8w 2 ~ 2 Q3 5 .5) ~ 2 0 
~ ~~~~~~ 

+ 
2 2 12

+ _________ + ~~~2 A;2 (
4 ( 175)

I l+b~
22 12 LI+1e ~

Q2 I2

The quantities c 1 - c 2 , C3,  m’~~, he 0 , b1 , b2 . 1C 3 in (I 75) are slo’fined m u  thue same mamuuus’r
as they were; imu tht; Horizontal Polarization Analysis ss’s’tisen . thur difference being that
p ansI q must lee replaced by ~ and ~ rt’s iis ’ ctivs ’ ly .
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2j’i-j k ,+ j k

=

2~e-j k, -j Is,’

z I

— 

2~e+j k -j k ’
~

b0 = V4k~ s itu 2 0 i + 14 - (K’, + k’ ) /2 j2

= V’~~k~ sinu 2 O 1 ÷ [ 4 -  (K’, - k ’ )12 ] 2

1)3 = ~/ 4Is~ sin2 O 1 + [4 + (Is’, - k’ )/2 12

b3 = ~~4k~ s iuu 2 O 1 + [ 4 + (Is’, ÷ k~)I 2 12

Equation (175) is the emusi rt-sult of all work in this ses;tion. The next section of the
re leort will show some calcu latiouus sef &

~th anti a°~.,, anud will indicate the effects of
t’hianging various 1earamnet ;rs.

1)ISCUSSION OF RESULTS

This sectiomu will show some numerical calculatiotus for the theory derived in the
previous sections and will indicate this’ effect oil various parameter changes on the’ hack-
scatter coef ficient. A computer program was written for the solution of equations
( 129) amid (175). There are five input parameters to thuis Computer program:

1. Frequency.
2. Average relative dielectric of thus’ random ms’dium.
3. Average conductivity of the rafl(IOfll medium.
4. Correlation length.
5, Standard deviation of thus - slis’Is’elric fluctuations of the rands m memlium.
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s m  spy sd thus ’ o ’ s et u u heut s ’ r ~erogranu ms gi’i ‘t i itt a le les ’mis hx ( - l’hs’ out put eel  thur s ;ten nu-
1e uts ’ r jer oegramuu us thus’ bas’kss’attrr s;oet’l’k’is’ti t imu deciles. ’hs as a fu uis’tisen oil’ (hus~ ino ’ ids ’ mus -e ’
atigls’ (oc r the’ t’ is s ikelarizatiotus . The’ has- kss ’at ts- r s ’ scs ’ ft ’is- is ’mm I e tm (h’s’IIU’ls is re’lat -d to the’
leas’ kss-a ( Icr s’oeff’ieieuut as I’ollows:

~0 (itu sleo’ibels) hO lse g 10 &~

Ths’ liae-Isss-atter o’oit’fl’Icis.’nt on ths’ right-ha nml siels’ oI’ thus ’ aliovs’ s’s]uationu is com puted
fronnu equatiotus (129) and (I 75).

F’igurs.’ 8 shows a study of k0 ~ var iatms en u s l’ser hor izonutal polarization. lii thus
fi gure, t his- value; of k0 Q ‘iaries froet u 0.5 to 3.0 withu muo average Is ss (a~~ 0). It ,;an be
ss’en that as K 2 iuus- rs’ass’s . thur Is ’s -el sef (lie s;urvs’ g m es ’ s dowmu , but this’ shuaiee remiuains the
sanie. Therr is a large drop fromni K0 = I to K0 2 2, tnuc lu larg;r thamu the o’huamugs’ from
k0 2 2 ts i k0 2 3 .

Fi gure 5) is a study of Is0 2 var iatiomus for this.’ cuss- whers’ Is0 2 is ls.’ss thuamu I amid
0. As k0 2 increases frsnn 0.2 to 0.4, thus ’ le;vel of the curve goes down, but the

shape sta ys s’ssemitially the same. We st-c also thuat the separation betweenu the curves
is approximnatel y (lie saune.

Fi gure 10 prs’ss ’tuts a study of k0 Q variations for the case where 0
a 

huas (hue f inite
valus’ of 0.01. It camu be seen that as k0 Q increase s from 0.2 to 0.6 the level of the
m’ur’ies increases instead of decreases as they s.Iid in figure 9, The spacing between
curves chamuges also; it decreases as k0 2 increases. Whuen k0 Q becomes equal to 1, the
level eel the curve is now lower than the curve ‘or k0 Q =0.6. Thus, it can be seen that
by com1earing figures 9 ansI 10, the introduction of average loss will greatly affect the
final behavior of the curves.

F’igurs’ II provides curves of backscatter coefficient versus Is0 2 for three differemu t
va lues of 0a ‘is- i(h the angle of incidence equal to 10 degrees. It can be seen that when
Oa =O

~ 
thur curve is mnoniotonic amiol decreasing. When °a = 0.001 and 0.01, the curve starts

at some low value, increases to a nuaximum value, and then falls off gradually as k0 2
imucro;ases further. This is a very radical change from the ease where a~~ 0. It is not
known whether this change is valid or if it is a consequence of t he assumptions used to
dt-velo1i (he mathematical model,

Figure 12 leresents curves of bao;kscatter coefficient versus amigle of incidence for
five different values of the average dis- lectric (

~~a )
~ 

It can be seen that as Ca 
increases .

t hus.; mean level s)f the rurvs; goes down. Also, as 6a increases, (hue curves (Irop off faster
as thus ’ amugle of ins;idence imucreases , The; spacing between curves decreases as Ca
inis -n’ass ’s , w ithu the largest difference occurring between the Ca = 1 curve and the
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POLARIZATION: HORIZONTAL 9GHz
C~~~~l.l

aa =o.o

i— 4oé~~ 20

— 30 ‘

— -  I I _I I I I

0 10 20 30 40 50 60 70
ANGLE OF INCIDENCE IN DEGREES

Figure 8. Study of Variations
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POLARIZATION: HORIZONTAL

~ot =O.3
_ 1A _

Lu

I.-

LU
f 9GHz

~1.I -
C a l.l

aa = o.0

~~ —20 - C s O.2

C.)
‘I)

C.)

~~ -25

—30

0 10 20 30 40 50 60 70
ANGLE OF INCIDENCE IN DEGREES

Figure 9. Study of k02 Variations
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s. 2 s luR s’ . ~ his -ui e uuu s - rm ’ as m ’ s , thus ’ mt iag u eu t eu m le -  me l ’ th is -  ms- l Im i ted e ’ mehus ’ rs ’ t m t m uee ’ a mi %~a s - e ’
mnms ’ rs - a ~m ’~_ at umi hm ’~’s e’ uu m ’ r gv u~ ava i la le lm’ l’me r he um ’ Kss ’atts ’ r iui g. l ii i— ’ s-~m euu lt I a ,e ,es ’ar Ise , e s s s , u m u l
lsir thus ’ r.uieit l t ls’s ’rs’uss ’ in thus ’ Ieas’kss ’at ts’r s’os ’ ilis ’ is’tut a— e iu is r m ’ a — m — .

h’ i gurs’ 13 Ie rs ’ sm m u t s m’ urv m ’s se t ’ lcack ss- att c r s’ s s’l’l’is’is’uit vs ’ r~t i~ atu g is’ sd i t i s ’ i s I e ’ t i s s ’

iser t’meur sl iils ’rs’uu( s - a llis ’ s se t’ c .  t hus ’ — t a uus larsi ds ’via t iset u me l thus ’ diels.;ctrje’ l’ luc tua t iout— .
It s’ami let’ ss’ s ’u u that as € shs ’s ’ r n ’ a s s ’ ~ , this ’ Iev m’ h tel this ’ m u ur s - s ’~ g es ’ s s lt iwti , atus i ah~m th i s - I - t i E s - I - —

fall se l l ’ last m’ r s-v- it hu imi s. ’ id m ’ mu - s ’ angle. i’his’ du ” t a mi m - s ’  Iem’tws ’s ’ ni ~mi s m m ’ —’’. is - s ’  s - t l f lm ’~ sl s ’ s -r m ’ a—m - —
as C itt s - rs ’as t ’s I’rotn 0. I tse 0,-I,

l”igure 14 1ers’senit ~ curvs’~ of heas’ kss ’at ter t - m et ’ l ’iis’ is. ’t ut s - s ’ rssi~ imim’ ids ’mis ’t ’ amigls’ fser ~t \

sli lfs’rs’nit values oh’ o , the nitrate valus ’ m e l ’ s ’setum i uet is-- ity in this’ ranuhem ni&’sliunt . ~~
— aa - ‘

iu u s - rs ’ ass ’ s ,  thus ’ uuis ’atu Is.’s--s’l si f eachu s tir s --c ds ’s ’ re ’ as s ’ s . auutl t hus; t ’ur v -s ’~. tall seff fa .ts ’r wi t h
itis ’ is lrun’s ’ atugk- . ‘I’hus’ s1eac iuig hurts-v es. ’mu t hus ’ s ’u rvs’s s- aries a~ a~ ins’rs’asc~. s-s-jIb the Iarge~I
s;ea(:iuig mis ’ m-L urritu g his’ts-ves. ;uu this’ 0a 

(I cur s -s anus i t hus ’ (LI) I cur s - c ’ .

