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CHAPTER I

 INTRODUCTION

The ob Jectwe of mlcrowave femote sensing observations of the earth is to obtain
mforma.tlon about the terrestrla.l envnronment from a,xrborne and spaceborne plat-
: forms The use of synthetlc aperture radars as active sensors in thls type of work has
become mcreasmgly lmportant in ‘the last few decades. The power and flexibility of
this tool has incree.sed.g.reatly Qith fhe development of radar polanimeters which allow
simultaneous measurement of ax"np‘.litnde: and phase at four polnrizetione and se\_reral
frequencies for distributed'targets Along with this incfease in ability to measure
such ta.rgets comes the need to be a.ble to utilize the lnforma,tlon 80 obta.med For
this reason 1t is essential to understand both the qua.ntltatwe and quahta.twe aspects
of elect;'omagnetxc scattering ‘from terrain. Because a large portlon of the earth’s
surface is covered by vegetation ha\fing many diﬁ'eeent types of canopy conﬁgura.tions
it is necessary to understand the detailed esnect of mierowave interaction with such
media. The overall purpose of modelmg radar sca.tter from vegetation ca.noples is to
be better able to mterptet and invert sxgna.ls from the remote radar sensors used in
terrain mappmg operatlons
With thlS obgectxve in mmd the goal of this thesm is to examine both the mod-

eling and inversion aspects of the mteractlon of electromagnetlc waves with general




| random media having structural properties close_ly reiated to those fouxrd in vegeta-
tion canopies. It; is hoped that this inveétigation will make clear the areas irl which
methods'currently in use for the analysis of radar scattering data'frorrl vegetation
canopies have their limits of applicability. It is also hoped that this work will point
rhe way toward a solution to these problems. |
Due to limitations of space and time it has been necessary to devote the greater
part of the volume of thrs thesis to the modeling aspects of the problem In fact five
chapters have been devoted to modeling the radar scat_termg properties of vegeta-
tion. Only Chapter 7 has been dedroated to the inversion of remot_;ely sensed data. In
Chapter 7 no attempt has been made t:o investigate the most popular techrxique for
inverting sensor data whi‘ch‘ is bosed_ on the applicatioo of artificial neural networke.
Instead, the focus has been on developing a simple, model-based iterative inversion
algorlthm that permits the mvestngator to develop msrght into the funda.mental na-
ture of both the forward and inverse aspects of the problem under consideration. |
Chapter 7 a.lso attempts to prov1de a framework into which the modelmg work fits
by considering the sensor dependent nature of the remote sensing problem in terms
- of both sensor configuration and the usual experlmental errors that are an integral
part of any measurement process - | |
The remaining chapters of thls work are devoted to the various aspects of model-
ing radar soa.ttermg from vegeta.tlon canopies. In recent years considerable effort has
been invested in the development of theoreti_cal scattering models for forest canopies.
This is because a large fraetion of the global vegetation cover is in the form of forests
and other trunk dominated canopies.' A forest canopy is considered to be an in-
homogeneous medium comprised of scattering elements with dif_ferent sizes, shapes,

and electrical properties [95, 96, 40, 39]. Except for the analytical wave approach



[81, 24, 44], which aceounts for the particles .in the medium_through a fluctuating
o permittivity function, all existing nrethods accbunt Ior the partiéles thrdngh the sin;
- gle scattering properties of the individual 5catterers (45, 72, 42, 82]. The analytical

~ wave approach is appropriate for rnedia in whieh the ratio of the-ﬁuctﬁaﬂng dielec-
tric frmction to the mean dielectri_c c‘onst.a.rrt _is srrlell. Therefore, .‘a.t ‘mierowa‘ve and
millimeter ﬁaye vfrequ‘exicies,- ‘where the dielectric consrexrt of 'leaves and branches is
~much larger than that_‘of‘ air, the enalytieal Wave épproach r_n_ay" not be a.ppropriate.'
| The solﬁfien of lthe scattering problem for a eanopy consisting of dis'cre_tesca.tterers _
can be tackled in two vrays: (1) the field dpproach [45] and (2) the intensity approach -

| [96] Due to the complexity of the met_hodologj"the solution based on the field ap-
proach is lirrlited:te sparse distributiens of wee,kly seat‘tering particles. The irrtehsity
approach, or the radiative transfer (RT) metho&, is very general, easily formulated
and mathem‘a,ticelly co\n?enient. T hese are precisely the -charecteristics that make it

a“usef\'zl tool for aﬁplicati‘on.With' inversion é.lgorithms._ .
Becatrse of its many favorable attribrltes, RT ‘theory has ga.ined wide acceptance

and usage in modelirxg electromagnetic'scattering from r/egetatien.- Radiative traﬁsfer_
theory was init;ially'developed by physicists for the analysis of eleetromagnetic wave

- propagation in the interstellar mediixm and planetary atrhospheres [9]. Because of its
ﬁsefulness in this capacity, RT ‘was subseqﬁentlr'applie'd to other tjrpes of particuldte
random media such as vegetation corer. When the me_diixrn consists of sparsely die'-
tributed scatterers thet are sma.il in compérison with t.he‘ wavelength of the incident
‘ ’radlatlon, the underlylng assumptlons on which RT theory is ba.sed are va.hd and
the model can be expected to perform reasonably well, However, in constructlng RT
models for forests and stalk dommated agrlcultura.l canopies some bas:c condltlons

necessary to the va.hdxty of the method have been overlooked. The RT approach is |




forniulaf.ed in terms of the‘ single‘ Scaftering propérties of the particles in the medium;
i.e., it is assumed that particles are in the far-field of each other and are 111ummated
loca.lly, by plane waves.” A tree canopy usually contains part:clea, such as trunks and
branches, whlqh are much larger in dimension than a wavelength. In addltlon, the
forest medium consists of strong scatterers that may be quite denéely distributed. In
this case both the far-field #nd local‘plang wave cbnditions are violated.

The purpose éf the_modeling chapters of this thesis is to investigate how the

limitations imposed on RT theory by its underlying'a,ésumptions affect the result of

its appllcatlon in the analysis of rada.r scattermg by vegetatlon canoples In the initial

' stages of this work it was d:scovered that the appl:ca.tlon of first-order RT theory to
the modeling of dense, stalk domxnated agricultural canopies, such as corn, produced
results that were in sharp disagreement‘with the body of previously measured data.

Much of the previously acquired experimental date wa.s‘obtained_ using the earlier

generation of radar scatterometers, and it was felt that with better equipment and

improved calibration techniqﬁes it would be poséible to‘resolve _the modeling problems.
An investigation of radaf scattering from mature cornfields was then iﬁitia.ted that
used the improved equipment and methodology coupled with extensive and careful
collection of information about the physical characteristics of the canopy. It was
found that bthe newly aCQuired data confirmed the _exiétence of a diécrepancy between
the predictions of ﬁrst»-ord‘er RT theory_é.nd measurements.

As a result of these investigations it was felt that .perhaps higher orders -of iter-
ation of the radiative transfer equétions, corresponding t§ higher levels of multiple
scattéri_ng, would provide the solution to modeling the radar return from this type of

dense canopy. Chapter 2 of this thesis presents the deveiopment of the second-order

RT model for the trunk layer of a general vegetation canopy and compares the results ‘

-




of application of the first and second—ohder models with radar measurerhents of the
full corn canopy Thxs chapter shows that while second~order RT prov1des a dramatic
overall unprovement in the estlmate of the backscattermg coefﬁcxent for both the
.rco—pola.rxzed and cross-polarlzed radar returns from this type of vegetation, 1_t does
not reproduce the mea_sured angular _trénd for either the vv or cross-polarized canopy
response. The _conqlusibﬁ drawn fro.;uh this part of the work is that while multiple scat- -
tering is indééd important for dense canppies of this“éort, RT t.hehry cannot correct -
the m'odel:ing probierh by higher‘lefels of it:‘era,t'i‘on éinqe it ca.nnht accouht for the true
nature of the local illuminating ﬁelds inéide the canopy. Multiple scattering: in ran-
dom rnedla cons:stmg of large sca.tterers causes non-umformxty of illumination of the
scatterers W]th respect to a.mplxtude, phase and pola.rxzatxon of the local excxtatlon It
is apparent’ tha,t the true phase and extmctlon matrices for the constituent pa,rt.lcles‘
in the medium, which control the angular résponse of the radar retuhn, are no .longer
.a{ccur;;tely.represented lby their.simple.'siriglé scattering _cha.ra.cteristics based on the
. ‘aséumptiOn of local pla,ne-wave_ illumination. In'paxtit_:ulla.r, the correlat'ion‘ distance
for lbcal fields inéide the medium mahy be smaller than the physical size of the scatter-
ers Whlch causes overestlmatxon of any quantlty, such as the extmctlon matrix, that.
depends on the pha.se matrix of these partlcles
‘This situation proyides the motivation for Chapter 3 of this w_q’rk, which devélo_ps
a Monte'Cé,rlo scattering model for the trunk layer of a forest cé.nopy.‘ .The model ac-
counts for near-’ﬁeld interactions between the cylinders composing the canopy trunk
_ layer up to second-order and provides a benchma.rk a.gamst which to evaluate ther
performance of RT theory ina reglme for wh:ch no other analytlcal models are satis-
factory. The interaction terms betweeu pairs of cylinders are va_hdated with measured

data. Monte Carlo simulations based on this model are presented for various repre-
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‘sentative cylinder hufnber densitie.s,'a.f’ld the simulated results are compared with
radar méasuremgnts ‘mac.le on prepared ensembles of raﬁdomly positioned vertical
rods above a grouhd plane.‘ Firét and second-ordcr RT solutions for the same media
are also cdmpared with the simulated da.tz-s.. This work verifies that the RT model
gives‘ incorrect resu‘lts.for media in which there is a preponderance of scatterérs that
have _dimensioﬁs that are large compared to the e)ﬁcitation .wa,v_elen_gth.

The natural extension of this investigation is to canopies having more than one
tjpe of particle. The importance of the heterogent_eou’s canopy pi'oblem is dependent
on the nature and significance of smaller .pa.rticle's. distributed either above or within
the i:anopj vohime’occup.ied by the iargf_: vertical trunks. What is the effect of smaller
scatterers such as leaves and- t\ﬁigs ‘on‘t’he radar resp_b_nse of the canopy as a whole?
Do these cohponents couple signiﬁcantly with the trunks, and in what iva.ys does
their presence élter the performa.ncé of the RT model for .sirnilé.r canopies?

: ‘Chépter 4 of this thesis details a general teéhniqué based on the reciprocity the-
orem for deriviflg the seéondary sc_a.ttered field froni a pair of adjacent objects. The
general formulation is then applied. to oBtain ana.lytfca.l e_xpressions for the secondary
scattered field from a cylinder-sphere :pair. The‘ ‘expressions are vﬂidated using the
method of moments. This developmegt_'pr_ovides the basis for the constructién of
Monte Carlo sifnulations for a heterogeneous canopy structure.co‘nsisting of vertical
cylinders, repre_sénting trunics, and smaller sﬁheres, repfesenting components of thé
canopy crown. This is the subject of Chapter 5 which applies the formulation of
the previous chaptex; to the case of spheres and cylinders distributed above a ground
plane, and which takes into accbunt”mutual 'coup.lin‘g between cylinders and coupling
between spherés and 'cy.linde.rs in thé ensemble. The results of these simulations are

compared with those obtained from RT theory for the same canopy configurations.
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It is shown'that the radiative transfer modele do not properly predict the scatter-
ing Behavior‘of rpedia conrposed of densely distributed scatterers havirrg din'rensions
large compared wrth the excxtatxon wavelength Thxs is partly a result of the fact
that the extmctxon matrlx for this type of medzum as computed by RT theory is
‘ overest:ma.ted espec1ally at angles of incidence far away from vertical. It is also
pa.rtly due to the mcorrect treatment of the RT source functlon for volume scatterlng
~ in media consisting of ‘partlcles havmg‘_dxmensmns that are not small compared to
a ‘bou'nding ‘dimension'of the rnedium. Chapter 5 also shows that RT models that
~ attempt to divi&e the canop;y into an opper layer coneisting of trunks and smailer
perticles and a Alowerlayer coris'istixtg of trunks alone ean.produee results that are |
seriouSIy in error. One further purpose of this chapter is to demonstrate that while
. second-order 'interactiox_is‘ between cylinders in the trunk layer can cause significant
changes in the level of backscattered co-polariZed rediation, the predominant effect
of the interaction of trunks w:th smailer partrcles is to produce a change in the an-
gular trend of the cross-polarlzed canopy radar response. Second-order mtera.ctlons
between spheres and cylinders in the heterogeneous ca.nop}" structure are also shown
to result in dlstmct changes in the co-polarlzed phase statistics of the ba.ckscattered |
wave. |

In Chapter 6 of this work a hybrld model is presented for computmg radar scat-
tenng from la,yered vegetation media consisting of vertrca.l trunks and srna.ll weakly
scattering particles above a dlelectrlc ground plane.‘ The crown layer is modeled us-
ing radiattt'e traxrsfer th_edry,and the trunk layer is simolated using the Monte _Carlo :
method. The anaiytice.l deritration of the tra.nsmiésivity_niatﬁx for the trunk leyer is
presented, and some of ‘its important fea_tures are in\restigated. The concept of the

effective scattering matrix for an average cylinder in the trunk medium is developed




and evidence is .presehted that it assumes Iimiting beha\‘*ior‘as the eﬁect_ of multiple
scattering in the mediuin becomes iﬁcreésingky important. Evidence is a.lso presented
 to confirm that the exponent:al extinction model used in RT theory works fairly well
for sparse dlstrlbutlons of small partlcles and even for sparse distributions of extended
scatterers. However, it is shown that the RT extinction model breaks down for high
‘densities of strongly: scattering particles that are large compared with the excitation
wavelength. It is demonstrated that the source function integration used in RT theory

to account for vdlume_ sca.tf.éring leads to results that are severely in error for layers

- of long cylinders, and 1t is concluded that this is true for distributions of other large

scatterers. Finally, several types of test canopies consisting of dielectric cylinders and
small metallic spheres are investigated. It is shown that the hybrid model developed
in this chapter can be an effective way to compute éca.tteriz_xg from vegetation media

‘having this general structure.




 CHAPTER II

THE SECOND-ORDER RADIATIVE
TRANSFER MODEL OF THE CANOPY
- TRUNK LAYER

2.1 1ntr_oduction

~ Because most‘canopy cover isjaf least semi'-random. in character and because
much of lt is statxst:ca.lly homogeneous and area extensive, the ra.dla,ttve transfer
(RT) method has been w1dely applied in modehng electroma.gnetxc scat.tenng from
vegetation. In formulatmg suoh models the most 1mportant featut_'es involve scattering
- by ceoopy constituents euch as leaQes, branches, trunks and the ground. Inherent in
~ the radiative tran‘sfer:epproach is the ability, by iterative solutiori of the equations,
to elucxdate the mdmdual scattermg interactions between the electromagnetlc wave

and the canopy constltuents Such 1nteract10ns may consnst of direct scattermg of '

_the 1nc1dent wave by the mdmdual leaves and bra.nches in the crown layer or by the

underlying rough ground surface In a.ddlt.lon, dependmg on the degree of iteration,
RT theory accounts for mutuai_couphng between the canopy constituents by using
the single ecettering pfooerties of the coﬁstit.uent particiee kankd'the loca.l plane-wave
approximation. |

The electromagnetic scattering behavior of the canopy constituents is clearly a
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function of their various gebmetries and electrical properties. In this regard, one

would like to usq relatwely simple approximations to the constituent geometnes in

order to keep the model tractable Cylinders may be used to model trunks or stalks

and branches. Circular or elhptmal discs, with or without curvature, may be used

in modeling leaves. Simple rough‘ surface s‘cattering‘ models such as the Kirchoff

n‘lodelyor the small pefturbation model niay be appropriate for the ground layer or,

alternatively, an empirical may be used.

" Various models have beeh'deVeloped based on a first-order solution of the radiative

~ transfer equation .and simple_‘ ca,nopy geometries {16, 42, 45, 96). Such models have

ha.d_ some degree of success in predicting the co-polarized radar return from canopies

with relatively low densities of strong scatterers or in cases where there is limited

penetration by the wave into the medium (as exists, for example, in leaf dominated
canopies at high frequencies) [33]. In many circumstances, as for instance in agricul-
tural and dense forest canopies, the low-frequency microwave behavior is dominated

by strongly scattering stalks packed in high density. In a mature corn canopy, the

wavelength of L-band microwave radiation in the dielectric stalk medium is close to |

the diameter of the stalk. Under these conditions resonant scattering from the stalks
is‘exceptiona.lly strong; and it has been found that the leaves do not seem to play

an important role in determining the co-polarized backscatter response‘of the canopy

94, 104].