Figur- IS 1ere ss ’u uts curves of bas’ kscatt r r m-os ’f fio ’ ietut s- - s’ rsue~ anglo’ of imus’islt ’mucr for
four sliffert’n( values of k0 2. ‘Flue pselarizatiotu s-simisislereol mu t hts ’~m ’ s t i r s - s ’ s was s - e ’ r t i m -a l.
It m - a mu lit; seem i thuat as k0 2 iuucreass ’s . this ’ ins-an level of thus.’ s’urve gus’s e isew uu , -~ lsse . h e r
sma ll amugls.’s of i n ucislt ’ uus t’ , thum ’ s ’urve ’s i tus rs’ as s ’ instead mef  slecrease . as t his’ nu t! in t h e s - a s s ’

s e t  luorizs.euutah 1eolarizationu. Imi rouuu~eari uu g figure IS to figure 8. we’ ss’c (hat fur s’as ’hu
va lue s.ef k0 2 - (hut; vs ’ rtica l psdarizatioti curv e has a hui ghuer average ls’v s ’ l . ‘l’he curv e— ~f
figure 15 do muot droij e off nearly as fast as thu s- curve’s in figure 8.

Onus ’ of the ~er inuary diffis’u ltics th at has not been addressed i5 rehatiuug thus ’ s ta le — -
tu’al parameters of this ’ ramudom me(iium imu (he theory to thus ’ actual 1earanit ’ tc r— m el t h e
vrge’tation. Thu s catu only be slonr in ant a1eproxin uate manner at h rs ’se mut . ami d wt shall
approe at- hi (huis ,eroblenmu hey usimug this- equations th at were devs’ ls i1eed iii t h e imitrodus ’ timeni.

Equatiomu (5) gives t hur value of the relative’ meamu diehes’tric e- onu stam it amid is
rt’statetl Ict ’ ls iw

V N ~ + V  eA t e
= 

v = C - J  (0 a I~~~o )
-I-

s-v’hs’re V 2 the volume of omit’ leaf = w x s-v x I

N2 = the total number leaves
= relative ’ com1ils’x dielectric constant of ons’ leaf

V 
-‘ 

= volume of th; forest which is solely air
= rs. ’ lati s-s ’ di cl s ’ s ’ tr is - couis(anut of air = I .0

V 1 = thus ’ t(ital vsehu me sef this- forest L x K x I)
w = raml iani f r rq us ’ mut -v
C0 1es ’ r u nu itti v it v s e t  t’rs’e’
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‘I’hus’ s.’quationi t ie r s’ouuuputiu ig this ’ v - ariam us -s ’ , C 2
, i’- as tu h hsevss :

2 V~ N2 (e~ - s - )
2 
+ V~~(e~ - E )

2

V_ I’

s-v lucre’ is thus ’ u’s’aI j e a r t  si t’ -

Otis.’ s-s icy m u  w h ich 
~ 

t’s)U lt! he’ ( Is ’ tt ’ r m mu iu t t ’ sI wmeu lt i  let’ tee miss ; this ’ nuuode’ l givm’uu liv l’m ’~sK
amid Olivs’r,24

= (F12) Re (s-
~~

) + j (I- ’/3) m u  (s-h )

w h ere’ I” = thur l’ract iotu of water  by ws ’igh ut in thur v-egs ’ tati se me
= thur relat ive s omnlelrx dieheclr im- o’om usta uut sif  wats’r

Re u ranus take ; the real heart sit ’

hum nt&;atis take the imaginuary heart of

Cosgrifl’, Peaks.’, ami d ‘I’ay lor 25 lerese mits; t I a mo de-h foir (hue rs’ lativo ’ csinup hrx dit’lrctris’
constant of wat er. whichu is a fumuctiomu oil wavs’Ienugthi.

75
~~~~~~ I+j (

’
if~)

where X us IIw wavelength iii centimeters,

If ws ’ muow - hms st’ a value fsir I”. a wavs.’Iengtlu X , and thus ; s ize atud se1earatiou i of thus ’
heaves , we cant comleut ; values for s-a ’ a4 . amid e .  It rrnuaiuis uus iw toe s’om uu1eutr this ’ m’orrr-
lat ion lemigthu 2 im i ts;rms s e f  thus- dims.’nusions of a leaf. Th is was dunue hey l-’uuig.26 aui d oeur
derivatiomu will follow hui ~, ‘Flue correlatiomi lemi gthu 2 is a measure’ of the average’ size
me l thus ’ ss -atts ’ rs ’ rs (leavt;s) in the vegetatiomi. Siuice we assunu ;d thus.; s.-oerreha(iomu Iuns.’ti uui
((I lee isotro leic , we need to r ;late the volume of ant equivak;nt siiluere with rasl ius R to
tlue vohums- of a leaf. Thu s is (ionic as foLlow&

4 3ir R , = V , = w x s-v x t

l( _I dw t l ’/ 3
L-i~ J

24 W. I I  - Peake , and 1, L, Oliver , The Response of Terrestrial Surfaces at Microwave I”requencies. I’]ectro Science
Laboratory, Ohio State Univ ersity, Columbus , Ohio, Tech nical R eport AFAL-TR-70 .301 , ?i ta~ J97 1.

25 R . L. Coia,~rtf f , W . II . Peake , at id K. C. Tay lor , Terrain Scattering Properties for Sensor System Design (Terrain
Handbook II), Antenna Laboratory, Ohio State tJnivm’rsity, 1959,

26 A. K. Fung and I-I . S . Fung, An Application of Scalar Renormolization to the Scattering of Llectromagnetic
Waves from a Three Dimensionally Inhomogeneous Medium with Strong Dielectric Eluctuatjon.m, Univers ity of
Ka nsas , RSL Technical Report 234-Il , Septemb er 1975.
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‘I’Iut’ s ’serrs ’ lat iseu i s l is ta m us -t ’  tel a s 1e hus ’ re t aut in’ s h tse ss - mu tse he equal tee (1,63 litmus- s i t s  rasliu s ,

‘I’hus’rs’ t’sers ’ _ ~eui s’st inuia Is tel’ 2 s-s se enlsi lee

2 0.6:1 R - 0.63 [~—~1 “~

S L t ~~J
We ’ s- au i nisew s’s>nn i letl t o ; thus ’ lea t ’ ks m-atts ’ r m om ’fl ’ is ’ io ’ mut as a tutio’t ion of mteoi s t t i rs ’ s ’ ou its ’ t e t  in
t hur Icas- es. \s a ~e~urticu lar exanu1ile, It- I us s-o mus ider (hue fol lowinug 1earams’tt’rs:

K the len gth arid widt h of the vm ’ge ’ta te ’d rcgisnu = IS rns ’ts ’rs
1) (hue sls ’ Iethi of’ the s - -s ’ g s ; tate s l  region 3 m ;ts’rs
w = 3 cemutimneter s

= 0.05 e ;nutinuet s’rs
- 

a = 10 s’e’m itimeters
d = 4 cenutuneters
s-A = 1.0
I’ = frs;quency = 9 (illz

‘(‘lit’ to tal miumnleer of leaves imu this- volunue can be calculated as follows:

= ~ 
L ]2  

Fi~Q L~~ ’J La + t
Usimug the aboive equationus , it is muow a sinnple matter to calculate ç,~ ~~ 

s-s , 0a ’ € and
2 foir anuy value of F’ thual s-vt ’ c hoose . Figuro’ 16 j eresents curves of [eac kseatter cocffi-
s’i e’n ut versu s moisture s-ont e ;nut (F) for two olifferent amigk’s of incidemuce. Ii c-a u be sec ru
iii both case s that as F imicreases , the backscatter coefficient also iiicreascs. h owever ,
the curves imicrease the fastest for values of moisture content between 10 and 30 per-
cent. As (he moisture content increases beyond 30 leercenut , the curves start to level off,

Figures 17 and 18 provide a comnparisonu of thue developed th eory with sums-
ex perimental measur e;ments . The experimental dala was taken by Ulaby,27 using a
radar spectrome ter thuat recorded measuremen ts from 8 to 18 Ghlz. Thur particular slata
used in figures 1 7 and 18 were taken at a frequency of 9 GHz over soy beans. 1 lie
stat ist ical parameters which are needed as im m 1e ut to thus ’ theory, were sim ply estimated
his-cause we did muot kmuow the moisture content mu the leaves or thus- spacing of (hue
leave’s. It is not rigorous to couuu pan; thicory amisi experiment in thuis nuauuner. llowes--er ,
we can obtain sonrue qualitative indications about agreemnemut. Thic curve in figure I 7
compare.s theory with experiment for horizontal po larizatiomi and s-s ithi the soy leeans
at a height of 56 cerutimn eters. For auigls;s of incidence greater t hi anu 20°, we- liav-

reasomiab ls’ tiualita ( ive agreenuemit. For auighes of iuus ’ is lt ’ t us s’ - -s t hanu 20°.

27 F. T. IJiab y. 1. F, Rers h , P. P. It at l iv ala , and J - CihIar, Radar Responses to Vegetation II: 8-18 (;IIz Band, Univer-
sit y of Kansas, Lawrence , Kansa s, RSI. Technical Report I 77-51 ,J u l y 1974.
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Figure 16. Study of Moist ure Variations
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Figure 17, Comparison of Theory with Experiment for Horizontal Polarization
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t he experi m ental data is considerably h igher than the theory. One ex planat ion t o t
t his is th at a I snmua ll angle’s ol’ iu it - ids ’nus ’s ’ I here uuuay he’ s’se nusis lera lel m’ grou m i m i dt t  - t i l t

that thur thieors’tieah tuusesl s ’ l s imes ’s uus it take inuto ac’s-outut , \5 the aitgls’ tel’ im i m ’ is ls ’ mucs- it s -

s - rs ’as m’s . (lie g rseuu us l eff o ’s ’ts shiseu ld dint u im uish u su mn s’ h ut’ ray patti is alnmusest Is itall y m i  lime -
ss’ge’tatiou i.

o ’ comts’ludt’ th is se c t isenu wit h a j erj ef discussi umu omu thur hinmuitatio nis s if th is ’  thut ’s r~
t h a t  has  hs’ s. ’mu ds’ss’ loj eeei imu this rej eort. ‘Flue idea ol’ sinmulatimi g a region of v m ’ g s ’ t a t i s emt
w ith a conutin ius ni s randonu mnedium s e’ o’ mi us to lee valisi, liii t it is ii (it knu owun hi(is-% we’ll thus ’
reuu oe rmnua lizat is inm t e ’ m - h umu ique smel s - es the 1erolelemui . Omit’ 1erohlemti is (hat s-sc doim u ’t kuis iw
how uuiuelu o f’ the’ mniuhl iple scat k’rinig el’feet we are really couusidering. -~uother 1erohk’m
us (h at thus.- nuueatu wave ’ was derived from this’ sotutit inu of ani ituf imii lt ’ space Ieroblt’miu anti
themi a1e1ulis’d to a hialf -sj eace si luatisim i. Ku1eis ’e ’ , s-I a!., 28 have showmi for thus ’ scalar
~erti1eht~ni that (hue mneam i s - s - a s s’ itt (lit’ ~e ress ’m us’ t ’  se t ’  a heoumuded medium carunot lie asm -e’r-
t.uitued nuer -ly Icy assigning to t h e  boumusit ’d medium (lie effective ms’ami s-vast’ (em’o1eaga-
lion s’ enis ta m il  for anu utulesiuu uek’d nuuedium uu. in additiomu , thu s.’ effect of a small trani silionu
layer nu ear t huo ’ boumusiary must lee’ s’ouisitkretl. A sm ilutiomu foer (hue tra uusitionu layer s’ffect
for (hut’ s - s ’ c ts e r ieu’otelt ’nmm slot’s mus it ex ist , so its overall influrnuce omu the finual solutioti l’s e r
(lit’ leao’kst’a(ter t’sis’l’fim’k’nul is umiku ross - -mi ,

-~nuothus ’r ~erm ilelemn w ith thus - h er s - sm ut thicory is that anu isotro1eit ’ t ’o irrelatis itu f umis-I ion
s-s- as used to rs’shut ’e the’ mnatbut ’nuat is ’al connup lexity ; lu e mu t - e . it was founud that muse siej ise lar-
izatisitu results s-sc rt ’ ei l eta imu c n l, ~lthuou gh the cte rre lation functiotis for real s -s ’g s ’ ta l iou
are nuot kti m s - s mu , they art’ ~er .eIe a le Iy mis it iss)t rolns’ . I!’ anui soe tro 1e ic (- eerr r lat ioi nu fu nuo ’tis , ius
ar m ’ ts i  let’ -se nusis is’ resl inc this. ’ ss ehmu tis iui . (hut ’ rs’suht imug rnathe ’nuatis’s nuav heo ’ e ’ o utu e ’ he ro huihem -
(is-ely shif f is ’ult . ~lso thuroughiseut our derivat iomu . we h ave conusis t t- mutl y ass itm e’ t i  th i s ’

s-omu duo ’tis -- ity in [lie ranslonuu nuesliunuu was a t ’ oi mu sl am t I equal to 0a Obs-- iseusl y. Ihuis is t i ed
trus’ s inus-s. ’ thus. ’ s -on uelu c h is - - i Iv cIiamugm ’ -~ sigtu ifis.’atut ly frsem uu air toe vo ’gs’ Iatis inu. ~V Iua t is ii e ’s ’ s is ’ mI
hu m’rm’ is a rauuel s em n m iu s’s iium n m u  whiic hi hes e t h u this’ si js ’Is’m’( r ic o ’sit us lam ul anusi t hus ’  ro mis lum - t is it~
art’ alloewo’d tse f lt ue ’tua R- m u  a ran nisentu tiuanutis ’r , ( ) m us ’e again this ’ nnat ht ’mui ati t- s of this
more’ rs’al ist im - m ass’ will he s-c ry siil’l is ’ miO am id nuiav s ’ s - m it mumak e’ ami a~t pro\inuats ’ ~oluli e,i
e lusive ’. ‘l’huerm’ iore’ . nuuum - h i rnnert’ s-s urk m us ’ t ’ m ls ( m e lee’ theti s ’ uusi l otul y s - si ( h u this ’ ths’s irv I m n ul
,dIs s e s-s it hu s ’x pes ’ rim r uo ’n i(a I s lat a ga llum ’e- im ig hs’6ers’ m e tr uth- v ali d sse luu ti seui s - sil l  s’ ’s i s t  for ra dar
ss- a t tm ’ r ing h’rmem uu s - s ’ g m ’ ta ( ise mi I s - h i s ’  ars ’ ie~.

28 
~ ktipio- , et al., ‘‘It n’flect inn and lrani’miwiote bs- a Random \Ic’dium_” Radio Science . V ul. -I. \ .n . I I  .
19(,9, pp. It)( 7-l077 ,
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‘I’he s ’ l’me lluw iuug rmem io ’ lu usi ei t u s cam u lee’ t ui an ic ’ fr mi n u u this ’ s I m u s i~’ :

a. - ‘ (hus’s erv h as  Iet ’e’uu slm ’s-e ’ Is e ps ’d for rse n mu 1 e ut im m g rasiar lea e-ksi- a Uer I’rse t m u
s ’ m’rtait i t yI’~’~ 

ol s s Y g e t a ( i s e t e  by usim ig a vs’s’tsir rm - m i s e rnmiahi za ti oitu aje1irs eae ’hi .

he , No rigs.erseu s s i mna nu t i tat ’iv - m ’ s ’ oeiu u 1ea r is oe m u se t ’ ( hu es rv w it h s ’ x lee rin us ’ mu t s-s a~
,euss ihle l im es - se ’ s -  e’r , s ienal i(a( is m’ s’ t emu u~eari somi s iu is i ica te reassimualels’ agrs’t’nus’ui(.

m ’ , ‘Flue Ihus’siry do’s-e’Io1es ’el s - s - as fter like polarizeel (1111 anutl V V) co mui m o mus’ t i  Is
only, amid mi o amua l ytio’al rs sults wo’re sibtain m esi f’sir this ’ eh s ’ 1eol ari z ati se mi s’om 1e memi em its ,

sI. ~lIhusnug hu it s i s’x phic it solo t io s nu ss as oletaino’sI for thur dt ’ 1ese larizatiom i
s ’ ment i 1eO et ut ’ ui Is . i t  was ho’arm us’d thuat onus ’ cause of dcpolarizationu is thu r amuiso(ro~e y ass se s’ iats ’d
w i t h this’ dis’hs’ct ric I’ luo’tui atiseu is ss f thue ’ randomnu rnueditum n.

e’ . It s-s as fseunitl thuat thur mea mi s-v ass’ itt I hue v- rgt’ tat ion u at (enu n ats ’s for I s - s - m e
shiff ’cre ’uit reasons:

. . -~vera ge loss due to w ater  c-o mits -nu t inc the s-- s’grtationu.
2, Loss slur to rmuulti iele scattering.

f. -
~~ simn 1e lr quasi-qualitative way of relatiuig this- statist ie ’a l params’ te’ rs of

(hit’ th eory to the actual vegetatiomu paranueto’rs was 1ereivided.

g. Using the developed thueory, it was founud that the has’kscattcr (‘oeffi-
e’ ient inicreased (hue fastest for values of leaf moisture content leetween 10 and 30
ieer t emit.
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A l’PLNI)IX A

CALC U LATION OF ’ TIl L L L LMLN TS OF TIl L IHL L LC TRI C TENSOR —

‘l’his ’ Iffir ict iss’ sd ’ (h i s aieie o ’ulsh ix is Is, n le ’te ’ rr nuin te this ’ nut ’o ’el s ’si e’ k ’nuuo ’t il s s et ’ this ’ t l is ’ ls ’ m ’-
tr io’ ts’uusor auud to obtain nue’s’s’ssary s’xlere’ssiouus for t hus ’ sh iro’etionu s - u s u m i cs  of t h i s ’  e’f ’f ’s ’s ’ -
(is-c ~eropagatiouu csi mu sta mu l. It has alrs’as ly brmmu shuo ewn u t h a t  this ’ s ’ l s ’ m ruo ’ uuts auud
s- s - ill lee’ zs’ro f’or amu istetrei lei r e’oerr e ha tionu f inite (ion. ‘l’hue t It ’ntio ’nu Is thu I tio ’s’ti tse ho’ s’om ii -
m,ute’ol arc’ e . e , . amid c . s ’ will consider thus ’  s’als’ulatisetu of € iii ole ail.XX \ \  ~i.i xz x x
ami d omu hy s t a te  th us. ’ rt’suh ts for thur oth er eleucien ts.

= k2/k ~ + k~~ c
2f  

R(r-r ’) {i’2o~ 
+ 

(x- ~~
’)2 f’3(R) } e~

Let I 0(r-r ’) { f~(R) + 
(~~~~~

l
)
2 

f 3(R)  } ~~~~~ 

‘
~~~~~~~

‘
~

t ’ let B(~ — r ’) R( I! — I )  = ~~~ , (R = r — ) , ami d s-vht s ’ ro ’ Q i s  the corre’ Iatio mi
dis tance . ~lso s-se w ill change [he variab les (if m u  tegration such that u = x— x ’. s- = v— y’.

ansi s-s = z— z ’ .