‘Measurements made by this mvestxgator {61] do not compare well with the first-

order RT model of corn canopies at low microwave frequencnes In addltlon, the

first-order RT backscatter model for a canopy consisting of primarily vertical trunks
does not generate any cross-polarized return at all, whereas experimental data on

scattering from corn shows that there is a significant level of depolarization that
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 may not be accounted for by the natur.al orientational diverslt& of the stalksr Ttis
also observed that the first-order RT model severely underestlxnates the co-polarized
radar return frorn :‘trunk dominated canopies and giVes an iincorrect angular trend for
the vv~polari.zed backscattering coefﬁcient, failin_goﬁ rnuch ‘more sharply at angles
of incidence a.tvay from vertical than is seen in'measured data These observations |
have provrded the motwatron for an mvestlgatron of the second-order RT scattermg
mechamsms in trunk dommated vegeta.tlon ‘which is the subject of this chapter
When plant stalk heights are large compa.red with the wavelength of the 1nc1dent
radiation it can be shown for vertxca.l trunks that ‘scattenng occurs primarily within :
a narrO\r cone centered on the sp'ecular dlrection as illustrated in Flgure 2.1. Within
this specular cone there may be otl'ler stalks present as well as the ground itself. If
| reﬂectlons from the ground are con51dered to be mainly specular in nature the cone of
: scattered radlatxon froma partrcular stalk when mverted on reﬁectlon from the ground ’
surface may 1ntersect other stalks dependxng on the densrty of the medxum The first--
order model consists then of wave xnteractlons between a single stalk and the ground as
well as diffuse backscatter from the rough ground surface These terms are referred to
as the ground -trunk, trunk-ground and direct ground 1nteract10ns and are 111ustrated
in Fi igure 2.2 The second—order model includes an addztlonal wa.ve-stalk 1nteractlon
between pairs of stalks in the presence of a specular ground surface. The terrns
generated by the second-order model are referred to as trunk-trunk ground ground—
-trunk-trunk and trunk- ground trunk :nteractlons Another kind of second-order effect
mvolves the ':ntera.ctron between smgle stalks and diffuse bistatic scatter from the
rough ground surface. These terms are called difl'use ground-trunk and diffuse trunk-
ground mtera.ctlons All the second order terms are illustrated in Flgure 2 3.

In the remarnder of thls chapter the radiative transfer model will be derived for
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© Figure 2.1: Scattering into the Specular Cone |

a la.jer éf vertical trﬁ_nks above a rough ground surface up to, and including, the
§econd-order terms. The first and second-order RT models will t'hen be compared with
measured data to determine wheth_er second-order RT theory provides a satisfactory
~ solution to the problem.'of reproducing the electromagnetic backscattering beixa.vior

of trunk dominated vegetation canopies. -
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Figure 2.2: First-Order Effects

2.2 The Radiati#e Transfer Model
2.2.1 Basic Equations and Definitions

We now consider the salient v:fea.tures of ‘a general clased canopy. By closéd canopy
if is meant a canopy that is cbntinuqus’ and statistica]fy h_or.nogeneo-us in the hori-
zontal plane but that has significant variafi_on from top to bottom. The‘tvop of the
canopy consists of a crowﬂ laLyer _made up of leaves a.n'd. b_ra.nchés'. The leaves are
usually modeled as flat dielectric discs and the branches a»,s‘dielecttic cylinders. The
leaves aﬁd branches in the tjirown layer are described in terms of a number density

{number per unit volume). The dimensions and orientations of these components are

ag o
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Figure 2.3; Second-Order Effects

usually specified either as fixed values or in terms of prdbabiiity density functioﬁs.
Underneath the. crown layer is the trunk layer which is compdsed of dielectric cylin-
ders. Agé,in thesé cbmponents‘ are described in tefms of the number density (number
per unit ‘area), the di‘a.mete.r, the height and the orieﬁtzition. The lower level of the
canopy is a rough dielectric surface that is used to represent the ground. It is uSually
characterized by rms heighf and correl#tion length of ﬁhe surfaceroughnéss scale.

One of the ‘rough surface scattering models such as Kirchoff’s s’cala,r.approximation'
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F igure 2.4: Closed Cahopy Model
to physical optics, the small perturbation model, or, in the case of very _large-sc.ale'

roughness, geometrical opﬁcs is 'oftén_ used depending on the roixghness scale of the

grourid surface under considei‘ati_on [92, 95]. The genei‘a_l“ca.nopyr geometry is shown

in Figure 2.4.

- In a crown region made up of scja,ttere'rs with small albedo the first-order radiative

transfer solution may be a sufficient approximation to'the'cano‘py behavior. However,

in a trunk region coinposed of strongly scattering stalks at high number densities

the first-order approximation may be a poor represéntation of reality and higher--
order terms should be_inc'luded‘ iﬁ_the_model. In this section the vector radiative
transfer solution will be derived for the trunk region of the canopy (for vertical trunks)

including the second-order terms.
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For an incident plane-wave, the electric field vector may be decompbsed into a

vertical and horizontal linear polarization basis:
| E' = (E,,f),‘ + Ehil.') eik"k"r - (2.1)

where k, is the free-space wavenumber, and

b = cosficos 4t + cosfisin ¢ ~ sinfis (2.2)
hi = —singit +cosgy o (23)
ki = sinfcos ¢ + sin O;sin ¢ — cos ;5 (2.4)

In (2.1) a time dependence of the form e=* is assumed and suppressed.
The vector speciﬁc_ihteﬁsity (Wm—2 sff‘ Hz"?) for the incident coherent wave

is defined through the modified Stokes parameiers I, I, U and V as follows:

JECNEE - .y

Ll |Eif*
IR N D BT/ >
[ Ui | ™| oe(BIESY | -
vi]  |eom(EED)

where 7, is the intrinsic irhﬁedzmce of frec-space.

- The scattered wave from the _distfibuteci target ié :of spherical cha_,ract¢r aﬁd is
R partially coherent,. If A is the illuminated tafget area and 8, is the angle between
the outv#ard normal to A and the scattered wave-veci;or, then the sc'atteréd'intensity
must be normalized by the solid angle Acotds where r is fhe distance from the target

to the observation point. Thus the intensity of the scattered wave may be written in
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terms of the Stokes parameters as:

B | (IE'F)‘
'1_-="I”;......."f.._... B

|y | meAcost. e ((E2 Ef 2

v [ emE e |

‘and () denot.es the ensembie average.

(2.6)

The mtensxty of the plane wave incident on the upper d:ﬁ'use bounda.ry may be

written as:

¥ =1,6(cosé — coe 9,)6(¢ - ¢o)

@)

Inside the trunk (stalk) layer the intensity T, is separated into two components,

It (&, ¢,z) and . (p,‘¢, z) _which represent the upWard-going and downward-going

intensities respectively The subscript t denotes the trunk layer, and p= cosﬁ.where

8 is defined with respect to the posntwe z-axis. The geometry of the trunk region.

“ problem is shown i in F:gure 2 5

The radiative transfer equatxons inside the trunk layer are:

9 okt o
M8 = =S8, + P bs)
) a e | |
g li(omé2) = ~ZIi(-md2) + Fil-pd2)
where we have defined: |

o . 2 I. ., " ‘ "_, .y

pF(p,2) = fofo Pulp, o6, 6 ) L (1, ¢, 2)dQ

LT IIE '
+[ [ Pl g1, ) (-4, 8, 1)

and

#F:( bré,2) //*Pt (= ) 6,210

n
o+ /0 q"Pc —k, & i\ 4) Li(-4'\¢,2)d

(29

('2.9)'

(2,10

(2.11)
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sy ls the dlfferentlal element of sohd angle, dQ’ dy'dqﬁ’ = 8in §'d¢'d¢’ . The quan-

tity Pe(p, ; 1, ¢’) ‘18 the phase-matrlx of the trunk layer which accounts for scatter-

ing by the trunks of radiation incident from the direction (4’,4’) into the direction

(1, d>) . In (2.8) and (2;9 'K} is the extihction matrix for'ﬁp-going or down-going
radlatlon in the trunk layer. Therefore, the first term in the radiative tra.nsfer equa-
tlons accounts for extinction of radiation as it travels through the medium, while the
source terms FE account for scattering by the trunks of ra.dla.t:on from all directions

at depth z into  (y,¢) . It has been assumed that the trunk layer is lsotroplc with

T
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‘respect to the azimuthal angle é.

The solutions to the couple'd. radiati?e:transfer equations are: |
T(h,6,2) = eIy (4, 6, —d) 4 [F e OB (0,20 (212)
and
. ‘ I : _
L (—p, ¢,2) = €% /47 (—p, 6,0) + / e M-S VuF; (=, ¢,2")d  (2.13)
‘ - For the diffuse boundary at the air-trunk interface we have:
(-, 6,0) = L8k - po)6(é— b)) 1)
 while at the lower solid boundary ‘with the groﬁnd we write:
IR e | Y, .l’ 1.1" PSR
o V6 J0 _ . : ‘
- where @ is the scattering phase;matrix for the ground surface. Substituting these

into (2.12) and ‘(2.13) we have:
’ C 2zl : )
I}'(,u, &, z) - e-—!ﬂ'(ﬁ-dl/ﬂf / Glu, ¢; ___”1’ ¢f)1'-.(_.ur, ra __d)dpfd#
| _ o Jo ~ sl R
+ [ R eRy (4,20 de (216)
and
I_;("'.uv ‘}s_!-z) = _ _ : : ,
- g | » o ,
L — o )o(8— go) + [ € RHEINET (—p, g, ) d'
| | - @217)
For the stalk _domina.ted field ﬁnder consideration Wc will use the séattering matrix

‘based on a modification of the matrix for infinite vertical cylinde;s; This is a good

approximation for cases of ‘practical interest since the length of stalks for most of
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the groWing season is equal to many wavelengths, even at L-band. The solution of
the radiative trapsfer equations‘ is constructed in an iterative fashion. The zeroth-
order solution is obtained by neglecting the source térms. Thé zeroth-order source -
terms are then formed from the Zefoth-order solutions. The first-order solution may
t'h.enk be coﬁstructed using theée source terms. Proceeding in this way solutions can _
Vbe. generated to as high an order as is‘desired.' As a side beneﬁt.of this process,
the solution is cast in a form that elucidates the individua} scafteﬁng mechanisms
present in the medium. It is now demonstrated how solutions ‘up to sécdnd—order are

generated.

222 Zeroth-Order Solution

For the zeroth order solution scattering by the trunks is ignored. Setting the

phase-matrix for the trunks equal to zéro, we effectively turn off the source terms.

Then:
P A =0 = BHnb=0 Y (ni )
Thus: .
IO (o) = TPLE - pbe= ) (219
and - |
Ié“’%(ﬂ,¢,z)=e"‘"‘*“”“g(#.d:; ~#o,¢oie""7”“°L | - (219)

 from which, following substitution, the zeroth-order source functions are found to be:

PO (1, 6,2) =

1 2x 1 ' = . . _’ -
;]; -/0 Py(p, i 1!, ¢ )e~ L =l g gy, —floy Go)e~ Rt/ oL dOY
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+-n(u,¢,—ua,¢a)e'°*=f“°1 SRR e o)
RO (o) = | ]
IVAC u,¢,u,¢')'-’=“'+*"" S84 =i $o)e Ty
It is.evic_lent from (2.18) andk(.‘..".19) that th.e zet'oth-order solution contair‘l.s the

direct-ground term alone. The ﬁrst-dfdet' solutions can now be derived.
' 2,2.8 First-Order Solution. ‘
Substituting these source terms back into‘ the original equations we find:

- (~y,¢,z)~e"=*’"té(n ,,,)5(¢ ¢o)

+/ e G w, Ve en

: ' o 2"‘1 | i - | . e
1% (,¢,2) = eI+ / 00954, I (= )i 4
| + -nf(z-z )/uF(oH-(p &, z) S ‘(2..23)

To cornpute'the first-order solution explicitly, several assumptions are made. We
simplify F{®* and F{®~ using the fact that the phasleﬁnction for the vertical cylin-
ders used to represent the trunks is such that there is no scatter from them back into

the hemisphere of incidence. Thus:

Pl 8) = Pl -#)=0 @

Therefore there is also no direct ba‘ckscatter from the stalks themselves, except at
| norma.l incidence.
Smce it has been assumed that the stalks are much longer than a wavelength'

ra,dlatlon scattered by the stalks is scattered mto the forward cone wnth half-angle
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equal to the specular a.ngle. as was shown in Figure 2.1. This is a.property of the

infinite cylinder scattering matrix. Then:
Pulp ik, 8) = Pl b4, ¢) e = )

where &;(¢ — ') is the Kroneker delta.

After utilizing these relations the source functions become:

Ft(o)f(—pa ¢1 2‘) = ":':‘pt(_f-‘) ¢; oy éo)en;zl“"lo

and

°“(ﬂ, $,2) =

= f Pul b at, ¢')e','°7"+""‘0(ﬂ,¢’ ~For ¢.,)e"°* ‘/“°I,,d¢

Then we can write for the region above the stalk la.yer:.

X (o, G + 1, 0) = Ly + I + I,

(2.25)

(2.26)

(2.27)

(2.28)

where the superScript ”b” means that the term is evaluated in the backscatter direc-

‘tion. The three terms correspond to dlrect-ground trunk-ground and ground trunk

. mteractlons as shown in F igure 2.2 and are given by: -

I, = e""“’“o(m, b+ 73— o)L,

' 1 y 2;r | |
I',t’g = ‘u—e ntd/“"L g(#o&_qso + 75— o, ¢') ’

o ., | -
* [.[_deun‘ (d+= }/F‘op‘(_#q, ¢'; ~Hoy ¢o)e’ctz /uoLdz'] d¢l

‘ 1 ro0  , S p
I:,:*— nt:/ﬂo-/o ?c(ﬂaa¢'o+7rvﬂo,¢)

G oy )T a0

(2.29)

(2.30)

(2.31)
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The extinction matrix is given by e~®t¥/¢ = Qi 8) D, 5 ~2 /1) 7 (11, 6)
2 .v‘vhere Qt(ﬂ, 4) is 2 matrix whose columns are eigenvectors of the extinctioh matrix

 ke(p, @) and Di(p, ¢;—z/p) is 2 dia,gdnal matrix with elements:
‘['Dt(ﬂ,ﬂs;""z/ﬂ)]ﬁ ;*r-e"Aa(u.é)Z/y . o o (2.32)

with (g, 6) the’z'”_" eigenvalué of &4(g,¢). For 'irunk_s we have Kt = kelp, @) =
k.t(-—,u,'qb) = K.;'“ due to vert'ical.‘Symmetry of the trunks and specular forward scat-
tering in the trunk layer. We can then write:
b "1'—Nd/u o oy ' . ’ o '
‘Itg = ;I'e t °L G (ko do + L3 “Hos ¢') Al_(_l‘o_s ¢ 3 T Hos ¢o) Ldé' . (2.33) -
‘ -wheré;
A (_—F“aa ; fﬂo’ 450) = Qt("‘“o; ¢) {4"1('—/-‘0, ¢1 —Hor$o) Q:‘.(f‘ﬂm o) (234)
and _ _ |
, BRI R [e'-'a\i('—u_o-c*)d/uo_64'\j(-uo.¢a)dluo]
_ — Koy b3 —Haoy Bo i =
[A1( _ # : )]J -~ "')\i("'l‘m ¢)+ ’\J'(_.uoa ¢o) _ : ‘
e *(Mor 8) Pil—thor $3 — oy $o) Qe(—tor o)

;@)
Similarly; |
.‘b"»l.h-“ D " ."’ _ .fmné/ ' .
'Ig:='p—ofo '42(”09¢o.+”;l-‘m¢)g(.uo,¢;""'Foaéo)d¢-e_ welbe], . (2.36)
where: | | |
As(lo, b0+ T3 110, 8) = Qulptor o + 7) Aslfor b+ T30, 8) @7 (0er 8) - (237)

and ‘ _
o [C~A.-(uo.¢o+w)d/u.; - ¢~ slked)d/o]

[ Ao, 6 + 1r, éo', #)i; = — (o Bo + %) + X5 (o1 6) .
(97 (Hor o + 7) Pl tor bo + 7 o, 6) Rel o1 8)] (2.38)

ij

These are the first-order terms.
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2.2.4 Second§0rder Solution

The procedure for derivation of the second-order terms is the same as for the
first-order terms. The first-order source functions are obtained from the first-order
solutions and these source functions are used to co.mpute the sécond-o_rder solutions.
The second-order terms .cons%ist. of the single s_talk: interactions with diffuse reflectance
from the ground and double stalk interactions with specular reflectance from the
_ground. '_I‘he terms are: diffuse ground-trunk, diffuse truﬁk-ground, trunk-trunk-
ground, trunk-ground-trunk and ground-trunk-trunk as shown in Figure 2.3. For the

diffuse ground-trunk term we find:

t2 = —j Kz /“Djo Pt(l‘o: ¢o + 7 ﬂmqs )

. 'K"(z +d)/"°gd(# ¢:"ﬂm ¢o) ¢'dz'e""‘"td/uo]:° (2.39)

where G4 is the diffuse-ground phé.se matrix. Using the approach of the previous

section we have:
b 1 por i g g Nk df "t
Iggz = ;‘./0 Ao, 8o + 75 po, ¢') Galpto, ¢'; ~Hoy o) dg' e 1M, (2.40)
-] . .
where
Ao, B0 + ; For @) = Q:i(po, éo ‘+'7r) -A%(Fm ¢o + 7.";‘#01 #) Qt_l(ﬂo’ ¢) (241)
For vertical trunks Q. is independent of (4, .¢), 50 we _v&il] write simply @, from now
on without including the angulér_ dependence. Then: |
oarg. 0 ' | ’ |
As(poy b0 + T3 oy @) = /_dD:(no,qﬁo + 72" pa) -