/ f f s i w 13(R) f2(lt ) + f 3(R)  } ~~~ 
~~~~~~~~

This’ geometry of the ~ and E - ~‘ vectors is given below:
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Figure Al. Geometry of the K and r-r ’ Vectors

s’ s-s- ill uios--e rotats ’ this ’ u, s-s 1elau ur unt il the e i ir s ’ e ’ t iomu of thus ’ ti c -s - s s-s axi s (s-s ‘) s’ouitt’ idt’ s

wit h this ’ dirs. ’ct ieiuu oef K. The’ gs’onuo’try of thus- rotated cosi roliuuate system Is given below.

u = R sin 6 cos 0 w ’ U = U’ COS + w’ Sin 0
w’ R cos ~ 

W = -U Sin + w ’ cos

V R sin 6 sin 0 V V
K

a(u ’,v ,w’) 
= 1 Jacobian

~~~ V

Figure A2. Geometry of the Rotated Coordinate System
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‘l’hus’ itu (s’gral 1 mi u ss-  lee ’ ru muis ’s

= flu’f ~is- ‘f ~~~ 13(R) {I’2 (H) + 
(u ’~~+ w  T

~~)
2 } jK (r r )

11 s-vt ’ chianu ge muow to [hue s1ehus. ’rit’al coord iuua(es It. 0 , anti 0~ 
t h e  integral I s-v ilh be:

I =
fdOf tIOf dR R2 sinuOIi(R) { f 2 (lt) + (~

2 simu 2 Ot ’ ees 2 0 +

j KRn~o~O
2~~ cos0sinuOm’oes0 + ~ 2 us e s 2 0) f ’3 (R)} s’

We t utu [creak up (hue alcove conzu 1el is ’a(eel ititegral into f lue sunu oil a uuunuubo’r of snualle’r
integrals , thus ’ I’irst oil whichu to le e ’ cse uusitier t ’ d is I~

27 T IT =

j K R -osO
I, = sioJ~ elo

,[ 
siR H2 sinOli(R) 12(R)

liv imu tt ’gratimug im u 
~
, we h a v e

IT

j K R c oso
= 2ir

,,/~sloj
” m Il3 R2 siuiOhi(R) f’2 (R) s’

arr yinig out thus ’ itu tegratis imi m u  0 will y is’ lei

I
~ 

-~irf dR s i R  I{2 13(R) f 2 (R )

‘l’his’ se ’e ’ sem iel iii tcgral tee lie’ s’se ns iml s ’ rs ’e l t huat is a part of I s-si l l ho’ slesi gi uats’sI 1 2 anm l is

gisrul as t’oe l l sew s :

I2 j :i0!
i0

~~~~~
l H2 s l t i 3 0 13(U)  7

2 t ,us2 0 f 3 (11) ,j K K -o~

Wh enu [hue iuuk’gratieen m u  0 Is 1es’r f’e ernns’d, (hu m- lmel hse wi uu g u’m’sull is t e h i ta i m ie ’ s l  lee r  1 2
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IT

j K It
l~ 

ir
,/

’ 
dO
,)

” sill 112 si mu 3 013(11 ) 72 I’3( R ) s’

‘Flue’ ituto’graliouu iii 0 s ’ i mm m Its’ e’asily 1ierf ’ornned Icy us imug this ’ nums’Ihisid eef imils ’gratiou u liv

parts . WI is’uu th u s is s’ e em uu p ls’ Is’sI . 12 s-v ill les ’m’mnns’ :

12 13(R) t’u(R) [s im~~KR) 
- d .so( KIl )]

Thus ’ Ihu irsi iuits’gral tee lee’ e ’ oe uusi ehi ’ rs ’ m i as a 1mart s d I s - s - i l l  lee ’ t ls ’sigtialm ’si 13 ammeh Is gis i i i

below as

2 n  IT =

j KItcosO
13 =fdoJ’ sIo

,[ 
sIR R2 s imi 2 013(h{) 2~ 7s’sesOt’tes0f 3(R) 5’

In I(’graling itu 0 I’rsitnu zo ’ rse te 2ir s-s ill gis~’ zs’rsi. ut isi sme 13 is ieieniti m’ah l y zero.

13 0

This ’ fs)urthi inutegral w h ich l’sernis a heart m el ’ I ss- ill lie ds’si gu iatc ’t l 14 amu s l is as fo lks-s- s

14 
=/

d
O/

d
0f 

~~~ 
H2 s it uOli (R) a2 sos 2 Of 3 (H) 

K K

Carry itig eit t the’ itite gratis in itu 0 s-s- ill yield thu s ’ fo l isew imig result I’or 14 :

14 = 2lrf tI0f till H2 sin0hi(ll ) a2 ( . ee s 2 01 3(11 )

‘[his’ i t i tegrat i ee u i mi 0 s-au lee earn s ’s1 out in a st rai ght l’se r wa rsl nn ia m utio ’ r t e e  g u s m ’

14 = 2ur
f 

siR H2 13(R) a2 f 3( R) 
KR) 3 [(K2 it~ -2) siui (KR) + 2K11s’s es (KIl t]

Su n s’ I is e’s im iaI Imi thu s ’ suunu ee l I~ . 12 .  13 ami d 14 ,  s - sm ’ ca nu s-s- r i le ’  an m’s 1ua t is e nu leer I imus - m ds -  itug

ami iti tm ’g rat i ei m t m u  H.
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~ =f~u~ { 
4ursin(KR) 

~~~ 12 (R) + 13(It) [siu ~~kIt) 
- e ses(Klt)]

+ f 3(R) [(K2 112 — 2) si nu(KR) + 2klte’ees(KR)] } 13(R)

Uclors’ 1eroo ’ees iiuug Its integrate imu II, s - s - c shall l’irst rs.’1elace K with k. whu ic’lu is thur first
a l e le rs exi mu ua ti om u of’ K ss-- hs ’uu e 0. II s ’se ulo l let ’ angue’ti th at K sluoiuhd lee’ km’ 1et as it i~ in
thus. ’ inutt ’gral I. amid th ut ’ mu h is.’ solo t iseni  l’m e r e,,~ (a nsi all th is ’  oIlier c’ lett us ’ui Is sit ’ [lie dirlet’(ris ’
ts’uisor ) w ill be a f’unuc’t iotu sif K - ‘[hums s-s- oultl mnuako’ this ’ f ’ ituah se duih usen is for K amid K

y s -  xz
im uu 1 e l im’i t . am us l somuir t ype’ oe l’ ite ’ ral is - n’ —- e lut l i e em i s-s ut ilti h as-- c’ to lee’ f’ee uu n is I. I Io~s-’even , thus’
oe rigimuul ec luat ie im i I’ein thur nium’umi s-s- as - -s is m e ucl y g m e se d he onsier €~~. so a s’omui1el is2aled iterative ’
solut ion for K s - ,, auud K

~7 s - s - se m Is 1 m u m i t  lie’ nne ’auuim ig l’uh. It is wit h th is argurnemut in mimud
(hat s-se ’ rm ’p lae-s’ K s-s it hi k iui this ’ iui ts’gruh.

~ 
{ 4~ si;i(kR) 112 f’2 (R) + 

~~7
2 

f 3 (h{) [sim~ klt) 
- t’os(kR)]

+ 1 3(R) [(k2 H2 — 2) siti (kU) + 2kI lm’s is(kR)] } ll( 11.)

%~, hut -m m tIn’ a~prespniatm’ o lutan it il it ’s for 12(H). 1 3 ( It) ansi 13(R) are smnle st itut e ’d imito th is’
alesese’ ms 1ua ( ioe mu for I. atud after se) t uic aIgt’Ierais ’ niauui 1eulat isimu , this.’ folle s-v imu g rc ’sum l I is

m e l e lu imie ei f’ser I:

I sIR {4~ k (I - a2 )s imu(k R) + 4~ (3a2 
- I )  suit t) 

+

+ ~-~-!~J_ (72 - 2a2 ) [siiu( kR) 
- s’ es(klt)] +

-~~ (2a 2 
7

2 ) 
[simi(kIl) -m ~e s(kl1)] + 

~~~~~ 
[_ kRsiT u(khl)+

- (
;w ik l ~ - .-.(LR ) )] - - _ ~ - [ _  kRs ini(k R) + :i (s iuu(kH.) 