: Q:l Pi(toy $o + Tittor @) @t Di(ttos ¢'; "’(3"' + d)/p,) dz’ - (.2'42)
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Since ¢, is arbitrary it niay be set equal to zero. Upon performing the z'-integration

above we find: '

m_ [e.-,,\.-(uo.#)d/ue — e—«\_,'(ﬁ,,ér).d/u,]
"'"/\o'(ﬂoo 7r)+/\3(ﬂo,¢) : ‘
“[Qt-l p‘(#ﬂ'l 7"; ﬂda ¢) Qt] i : (2.43)

[&(#o, W;"};o, ¢)]ij =

Similarly, for'the"diﬁ'ﬁse trunk»gr’ourid term we obtain: o

ST . . ,
. 15,z=;-e"“""‘° /0 Gd(ﬂom ”o,¢')QtA4( Hor 8 wyo,O)Q'= qu’ (244)‘

with
Ho [.C'Ai(-ﬂo@)d/#o _"g_"'"‘i("‘“”'o)d/“‘]

*Ai(-i‘03¢)+4\j(*ﬂo;0); : 4
'[QF "Pt(f-ua,¢;~.tz;,0) Qt]‘.j' | L (249)

[‘A’( ﬁ0i¢i —Hos )]

The trunk-ground-trunk term is computed as follows

2T "
t= —./ ./.L/ e !“O'P‘(F‘m ;Fo,Qs)e-nt(z +d)/“°g (I‘ )

. -N-t(z +d)lno'p‘(_'u ,¢,—,u 0) Koz "“°dz’dz”d¢’

= -"[ Qt -A'S(l‘oa ¢’; ~Ha, ¢') Qg—l dquo , - T ‘ (246)
oo - | Tl
where Gc is the specu_la.r (coherent) grouﬁd reflectivity matrix [84]. We also ‘ha;ve:

Aﬁ(ﬂa’ &; = ko, ¢) = _
0-po S | : '
S Mt 10, 632" R () Mal= by b =y 0 2) " (247)

with

R =0 O @48




and
| M (go, 7, Fo" .¢; z”) =

‘D;(n9,1r;z”/no)Sx(po,fr;uo,rﬁ')ﬁe(po,#;-(Z"+d)/#o) - (2.49)

M?(_Fm ‘;bs ;'poa 0; z,) =

 Dil—tor & (' + d)/ o) S2(~ o, & —pier 0) De(=ptar 0; 2’ 15} (2.50)
The definitions of &; and &; are:

S1(Hor T3 10y 8) = Q5 ;P:(ué,:vr;uos 0)Q
Sa(=tor b ~ o, 0) = Q7 Pe(—p0y ¢ — 0, 0)
We now evaluate the kernel of (2.47):\ | |
[Mx 'Rf; Mali; = ; (M) ('R")l;i I(M‘.’)lj - (2.51)
It may be easily verified that ’k.” is diagonal. So we .ca.n write:
('R-")vkr‘= rit 6 = [QF “ G (o) Lilrt i
wher_é 6,;.; is the Kroneker -délta. Thus: - | |
) [M1 R" My)i; = ;(M;);k r;,;.‘ (Mg),,_,-r | o (2.52)
Using the ~deﬁniti§ns (2.49) ‘a.n,d (2.50):
| M },"-*"fnoe—&(a"*“”“‘_(& R € £)

| and

(MZ)kj = e)\,‘z']uoe'-h(z'+d){uo(82)kj | (2_54)
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-1

where the directionality (g, ¢>)‘“<‘>’f the eigenvalues A has been assumed and suppressed
for the sake of notational conveniénce. Combining (2.54) and (2.53) in equation (2.52)

gives:
[Ml 'R Mz]u Z: e-—?:\kd/ﬂc e(fh"t\k}t”/ﬂo e(A,-).k}z'/no (51 ).k (sz)h ree {2 55)
Producing the ‘ﬁnal"result: -

‘. i ) 0 0 .- " . ' |
(As);j = Z e~ 3 uo (Sl)ik (32)“. Tk ]d/dc(-’li-h)!_/uo =M fuo gt g1
B R | /—dl- o T

. o e;Akd/“o _— e“Aidlﬂo 0 e—)\kd/pb - enAjd/“o | .. . |
i z;'p -( (A = k) ). el 0 — %) )(-5:).-1, (Sa)ej i

-~ (2.56) |

which is substituted back into eqﬁation (2.46) to giv:e the trunk-groﬁhd-tfunk term.

The trunk-trunk-'ground term is derived as follows: :

211' n__ ’
/ '/:: -*'ng/uog —R;(z +d)/“°‘Pt(""Foa T ""'ﬂo ¢’)6nt(z #)/vo .,

P~ ua,¢.—uo 0)et= /uegy’ dz”qu'I

= oo ([ QAo as) 1 e

After rewriting the exponentials as ‘the similarity transformation of the eigenmaf.rix B

D, we have:

As = |
| f_ . _/:,'D.t("'ﬂm 5 —(2" +d) /o) M(~pto, ¢; 2/, 2") D =10, 0; 2' [ po) d2' d2"

(2.58)
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where:
M(-#o,:b; Z, z"). = | o
| Sa(=to w ~Hoy Phi) De(=ppo, phi; (2" = 7'}/ p1o) S3(~pto i ~1ar0)
oo (2.59)
and |
S3(—kor 6 o 0)=Qy : .1,12("#0:. ¢ '_"F'o; 0)Q
Sa(=tor T —loy 4= - Pe(—ter 5 =i $)
In addition, since D; is diagonai: |
| ['D, MD:],-,-';'-—" e-,\.-(z".+d))no erit'lhe ( M)., |  (2.60)
Using these resuits in equ#tion (2;58) we find: | | |
| (Ao)is = [_ 2 /: N4 o ¥ e [M(—ifo,é';Z's Q")L':' dz’ ¢.iz”. (2.61)
Expressing (2.59) 'in' element'form: | | |
(M) = T (S (D)u (S0 6D
but (Dg)k[ = (D1)kr Oxs .therefore:y ,
(M)-’:’ = ; (Sa)ix (De)ak (Ss)is |
= ;(54).-,, (Sa)i; €M (*""")/“o_ (2.63)
We can néw express (2.61) as the sum: .
(2.64)

(As)i; = ; (SaYir (S3)e; (T iji |




- where

(T)ije = _[ 0/0 e~ M=+l o 3,5/ [Ho A (=) he 3t g
" . RN : ‘

2 “Mdfuo . p=Mdfie)y fo=Mdfuo _ p=Aydfuo
o [(e e ) (e g™ be) (2.65),

= %) N

‘The elernents of T may be evaluated in the degenerate case by usmg L Hopital’s
rule

- For the ground trunk trunk term, the sa.rne met.hod is applied a.nd ynelds
1:,,--( j QA 0" d¢’) Oc(po)e""'"d/“"lo  (2:66)
~ where A, is_given by:
o g - o ; ‘.f.‘ ) N o |
A = f__ ] f_ ¢ Delbormi2" o) Ma(po, 857/, 2 )'Dt(ﬂm ;= +d)/.uo)dz dz"(2. 67)
with
Ma(pie,$:,2") = o Dy{pto, phi; (' = ") o) S5 (268)
and
Ss = Q7 Prlkor 74 ) Q¢
Se= 0 'P:(y.,,éb'; fer0) Q. ;

Following a procedure exactly ana.logous to that for the trunk trunk—ground term it

is found after lengthy but stra:ghtforward mampulatlon:_
(A7); = Sk_: (Ss)ik_(55)kj (Thisn | | | ' | (2.69)

where (T );jx is the sarne as in equation (2.65j.
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The derivation of the extinction matrlx its exgenvectors and eigenvalues as “ell as
the phase-matrix for the trunk layer is gwen in reference [95] and will not be repeated
'here |

The first and second-or_der model results are now compared with experiniehtal
data taken on mature cornfields at the end of the growing season. At this time
of year the dielectric constant of tlxe leaves is much lower t.ha.n that of the stalks,
therefore the effect of scattering by leaves in the canopy may be ignored relative to

' sca.ttermg by the stalks.
2.3 Results and C.omparison With Meesurements

~ Figures 2.6 tlujough 2.14 shpv? the compa.tisdn between radar scatteromeler data
taken at L-bandyfrequencies‘ on mature corn ca.noples and the first and second-order
radiative transfer models The compa,nson is shown as a function of mcxdence an-
gle for several values of soil volumetr:c moisture (Mv) within the typical moisture |
range. It can be seen that, in genera,l, there is 2 5 to 10 dB dxscrepa.ncy between the
‘ﬁrst-order model and the hh-polarized data. The first-order model a‘.lso-predict's no
depola,nza.t.xon for vertical trunks The difference between the ﬁrst»order model and
the vv—polanzed data is, at best. around 10 dB at low angles of incidence and dete-
‘rxorates rapidly with incidence angle. The egreement between first-order RT theory
and these eXperimentel results ‘is. q\iite poor.
Inclusion of the second-order terxns prov:des a marked improvement in the results
for all polanza.tlons atleast as far as the mean sxgnal level is concerned. The predicted
| hh—pola,nzed return shows a 5-10 dB lmprovement. in overall signal level as well as
improvement in the angular trend of the data. The vv-polarized RT results are in

much better general agreement with the measured data, however tl_iere are some
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" serious problems w:th the angular behavmr of the model The model also shows

resonant behav:or for angles of mc1dence between 20° and 40° Wthh is completely

absent from the-measured data. This resonance behavior is actually a result of two

| compéting p}océsses occurring!wit‘hin the RT model for the stalk medium. As the |

angle of incidence increases away from the vertical direction, the vv-polarized phase
function of -t_hé vertical 'cylinders also increases rapidly. At the same i‘.imé, the diagonal
extinction matrix element for the W-polarizad intensity is also be'corning larger. Thus,

while the overall level of scattering in the medium is increasing with incidence angle,

~ the ‘tra_,nsmiséiiri‘ty_of the cylinder la.ygr is'_de'crea;ixig exponentially. Above 40° the

exponential decrease in the vv;polarized transmissivity is the dominant stalk related

effect to be observed in the RT model response. Also, couphng between the 1nc1dent

:wa.ve and a single cylmdet is a sensztwe function of the cylmder dxameter especmlly
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Withinthe‘resonant scattering regimé. This eﬁ'ect.is not observed in measured :adeir
data beca;use‘ thege is a random distribution of stalk diameters in real cornfields that
is not accounted for in this RT model. |
Another prohlem with the vv-polarized response of the RT model is the presence
of the Brewster angle effect ’in therough ground phase matrix. This effect seems
to be ceﬁlpletely absent from the scatterometer data for e,gricultura.l fields and is

also conspicuousiy absent in the SAR data for all types of canopy covered terrain.

The model depends to a large extent on specular forward scatter from the ground

‘which provxdes the basis for the many ground-stalk type interactions. Thzs specular
forward scatter is always coupled to the reﬂectlon coefﬁment of the ground surface
which produces a null in the model response at the Brewster angle. If physnca.l optlcs
is used to compute the diffuse reflectance from a rough ground surface, it is also found
that the reﬂectlon coefﬁaent dependent scattermg terms dlsappea.r at the Brewster
angle

Actual expenmental vv-polarized data show a gentle decreasxng trend with angle

of mcxdence and is almost ldentlcai w:th the trend seen in the hh- polanzed da,ta. The

vv data are, however, 2 few dB :Iower in magnitude. This means that the effective
reflection coefficient fpr hoth pelarizations is approximately the same in a :eal canopy
- ground iayer. Acteal ground is cozrtposed of layers of dirt, stones, twigs and other de-
bris compected in regions of varying density separated perhaps' by pockets of air ahd
moisture in the voluine just below the surface. O.bviously, different soils make groﬁnd
layers with differing macroscopic properties. The pomt is, as far as electromagnetic
sca.ttermg is concerned, it is hard to imagine that real ground may be chara.ctenzed in

terms of a simple, homogeneous medium with a well defined surface layer. It is more

reasonable to expect that volume scattering in the soil sub-surface region may play a

e
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signiﬁcaht role in 5cattering from the‘cenopy ground layer; especially approa.chiﬁgthe
Brewster angle where transmtSSion into the ‘:underl).ring' medium is of greater i.mp.or-
tance than reﬂectlon from the surface. 1t is consxstent with this view to suppose that _
' the true scattertrrg mecharusm in rea.l world soil medlayls a mixture of surface and
volume scattermg The relatlve predormnance of one mechamsm over another would
be a function of pola.rlzatloh, frequency, angle of 1nc:dence, soil volumetric moisture
~and the complexities of the' ground structure.itsekf in'ee fer'a,s both its surface and
sub—surface propertles are concerned The mvestlgatlon of this a.spect of the problem
is, however, outside the scope of thxs work and will not be trea.ted in this thesis.
One 1mportant feature of the angu—iar response exhibited by the RT model may |
- be seen in a comparlson of Flgures 2.8 and 2. 14 for the vv-pola,nzed ba.ckscattermg
coefﬁc1ent In Fxgure ‘2 8 the volumetnc rno:sture of the soil surface is 0.05. At
this moisture level, the model of El Rayes and Ulaby [91] predlcts a value of e, =-?
'3+10 for the rela.tlve dielectric constant of this soil type. For thxs dlelectrxcconstant
the Brewster a.ngle is at 60°.and a null in the predicted vv-polanzed backscatterlug |
coefﬁcxent is qulte apparent 1n the Figure. However, Flgure 2. 14 illustrates the case
- for a soil volu.metnc rno:sture va,lue of 0.32. At this moisture ievei, the Brewster
angle _iféould be at:a_round 80° for a :spe:c,ular‘surface. In addit-ion,'the soil now.h.as
a loss factor near to unity which prevents the sh_arp.null that .would otherwise be
.present at the Brewster angle. In this.'cese the predicted angu]ar_ respohse for the
backseatt_ering coefﬁcient is being produeed 'alnrostentirely by the RT extinction
_model; The measured data :showe a decreaee of a.pproxirhately 5dB over the_a.ngularr
range from 205 to 60° while the computed RT data_ falls off by over 10dB within the
" same ra.nge. It is evident that even though we have ignored the effect of leaves in the

RT model which would, if anything, be expected to increase the attenuation of the -
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incident wave, the RT model severely overestimates the extinction of the vv-polarized

wave by the canapy. |

Examination of Figures 2.7, 2.10 and 2.13 shows that, with inclusion pf second-

 order eﬁ'écts, the overall level of depolafization predicted by the RT model is commen-

surate with the level indicated in the measured data. The model, however, exhibits
a much more pronounced decrease in the backséattering coefficient with angle of in-
cidence than doés'the'data.. "This decrease is on the order of 10dB over the entire

angular range and is present for all values of the soil moisture. The measured data

also shows a decrease in crosspol level over the angular range, but the magnitude '

o_fr this variation is only about 3dB for all soil nioist_ure conditions. It is likely that -

there would be less extinction of the predictéd canopy cross§01 response if orders of
scattering higher fhan_ 2 were included in the model. This is because the amount
of dep'olariza,tion prodﬁced By the ca,nbpy.is directly related to the levgl of mul_tiple
scattering present within it. As the angle of incidence increases, .the level of multi-
ple sqattering should also increasé. However, it is by no means certain that the RT
solution will converge as ,th¢ itefation level increaées without bound since RT is. an

incoherent approach.
2.4 Conclusions

In this chapter the second-order radiative transfer model for a layer of vertical
trunks above a dielectric ground surface has been presented. The first and second-
order models have been compared with experimental measurements made at L-band

frequencies on mature corn canopies.’ It has been shown that second-order RT theory

provides an overall improvement in the predicted backscattering coefficient for both

the co-polarized and cross-polarized radar returns. It has also been demonstrated that

I
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~ RT theory does not reproduce the correct angular trend for the vv-polarized or cross-
pola,rxzed canopy response This may be attrlbuted in part to the Brewster angle effect
which is absent from the rngasured_data, but it is also partly a result of overestimation
of the extinction matrix by the RT ‘canopy model for the vv-polarized coherent wave.
In the case of the cross-polarized b‘ackscatte‘ring. coefﬁc.ient;., it _ié believed that the
: inclusior_z of .higher order scétt_ering tcrms might i_n_rprove the angular resprmse of the
'rnodel,- but there is no guarantee that this-is_ correct beéaur.e the addition of more
terms would increase the mean signal level that is ’a,lready too high. at thé lower angles

of incidence.



CHAPTER III

MONTE CARLO SIMULATION OF
SCATTERING FROM A LAYER OF
| - VERTICAL CYLINDERS

3.1 Introduction

In applying radiative trdﬁsfer ‘tlieorj to the.modeling of a forest medium, some
ba.s.lc condltxons necessa.ry to the valldlty of the method have been overlooked This
model is based on the single scattering properties of the partlcles in the medium;
i.e., it is assumed tha.t part.xcle‘s are in the far-field of each other_and are xllumma.ted,
locally, by plane waves. A tree canopy usually contains partlcles, such as trunks a.nd
branches, whlch are much larger in dimension than a wa.velength therefore, the far-
field condition is not sa_t’lsﬁed. .Moreover, since these large particles are embedded in
a random medium, the magnitude and phase of the .ﬁ.eld disttibution illuminating the
. particles aré non-uniform; thus,:the i)lape Waﬁre illumination condition is violated.

It is the pufpose of this chapter to demonsffa.te the shortcomings of the radiati\;*e
transfer technique for a medium containing particles that are large compared to the
wa,vele;hgthl of radiation in the medium. The trunk layer of a forest caﬁopy consisting
~ of vertical dielectric cylinders over a dielectric surface is considered. A Monte Carlo

simulation of the scattering problem, which includes rriiiltiple scattering up to second

40

.
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-.order, is developed to provide a frea.lis‘tic solution for comp&riéon. The_second-order
scattering _ferm in this. solution aliows the long lcylinde;s_ to be in the near-field :of
each other. The validity of the Monte Carlo simulation is verified with experimental
beckscatter. data collected from a random distribution of metallic cyliridere ofex a
oerfectly'conducting ground piane. | | .

3.2 -Scattering from Two Adjacent Cylmders at Obhque In—
cidence

" Exact analytical solutions to the electtomagnetic scattering problem exist for only

a very limited number of geometries, incl;iding infinite cyiitiders. It has been shown :

that for cylinders that are very long relative to the v;'aveklex.)gth an approximate
solutnon can be obtained based on the solutlon fox the mﬁmte length case provided
‘ d/ L < 1, where d and L are the cyhnder dlameter and length respectlvely (100, 41).
- Although more accura,te_solut.lons for the ﬁmte-length cylinder can be obtained using
.nume‘ricel techniques, th.e solutions obtained in this wa.yl'a,te. not desifable since they
become vefy inefﬁeient when the dimeosions of the cylinder are 'iiarge compared to

the wavelength. Simi]arly,'for two finite-length cylinders adjacent to one another, an

exact solution does not exist and numerical solutions are even more inefficient. In

| this chapter we resort to an apbro:timate iterative scattering solﬁtion. We assume the
cylindere are much longer_ than the excitation wdvelength, and that theyka,re mutually
in the near-ﬁeld with respect to their longitudinal dimensions but are in the far-field

‘ w1th respect to their dlameters |
The approach taken 1s to find the scattered ﬁeld from the first cyhnder as an 1so-
lated body given a pr:mary plane-wa,ve excitation. The response of a second cylinder
‘to the cylindrical-wave excitation from the first cyhnder is then found.- The effect

- of the second cylinder on the first is obtained by reciprocity. In this way an ap-

i
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proximate analytical solution may be obtained which accounts for multiple scattering
‘to second-order, In principle, this procedure can be continued to any desired order
of approximation; however, a price is paid in terms of the complexity of the final

_solution.

By invoking the field equivalence pnnc1ple, the cylinders can be replaced by equiv-

alent electric and magnetic surfa.ce cnrrent densities given by

J(d,z)=RxH B ¥ )

and
In(,5)=~AxE 6

where E and H are the total electric and magnetic fields on the cylinder surface and
7 is the outward surface normal. If the surface currents are known, the scattered

electric field may be obtained from
E‘(r) = V x V x IL(r) + ikoZoV x II(r) | (3.3)

where I, and II,, are the electric and magnetic Hertz vector pdtentia.ls respectively.

- The electric Hertz vector potential is given by

; Zo | ealr=r|

. _ o I‘ o ..

In this chapter the e~** time conventlon has been a.ssumed and will be suppressed
throughout. ‘The magnetlc Hertz vector potentxal has a similar form w:th Zy replaced

‘with Z3! and J, teplaced with J,,.

The surface currents on a long cylinder are approximated by the surface currents

on a corresponding infinite cylinder of the same diameter. These surface currents

have also been separated into a travelling wave component along the cylinder’s axial

ib
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‘direction and a circumferential component {70]. The expressions for these currents

. are given by

J . (¢, Z) (¢)e—|ko cosﬁz )
The circumferential components of surface current density are

3(4)= Yb(smm-—cosasy)zm-m —i)™{h.Jm(z0) + BnHD(z0)}e™
~ o T o (=) {kosin B [esdty(20) + AnBD '(20)] (3:5)
+{msesd [h Iom (a:o)+B Hm(zo)]} me |

‘and

In($) = —(sin $2 ~ cos S 85) T2 oo (— i)™ {€2dm(20) + Am HN(z0)}e™
tka sin Zm=-oo. _z)m {kO Slnﬂ [h J' (.Z‘o) + .B H(z) (mo)] » (36)
—ineesd e, J., (20) + AnHD (@o)]}eime |

14}
* where 8 is the angle of incidence (see Figure 3.1) and To = koasin B, with a being -
the cylinder radius. |

"In this case, the expression for the electric Hertz vector potential simplifies to

_ IZQ 2 “ L ecko(lrvr't-—cosﬁz') , | _ . ‘_
| n,..4rk0/ J,(q&)/o T (3.7)

If the observa.tlon pomt (x,y) satisfies the condmon ko sin ,6 \/:r7 + y7 > 1, the !
mtegra.tlon can be evaluated using the stationary phase a.pprox1matlon The condition

~ for the stationary phase is ,

d

d,(lr—r [—-cosﬁz):OI

- which, in this case, implies

,cosB SRt -

Gsp=it sin B
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\ Je Lo i

Figure 3.1: Geometry of a long cylmder with equwalent electric and magnetlc currents
on the surface."

and the stationary ;ioint is on the surface of a cone of half-angle 8 which contains the

observation point. Performing the integration with respect to 2’ yields

fo "*“”r-r'}"“"']dz - / .G t(hosmﬁp-rﬂ) e—nkocmﬁz —akgcnnacos(at'-ﬂ (38)

lr—r’} ko sin
Applying the far-field condltlon in the x-y piane, the curl operator reduces to Vx &~
zkok x where |

k, = sin B(cos ¢ + sih $ﬁ) — cos B2
and the expression for the scattered field simplifies to
E’ = k(k, x k, x I, = Zok, x I,,) -~ (39)

Substituting (3.5) and (3. 8) into (3. 7) the remalmng mtegratlon with respect to ¢ is

accomphshed with the aid of the following integral relations [90]

& e-ikopzsc@(ﬁ'-é)e"ﬁd" = 21 (—1)™ T (yo )€™
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Figure 3.2: Geometry of dual cylinder 'conﬁguratidn and second-order interaction.

2 (G Y an POl eimd s g i) { T m0) + { I3 ) B Im (o)™
© with B = {[(k, - k) - 32 + [(k, — k) - 5]°}1/% and yo = koaB. The definitions of ¢ and
p are given in Figure 3.2. After lepgthy algebraic manipulations the scattered field

from the first cylinder is found to be

B =F@H (kosin fp)e™res (3.10)
in which
T R . o
F(¢) = sinzlﬂ b (=)™ Am (ks X ks % 2) + Bm(k, x £)]e™ (3.11)

The coefficients A,, and B,, are given in terms of components that are T E, and TM,:

&y -

An=CIM E.;4+iC, H.

(3.12)

Ny

Bn=CTE W.3-iC, E.

and the expressions for CTE, CIM and C,, are given in [64].
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Figure 3.3: Integration contour in complex v-plane.

3.2.1 Second Order Interaction

Referring to (3.10), the Hankel function of the scattered cylindrical wave may now

be expressed as a continuous spectrum of plane waves
Héﬂ( kosin 8j) = ,,11; ./r giko sinBlcosyz4sinlvl) gy (3.13)

where the contour of integration T is_.show}v‘u in Figure 3.3.

" Each scattered wé.ve from the second cylinder as a result of the plane wave .spec-
trum excitation from the first cylinder can be summed by superposition to obtain
the total scattered field from the second cylinder. In regﬁrd to the stdtiox_mry phase
approximatioﬁ, only é subset of statioha.ry points on the surface of the first cylinder
. act as sources of illumination for the secqnd_ cyli‘nder. Stationary points not located
“on the cylinder surf_ace give no contribution to the secondary scattered wave. We have

assumed that since the length L of the first cylinder xs much greater than the exci-
tation wavelength, most of the p»rirnarjr scattered fields are contﬁ.ined in the forward
scattering cone. We now also assume that (L — jcos 8) 3> ), so the scattered field |

from each incident plane wave in the expansion is confined to the forward scattering
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cone. The total 3céttéfed.ﬁeld from_the'secohd_cy[iuder is then given by

Ei= ’/ez(v)d'r - (314

in wh:ch the direction of each mcxdent plane wave is
k; = sin ,B(cos v +sinvyy) — cos Bz |
- and the contour T' has been described previously.

Again each individual secondé,ry scattered field cé.;l be described in terms of TE; and
TM, components. Then, in the far-zone, these fields mﬁy be written as

e;‘(‘f) = e"’“’.’-‘-';ﬁ. el —i(L - jcot /3)] San

R [ zsin’ g |
400 R . , . ' :
D (=) [An(k, x k, x 5)+ B,',,(k, x £)] - (3.15)
‘with
t
Ty = pcos¢m+psm¢y+(§—%€?-~é)
R=r-k- i |
v --: ,ko(lf -—-2pcot A) (cos B, — cos B) . (3.16)
fc, = sin f,(cos ¢,z + sin ¢,§) — éos @s2
and

: +oo ' " - Ll
A=Y (-1)"[A,,CTM-+ iBnCm]e"‘**

n=-co

- ¥ (B, cTE- —iACale™ @I

T n-.-oo

‘where A, and B, are as giVen in (3.12) and cos 8, = £k, - |
Substituting (3. 15) 1nto (3 14) and using the cha,nge of va,rxable v = ¢+ ‘y; an

analytlcal expressxon for the secondary scattered wave in the fa,r-zone is found to

¥
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be

s R aseosiondy (—i(L = Feot B): sinV
Ez=.._r.~_._e ko sin 85 cos(¢, ¢)[ (7rsmezﬂ )] V etV
2 (=1)"[Ap (ks x &y x 2) + Bl (k, x 2)] (3.18)

H,(,,”(ko sin ﬂﬁ) e""‘“"'é)

3.2.2 Effect of Ground Plane

The next step towards obtaining the scattered field from a layer of cylinders above

a dielectric half-space is to consider the problem of two adjacent cylinders above‘_

a dielectric half-space. The level of diﬁicuity involved in obtaining a solution for
this problem iS greiter than for the previous problem due to the .compllexity of the
, Green’s function in this ‘ca.se. The Green’s funétion for this type of problem has an
integral form and obtaining an analytical expression for this solution is impossible.
A numerical solution with a great deal of complexity can be obtained by applying
exact image theory [50, 67]. Here again we are approximating the form of the Green’s
function by assuming that the image of the source pomt is a source point located
on the opposite side of the half-space mterfa.ce (mu'ror-xmage point) and modified

by the appropnate reflection coefﬁc:ent This approx1matlon is very accurate when

- the source or observation pomt is not close to the interface and becomes exact when

the ground-pla.ne is perfectly conductmg. To apply this simple approximation we

decompose the incident and scattered fields into TE and TM components. The effect

of the ground-plane will then be accounted for by modifying these field components

by their appropriate reflection coefficients.
The first-order interactions are shown in Figure 3.4. In the trunk-ground (TG)
interaction, the primary scattered field is modified by interaction with the ground

plane. The reflected field for this interaétion is obtained by multiplying the TE and

B



Figure 3.4: First order interactions of a.cyiinde'r with the ground plane.

‘TM cornponénts of (3.10) by thé.appropria‘te refiection coefficient to produce

=il _sinU

o
R = e ore_,'ko%(coaﬁ.-cmﬁ)[ l
T T ' rsin’ B’ U
+00

. mz—oo

where A,, and B,, are defined in {3.12), B, and ¢, represent the direction of the _

(=)™ [AmBy(ks x ks x 5)+ BuRi(k, x 5)]e™  (3.19)
_ i o X : ,

~ scattered Way}e and U = koL(cos 8,~cos 8)/2. The other type of first-order interaction

is ground-trunk (GT) and consists of modification of the primary scattered wave from

a cylinder by the ground plane reflection coefficients. It is found in the same manner

as above and is given by

E" - e"k"r e-l'koé-_(colﬁ,—cosﬁ) [ -iL ] SinU .
: rsin®B U

gt: -

=
—

r

+00 ) " n ’ - ~ o .
3 (=1)"[AL (ks x ky x 2) + BL (K, x £))e'™

where

T

A =CT™ R E . 54iCn RLH .

33

B, =CTER, H' ;~iCn B E -

(3.20)

(3.21)

I
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Figure 3.5: Second order interactions of two cylinders with the ground plane.

The second-order i.nt.eractions'a,re trunk-trunk-ground (TTQG), tru_nk-ground-frunk
(TGT) and groimd-trunic-trunk (GTT). The mechanisms are illustrated in Figure 3.5.
The TTG interaction may be obtained simply by taking the two cylinder scattering
equatlon (3.18) and modlfymg the appropriate components by their respective ground

plane reﬂectlon coefficients to obtain

- E'.ko iko unﬁpcos(é.—g) [—Z L pOOt ﬂ)] sinV e"v

E, = ——¢"
tig r

~ wsin’f V
E ()"’[A‘r R (lc x k, x z) 4+ B], RJ_ (k % £)) '(3.22)

HU )(lco sin 8p) eim(¢:=9)

‘where A’ and B!, are glven in (3. 17) and V in (3 16) _
The TGT scattgred wave is obtained by exciting a single cylinder with the expanded
field of the TG interaction over its lower pcot B portion in a manner completely

analagous to what has already been done. The result is

E = eiko é-mo-mﬁﬁm(é--'b) [-—zpcotﬁ] sin Vr
gt 7 sin® gl v

2 ()™ [A” (K, x k x2)+ By, (k, x )] (3.23)

ms=co

,(,f)(ko sin B8p) eim(6s-4)




where

and

Finally, the GTT field is obtained hsing the same épproach. f

s
Egtt

with

And
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..‘V’.‘--.. kop;otﬂ (cos B, —cosB) .

400

An= 3 (1A By CoM +iB, RLC le eind

A==-—00 .

+00

CBl= Y (~1)"[Ba RL'C,?F _iA, Ry Cp)e?

n==—0g

ik
-ettor —:ko l|nl3pcos(¢.-¢}

——e [

r . rwsin*g.

v

Z (i) "‘[A’" (k, x k, x 2) + B, (k x 3)] -

M= =00

Hm(kosmﬁp) eim(di=8)

o ko(L +2p cot B) e, o ﬂ)
IH..__ '+6° n T T.M‘ . r'. mé |
A= Z (-1)MALCY +iBLChle
) Bm_ +§ ( .l)n[BrcTE Arc"t indg
m - nlem T4, m]e

where A" and BJ are as ngen in (3. ‘71) and V as in (3.16).

The total far-zone scattered field to second-order is then the sum of the terrns given

above;

~The corresponding scattering matrix elements for each term are given in the appendix.

‘ E*'=Ej +-E'1 + Efy + B + Egu g

—z(L pcotﬂ)] sinV .

‘(3;24)

62

(3._26)

(3.27) |

(3.28)

(3.29)

W
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BROADSIDE CONFIGURATION | ENDFIRE CONFIGURATION

Figure 3.6: Broadside and endfire cyhnder conﬁgura.tlons Wave incident in X-Z plane
- with incidence angle 3.

Measurements were performed at X-band (9.5 GHz) using a polarimetric scatter-

ometer to validate the expréssions dérived for two adjacent cylinders above a ground
piane.; A pair of metallic rods 18cm in length and 0.56cm in diameter were arranged
above a large metallic ground plane with various sepa.ra.tioﬁs and orientations rela-

tive to the .illumiha,ting‘ beam. The cylinder positions relative to the incident wave.
.~ direction and ﬁhe’incid.ence angle for the cases of broadside é.nd endfire illumination
“are shown in Figure 3.6. Figure 3.7 ;:ompares the first and second order theoretical

predictions of the radar cross section for the two cylinders to the measured values in

the case of 2cm separation and broadside confguration. Figures 3.8 and 3.9 compare

the measured and predicted values of RCS for a separation of 4cm in the endfire
configuration. The experimental data agrees well with the second-order results. The
first-order approximétio_ﬁ does not providé an adequate estimation of RCS for cylin-

der separations within this general range. It is seen that the first and second order

ok
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Figure 3.7: RCS of two rods broadside on metal plate at 9.5 GHz: 2cm separation.

results do not differ significantly for oa, because the cylinders are relatively thin and

therefore the 'horizontally‘ polarized incideﬁt wave is only weakly scattered. Discrep-

ancies between the mea.sured and computed values of RCS are observed at the lower

angles of 1nc1dence due to the effect of scattermg by the cylmder end caps which is

1gnored in the theoretical formulatxon
3.3 Monte Carlo Simulation

Having validated the expressions deri\ted for adjacent pairs.of cylinders, we now
’a.ttempt to obtain the scattermg propert:es of random collections of such cyllnders
above a ground plane For a gwen arrangement consxstmg of many cyllnders, the
solution of the scattenng problem can be obtained to second-order by computing
the single and pa1rw1se mteractzons for every cyhnder in the ensemble The statis-

tical properties of a ‘random medium comprised of such scatterers are simulated by

.‘g
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Figure 3.8: RCS of two rods endﬁre on metal plate (vv-pol.} at 9.5 GHz: 4cm sepa-
ration.

application of the Monte Carlo method.