- (kR))] }



l3v m isi t -ig Ilis’ Imshlses s - im u g iti ts ’gm’a ls , an algs ’hir~e i m ’ rn’ su ll c iii lee ’ md;I.u imit’ il Imir I,

~t u l  kx e l\ =

s itu k~ ifs -  = s’o t~~ 
(

) x
0

fe
-ax  I (su m i k\ 

- uses kx) s ix = I — ~~~

f ~
. I (siuu kx 

- cne s kx) dx = - - ( I  + a 2/ k2 ) m e W tm (a/k )]

J, 4’ —~~-- 
~~

.. kx simu (kx) (sin kx 
- ( i s kx)} si~ = !~

2 { + (
~ )

2

- — m~e)( 1 ( ~
) - (

~
) cot~~ (a/k )}

I ~=7
2 

E~~~~~~ 12] 
+ 

j(3a2- I) 
CO)t 1 (a/k) + j j~~~a

2 y2)

- (I + 
a2) 5~5)[~~i (a~~] + 

(2a2 
7

2
) 1~ - ~ s’uI~ 

(
~-~)\ k 2 k2 L k

÷ ‘h2 
+ 
(

~~~~~2 

- cs.~t~ (
~

) - (
~~~

)

3 
cot t (a/k)~

- ~-!~- [~
‘ -I- (a/k) 3 

- 5’e)t~ (a/ k) - 
(

~~~
)

3 
cot ’ ( “) ]

-~nu ule le roxirnats. ’ analytical c ’ s- pr s ’ss im oi  fo r m au i muow les’ writtenu as fsel loss - s:

+ k2 ~ 2 Ixx n 0 ~ 
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‘th i s ’  s eeml y  dif ’f ie - uhI~- in s -ee r u i 1 sut iu i g  I m -me mi l s’ s l’rseuui t In’ .i r n-  u m el a u i g e ’ m i (  t e ’ i i~i s u m s’ f em e t h t  .i .in i
k ,srs ’ s s e tt u 1el s ’x _ ‘I’hie’ f s e lhs ) ss -  l u g  au ia lvsis t — ’ 1 u ’ m e s - i e ls ’ eI ( me s h im es - s —uh m ul i e , m u lee (lii’. j r m e l ihi ’ iem

l,~’t -‘ m . m e Fi (it /k ) m m e t 1 ( l / ~ ~ ~k)

I ~ t t i g  thus ’ f~u e-t  (hu.u I k — I3~ 
— j at,. s- v t ’ hav e ’

i- eeF t [‘ h/ Q _+ a .i13~] cut ~ ~~ ~ + jf30 ) (13~ 
+ ja0 )

[ ~30 -j a~, J [
\\ ri im ig (hue ’ e’qu iatisin i i t t this ’ I urmui s e t  e’oi t ~~ . s - sm ’ s -si l l  bass’

= 
(h / ~ +a 0 +j c30) (j3 ~, +ja(e) = 

(s’~’ + t - ~~’)/2 j ( e2JA + I )
s lit \ + a~ (s J~ - e~~’ )/2j (e~

2J S - I )

j (5~2J A + I )  (j3 ~ + a~,) = ( I/ Q + a0 4 - j~0 ) ~~ + ja0 ) (~2J!~ — I )

Suls- ini g [lit’ aleovs.’ t ’s lu ia ( io mu I’o,r ~~~ m u  terniis ee l Q, a0 auie l 
~ , vs --ill give ’

5,2j-~ - - 
1~o + 2

~1~o~~ j~o 
+ a)~~ + a0 (2 I3~Q + 2a2

~ + a ) J

+

= u- I +j r 2

s- shis ’ ro’ r 1 I + 2 a0 2

r2 -~ 2j3~~~

Chianug imug l’rciru i rs’c(auigular to polar e’ oeorn i im u a t cs.  s - s - c ’  s-sill huavo

r 0

/ 2  2s - s - hi s ’ rs ’  r0 = y r 1 +

tatr t (r 2 /r u ) w b u e mu r i > I)

00 ~ + ta u t (r 2 /r 1 ) s-v - be nt r u < I) amid r 2 > 0
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- laW 1 (r 2 /r i ) — ir s - s - h ue ’ m i r i -<0 ami d r 2 <0

‘ [ hi m’ s l t lamt ( i Iv  \ m au i  m u m e s s -  lee ’ c ’~is i fv  m e lmtaiume’sI,

2 (0~ 
— jIu iu-~, ) = s-ut t (a/k )

‘l’ Iee ’ re’s( eel this’ n u sen m zs ’ rse m ’ l m ’ m n um ’ iut ’ — si t’ this ’  ilis ’ le ’ m ’ t r i m - te’uisor t ail le e’ th ’ r us - m ’ sI  itu this ’
sam e mu u a tum u s’r a— € s-s as tlt ’ rivs’d . Im usls ’ae ( s e t s ls ’ ri su us’ s ’-,n’Iu ol’ (h ut ’ o(Iue’r s’Ie ’imi m’ ttmt s iii

x x

ml m ’ tai l ,  s - s - c ’  shu2 m ll sn i l~ —t ale’ this’ l’iui ,el re’sI1l (~.

e ~~k2/ k2 -u- k2 €2 1 ,0 5) S

vs - lucre ’ I, k2 a 2 - 
~~~~ 

m ’ me t t (a/k) — 

~
k2 [~ 

- (~ + 

~~ 
) s tir t (a/k)]

+ 
~~~~~~~ 

(a/k) 2 
- s’tel ~ (a/k ) - (a/k) 3 m e e t 1 (a/k)] +

+ -

~~~~ 
[
~ 

s ’ se t~ (a/k) - I] a = l/Q +j k

+ k~ e~ I’

wh ere ’ I’ 
a2 

a2 + ~ 
- 

~~~~~ (a/k) ÷

+ 
3j (2~

2 - a 2) 
[a/k - ( I  + a2/k2 ) coit~ (a/k) j  +

÷(272
2~ 
a2) 

[i - o~ot~~ (a/k)1 + 

~~~~~~

_ 

~~ 

+ (a/k) 2 
- (a/k) co t - u  (a/k)

- (a/k ) 3 c o t _ t  (a/k)~J 
— ~~ [ ‘  + (a/k)2 - cot ’ (a/k) — (a/k)3 cot 1 (a/k)]

c
~ 7~~~

k
~~

c
~~

K

s-s lis ’rs ’ K = cot ’ (a/k) - k2 
‘ya 

- 

~~~~ 

+ (a/k )
2
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- ( ;e/L) t ’ot~~ (a/k) - (a/k) 3 cot~~ (a/k)] + J2 a/k

- ( I  + a2/k2 ) 0,01 i (a/k)J + ~~~~~~~ [1 - sot ’ (a/k)]

s’ will nuow conusisier atu a imleroximnat e ’ steIn tis e mu f’oe r thur oiine’cl imim i (‘s islt i t ’ s a amus l 7.
For a vt- rt ie’ally tiolariz -e1 s - va se ’ , we ’  t i a s - s ’

Ix situ u/i = k0 sini01 wh ere siio/i = a
K ~3 -j a

simu u/i = (
~ + j (~) simu O 1= a 

XL xz Xz

whiri’t’ li 
~
3
~~

k0/(I3~7 + a2)

a,~~k0/((3~ + a2
~~)

W hirnu this.’ e lem ns’mut s of thus- dielectric temusor amid this- s’ffectivr 1ero1eagatiom i t’snustant
(K

~ 
) are’ beitig (‘omputed amid a value for a is mueetled , s-s-- c ’ cami s imn u 1e hy replace’ 

~~~ 
by

its first ate leroximn atisimu s-vhuis lu is k. This would mean that 
~ 

ami d a would lie ro’-
placed by 

~ 
amid a , re’s pcu(ive’ l y iuu th is- above’ equations for ~ amid 1~. -~ lsu s - vhs - mu 7 is

o’semi uputed , we would Use this - fohiowirug (‘XIerCSsiOni:

7 = - m - s es ~ = - + j le)2 s imu 2 O 1 = -

whit’ re’ I - (~~
2 — [

‘
2) sin2 O 1] 2 + 4~ 2 (2 sim u 4 O }  ~

r A A , 1
~ I - I 2absumu O~ Ita mu 

L 1~~
2
~1~~~~ii

On us’s - again if 7 is nes’deei to (‘ofl hteutr K xz _ then s-vt ’ c ant simply rep lac e Kxi by it s first

a1iproxin uatiomu , k. in orsier to obtain a first approxinuationi foir 7.
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APPENDIX B

EVALUATION OF AN INTEGRAL

The ini(egral to lee evaluates ! in thuis a he les ’ tu di x is th is- one’ givemi by equation (127),
which, is repeats-si Iet’low:

< K,111 F’~ > = 
(k 0 eoisO 1)

2 -\~~ f dRf six It2 siu,x 
/ -2j k0Rsinxeosøsin o 1

Jei ll cosx ~ ~~~ -JItcosx(k 7 + k ~”)/2 
+ s- - 

-JI(cosx(k~-k~’)/2- - y l y 1 5 e ~~m -  s -2~~2

* j Rco sx (k ’ _ k * )/2 * jI[cosx (k+k *)/2
+ 

~ 2 ’ m o’ u C + :~~9 ,~~ 9 c4 e

T he integral imu 0 can be performed directly by using t h e  follow ing result,

dt 2~~0(x)

This- c’x 1eressionu for< K1111 E 111 > Ihenu becomes

<E111, E 111 > = 
(k 0 o’oesO 1)2 

~~ feixfelh( R2 sinu x 
- R/ Q

,1
51
(2k Rsinuxsin0.) -‘

~~ ~~~ ~
- , 

-jRcosx(k’+k~~)/2 + -‘
, ~ ~~:2~

’2 (‘~~~~~~~~~~

* jR cosx (k~-k :~ ) / 2  * j R cosx(k ’ + k *)/2÷ \ -‘ 1 m’ . e ‘
~ + _ \  - _-\ - s- c z L

y l y —  
~ 

y 2  y 2  -I

s-v- ill break uii thus - ahisn-o’ integral inito foeur ss’ Iearate integrals , thn- first md wlui s ’hi s-se’
will e’ahi K 

~
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K , = s’~~
f 

elll feix siiiX J0 (2k0 l(simixsimiO 1) 
jq K mo ex -j Kc osx( k~+ k~~)/2 

1~ 2 5,~~~~
t

let ii = m’se sx s itix = ‘y
’ I - sos 2 

~ = I - u2
mlu = — sin ix eix

K , = 2~ s’~fm~f 
situ J 0(2k 0 h(simio 1 ~ l - ~2)0,iul~ R.R(k Z + k ~~)I2J R2 e

1t
~

K 1 2ir \
s-~ ~~~ ~s ’~ 

~ f 
sillfslu R2 e~~

t
~

’
J0(2k0htsiuuO 1 1iT~~) cos ~u(qR.R(k~ +

+ ifaR/ olu H2 e~~ J0(2k 0 RsinO~ ~ I-u
2 ) sifl lu (q lt-It (k~ +k ’ )/2)]

‘[‘hue sec~oenu d term em u t h e  riglut.Iuamisi s im lt ’ of this.’ i lm o s e ’ equa(iouu is zero sinuce the integral
m u  U IS from — I to + I over ant odd fuuus ’tion i,

K 1 = 2~A y t~t vu (~if olRf 
slu H2 5 -H / m J O (2k 0 RsimuO k jl-u2 ) m’os [u ( q R-R(k~+k ) / 2 ) J

K 1 ~~~~~~~~~~~ ~ 1 c 1 / siR/ du 112 ~-R /i J 0 (2k0 RsiniO 1 Il ~u2 ) ros Iu(qR-R(k~+k )/2)

‘[hue’ fohlowinug integral s’am u be’ use ci tei s-valuate thur inutegral m u  u fronu () to 1.

Va2 - ~ 2
) s o s  (u k)  mIx = 

sin ta ~ b2 + m’ 2

(I 
V b2 + (.2

K tir \ ~* m ’ [sIll 112 t’
.t ~/~ s in u [~~4k~ 112 sim, 2 01

+R2 Iq-(k~4-k’ )/2] 2]

I 
h.
p
1 4k~ It2 simu 20 1+lt2 ~q-(k +k~,”)/2 I 2
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l,e’t liuu g he = ‘V l ~~
2 ,,iu i 2 O  + I~i — 

(k.~ u- k’ )/2J 2

simm (Is H)
K , — 

~ s- fsIR H 
le
~

‘I’h,s ’ integral iii H k s ’as il~ evaluated hey usinug this. ’ I’ou lm is - s - it ug imi(e’gra l

[ x ~~~ situ Iexsi x = 
2ab a > 0

J (a 2 + Ic 2 )2

0
*8ir:~ A s’ Q

K — ~~~

I — 

~l + I;2 Q 2 J 2

‘l’hmr sri - scu d in u t egral to he comus iei s- re’d that makes u1e < K,1 ,~ 
h’~ ,11 > s- sill 1m m ’ sIs-sigmia ts ’ni

K 2 auusl is givt’nu herb s-s- .

K 2 
= 2~~A~~ t

*
9s~~foillf dx 112 s-~

K/ Q siu ,x J ( 2k Rsim uxs in0~) s.’~~~~ °~’ ~J R(- oSX (~~~~~~
) 2

It tan be sc ’s ’ uu thua K 2 Iuas s.’xat ’tt y the same fornu as K . anus! thus.’rs’l’me re ’ this ’ result for
K2 canu he written down directly.

* 38ir:~ \ , s ’ Q
K ~1 y Z 2

2 [1 +b~ Q2
J

2

where b1 ~~4k~ sin,20 1 + Iq - (k~ - k~*)/21 2

The third inutegra l that makes ~p h art 5)1< K1111 E 1 ~ 
> will be gi s-o’n i thus - symbeel K 3.

K3 = ~~~~~ \~ 2 c
3J dRf dx R2 sinxe~~ fu J0 (2k 0 Rsiuuxs iuuO 1) s-

j q 0Sx 
~~~ 

cosx(k- k~”)!2

It can be scent that K3 has exact ly the same- form as Ix , - ansi the result for Ix 
~ 

follows
from K,.
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,
~ ~

,

K - ‘,I ~ .1
tm 

~~
I + I e ~ ~

2 l 2

s-s -- hmt ’ re’ 112 = 14k~ su,m 20 1 + J s ~ 
+ (

~~
‘ - k~~) J 2 J 2

‘l’hme’ hasl immts ’g ra i thuat mui~ukes up Purl oil’ < ~~~~~ ~~~ > s-s- ill his’ sim ’si guials ’mi K 4 a um d i”

givc ’tu bs’kes-s .

= 2
~~
:
~ y2 A~2 ~ foiRf tix 13 2 sut ix  e~~ 
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APPENDIX C

COMPUTER PROGRAM LISTING FOR THE
CALCULATION OF THE RADAR BACKSCATTER COEFFICIENTS

PROGRAM RANOCM(IN PUT,DUTPUT,TAPE 5= IN PUT ,TAPES=OU TPUT)
C RADAR SC A T T E R I N G  FRO’4 RANDOM MEDIA
C US ING A VECTO R RENORNA LIZAfION FORMULATIO N

CUMPLEX QJ,QK,~~~QT I ,QA,Q L i ,Q L~ ,QL3,Q Lt.A,aLt.,~~L5, OL,QK1,Qr,QKZP.Q1,
1Q2,~~3.Ot.,fl5,~~6, ,Q8, - Y1N,~~A Y t D , G A Y t , Q 9 , a t 0 , f J i 1 ,212,Qt3 ,O,~,’.,Qt5,
2 V2N ,QAY2D,QA Y 2 ,Q KZ P C . Q~ Y 1C,t2A Y2 C ,QC i,O 2,O,~ 3,QCt.,
3 Q u O , Q a1S, Q3t31,~ 32S ,Q 3! 32 , si33 .Qh’1r11,~~HH 2, QHH3,~~HH4, QHH,QV V1,

VV2,QVV 3.OI5Vs .,~ VV,QLLK, (t4LPH,QGAM ,
5~~X X t , Q X X 2 , Q X ’ ( J 1 ,  O X X 3 2  , ~XX3,QX X t .1 ,UXt.2,s,~X Xt . ,Q X X 5 ,QXX b,Q XX , t~EXX ,
6 Q X Zj , Q X Z 2 , 73,~~XZt.,~~X L 5 ,QX Z, i ~E X Z , Q Z Z t , Q Z Z 2 , ~Z Z Z 3 , QZ Z 4 , Q Z Z 5 , Q Z Z 6 ,
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~9Q~~~j  ~~~~~~~~~~~~ ,QA Z2 ,~~t.~i1,i~A V 2 ,  QA LII C .QAVZ C
N 3
00 15 I~~1~ N
READIG, 101) A ER,SIG,Xc (OL,EPS

131 FORNA I(4F 10.3 )
P1=3. it.159265
Fz9.0E4’9
W RITE (6 , 25 01  F, A ER,SIG, XKOI.,,EPS

~53 FO RMAT (1, H .2HF= ,E11.5,5X. ’cHAE R= ,F1U.8,5X,4uiSIG= ,F1O. 6,5X,3HKL ,F1O
1.8,5X ,4HEP S= .Fla.s)

E3 =B. ~5~~E — i Z
Ut . .  Q E-~7uo =PI.u
W =2.4P1’F
33 =W SQ RT ( UO a EO*A ER) -

~~~~~~~~~~~~~~~~~~~~~~~ (2. * EO PA ER)
X LAnI 3.* 10** 18) /F
X KU =su’SCRT
XL = X X O L / X K O
QJ: (0  • 0, 1. 0)
CK 30—Q J ALO
R1N=RO~ *2 *AL 0a  1?.~~XL * 3 0*~~2+Z.~~x L*A L0**2 +A LO)
R1=R1 N/ t 0 0 ’~~2 + A L 3 ~~~ 2)
R2 =2. ’30~~XL
R 0=S SART LR i 2+RZ~~ 2$
PH IO= Al’AN2 (R2 ,R1)
QC OT I O. 5’(PK X 0 — t ~J ALO& ( ROJ )
At= REAL( QCOI ’ I )
A 2 = A t M A G ( Q C 0 T t~04 = 1. /X L4’QJ’Qtc
A3 RE AL C QA)
At. A IMAG (QA I
QLt i.~ L Q K ” Z + ~~A”2)”
A5= RE AL C QU )
A6= A IMAG ( QL I)
QL2 _QJa~ C0T Ift~t(a~Z
A T = REA L( QL 2)
A 8=A IMAG (QL2 )
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
A9 = RE AL C ~L3)
AIO AIM A G ( Q L3 b
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
A it =REAL I QLt.A)
A12 = A IMAG(QLI .A)
0L4 (QL’ A QCOTI’ (QAF 3K1~~’3)/C2 .’QK~ QIC)

84

L ~~~~~~~~~~ . . - ~~~~~~~. -



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

OL5 CQ COT I*Q412 K 1.) / (Q K QK)
QL QL1~ QL2.Q L3~ QL4IQL5
OLLK I.*QL CXK O’X K O’EPS/QKI •~Z
X B~~~EAL CQL L K)

A l MA G C GILL KI
PHI~3=ATAN2 (YB, XB)
RRaD=sORr (xB~~2iY8’~Z)QK1=Ql( S0R1 IRIIOB) CEXP C~~J’PHIB/2.)
Bt =REA LIQKI )
AL 1 =— A IM A G CQKI )
AA =X K0 ~ B1l tB1 ’~ 2 +ALt .’2)
eB=xuc o~ AL1/ IBI’~ Z +ALt ~~~23
THETA=0 • 0
WR ITE (6,111)