The principle of the Monte Carlo simulation based on the second¥qfder algorithm
is as follows:
1 An ensemble of randornly posxtxoned cylinders is genera.ted using a ran-
dorn number genera.tor In this case the cylinder pOSltlonS are uniformly

distributed within a circular area. The number of cylinders used is depen- |

dent on the specified number per unit area and the area of the circular

region.

2 The scattering is computed for all cylinders and between all pairs of cylin- _

ders within the ensemble up to second-order.

3 The ensemble is re-randomized and the scattering recomputed as discussed

ey
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Figure 3.9: RCS of two fods endfire on metal plate (hh-pbl.) at 9.5 GHz: 4cm sepa-
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above. The number of independent samples is chosen so as .tQ make the
variance as small as possible within limits depending on the computing
‘time. For the cases analyzed in this work the sample number is greater

than one hundred.

4 The values of the scattering coefficients (o?,,07),) are found from the en-
semble average. The same is true for the co‘polarizéd phase difference ¢

and the degree of co-polarized phase correlation a [66].

Measurements of radar backscatter were also made on random collections of cylin-
ders distributed within a circular area as described for the Monte Carlo simulation
as an experimental verification of the simulation. Identical metal cylinders 18cm in

length and ’0.5_b'cm in di’a‘mete.vr were uniformly distributed within a 60cm diameter
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circular area with dénsities of 70; 100, 140 and 180 pér square meter. Radar mea-
surements were gade with an X-band scatterometer at inciaénce (eleﬁtion) angles .
relative to the vertical axis ranging from 20 to 60 degrees in 5 degree increments.
Samples were gené'ra.ted by arraﬁging the cylinders; on four separate ﬁ_hin plastic disks
with indepeﬁdently generated holes for supporting the cylinders. _The edge diffraction
contribution of the ground plane to the overall RCS of the cylinder/ground plane sys-
tem was removed by measuring the ground plane withoﬁt the cylinders present and
coherently subfracting this nieasurement from that of the combined syst.em. Each
disk was rotated in I10 degree increments to create distinct aspects for the radar. In
this way 144 independent samples were generatgd at each density level. The final
measurements wére tested for correlation to ensure that the sampliﬁg was'indepen-
dent..: The experiméntal setup is illustrated in Figure 3.10. The cofrespondence of
the simulation to the ;ﬁeasurements of 0° as a function §f incidence angle is shown
'invFigures 3.11 through 3.14. |

The first and second-order Monte Carlo simulatiohs agree very well with the ex-.
perimén_tal data. ~Apparently, for the ﬁypc of random medium considered in this
study, the effect of multipie scaitering between cylindérs is averaged out as far as
the magnitude of the radar backscatter is concerned. This is why the first-order re-
sults agree well with the co-polarized radar cross section measurements. Figures 3.15‘
through 3.22 illustrate the agreement between meé,surément and simulation for the
co-polarized phase statistics. It should be noted that fo‘r‘both'a a.nd ¢, inclusion
of the second-order terrﬁs prévides the correct _phasé statistics while the first-order
scattering theory is significantly in error. Since o is ‘a.sens“lti_ve function of the degree
of multiple scattering within a medium, first-order theory incorrectly predicts a value

of unity independent of the number density of particles.
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'Figure 3.10: The measurement of a randomkenser‘nble of vertical cylinders.
3.4 - Comparison with Radiative Transfer

- In a medium in  which the individuél particle sqatte.riz_xg’ ai_bedos are sni#ll and
the'particles are in the far-zone with respéct to each another, one would expect that
ther¢ would be iitt_le diﬁ'érence bétween thé Mo'ntg Carlo‘.simulation fesults and those
" of radiative transfer. Be_ca.ﬁse‘ the scattered ﬁélds are added coherentljr ‘i'ri the Monte
Carlo simulation, the cémpﬁtedl values of .;:_r". b&_ t‘his‘ fnéthod should be 3 dB above’
thbsé computed by the incoﬁerent add_'ftiofx of power as in radiati\}é transferl théory for
reci'ptoc_al scattering mechanisms ‘st-xch as GT and TG. The medium described above
in thé experimental séction of this article consists of mét._z-ﬁlic_ cylinders that are long
_coﬁlpared with the wavelength of radiation in the medium, however the diameters of |

the cylinders are fairly small compared with the excitation wavelehgth. In this case the
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~ Figure 3.11: Backscattering coefficient of a layer of uniformly distributed metal cylin-
ders above perfectly conducting ground plane. The density of scatterers
is T0cyls/m?2. S

far-field condition is satisfied for the wave polarized in the dimension transverse to the
cylinder length (hh Polarization) and propagafion for this polarization is dominated
by single scattering. This effect can be seen in Figure 3.23 which represents hh-

polarized backscatter from a fairly dense medium with 140 rods per square meter.

A verticaﬂly polarized wave travelling in this cylinder medium 'ehcounters particles
that are both strong scatterers and that are in fhe near-field with respect to each other.
- 'Because of these conditions the correlation distance for the vertically polarized field in
the medium is significantly smaller than the léngth of a cylinder, yet it is larger than
the distance between particles. Therefore the local plane-wave approximation is no
longer valid in this regime and, in addition, the:;e is a significant degree of cqupling

between particles. This would be cxpectéd to affect radiative transfer results in
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Figure 3.22: Co-polarized phase difference for a la,yér of uxiifofmly distributed metallic
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tﬁvo ways. Thé phase matrix is utilizéd by_ radiative transfer to genefate the source
functions which drive the coupléd_ set of differenti.al equations for the upward ahd
dow.n'wa.rd travelling radiaﬁon intensities. This phaSe matrix is linearly dependent on
the height squared of the ;:ylindérs. If the mechanism of cylinder excitation is not
by a plane wave then ﬂeid decorrelation in the_medium can make the effective height
- of the cylinders to be smaller than their actual length.. This means that radiative
transfer theory would overestimate the phg.se matrix of the cylinder medium. On the
other hand, the computation of thé extincﬁon matrix, which accounts for attenuation
of the wave intensity as it propagateﬁ in the‘medi.um, is linearly dependent on tﬁe |
height of the individual cylinders. If the effective scattering matrix for cylinders in
the medium is actually smaller than would be expected on the basis of the local plane-

wave approximation, the extinction matrix for the medium would also be smaller than
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Figure 3.23: Comparison of RT model with Monte Carlo simulation and measured
data for the cylinder layer with a density of 140cyls/m2.
that normally used in radiative transfer. ‘Because extinction is an expdnentia] process
it has a large effect on the 'computa.ti.ori of the -vv-pelarized radar cross section.
Figure 3.24 shows that while first and second-order Monte Carlo simulations egree.

faxrly well with measured data in the computatlon of 02

ou first-order radiative transfer

gives an estlmate tha.t is sngmﬁcantly low. ‘This is also ‘sheWn’_ by‘ the fect. that the
first-order radiative transfer solutien becomes worse as the engle of ineidence increasee
which is consistenf. with overestimation of the extiection and which more than ‘c’o,m- =
pensates for overestimation_of the phase_ matrix. Even though second-order radiative
transfer provides a sqlution' that is more ih_harmony with the measured res'ults, it
would be eicpected that if the second—order theory were entireiy correct this solutioﬁ
should maintain a level consxstently about 3 dB ]ower than the measurements and

. Monte Carlo results In addition, in hght of the trend lilustrated it seems unhkely'
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Figure 3.24: Comparison of RT model with Monte Carlo simulation and measured
data for the cylinder layer with a density of 140cyls/m?. '

that the radiative transfer solution will converge to the cofrect' level as successively
higher order terms are added since all further contfibutions to the net scattered in-
tensity are _guaranteed to b_e positive and the second-order result is already too high.
It is also to be noted that lin all cases évaluated by these al.xt.horalsz the first-order
Monte Carlo simulatioa prdvides an excellent estimate of radar cross section. ‘If the
radiative transfer approach is valid under these #onditions one would wonder why the
first-order RT theory'does not give.results consistent with this ﬁnding.

- The degree of correlation o for the phase distribution PDF is sensitive to multiple
scattering eﬁecf.s because it is the multiple scattering that produces phase decorrela-
tion iﬁ-ra.ndom media. Figu:e 3.25 shows that the second-grdér Moute Carlo simula-
tion gives good' agreenient with experimental measurements indicating that multiple

scattering to second-order is significant in the medium. The second-order radiative
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- Figure 3.25: Comparison of RT model with Mont'e'Caijl‘o"simulation and_measured

~ data for the cylinder layer wi‘th_; density of 70cyls/m?.
transfer theofy gives aﬁ errbnedgély high degree of coﬁolarized phase decorrelation.
This demonstrates the overestimation of the phase matrix pfeviousiy mentioned. In
Figure 3.26 both the Monte Carlo simulation and ra.d.iati.ve transfer are in_agree_rhent |
with the inéasured dat_a. It is evi_dent that th_e co-polarized phase difference is notl
- significantly affected by parameters that reflect the ‘diﬁ'e’r'ences.betWeen these two |

methods of médeling the canopy. -
3.5 Conclusions

| In this ‘Vchapteﬁr a Monte Carlo scattering model for the trunk iayer of a forest
caﬁopy has beeh_developed which takes into account scattering effects up to sécond-_
order. Experin:iental data} have been.présented for ‘thé ‘purpose of 'va.lida,t_.ing the
two-cylinder scattering solution, and the results of é, Monte Carlo simulatio_n based

‘on this solution have also been presented and compared with measured results. First



68

360.0. ' T 1 ‘ T

~ ]
2m00 F °  Measurd .
_ [ +sses2: Monte-Carlo
ﬂgo [ e Rad Trans
S oo | y
8 Tt
!S L 4
..- ' ‘ T~
001 ° g @ :
bz g
00 [ . N 1 k. 1 & )| "
20.0 30.0 400 50.0 60.0

Incidence Angle (deg)

Figure 3.26: Comparison of RT model with Monte Carlo simulation and measured
' data for the cylinder layer with a density of 70cyls/m?.

‘and second-order radiative transfer model solutions for the same medium have been

givén and compared with those for the Monte Carlo simulation. 1t is verified that the

radiative transfer model provides incorrebt_resulfs under conditions such that its basic
assumptions are violated. This occurs in media for which the size of the particles is

large compared to the wavelength in the medium which causes the illumination to

be non-uniform and/or the medium is dense and therefore the near-field interaction
- becomes significant. The source of ‘this problem is attributable to several factors:
(1) the extinction matrix computed by the radiative transfer model is overestimated
because multiple scattering reduces the actual coherence length for fields within the

medium making it less that the size of the scatterers, (2) the cross-coherence terms

that are accounted for in the Monte Carlo simulations are absent from the RT model

(3) the source functions. of RT theory do not properly describe the nature of the

“Fa
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volume scattering that occurs within this type of medium.



CHAPTER IV

ELECTROMAGNETIC SCATTERING FROM
. TWO ADJACENT OBJECTS

4.1 Introduétion

: Typical vegetation canopies consist of objects such as trunks, stems, branches and
leaves or needles and, in general, vegétation tends to have some complex structural
features. However, analytical solutions fo.r the problem of scattering of electromag-
netic (EM) plane-waves by objects exist for only a limited number of canonical ge-
ometries. If .the .scattering body is inhémogeneous, or the polarization and phase
~ front of the illuminating ﬁeid is non-uniform, analytical solutions of the vector wave
eﬁuation do not exist even for caﬁoxiica_.l geometries,

Almost all models that are curreﬁtiy being used for the analysis of EM. scattering
from colléctions bf discrete scattererS rely on the single scattering properties of the
constituent particles [45, '22,'42, 82]. However, when the sizes and/or number densities
of the scatterers become large enough that they are in the near-field of each §ther,
- solutions based on their single scattering properties are no longer valid. Certain types
of Vegeta.tion.canopie‘s such as forest stands and some agricultural fields have high

number densities of sf.;.rong scatterers (12, 105, 56]. In addition, the particle sizes in

these canopies are large enough so that adjacent scatterers are not in each others

N
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far-field zon'e; espg_cia,]])’ in tbhe micrquavg ngion. o
To model v.egf:tation’of this ’-cypé, it is nec'gésary to be able to tréat electromagnetic

inté-ractibns betwe’énéarﬁcles ‘t“hz‘tt ;.;tre not an\}_ :xlon-biétne-wé.vé m éha.racter but have
non¥uniformities ‘in.amlpl‘itude, phase .an"d' polarization. As has been stated, it is
impossible to ﬁnd exact analytical soiutid_ns for this type of problem except ina émall
number of cases [49, 5]. In some few ciré:umsta.nces :t may be possiblé to obtain an
analytical éo]ution by employing a. pléme_- wave expansion technique {69] or some other
specialized.a.pproach. EQen so, such solﬁtioﬁs rxiay yield reslllts that are difficult to
evaluate or have tedious multiple'integrétion.s that must be done numerically. This
.18 obviousl&.a’ dristinct disadvantage when the desired end result is to. simulaté EM
scattering .from a dense random medium.’

-EM modéliné of vegetation icaﬁopies usually involves the construction of si.mpliﬁed
gebmetricall representat.ions-for the constitueht scattering elements [95, 96, 40, 39].
When this is the case, it is a fairl} simple matter to obtain exbressions for .the first-
order scattered field using the single-scattering properties of the isolated particles
when the pfimafy‘excitatiOn is & pfane;wave. ‘To obtain the secondary scattered field
from interacting particles it is nécesséry to account for illumination of the seconda.fy
scatterer by the scattered field from the primary scatterer. This. cha.pter. presents a
technique for obtaining the secon'da_ry scattered field an#]ytically by employing .the
rgciprocity theorem. :_The ‘t‘echnirq-ue is then applied‘to ‘obtai_n an analytical solution fof
bistatic’ scattering from q.cylinderr-'spher‘e _pé.ir. This cy‘linder-'spherg interaﬁtion has
some impo;tance because, a_tlong with the qlectrpmagnetic couplihg between pairs of
cylinders, it provides a basic building .blc.tcl-c'from which the EM scattering properties

- of a heterogeneous two-component forest canopy may be simulated. The results of |

analytical field calculations for the qylinde:-sphere_ pairs are then compared with
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Now let us consider the case in which both particles are dielectric objects. The’

incident wave mduces a polarlzatnon current Jyin partlcle #1inthe absence of partlcle
#2. When particle #2 is placed at its locatlon wrth no incident wave present the
volumetric current I mduces a volumetrxc_current Jyp in partrcle #2. The total
ﬁelds irr this case will be denoted by E, arrd H;. In a second experiment, we place
the elementary current source J, at the observation point as before and remove the
currept' source J; (pa.rticle' #1). The elementary current then induces a volumetric
current J ez IN p.article #2 for which the electric and magnetic ﬁelds will be denoted

as E.; and H,g The currents mduced in partlcle #2 may be expressed in terms of

the total electric ﬁeld and relative dielectric constant (€2) of partrcle #2. They are

© given by

Jia(r) = ~ikoYo(ea = 1) Efr), reVy @
Jea(r) = ~tkoYo (2 = 1) Eea(r), reV; : {4.5)
where ky and ¥ are the wave number and characteristic a,dmittance of .free space

respectively, and ‘/2 is the region occupled by particle #2 Appl:catron of the reactlon

theorem over the entire medrum results in
Ji (B x Ho =By x Hy)Aids = - [ 31 Eadv- [ 35 Eadv
. oo E . 1 2 :
+ [ Ju Erdv+ 5By
2 . R !
The integral on the left-hand side vanishes as before, end, by substituting (4.4)

and (4.5) into the second and third integrals on the right-hend side, it can be shown

that the last two integrals in the expression given above cancel each other. Thus, the

sum of the primary scattered field of particle #1 and the second-order scattered field -
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of particle #2 is given by -

Y

o -.=L 3, Eadv | (4.6)

Similarly, the sum of the scattered field of particle #2 and the second-order scattered

field of particle #1 is given by

ﬁ'Eﬂr".'LJ?'Eeldv- ' (4.7) |
2
In (4.7), J; is the volumetric current induced in particle #2 by the incident wave in

the absence of particle #1 and E.; is the total field of the elementary current located -

at the observation point in the presence of particle #1.

When one of the particles is dielectric'and the other one is metallic, the expressions
for the scattered ﬁe.lds can be obtained in a similar Way. Let us say that particle #1
is metallic and particle #2 dielectrio, then the expressions for the scattered fields
are given by (4.2) and (4.7) respectively. Conversely, if particle #1 is dielectric and

particle #2 metallic,.expressions (4.6) and (4.3) give the scattered fields.

4.3 Electromagnetic Scattering by a C_ylihdér-Sphere Pair

The expressions for the scattered fields from the two particles as derived in the

prevxous section are very general and can be apphed to any particle pair w1th known
geometries and dlelectnc properties. In this calculatlon only the scattered fields and
induced currents of isolated particles when illuminated oy a plane-wave are required.
The sphere and cylinder are among the few geometries for which an exaot analytical
scattering solution is known. Additionally, as mentioned previously, a collection of

ra.ndomly posﬂ'.:oned spheres and vertlca.l cylinders above a ground plane can be

used to simulate a heterogeneous forest medium which includes the effect of multiple

scattering between canopy components.

4}
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Anaiyticallevaluation of the integrals (4.2), (4.3), (4.6) and (4.7), even for the

cylinder-sphere pair, is not possible, and one.‘ must resort to numerical methods.-

. However, under some physical conditions, approximate analytical expressions may

be derived. In reality, a tree trunk is very long (L>> ) and, theréfore, other tfee_ '

‘trunks and leaves will tend to fall within its near field region. In this section an

approximate analytical solution will be derived for a ﬁylinder-sphere pair. The as-

sumption is made that the cylinder is in the far-field region of the sphere. However,
- the sphere is assumed to be in the near-field of the cylinder with respect to the cylin-
der’s longitudinal dimension and in the far-field region of the cylinder’s transverse

dimension. If the radius of the cylinder and sphere are denoted by a. and a, respec-

tively, and the cylinder length is represent.ed by L, then the conditions previously

specified may be stated Imathematically as:

2P A 2 '
L 2a% :
 e—— a5 S — 4.
T2 P> | (4-8)

where § is the distance between the cylinder axis and the sphere center.

Suppose a plane-wave, whose direction of propagation is denoted by , is incident

on a cylinder-sphere pair and is giveh By:

| CE; =¢; eihi"'r.
The cylinder axis coincides with the z-axis of the Cartesian coordinate system and the
sphere center is located at f = jcos ¢+ j sin #j+3%. The observation point is located

at a distance rg in the direction %,. The geometry of the prbblein is giiren in Figure 4.3.

The current induced on the 'sph’ere when illuminated by a plane-wave can be easily

o,
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Figure 4.3: Geometry and coordinates of the :cylinder-spheré pair.

computed by the standard metbod of separation of variables_[4]. Since the cylinder
is assumed to be much lodger than the excitation_ wa\}elength, ﬁhe current induced in
this finite length cylinder can be approximated by that in_an .inﬁnitély long cylinder
of the same radius and electrical properties [100, 41]. The field ge.nerated by the
elementary currént source located at the obse.rvation point, over the volume (surface)_
of each scétterer when the other one is absent is calculated as follows. Let us first
consider the Case where the sphere is absent. The field generated by the elementary
current J e = pb(r —r,) is composed of two components. The ﬁrst ﬁomponent is the

direct contribution of the current source and is given in the far zone by

' ikoZe s ok oee |
E.i(r) = —-‘{Tri:-g e'koro e""f’k"r k, x ky % p. (4.9)

The second component is the scattered field from the cylinder when illuminated by
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the rgdiﬁtéd field of the elementary current source. This iliuminatin'g‘ field can be

| approximated locally by‘a. i)lane;Wavé propagating along thé —-E direction. Since the
point r is in the near field of the cyllnder which satlsﬁes condition (4. 8), the scattered
ﬁeld is given by [69]

“. : ikoro | SR :
=R b s g )H) (hosindip) e Row=tn (4.10)

Eec(r) = 41!'1'0

where (p, ¢, z) is the cylindrical coordinate of position vector r, H.(,l) is the Hankel
function of the first kind and zeroth order, and‘ﬂ, and ¢, are the spherical angles

specifying the unit vector k,, that is

" E, = sinb, cos ¢,% + sinf, sin ¢,7 + cos 8,5 (4.11)

The expression for the vector quantity F(¢ — ¢s) in (4.10) is given by

F(¢~¢,) = —--5- }: —1y" [Af,,(fc" x B'x 2) + By, (F x 2)] gim(6=4)

sin‘d, &
* where _ _
k" =sind, [cos ¢ T + sin # §] ~ cos b, £

and

Al = CTMk x.(By X B) 5 +i m(k xﬁ) z

B = cTE(k x9)- z—zU x (B, x p)- %

The expressions for CTM, CTE, and U,,; are given in [64).
The direct scattered ﬁeld from the sphere and the secondary scattered field from
the cylinder can be obtained from (4.2) or {4.6) depending on whether the sphere is

perfectly conducting or dielectric. The first component of this scattered field is due
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to the excitation E.4(r) which yields the direct contribﬁtiou from the sphere. Thisis

specified by .

5 By = [ 3,(r) - Eug(r) do
sh.
Using the far-field expression for E.4(r), it can be shown that

~ ghore g (s iZy f —ikék..f -
p-E, = o (—k3) [k, x (k, X -‘m—k;/"l,(r)e _ dv)] - P
tkor : G . .
= ero Oe__ikOEl-rs'(ki’ k') . ﬁ . . (4.12)
) | :

where S,(E,', k.) is the bistatic scattering amplitude of the isolated sphere. The far-

field amplitude of a sphere is given by

:S'(T‘"Z‘) = o L | | | ©(413)
. m CR Sx(ﬂi)_(ﬁ.-k R)x B+ (R x E,-_)s,(a;) (k, x k)]
where | | | |
(@) = i3t ;g(_:% { &Pi‘;(:;z””fs, 5%' e 9;)}
$10) = § D L PO o) + 8, B

In these expressions P,(‘l)k is the associated Legendre polynomial, A, and B, are given

in [90] and

' cos g, = —E' . E..
The second component of the scattered field is referred to here as the sphere-cylinder

interaction and is given by

P Bue= [ L(r) Eulr) do. C (a14)
sph. E '
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‘aha‘lyti‘caﬂ‘y, keeping in mind the conditions on the

dimensions . of, and distance between, the particles as specified in (4.8). Under these :

conditions the angle subtended b

imation is made

F

y the sphere is smzll, therefore the following approx-

(¢ = ¢) S F( - )

which is a éonstant vector and comes out of the integrai.- Also the Hankel function is

-approximated by its large argu_xﬂent expansion, and we have

H( ) k 0 -:kocosﬂ,z ~ —in /4 _: o - 2y |
(ko sin p) o -——-—-—-ka sm&,pe | qxp[ tho( sme,p+cosl9.,z) r]

(4.15)

Again, by apprommatmg ’ and p p in t;he ampl:tude and argument of (4. 13) hy 7 and

3 respectlvely, (4.5) can be wntt

Hf,l) (ko sin 8,p) e~ tkocostuz o HS”(ko sin G,ﬁ)e"*"ma';exp [—ikoz: . r’]

where

Eeul IR

€N as

= —sind,p +cosf,z

-

r-r

i

Thus, the sphere-dylinder interaction term is obtained from

r(l) : . ~\"_—=ikg cose.; = 3 im($-¢a)
o (kasin 8,7)e 3 Ale

T} = == OO

+o0 . . - - —~ |
[ > 3;6"’*‘“’”“"] (Exmxh D)2}

M= =00
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where E:(E,-, i) is the bistatic scattered field amplitude of the isolated sphere.

Now we consider the case foF which the cylinder is absent and evaluate the field
generated by the elementary cutrent source. As prevxously, the total field genera.ted'
by the elementary current cons1sts of two components. The first component is the

direct field given by (4.9), and fThe second component is the scattered field from the

sphere when illuminated by the direct field of the elementary current source. Noting

- that this current source is in the far—ﬁeld of the cylinder-sphere pair, the sphere

illumination appears loca.lly as a plane-wave Since the cylmder is'in the fa.r-ﬂeld of

the sphere, the second component in the vicinity of the cylinder axis, is given by
~ |

_ k ikoro thor' -
i oZoe -.koi .ETS,(—k,,F')_

Ees(r) =

To

where r' is the distance between the sphere center and the point at r, that is ' =| r—f |

a o I—-r
a.ndl r = —IT:I"T'

The direct scattered field from the cylinder and the secondary scattered field from

the sphere can be obtained from (4. 3) or (4 7) depending on whether t.he cylinder
is perfectly conducting or dleleqtrlc The ﬁrst component of this field is the direct

contribution from the cylinder ahone_ and is given by

5 Ep = j 1 3.(r) - Eeg(r) dv
cyl. :

Asin (4.12) it can easily be shown that

3,
-
et
J
[
[+]
i

Se(ki k) -5 (4.16)

where SC(I},-, I::,) is giiren by
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il sinU v = - m(bumdis)
- et i k k im(éa—di)
Se= 1T ‘ m_z_w {A x (ks x z)+Bm( x3)}e |
with
koL ,

U= <5 (cos#; — cosd,).

In this expression 6; is defined by

cosf; =k 3.

Also, the expressions for A} and B! are given by

AL = CIME 54 iCh(kix &) 2
By = CRE(hix#)2- iCm(&i - 5)
For analytlcal evaluation of the cyhnder—sphere interaction, it is noted that the

current induced in the cyhnder has a progress:ve phase factor along the cylinder axis,

that is

J.(r) = j(p, §) e™ocontix

- The second term in (4.7) is given by‘

X ._ . Z skorg ‘ - L .. o I | 3 “ . ,kolr...rl
P Ezcs = - t:: of:_e—tbﬁ.-r // J(¢3 P)e‘ko cosbiz Sa(""kur') : T—=7dzds (4‘17)
g ‘ 1o Y 0 7 . l i .

where the first integral is over the cylinder cross-section. By rewriting | r — £ | in

cylindrical coordinates, i.e.
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lr=Fl=VIp=-5F+(z— 2
and noting that k, | p— B |>> 1, the stationary phase approxiniation can be used to

evaluate the 2z inte'gratipn. The stationary point of the function |
F(z)=|r—F| +cosb;z |

is at | |
Zy=Z—cosb;|p—p|

" and (4.1':.')_’simpliﬁ¢_:s_ to |

i I'kor -- . - , . o . ‘
PEs, = ikoZo € —tobt / H (kosiné; | p—p [)Ic(r)-Sy(=F,, 7, )pdpdd (4.18)

4x o

where 7 is the unit vector # evaluated at the stationary point. Noting that | p | is

much smaller than | p | |

p=p
lp—p|

Under this approximation S4(~k,,,) is not a function of the integration variables.

7, = —siné; —cosf;Z~ —sinb;p—cosb; z

Therefore (4.18) can be written as

o

P Eg = .‘_."‘"‘Er.zn.‘..‘.*ﬂe-ikoﬁ..? . Hf,l)(ko sin 6;7) S;(-'IE,, AR J(r)e-iko dnoaﬁ.ﬁpdpd(;s

Note that with values of z for which Z, > L or Z, < 0 (stationary point outside the
cylinder surface) the scattered field E., is negligible and can be ignored.

Using (4.13), the far field amplitude of the sphere takes the following form

[ﬁ-:‘; _.S"l(c~:>s"I (E, r:)) X (F x k) =B (B, x 7))

S (cos™ (k. - #4)) 7, x &) (4.19)
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Substituting (4.19) into '(4‘.18), after some algebraic fna.nipulation it is found that

PoB= = TEr e (osindi) [ £iSi(eos™ (B FBER: £)

~p - (ks x 7,)Sa(cos™V(E, - )7, x Ex(ki,—7)] -k,

- where E*(k;, —- ‘,) is the bistatic scattered field amphtude of an mﬁmtely long cyhnder

. with the same radlus and dle]ectrxc constant as those of the ﬁmte cylinder. That is,

Ei(k;, -7) =

[A:n( cos H,p + sin §; z) + B: 2’] emée=ei)

' m=- °° . . ) .

where :S: £xp.

The derivation sf ths scattered ﬁeld‘for a cylinder-sphere pair can bs easily generéiized
to- a.cylin_der arlld‘ an arbitrary scatterer so. long .a,s the expression for she scattered

field of the isolated scstterer is known and the dimensions of the scatterer satisfy the

 conditions spccjﬁéd in.(4.8). '
4.4 Numerical Results

‘The theoretical devéisbment presented in the prsviqus sec‘tio‘n‘ for se_cond-Order
scattering from the cylinder-sphere pair has been ‘va.lidat.ed. using the Numerical Elsc-' |
tromagnetics Code (NEC) [6] which is a computatioﬁél package based on the method
of moments. This approach was chosen because we were interested in the b:st.at]c
scattenng behavnor of the pair, particularly in the forward specular cone, whlch is
quite d1fﬁcult. to obtain expenmental]y. The forward_ specular cone is referred to as
the set of azimuthal angles fsr which.the scattered wave-vector lies on the conical sur-

face of revolution generated by rotating the incident wave-vector around the z-axis as
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Figure 4.4: Scattering gebmef.ry and angles for forward specular cone sca.ttering..

shown iﬁ Figure 4.4. This sub-domain of the scattering pattern is particuldrly impor-
tant for simulating the interaction of electromagnetic waves with vertical structures
above smooth surfaces. In this case, the radar retum. is dominated by the scattered
field in the specular cone. |

The va.lidation for the vv and vh po]arization states were made wjth a model con-
sisting of a cylinder 18.0 cm in leﬁgth and 0.1 cm in diameter with a finite conductivity
of 100 mhos/m, and a perfectly conducting sphere with ka = 1.69 at an excitation
frequency of 9.25 GHz. The cylinder was chosen to be of finite conductivity because
this damps the axial standing wave pattern that exists on a finite length perfectly
conducting cylinder. Qur ﬁnité length cylinder‘model doés not need to account for
- this standing wave behavior because in all réal veget.ation, cylindrical structures are

composed of lossy dielectric material and do not support standing waves of signifi-



87

2200 per———— s Fmrm et —r—r——
£ 250
[2]
g
=
i -
2
g
=
) -300
: r—— Seeond-&ﬁer'l'lwory
‘ ‘ _ e ﬁm—Ozﬂer‘l'hepry
) : ' & MoM Computation
_35'0 ..... | P | PR AP :
: 0.0 - 900 180.0 2700 360.0

- Azimuth Angle (deg)

Figure 4.5: The vv—polanzed blstatlc scatterlng cross sectionof a cyhnder-sphere pair. .
The sphere is at j=18cm, ¢ = 180° and #=9cm relative to the cylinder
base. The incidence and scattering angles are 143° relative to vertical,
The frequency is 9.25 GHz. :

“cant amplitude. ‘A cylinder having a small diameter as compar;ed with the excitation-
wavelength wa;s' used_becaﬁse the version of NEC we have only provides for ﬁnit.e
- conductivity in thin wire stfucﬁurés. The number 6f unkﬁowns for the thin cylinders
was on the‘order of 10 per waveléngth or a total of about 60 for the 18§m length.

~ The sbhere was compbsed of variable segmented.pei'féct!y conducting re.ctangulax‘
paiches as described in (7). In geheral, the relati?ekconﬁgurations_ of thé cylinder-
sphere pair and the scattering patterns weré chdsen s0 as to present as great a contrast
as poss:ble between the ﬁrst and second-order scattermg behaviors. The angle of
elevation and the a.zn'nuthal angle are defined in Figure 4 4 The plane of mc1dence
is the x-z plane and the ammutha.l incidence angle is 180 degre&e The cyhnder is

a.lways located at the origin and the relative cylindrical coordinates of the sphere are
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Figure 4.6: The vv-polarized bistatic scattermg cross section of a cyhnder—sphere pair.
The sphere is at 5=2.0cm, ¢ = 45° and #=9cm relative to the cylinder
base. The incidence and scattering angles are 145° relative to vertical.
The frequency is 9.25 GHz.
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Flgure 4.7: The vv-polarized blstatlc scattering cross section of a cylmder-sphere pair.
The sphere is at j=2.5cm, ¢ = 45° and £=9cm relative to the cylinder
base. The incident wave azimuth angle is 180° and the scattered wave
azimuth angle is 130°. The frequency is 9.25 GHz.
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‘presented. - |

.'Figure 4.5 shows the vv-polarized 'aéihuthd pattern for a ‘c‘ylind‘er-sphere pair. In. |
.tl::ﬁs case the ¢ylindér and sphere are located far enough apart tb be effectively isolated.
This ﬁgure‘demonstrateé that the single scattering modelé fqr the .sphere aﬁd cylinder _
are in agreement with the momeﬁt method computation to within less than about 0.2
dB and estab.lishes' a baseline for comparison. Figures 4.6 and 4.7 ilh‘lstra,tel the vv
scattering beha&ior for the case wheré ‘tl.1e sphere is close to the éyliﬁder. In Figure 4.6
the relative cylindrical coordin_at’es of the sphere S,re (A, $, :':) = (2cm,45°,9¢m), while
ianigure 4.7 they are  (5,4,%) = (2 5cm 45° ,9cm). It may be seen from these two
figures thé,t the vv éec_.bnci-order result provides a reasonable approximation and is in
#greement with the momenfs méthod dat? to withinl about 0.4 dB over the anguléx
faﬁge. |

| The ma)ﬁimurn difference bétween the first and second-order cross-polarized (vh)
‘response occurs in regions close to 0 and 180 degrees in az;mut.hal angle At these
two points the ﬁrst-order cross-pola.rlzed response dxsappea,rs while the second order '
response is Iow but non-zero. Flgure 4.8 1llustra.tes the difference between the first and
second-order scattermg behavnor for the case having relative cyhndrlcal coordinates
of (5,¢,%) = (2cm 45° 9cm) and an az1mutha.l sca.ttenng angle of 350 degrees This
provides good contrast between the scattering prders, an'd the scattering amphtude
is strbng enough that the accuracy of the numeric.ﬂ computation is'sufﬁci_ent: for
comparison. ‘The agreenient of the second-order analytical result with the momént
method computatioﬁ has a mean deviatioh of about 1 dB or so over most of the
| angular range. - | | |
| For verification of the hh-polarizedyreﬁponse, .it was necessary to use a thicker

cylinder since the contrast between the first and second-order terms is insufficient.
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Figure 4.8: The vh-polarized bistatic scattering cross section of a cylinder-sphere pair.