111 FORMATC 2X,5HTHETA,1t. X , 1HP ,10X ,2HPi,~ X,5i-lSIGHH,1tx,5HSlGVV .10X ,3u1XK
iI,tI3X,5MSIGCM)

102 T P I’THETAIISO.
S N S IN(fI
CN COS IT)

X1 1• .‘C8t3 ’?—AA ’2b’SN ~ SN
RHOI=(X1 ’2.Y1”2) •aØ •~~PIltt=O.5’ATAN2 1(1. XII
p =RHo1 ’ ( B1~~SI u (p HI1)  +AL I’COS(PHII))
Q=RH01* (Bi~ C0S (PHIi) —AL1 ~ slN(pHri) ’J
QT 2. ~XKQ ’CN/ Ci ~— QJ’P .XK0 CN)
X KX XK O SN
X KY O.0
XKZ =SQRT ( X K 0 ~~~2_ X K X ~~~2_ X KY * a 2 )
Y2 =— 2 • ’AL O ’ BO
X2 = B0~~’Z—AL 34. Z_ X KX a.2 XKT..2
RH0Z=SQl~T (y2 .a2~ X 2~~*2b
PHIZ=A TA N2 (Y 2 , X 21
QKZP SQ RTI RH OZ I  CEXP(QJ ’ PHIZ,Z -l
QK ZPC=CONJG UKZPI
XK R =SQRT (RHGZ aCOS (pj11Z12.)
X KI =SQRT IRHGZ) ~SIN(PHIZF2.) -
Q I =Q KZ p*X <Z * a 2 ,QK ZP *XKX * a 2 +XKZ ~~QK Zp.~~2.XK Z~~X KX* . 2
Q2=XK Z ~~(X K L * Q K Z P )  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Q3 =Q1~ X KZ ’ Q KZ P ’X K0 ’ XK O~ EPS’QT/ C2 . ’QJi
Q4 =XK Z*Q1~~(X ~ Y * * 2 + Q K Z P* *2 )  *XK0 x K0* EP 5*QT, (2. *QJaQ KZP)
Q5~~~C~~ P3 (QK ZI’*XKZ 1~~tx K x ’X K y )~~’zQ6 =X K Z * ( X K Y * a2 + Q X Z P* * 2 )  ‘GIL
Q7 =— XKZ ~~

( KKZ +Q KZP ) ‘ (X KX XK Y ) ’2
Q8 Q1 ’*QKZP X KY ’2 GQK ZP XK Z ~~’2)
QAY 1N Q2+Q3—Q ~
QA Y IC=Q5+ 06 l’Q7 +Q8
QAY I= 3.4YI N /QAYLD
Q 9=XKZ’Q1’CX)(Y”2+QK!P”2) ‘XK0’XK1F’~PS’QT712.~

’QJ’QKZPY
Q10 —XXZ’(QKZF’+XKZ J ‘~ PS’~ T’ (XKX’Xi (Y’XKO) “2/ (2.’QJ’GIKZP)
Qit=Qt .xKZ’(~KZp ’xKD .XKO’EpS’QT/ (2. ‘QJ)
012 s— QKZP ’ (O K Z P + X K Z ) ’  (X K X ’ XKY I  “ 2
Qt3 =X KZ ’  ( X K Y 2 .-QKZ P” Z ) ’QI
Q1t. — X K Z ’ (X X Z . Q K Z P ) ’  (X K X ’X K Y) ” 2
Q15:QK2P*(X KV ”2+X KZ”2) t~1
QAY ZN=Q9 +Q1Ol’QIt
QAY2D =Qi2+013GQ14 ’Q15
QA Y 2 QAY 2N~ QA Y 2 D
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OAY I C CO NJG (QA V I)
QAY 2 C =C ONJ G ( QAY Z )
OCI=1./ ( 7. ’P—QJ’QKZP+LIJ’ GIKZPC)
QC2=1.F 12. ’ P—Q J ’ QK Z P— .aJ’QKZPC)
QC3 =1./ (2. ’P +QJ ’ Q KZ P+QJ’ Q KZPC )
QCt.=1./ (2.~~P U ’ GII(ZP—QJ’(at(ZPC)

BBOS =REAL (080)
E13O SCRT (~ 80SI
Qt3iS =(~ • ’XK 0’SN) “2+10,— (QKZP— QKZPC ) F2. ) ”2
X IB PEAL LQB1S)
YIB A IMA G ( Q B 1S )
RMOBI = SQ RT (X ia” 2+Y13” 2)
PHl131=ATAN .~ 1Y13, X tB)
QilB1=S QRT (”~H~iBi) ’C EX ~~CQJ’P9IB1/2.)
Q32S (2 • ~X K0’S N) “ 2+ (Q+IQK ZP— QK ZP C)/2 . )  “2
X2B REAL (0,325)
Y23 A IMAG (Q32S1
P.H0B2=SQ1~T~~ 23”2,Y23”2I
PHI32 ATAN2 (Y 2 3 ,  X2B )
Li1302 =SQRT CRHO82 ) ’ CEX ’  ( 1J’P uIIaZ,2•)
QB3=I2. ’X K0’SN)”2+t~e (QKZP + GIKZP C) ’2.)”Z
~i3 REA L 1Q83 )
383=SQRT (83)
QHH1 = QA y 1aQ Ay 1CIQ ci , c i . ,~( a3 )a xE1~.2).~ 2
QH~43 QAY ~~C’ -iAY2 ’QC3 /(i. +( QBB2’XL)”2)”2
GIHH’.=QAYZ ’ QAY 2C ’0 ,C t . / ( t .+( BB3’XL ) “ 2)” Z
QdIH=QH”l l +QH’12+~~HH3+QH1i 4
HH=REAL (QHH)
SHH=8.’ (XL”3)’(  X KO’~~N) “2’ 1H14)
OaSi’IN=lU .‘ALOGIO (SHIll
Q A L P H = X K O ’ S M/ ( 3 0 — Q J ’ A LO )
AH1=BO’X KC /(33”2+ALO’~ 2)
BHi=ALO’XKO/(80”2i’A L.3”2)
Y11 2.’AHI’BH1’SN”2
x11=1._ C A H 1 a~ 2_ 3 H1a*2 )*S N*a 2
R11021=(X 11” 2+Y 11” 2) “ 0.25
PH121 0• 5’ * T A ’~2 (Y i j ,  (ii )
QGA M=— R HO21 ’ CEX P (—Q J ’ P ’,lIeLt
QXX 1 =0 ,GA M ” 2/ (  QK ” 2+QA” 2)
QXX 2= QJ’ (3.’QA LPH ”2—i •)  ‘~COTIF ( QK’QKlQXX 3I=QJ ’3 . ’ (2. a QA LP’ t * * 2_ QGA Ma * 2)/  (2.’QK’QlC]
QXX32= uA/QK (1.+ ( QA / ~ K)”2) ‘QCOT I
QXX 3= 0 ,XX 31’QXX32
QXX kI= (2 . ’QALPSI”2—OGAM” 2)/ (QK’Q iCJ
0XX42= 1 .— (QA /QK)’QCOTI
Q X X f ,=Q X X t .1’GIXX t ~2
~XX5 =QL4’3.~~GIGAM” 2
QX X 6= — 2. ’QLt.
QXX= QXX I+QXX2 i’QXX3 .OXX t. ,QXX 5i ’QXX6
OEXX~~(0K/XX0) “Z’Qxx’ (Xu( tu’EPS) “2
oxz1= 3.’QJ ’QGAMeQALpH’QCUTI/IQK’QK )
QXZ 2 =—3. ’QGAM ’QALP I’$ ’QLZ.
QXZ 3 =— Q GAM ’ Q~ L~’ul’O.Li
QX Z 4 = 9 . ’OJ’~ GAi ’QAL P-1 ’ UX X3 2/ (2. ’QK’QKI
QXZ5 =3. a Q G A M * QA L P H’ QX X . 2 / ( I~KaQK)
QXZ QX Z I + QX Z 2 ~~Q X Z 3 * Q X Z ’.~~QXZ 5

86 



Q EXZ =QXZ ’ 1x K0 ’ E~~s )” Z
GIZZI QL1’(QALP H) “2
QZZZ=0,J’(3.’QGAPI”2—i.)’QCOTII(QK’QK)
QZZS QJ’3.’(2.’0,GAM” 2—QAL PtI”?) ‘QXX3Z/ (2 .’Q,Is,’QKT
UZZ4= (2. ‘Qc ,)Pl”2—I~ALPH”2) ‘QXXt.2/ (QK’QX)

Z 5= 3. ‘ GA LP I-I ’ QALP H’~Ll.
QZ Z 6= —2. ’QL’.
Q ZZ QZZ i .QZZ2 i’ 0,~ Z3 .QZZ k +QZZ5 .QZZ6
QEZZ (Q K / X K 0) ’~~2 +QZZ ’ (X KO’ EPS) ”Z
QXD I4EXX ’QALPH”2+QEZZ’QGAM”2 +2. ’QGAPI’QA’.PH’QEXZ
QXN=I4EXX ’GIEZZ—GIEX Z”2
QX Q X N / Q X O
X =R EAL (QX )
Y A I M A & ( Q X )
RHD=~ 0,RT IX ’Z+Y”Z)
PHI AT AN 2 (Y,X)
UK2 XK Q ’SGIR T (RHO)’CEXP (QJ’PHI/2.)
QALP H XK O’SN/QK,2
SET A 2=REA L (01(2)
ALP H2 —A IMA G (0K2) -

A H = B E T A 2 ’ X K O /  (B€, rA2”2+ALPHZ”2)
BH AL PH2 ’XK0~ ( BETA2 ”2  +ALI’H2”2)
RHO2X I. t3H”2 dH”2) ‘SN” 2
RH02Y 2. ’A H’BH’SN’SN
PHO2 = ERH02X ”2+~’H02Y”2) “0~ 2S
P H I 2 = 0 .5 ’A T A N Z ( R H O 2 Y , RHO 2X )
QC0SC =RH02’C~~X~~(—QJ’PI4 I2)
Q GA M —Q COS C
I N 2. ‘-0, K2’X K I • C N