Figure 4.9

-

The sphere is at §=2.0cm, ¢ = 45° and Z=9%m relative to the cylinder
base. The incident wave azimuth angle is 180° and the scattered wave
azimuth angle is 350°. The frequency is 9.25 GHz.
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: The hh-pola.rized bistatic scattering cross section of a cylinder-sphere pair,

The sphere is at j=2.0cm, ¢ = 45° and Z=9cm relative to the cylinder
base. The incidence and scattering angles are 145° relative to vertical.
The frequency is 9.25 GHz.
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Figure 4.10: The hh-polarized b:statlc sca.tterm.g cross section of a cyhnder-sphere

- pair. The sphere is at j=2.0cm, ¢ = 45° and #=9cm relative to the
cylinder base. The incident wave azimuth angle is 180° and the scattered
wave azimuth angle is 90°. The frequency_ is 9.25 GHz.

with very t.hln cylinders. For cylmders with larger dlameter to wavelength ratxos
than the one used for venﬁcatlon of the vV polanzatlon ca.se, NEC requires the use

of a patch model‘. A pa,tch model of a cylmder 18.0 cm in length and havmg a

diameter of 0.55 cm was constructed using perfectly conducting patches. The model
bad 15 s:des and con31sted of over 800 rectangula.r patches Because the patches -

were perfectly conductmg, the ax_lal standing wave made the model inappropriate for

verification of the vv-polaﬁzed case. _waever, the standing wave seems to have a
much smaller effect as far as the hh response is concerned, becoming significant only
for elevation angles less than about 30°. 'Figur_es 4.9 and 4.10 presenf azimuth and

elevation patterns for the cylinder-sphere pair having relative cylindrical coordinates

(5, 8, ) = (2.0cm,45° 9cm).
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4.5 Conclusi_ons

In this phapt‘er a general technique based on the reciprocity theorem has been
. developed for deriving the secondary scattered fields from a pair éf objects. The gen-
eral formulation has been a;pplied to obtain approximate analytical expressions for
the secondary scattered fields from a cyﬁnder-sphere pair. The ‘}alidity of the analyt-
ical results were verified By comparison with method of moments computations, and _
good agreement was obtained for both the co-pola.fized and cross-polarized bistatic
scattering f:ross se.ction‘s in the forward specular scattering céne. This chapter pro-
vides the basis for the construction of computational simulations of electromagnetic
wave sééttering from heterogeneous two-éomponent vegetation canopies that include

the effect of multiple scattering up to second-order.



CHAPTER v
SIMULATION OF ELECTROMAGNETIC
' SCATTERING FROM A HETEROGENEOUS
MEDIUM

5;1 Introduction

In the application of radlatlve transfer (RT) theory to the modeling of forests and
- other dense vegetatlon cover, several fundamental cond:tlons necessa.ry to the vahd-
ity of the model have been ignored. The RT model is based on the single scattenng

properties of the particles that constitute the medlum That is, the assumption has

. been made that partlcles are in the far ﬁeld of each other and tha,t they are illumi-

nated locally by plane-waves A tree canopy usually contains partlcles such as trunks

and branches which are much larger in dimension than the excitation wavelength at

microwave frequencies and above. These large scatterers are usually in each other’s

near zones. Smaller particles such as leaves, needles and twigs are also in the near

zone of the larger canopy components. These smaller canopy constituents may be - |

present in large uumbers and can have a significant effect on the electromagnetic

propertles of the medium both as :solated scatterers and through multxple sca.ttermg

interactions. In addition, n is to be expected that scatterers thh dxrnens:ons large

compared with the dlmenswns of the medium will be 1llummated w:th a fairly high

_'93
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degree of amplitude, pha_.Se‘éndi polarization non-unifo:mity as a result of the finite

cohérence distanc}e for the mean ﬁeld in this type of random medium.
Heterogeneous forest canopies consisting of predo:ﬁinantly vertical, cylindrical

trunks and large numbers of diverse smaller scaf;terers have traditionally been divided

- into two main regions for modeling purposes. The upper region in which there is

~ usually a high density distribution of the smaller particles is referred to as the crown

:layer, while the lower portidn of the canopy is referred to as the trunk layer. In

general, RT modeling of forests is constrained by the constructs of RT theory to treat

the trunk and crown regions of the canopy as separate layers. This is not an accurate -

representation of most canopies of this sort which have larger and smaller scatterers

co-existing to varying extents within the same volume. Some attempt has been made

to overlap the crown and trunk layers in RT modeling by creating a two layer medium

in which the lower story contains only trunks while the upper story contains both

trunks and smaller scatterers [43].

In this chapter 2 Monte Carlo simulation is constructed for a heterogeneous two-

component random medium consisting of la.rge vertical cylinders and small spheres
above a ground plane. The second-order interactions between the cylinders and be-

tween spheres and cylinders have been taken into account in formulating the scat-

tering model, and all scatf.ering terms used in the model have been validated using

the method of moments technique. The backsca.ttéring properties of the medium

have been obtained using the simulation and the results are compared with those of
the corresponding radiative transfer model. Second-order interaction effects in the

‘medium are examined, and the validity of the layered RT model is also investigated.

. A
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5.2 Constructioh of 'SCéttéfiﬁg'jTer‘ms |

The heterogeheous two-component medium under consxderatlon.consmts of vertl-
'ca.l dleiectnc cylmders and small perfectly conducting spheres Dlelectnc cylinders
~are employed to represent the strong_ly sc_attertng stalks and trunks that exist in a.

typical vege.tation.cax‘)opy, and t}te spheres are representative of the smaller scatterers
that comprise the.upper:(cfown) layerr in such media. Spher‘es are used in this study
becéuisg their sca.ttéring‘matrix is indepehdent of orientation; and one purpose of this
study is to 'determine what eifgct a distt'ibution of such sc.a.tte‘rers might have on the
ovefall respdnse‘éf the medium witﬁout regard to their orientational characteristics._ '
The spherés are chdsext to B_e pei'fectly conducting because this reduces the complex-
it)t of their scattering matrix and any such reduction will translate into‘ less overall
computatitﬁn time in the Monte Carlo sitnulations._ Since spheres have relatively lov.v'
scattet'ixtg' croés—séctions, it is also desirable to boost their albedo by making them
- perfectly conductmg in order to brmg them on par wath typlcal small scatterers that
might be found in the canopy. |
" The eleCtromagnet:c mteractloxi bettvéen adjacent éylinders and betweeﬁ t:ylinderé
“and spheres is computed to second- order, whlie the interaction between spheres is
ignored. It is assumed that the couplmg between spheres is sxgmﬁcantly small in
compa.nson w1th the other terms so as to be neghglble Numerical studies md:ca,te‘. |
that this should rcerta.mly be the case for the number densities of small particles
considered in this chapter. In any event, the éylinders are by far the stronger scatterers
in the medium a‘nc-l,l in moét circumstances, é.ré the dominant component of the return.

The t’:ylintier-cylinder intetéxction has been discussed ln detail in Chapter 3 and

will not bé .t:onsidered.here.‘ It suffices to éay that _the' scattering matrix for this

interaction has been derived using the plane-wave expansion technique and is appli-
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Figure 5.1: Geometry and coordinates for the sphere-cylinder interaction.

cable to cylinders that are _electromagnetica.lly close with respect to their longitudinal
dimension and, at the séune time, are _lin each other’s far-zone with respect to the
transverse dimensibn. The sphere-cylinder interaction has been de;'ived using an ana-
lytical technique based on the reciprocity principle.'.The details of thié novel technique
~ are presented in Chapter 4 and will not be duﬁlicated here. However, the application
of these results t_.o‘ the problem at hand requires extension due to the‘pr.esence of a
‘dielectric héglf-space. In this section the results for the sphere-cylinder interaction in

the presence of a smooth dielectric ground are presented.

5.2.1 The Sphere-Cylinder Interaction
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Figure 5.1 shows the codrdihate s)rst_ern for the sphere-cylinder interection. It has
been a.ssnmed that the 'cylinders are electrically loh'g That is to say, their length |
lrs much greater tha.n the excrtatlon wavelength It has also been assumed tha.t the
cylinder is in the fa.r-ﬁeld regron of the sphere, but the sphere is in the near-field
region of the cyhnder with respect to the cylmder 8 longltudxnal dxmensmn and in the
far field regron of the cylmder $ transverse dimension. If we consrder the analogy with
a tree canopy, it is reasonable to a.ssume that the trunks are > very long electrxcally at
‘ microwave frequenctes therefore other trunks branches and leaves will fall within the
‘near-zone of therr ]ongrtudmal drmensron This is also the rationale for considering
‘ad_]a.cent cylinders to be within each other s near-zone. If the ra.du of the cylmder and
sphere are denoted by a, and a, respect:vely, and the cyl:nder length is represented

by L, then the cdnditions previously‘ s;ﬁeciﬁed may be stated mathematically as o

> 5 o>k : - (5.1)

As has heen mentioned, it can be sher(rn that the secondary scattered ﬁetd from a
sphere-cylinder pair. may be ebtained by applicaticn of the reciprocity theorern The
. Iexpressmn for the sca,ttermg rnatrxx of the pair in the absence of the ground—plane is
glven in terms of a sum of scattermg matnces for the individual particles as if they

‘were isolated plus the second-order mteractlon terms. This may be expressed as

stct - Sdc+ sds +ssc+$c! :

In the above equation, ‘dc‘ refers to the direct wave from the isolated cylinder, ‘ds’
refers to dxrect scatterrng frorn the sphere, ‘s¢’ refers to the secondary scattered field

from the cyhnder when illuminated by the primary scattered field from the sphere
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and ‘cs’ refers to the secondary scattered field from the sphere when illuminated by
the primary scattered field from the cylinder. The scattering matrices for the direct

terms are easily found and are not reproduced here. The scattering matrix for the

cylinder-sphere (cs) interaction is giveh by

'S“(zh E,) =  —g—iko(cosbiza~k, ) H},” (kosin eiﬁ) .

Sw —E:;.F; 'E: il"—;:,: Sw ""En;:: ‘Eh E;,—F‘; .
(-F0)- B =7 Su(Rufl) BAGR,~) |

Sun(—kun 1) - E2(ki, =) Sun(~F,, 7) - E2(ki, ~7))
with’
'“,- = sinb, cos ¢;Z + sin f;sin ¢if + cos ;%
kE, = sin6,cos ,% + sin#, sin @58 + cos 8,2
i o= "~ sin &; cos ¢3 — sin 0; sin ¢ — cos 9.:2
and

Sw("znﬂ)? :

Tl 7 SO o x (B x 7 = 0, (B x 7) S5(00) B x )

(5.3)
'Sah("zn.ﬁ) =
1

ETE o r e T SO T x (B x 7)) = b« (B x ) $a(6) By x 7)
1] 2 . ‘ & |

In the last two expressions we have

-~

Yy = cosf,cos¢,T + cosb,sind,i—sinb,z

hy = sin¢,T — cos¢,§

£
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and

A w20 +1 Pl(cosof) 3 o o
5:(6,) = —tz_:l( -1) n(n+1){ Sind: + B, 60’P (cosﬂ)

n 2n+1 . 6 ,(1) , P”(COSG;) L
z,;,( b n(n +1){ (%‘P (cosﬂ)+B sin @/

- where PV is the associated Legendre polynomial, A, and B, ‘are given in [90] and

) ‘ ’ : - ~ )
cos§, = ~k;-k,.

The other Syrribol, E., givén in (5.2) is the éca.t_tered ﬁeld from the cylinder and can
be writtén as

E,‘,’(E-,_—ﬁ) = - Z CTM 9 ) e"““’ %)(— cos f; cos $7 —cosagsinq;ﬁ ;i?‘sinﬂ.-f) _

m==0o0

Et(k,—7) = Z C'TE eimié- ""(-Sln¢m+cos¢y)

m==—0o00

and expréssions for CIM CTE and Em are given in [64].

The scattering matrix for the sphere-cylinder (sc) interaction is given by

S*(ki, k,) = e~ eostere UV (ko 5ind,5) -

| C1Su(kes®) = PS(Bi B)]  [TaSun(Ri, B) - FSun(Ei, B)] (5.4)
~[CaSho (ki) 4 TS (R B)] —[TaSun(Ris B) + PSR BY] |

for which

+co . . ‘
M= 3 (-1)"CpM(m —6,) emie=e)

m=-00

Z ( -1 chE( -8 )elm(¢-—¢-) |

MmO

= ¥ (cnen (7r-—9)e"““’“‘"

MEw=00
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where the C,,'s are as defined previously. kT}'xe Sps's (p and q equal v or h) are
the scattering matrix elements for a. sphere with an incident wave-vector k; and a

scattered wave-vector E., and
¥ =sin#, cos(¢ + 7)Z + sin b, sin(¢ + )y + cos 6,2
5.2.2 Effect of Ground Plane

To obtain the solution for a sphere-cylinder Vpair above a .smooth dielectric half-
space we use exact image theory [50; 67). The form of the Green's function for the
“problem is approximated Iby a.ssurnil;g iliat the image of a source point is the mirror
ixﬁage of  that point on.‘ the Opposite sidé of thé half-space interface and modi.ﬁed by
the appropriate reflection coéﬂicient; This approximation is very accurate when the
source or field point is not close io the interface and bé;omes exact when the ground
plaﬁe is perfectly conducting. When this approach is applied, ten interaction terms
are obtained to ac;courit for the second-orcier sc#ttered field from the sphere-cylinder

pair aboye the ground plane. The terms are as follows:
i cylinder-Sphere-groqnd
ii ground-cylinder-éphere
iii cylinder-grouhd-sphere
| iv‘grouna-éylinder-sphere-groimd' o
v cylinder-groﬁnd-spher&grouﬁd
vi sphere-cylinder-ground

vii ground-sphere-cylinder
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F:gure 5.2: Image theory geometry for construction of the cyhnder-ground sphere in-
teraction.

© viii sphere-'ground-cylirider
ix ground-sphere-ground-cylinder
x ground-sphere-cylinder-ground

) It should be noted that theré are two terms which do not a.pi:ear in the list and
whlch one mlght reasonably expect to be present. The ground-cyllnder-ground‘sphere
and sphere-ground-cyllnder-ground interaction terms are absent‘ from the above list |
because itv‘i‘s_‘as.sumed that the cylinders are .long and, therefbre, the specular cone

scattering approximation is valid,
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 In the diseussfoix i:h_at follows, ‘weISBa.'li obtain the scattering matrices for the
: cylinder-ground-ephere and ground-sphere-ground‘cylinder interactions. The expres-
sions for the remeining terms can be easily derived ‘foilowing the same approach and
will not be presented here. Figure 5.2 shows the image geometry.for the cylinder-
ground-sphere interaction. In this case, the image'eylinder is  illuminated by the
 image excitation, Ef. The scattered wafre from the image cylinder then illuminates

the sphere as shown in the figure. The expression for the image excitation is given by

Ef = sin §; cos ;% + sin 0; sin ¢;§ — cos 6;Z

- The figure also indicates that uﬂdef the prevailing aseumptions, such an iﬁteraction
will exist only if the sphere lles somewhere in the specular scattering cone of the
cylmder It has been assumed that because the cylmders are quite long, most of
the energy is scattered into the comcal region about the dlrectlon of mc1dence The

mathematical statement of the condltlou for existence of the cyhnder-ground sphere

mtera.ctlon 18

—~L<i+ptan(r/2-06;)<0 - (5.5)

For the image excitation, the expressions for the scattered field from the image cylin-

der are

Ey(kf,—f) = Iyo, TR

B, -7) = -, B -T# (5.6)

for vertically and horizontally polarized fields fespecti#ely. The polarization vectors,

9, and k., are defined by

o



163

= £ R

- T xz » T o T o~

R = s‘;nB =—sindZT+cosd i
% ) .

<
o
il

. X hl = '—-co$6‘.-cos¢:"5—-cosﬂ,-s‘incbii--sinﬂg z

- and

i = —sinf;cos¢ £ —sinb;sin ¢ § + cosd; 2

Modifying the appropriate terms“by their corresponding reflection coefficients, R.(#)

and R,(#), we obtain

Ex(ke, =) = Ty Ru(8) %, - T Ru(6) B
bk, =) = T, R,.(ec)ﬁ;'—f'nu(e.-) & (5.7)

which is the ﬁeld scattered from the cyhnder, reﬂected from the glround and incident
on the sphere | |

To obtain the proper"fa.r.-z.one scattieririg amplitudes for .fhe sphere, the equations (5.3)
are modified to account for the image excitation. When these modifications are made,

the expression (5.2) becomes

8‘-""’(k|,k )= "k°(°°'°"‘+"‘ ) HY (ko smﬂ.p);

Su(—Fu 7.) - E2(Re, =) Suu(~kyr ) - E2o(Re, -7 |

_ - R ~ 1 (5.8)
Sth(“ku F:c) ' ngc(kicv "'F.’vc) Slh("’kn f‘:L.-) ) Eg,."'(kf, "'F:c)
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* Fxgure5 3: Image theory geometry for constructlon of the ground- sphere—ground-
cylinder interaction. :

The grdﬁnd-sphere-ground-cylinder interaction geometry is shown in Figure 53
In terms of thé image theory approach, the image sphere is illuminated by the primary
_pla.ne-wa.vé .exCitatidn after modification by the ground reflectivity. The secondary
scattered wave from the sphere then illuminates the cylinder after being modified by
the ground reflectivity a second time. The condition for existence of this second-order

term under the specular cone approximation will be

0<—[2+ptan(8,—7/2)] <L L (5.9)

If the image sphere and the cylinder were configured as shown in the figure and no
ground plane was present, the scattering matrix would have the same form as (5.2).