01 0= 0K2 ‘X Kit ‘CN + OCO SC’ XKO”2
QT=QT N~ QI’O
P1~~~HO2’ CALP H2 ’ 0S (PHI2)l’BETA2’SIN (PHI2))
Q=RI$02’(BET#2’C0S (PHI2~ — ALPI-i2’SIN (PHI2))
OM0 EPS’W UO’QT ’ RH02 ’CEX PI~~~J’PHI2) ‘X KO’X KO F GIIC?
QN0=XK (l”3’EPS’~4’UJ’0,i”SN/ (0K2”2)Q F1=(Q KZP~~X KZ ) ’X KY ” 2 .Q KZ P ’XK Z”2*X KZ’QKZP”2
Q F 2 = X K X ’ X K Y ’ ( Q K Z P + X K Z J
QF3 =XKZ ’ ( X KZ ’ QKZ P .Q KZP ” 2 )  * (X K Z +0 ,KZP) ’X KX ” 2
OF 0= OF 1’ OF 3—OF 2’ 2
026 X KX ’ XKZ ’ Q N O ’ GIFl/ 12. ’Q3)
Q27 =X KX ”2 ’X KZ ’QMi t’O FI/ (2 .’QJ’QK ZPJ
Q28= —X KY ’XKZ ’ Q ~40 ’QF2f (2 . ’QJ)
Q2 — X K Y ’X K X ’X K Z ’Q M 0 ’ 0 ,F2 7I2 . ’0,J~ QKZW)
QAX 1 (0261 ’Q2 7GQ2 8+029) /QF)
Q 3 a =—XK x ’XK Z ’ Q~lU’QFif (2 .‘GIJ)
031=QJ’ QM~’XKZ’QKZP’0FI
032 =—XKX ’2 ’X KZ’QMO QF1/ C2 . QJ’QKZP)
Q33 XK Y X KZ QNO’ 0F2/ (2 . ’QJ)
Q31.= XKY *X KX PXK Z ’QMO* 0 ,F2/  (2 .‘QJ’QKZP)
QAX2 (030.Q31+Q32+Q33+Q34) ,QFO
035=XKY ’XKZ ’QNO ’0F3/ (2.’QJ)
Q36 XKY’XXX ’XK Z’QM0’~F 3/ 12.’12J’QXZP1

— Q37 —XK X’XKZ ’Q~1 0’QF2/(2 .’t~J)
038=—XKX”2’XKZ’QHC’0F2/ (2 .’QJ’QKZP)
03Y1 t035+0364’Q37+038) /‘QFO
039=—XKY ’XKZ ’Qs-l0’QF3I (2. ’Q J)
01. O = — X KY ’ X KX * X K Z * Q M 0 ’~~F3/ (2. GIJ f)tC7 P)
Q4i XKX ’X KZ ’QNO ’GIFZ/(Z . ’QJ)
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Q~ 2 —QJ’QM 0’XKZ’QKZP’QF2
Q1.. =k KX”2 ’X KZ ’ QM O ’ C FZ / ( Z . ’QJ’QK ZP)
0 A Y 2  (Q39i’ Q~.0~~Q1.1’Q’.? +Q4 3)/ Q F0
Q IZ 1= X KX ’ Q A X ~~~X KZ +X KY ’ QAYj FX KZ
04Z2=XKX ’0,AX2/X< Z .XKY’0,4 Y 2/X KZ
i LAV 1 = — ( i~AX 1’CN~~4AZ i ’SM)
0AV2=— (QAX 2 ’CNG 0 ,AZ2’SN )
QAV 1C=C3f l J G IQAVI)
QA V 2 C = C O N J G  1QA112)
0C1 1./ (2. PI—QJ’QK ZP+QJ’OKZ PC )

2=i./ (2 . ’ Pt— ~ J’~~s~Z ’ — ’~J’OK ZPC )
0C3=1 .F(2.’PIIQJ ’QKZ°+QJ’QKZPC)
QC4 =1./ I 2.’Pi .QJ’QKZ~’— QJ’QKZPC)

B 8OS REAL (QBO)
B~tm0=S QRT 19505)081S (2. ’XKO’SMI” 2+ (GI— (QKZP—QKZPC )/2.)”2
> ,iS=REA L (Q 015)
Y18=AIMAG(Q B15’
RHOb1= SQRT ( xtB”2+Y1B”2)
° H IJ 1=AT A NZ (Y1S ,XjB )
OBU1 =SQ RT (RHOBI )  ‘CEXP(QJ’Pi’IIB112.)
Q32S= (2 . ’XK0’SIi)”2 + ( Q + ( Q K Z P — Q K Z P ~~)~~2.)”2
X2 B REA L IQBZS)
Y213 =A IMA &(Q B2S)
Ri-i J~l2 =SQ Rr(X2B”2+Y23”2 )
P H I S 2 = A T A N Z (Y 2 3 , X2 8)
G1882 =SQRT CR11032) ‘CEX’(QJ’PHIB2~ 2.)

3 2 . ’XK 3 ’ 5 N ) ” 2 ê ( O + L O K Z P i Q r -~ZP C 3 / 2 . )~~’283=REAL(QB3I
583 SQRIIB3)
QV VI=QA V I ’QAV LC’QCl / ( i  .• (330 X LI~~~2)”2
QV V 2 = GIA V1 ’QAV 2~ ’QC2f( 1. 4’(Q89i’XL)”2)”2
teVV3=QA VIC’Q AV 2 ’0,C3F (1 .+1Q392’XL)”2)”2
QV V QA V 2 ’ Q A V 2 C ’~ C1. /( i .+( BE33 X L)”2)”2
Q’J V = Q V V t + Q ~IV2 +~4V V3+QV V1 .
VU =RE AL C QV V )
SVV 8.’(X L”3) ‘ C W ’ E 0 CN)”Z ’ (Vt ~)
D8StlV= 10. ’A L O G I O ( S V V )
NK THET 4
IF (NK) 15,250, 261

260 SIGCO=SH H
DBSCM=jO.’ALQGIO(SIGCOl
GO TO 16 -

261 SIGCC=SIGCO ’CN
OBSCN 1O .‘ALOG IO (~~~GCC)

16 W R ITE (6, 106)THETA ,P,P1 ,00SHH ,OBSVV ,XKI,QBSCI
136 FORMA T (1,H ,2X,F5.i,1QX,F7 .3,SX ,F7 .3, 3X ,F7 .3,ttX,FT.3,BX ,F 8.3,5X,FT
I

1. IF (1’~1E TA—80 .)t07 ,15 ,15
107 TPIE TA=TMETA +I 0.

GO TO 102
15 CONTINUE

STOP -
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LIST OF s~ %Ilt ()LS

r (Jl )~’ i t I t ) I I  ~ert 4 ) r

(r) rt la(i~e i lj elrr t n t  .tni Ia,it of (lie ranelinu Ineelilaui

a~erage rc la(u% e dielectric 4 4  )iI~ t aIi I of (he random mveliu,n

o a~t rage t OhI.lIIt ’ ( I% ut ~ of ( lie ranehnn mediu,ti

~(auiela rel deviation of (lie elielet trk fhir tu at i oi i ~
p(~) runeloi n ()o rtiou of (1w relati v e ilielectrie c ons ta nt in (he random

niediuin

! auturorrelahofl fum tnni cif ~~~
rad ian frequeiie ~ of t h e  in c id ent %% J% 4

rela ti v e mean com p le x elie leet ric constant of a for e~ t of l~~~e~

~olume of one leaf

total nun iLwr of lra~e~ in (lie for est %olume

re lat i~ e c oinple x thelee t nc cot ist ant of one leaf

V volume of the h’re~
( 

~s hid e i~ ~olel~ air

dielectric const ant of air

total voIce me of the forest

dielectr ic constant of  f ree ~~aer

0 1 ang le of ineide nce

K tota l electri c field in the random meel iune

II total magnetic field in the rand om medium

V del operator
permea b ility of free space

E scattered electric field in the random me(lium

[(re f)  inf inite space dyadic Green s function

propagation constant in free ~paue

k meat i back ground propagation constant in the random me diun i

I unit  cl~ adic

< E (r)> mean electric fie ld in the rand om medium

K effective propagation vector of the mean w ave in the random
me diu en
re lat ive comp lex (lic lectr ie tensor
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• t • , r Ii . r i t iii rii t~ of t Ik rt• laIi~ e ~o~tipir~ iiielet tnr h is— . ii
~~ 1/

• a • a niut i rtur. us the ~~, ~ anti , sl irerIioii ~ re~,weIi~.i~
0. 0. ~ t i jr et t iuii . u’iiis ~~ of the ~ %et tur

H reflet tion eoe f Iiejent (lit tn ,.’ iii t al j u tla r i ,at ii to)

t r a i t ~ nsi ~ — iuis  t oeffieient (horizontal ~us lari~atit.is

P at t enuati on of the mean ~ a~e in the rando m 555e ( Ij ulsl ( Is ’ tnii ~ .ii
1.11 10) lar Iza t i () Il)

k~ . L b F’our ier ~ar ia bIes

~.a t  tere d t ier Irir field iii (lie upper III. sliiiin (air)

radar l,ark- iatte r eswf f kj i si t  for (lie ra-i of horizontal 1,olj rs,.i
ti mi transm it — horizontal polari zation r i ’  i I %  I

H refleetioti s oeffit je,,t (~er ti eal polari zation )

i ll 
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P attenuation of t h e  mean w av e in u s e  ransl o it i niedi,si,i (%rr Iii at

polari zation)
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