However, the presence of the ground plane alters the incident wave through multipli-
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cation by t_}ne surface r’eﬂééﬁo_n coeﬁ"i_cient 'co.rres_pondin'g te the transmit polarization
state for a pafticular scattering matrix element. The fraction of the modified incident
wave scattered by the sphere that is not depolarized is agam modified by the ground.
reﬂectxon coefﬁc1ent for the lnc:ldent wave pola,nzat]on This wave scatters from the
cylinder with the polanzatlon spec1ﬁed by the receive state of the scattermg matrlx
element under consndera,tlon The fractlon of the mod:ﬁed 1nc1dent wave depolarxzed
by the sphere is multlphed by the reﬂectxon coefficient havmg the opp051t.e polarlza- 4
tmn state from that of the incident wave. This wave is reflected from the cylinder and
is elther depoiarlzed or not dependmg on the final polarization of the receive state.

The scattering matrix elements for the ground-sphere-ground-cyhnder interaction are

~then given by

smc(g F.) = etholeontin g0 ( cin g, 5). : | (5.10)

| 1980 (B B) = 0Sna (B BB [0Sur (B, B1) — QuShn(Bi, )] Ba(6)
=[S (ks B) + QuSun (ki BV RAB)  ~[00Sua(Fi, ') + Sy (B, B) Ra(6:)

where

0 = n(ez..)a;cm
W = B-R)Ru6)
0y = Ty(-k)Ra(6))

[(~F.) Ru(6,)

<3
]

and all other symbols are as previously defined.
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5.3 Validation of the Scattering Terms

In order to cénstruct the Monte Carlo simulation of the two component medium

described previously, it is ﬁrst necessary to validate the scattering model. In this
section it is demonstrated that all the fundamental pieces of the model are correct.
The Nurnencal Electromagnetics Code (NEC) {6], wh:ch is a software package based

on the method of moments (MoM), has been chosen for th1s purpose beca.use of its

| flexibility and accuracy. As discussed previously, the two component medium being

szmulated conslsts of a mxxture of vertxcal cylinders and perfectly conducting spheres
above a perfectly conducting ground pla.ne In this model it has been considered that
the spheres do not themselves interact electromagnetlca.!ly, however the interactions
between the cylinders and also between spheres and cylmders have been taken into
account. It has been attempted to validate each of these mteractlons using the MoM
code.

For this validation work a perfectly conducting sphere, with ka=1.7, has been em-

ployed as well as two different types of cylinder models. The sphere model was com-

posed of variably segmented perfectly conducting rectengular patches as described
in [7). One of the cylinders used was 18 cm in lengt.h havmg a dla,meter of 0.1 cm
and a conductmty of 100 mhos/ m. The other cyhnder was also 18 cm in length but
had a diameter of 0.55 cm and was composed of peffeetly conducting patches. At the
operational ffequency of 9.25 GHz chosen for this study, the cylinders are between 5
and 6 waveiengths long which is sufficient length to provide a valid realization of the
specular cone approximation. |

Thin cylinders were chosen so that the extended th:n wire kerﬁel and the finite
conductivity feature provided in NEC for wire models could be'dsed. In this case

only 60 unknowns were necessary to achieve computational accuracies of 1 percent or

thea
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| hetter._ The{ thin cylinders were chosen to be of finite conductivity for two reasons.
‘ First. finite length perfectly conducting cylindet's support strong axial travelling wsues |
that are not accounted for ‘by our analytlca.l model These travelling waves have a
sxgmﬁcant eﬁect on the vv and vh polanzed scattermg response of the cylmder This
eﬂ'ect is much less pronounced for hh pola.nzed scattering. Dielectric and ﬁmtely_
conductlng cylmders thh lengths of greater than several wa.velengths do not strongly
lsupport axial travellmg waves. Our two-component medlum is supposed to sunulate
‘ .eﬁ'ects that mlght be observed m vegetation canopies, and it is not anticipated that
travellmg waves play a sxgmﬁcant role in scattermg from bra.nches and stems. The
second reason for choosmg finitely conductmg cyhnders is that the finite imaginary
part of their effective dlelectrlc consta.nts requires the use of the same complete set
of coeﬁ'icxents as is used in cornputlng the scattering from dielectric cylmders, thus
allowing us to thoroughly test these routines. MoM data for thlS extended thin wire
| model has an assocmted uncertamty of approxlmately +0.25 dB.

It was necessa.ry to use the larger diameter cylmders to obtain useful results for hh-
polarlzed scattering. Larger dlameter cyhnders requxre the use of perfectly conductxng
patches because the extended thin wire a.pproxxmatlon used in NEC is not valid for

structures of thls sxze, and the versmn of the code presently available only allows for
perfectly conducting patches. These cyhnder models were constructedwith in excess
of 800 patches and required a fairly Iarge amount of computation time on an IBM

RS6000 woskstation. The overall uncertainty in the MoM data for these cylinders is
about i0.5 dB or roughty twice that for the thin.cylin'ders |

For the scattermg patterns used in this validation, the. angle of elevatxon and the ,
azimuthal angle is defined i in Fxgure 5.4. The plane of incidence is the X-2 plane and

the azimuthal mcldence angle is 180 degrees. The cylinder i is always located at the
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Figure 5.4: Scattering geometry and reference angles.

origin and the relative cylindrical coordinates of the sphere are presented. .Figﬁre 5.5
provides a comparison betweeﬂ the backscatter elevatiqﬁ patterns for the sphere single
scattérihg fnodel used in the simulatioq and the numeriqal computation. It is seen -
that the model is iﬁ agreement with the MoM cox_npt_ltat_icn to within better than 0.2
dB over the entire angular range considered. In this case, the sphere ié located 9 cm
above the ground. It has been found that the sphere scattering model is good for such
. spheresl to within about 3d2/A of the ground plane, where d is the diameter of the
sphere. This indicates that the single scattering model for the spheres should be good
- for number densities providihg‘average sepﬁra.tions on this same order of magniilide.

These nqmber densities’are' well within the bounds employed in the Monte Carlo

simulations.
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Figure 5.5: Backscatter pattern fora perféctly conducting Qphere above a conducting
ground plane. The sphere has ka = 1.69, where a is the sphere radius,
and is located 9cm above the ground plane. The frequency is 9.25 GHz.
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Flgure 3.6: Backscatter pattern for a pair of vert:cal cylmders on a conducting ground
plane. The cylinders are 18cm in length, 0.1cm in diameter and separated
by 2¢m in the endfire configuration. The Conductivity of the cylmders is
100 S/m vv-polarized return at 9.25 GHz.




110

Figure 5.6 shows typical backscatter results for a pair of thin vertical cylinders
above a coﬁductjng ground plane.” The cylinders are ‘sepafated by 9 cm and are
: ppsitioﬁed so as to lie #long the direéti_on of incidence (endfire configuration). ‘A
complete expérimgntal verification qf the second-order cylinder-cylinder interaction
terms above a. co_ndizcting ground ‘ma.y.:bé found in [69]. | |

Figures 5.7 through 5.12 illustrate that the agreér‘nent betiveen the spheré—cylinder
interaction model described in the previous sectlon and the MoM computatlon is
quite good. Elevation and azimuth scattering patterns have been provided for all
polarizations. The elevation patterns shown are for the backscatter direction except
~ in the case of the cross-po’iarized réturn for which the pa,t:tern was computed at a
bistatic -azimuthal_.angle of 350 degrees to pfovide the best comparison between the

first and second-order results. The‘co;pblarized second-order results agree‘with the

MoM computation io within about +0.5 dB over most of the angular range, however,

the hh-polarized_ MoM results have a somewhat higher level of inaccuracy due to
the details of the larger diameter cylindef model. 'The cross-polarized second-order
results have an overa,llva:greernex.xt with the numerical data to within +1 dB or so for

the elevation pattern and +0.5 dB for the azimuth pattern.
- 5.4 Heterogeneous Canopy Simulation

Having validated the scattering' terms for ‘the interaction of spheres and cylinders
-above a ground-plane, we will now attempt to obtain the backscattering properties of
collections of such objects that comprise the heterogeneous two-component canopy.
For 2 given arrangement consisting of many cylinders and spheres, the solution of
the scattering problem can be obtained to second-order by computing the sxngle

and pairwise mteractx_ons for every particle in the ensemble, except that in this case

.
2 ]
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Figure 5.7: Backscatter pattern for a sphere-cylinder pair above a perfectly conduct-
ing ground plane with g=1.5cm, ¢ = 180° and #=9cm. vv-polarized
return at 9.25GHz :
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Figure 5.8: Bistatic scattering pattern for a sphere-cyljn&er pair above a perfectly’
- conducting ground plane with j=1.5cm, ¢ = 180° and £=9cm. vv-
polarized return at 9.25GH2. The elevation angle is 37°." :
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Figure 5.9: Bistatic scattering pattern for a sphere-cylinder pair above a perfectly
conducting ground plane with 5=2,0cm, ¢ = 45° and 7=18cm. The
azimuthal scattering angle is 350°. vh-polarized return at 9.25 GHz.
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Figure 5.10: Bistatic scattering pattern for a sphere-cyl_i:nder pair above a perfectly
: ‘ -conducting ground plane with p=1.5cm, ¢ = 45° and #=18cm. The
elevation angle is 52°, vh-polarized return at 9.25 GHz.
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' _Flgure5 11: Backscatter pattern for a sphere-cylmder pair above a perfectly con-

ductmg ground plane with 5=2.0cm, ¢ = 45° and Z=9cm. hh-polarized
return-at 9.25 GHz.
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Figure 5.12: Bistatic scattering pattern for sphere-cyhnder pair above a perfectly con-
~ducting ground plane with £=2.0cm, é = 45° and 2=9cm. The elevation

angle is 35°.

~hh- polarxzed return at 9.25 GHz.
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the sphere-sphere interactions have been excluded. The sta.tistic;l properties of this
_ random medium are simulated by application of the Monte Carlo method.
The principle of the Monte Carlo simulation based on second-order interactions js

as follows:

1 ’An ensemble of randomly positioned cylinders aﬁd spheres is generated
usihg a ‘ra_nd.om number generator. In..this‘ ca.se_the cylinder positions
are uniformly distfiﬁuted within a circular area, and the sphere positions
are uniformly distributed within a cylindrica.l volume. The number of
cylinders and spheres used is dependent on the specified nﬁmbers per
unit area or volume and the’ dimensions of the cylindrical region that

constitutes the medium.

2 The scattenng is computed for all cylinders and spheres and between all
pairs of particles within the ensemble up to second-order excludmg the

interactions between spheres

3 The ensembleis re-randomized and the scatfering re'comptited as discussed
above. The number of independent samples is chosen so as to make the |
variance as small as possible within limits d‘ep.endi_ng on the compu‘ting
time. For the cases analyzed in this article the sample number was chosen
to be two hu'ndred. except in the highest density case for whieh the sample

number was one hundred,

4 The values of the scattering coefficients (02, a}:,,) are found from the en-
semble é,verage. The same is true for the co-po]a.rized phase difference ¢,

and the degree of co-polarized phase correlaﬁion a [66].

The simulations examined in this article utilized perfectly conducting sphei'es
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having diameters of 0.635 c¢m and characterized by number densities of 14,147 per
cubic meter. The. spheres were genera.ted'insidera cylindrical volume 0.1 meter in
height and 0.6 meter in diameter. Identical cylinders 18 cm in height end 0.55 cm

| 'in diameter with a dielectric constant e, of '35+i171 were uniformly distributed in the

same 0.6 meter d:ameter crrcle used to generate the cylmdrrcal volume for the spheres, -

but the cyhnder bases were’ constramed to rest on the ground plane whereas the
sphere layer could begin at any height above the plane Slmula.tlons were performed
~ for spheres alone, cylmders alone and combinations of cylmders and spheres together
Two 'basrc heterogeneous canopy conﬁguratrons were examrned In one case the sphere

layer overlapped the upper 10 cm of the cylmder layer, whxle in the other case the -

sphere layer was dlstmct and exrsted separate!y a.bove the cylmder layer These

conﬁgurat:ons are shown in Frgure 5.13. ‘Fi 1gures 5. 14 and 5 15 illustrate typical
convergence propertles of the srmulatxons for the scattermg ‘cross section, ¢°, and the
i copolarized degree of correlatron, a. In all cases tested, the simulations converged
to within about 0.5 dB for ¢° and 5% for a in one hundred samples or less The

operational frequency is 9.25 GHz for all the examples considered in the following
discussion. -
5.4.1 Comparison witﬁ Radiative 'D-ansfer

Electromagnetxc modelmg of heterogeneous tree canoples has traditionally been

3a.ccomphshed using two-iayer radlatlve transport (RT) theory. In this type of model.

the trunk and crown layers are treated as bemg either separate [96] or, if it is desired o

to have part of the crown layer in the same regron as the trunk layer, a mxxed two-layer
geometry is formulated {43]. The mixed layer formulation treats the lower portion of

the trunks as if they were a separate layer, while the crown layer of the canopy consists
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Figure 5.13: Configurations for the pure two-layer and mixed two-layer canopy mod-
els.

of the upper portion of the trunks and smaller scatterers such as leaves, branches ahd
| needles. In this section, we simulate a heterogenous two-component canopy consisting |
of cylinders and spheres and Fompare the results with those obtained from first-order
RT theory. -

Figure 5.16 shows the vv-polarized backscattering éoeﬁicient for a homogeneous
| layer consistiﬁg of :14,147 sphere‘:s. per cubic meter. In this case, the Monte Carlo
simulation and RT résix!ts are in fairly good agreement. It would normally be expected
that the RT results for a layer of first-order scatterers should be about 3dB below

the Monte Carlo mmulatnon due to the fact that the RT formulatlon is based on the
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Figure 5.16: Homogeneous layer of 14,147 conducting spheres per cubic meter distri-
' buted in 10cm layer above conducting ground. Spheres have ka = 0.62.
vv-polarlzed backscatter cross section.

incoherent addition of power .while the Monte Carlo sirﬁulation is baséd on coherent
addition of the ﬁelczis. However, for a collection of s}nal] discrete scatterers whose
phase centers are distributed randomly within a volume above a smooth grouﬁd, the
- net effect of cross coherence is not significant over r‘nost. of the a.ngular range. The
| cross coherence tenﬁs do pfoduce a minor but noticeable effect in certa.in.sub-regions
of the angular backscatter spectrum as can be seen in the Figure.

- Figures 5.17 and 5.18 show the typi.ca.l response of a homogeneous layer of cylin-
ders above a perfectly conducting ground plﬁne. The number density fqr this layer is
106.1 cylinders per square meter which is sufficient to produce a significant amount
of cylinder-cylinder coupling for vv polarization and somewhat less coupling for hh
polarization. The goupling between cylindérs also. produces a fair amount of crosspol
which is notlpro.vided by first-order RT in bacl_(scatter.._ At low angles of elevation

(near nadir) the RT result for o,, is about. 4dB below those for the simulation. This
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dxﬁerence mcrea.ses with elevatlen angle and becomes quite large at angles near 80°.
This effect is partly due to overestimation of the extmctmn matrix in the RT formula-
tion for la.rge scatterers. The RT model computes extinction based on the dimensions -
of a sca.tterer In the case of a layer of cylindrical scatterers, t.he extinction is re-
lated to the length of the cyllnders However, as multiple scattering becomes more
significant at higher angles of incidence, the correlation length for the coherent field
in the medium decreases. Thus, the effective sca.ttering. lengt%x of eylinders in a dense
medium is actually shorter than the physical length of the cylinders, making the true
extinction less thaﬁ what RT theory would predict, In the plot .of o4, we observe
a 3dB difference to be present at low angles of incidence. This effect is due both to
the significant cross coherence present in the eimulation and also to the ipteg_ration
of the source functions in RT theox_'y which is not a,ctua.ﬂy valid for layers of extended
scatterers. In the case of hh pola‘rization,’ t.he extinction is much less than that for vv
polarization due to the relatively small diameter of the cylinders. In this regime, the
aforementioned anomalous behavior resulti_ng from ietegration of the sburee functions
| drives the RT angular response. |

| Figures 5.19 through 5.22 show the result of adding a volume eonsisting of 14,147
spheres per cﬁbic meter to the canopy. The sphere layer begins at the top of the
cylinder layef _and extends for 10cm above it. In Figure 5.19 the cylinder layer is
characterized by a number density of 35.4 cylinders per square meter. At this num-
ber density, neither tr;he ﬁmtual coupling between cylinders nor the coupling between
cylinders and spheres produces xfxuch second-order intefaction in the simulation re-

sults. The RT result is seen to have a fairly constant offset from ‘tﬁe simulation Siqce
extinction in both layers is minimal. ‘Figure 5.20 is _fer the same canopy configura-

tion as in Figure 5.19 except the cylinders have a number density of 106.1 cylinders




121

- . 100 1‘ I — T — T

-

6°(dB)

-100 f , S .
—o— Second-Order Mante Carlo :
s~ First-Order Mot Carlo
------ Firn-Order RT.

. - 20,0 . 1 1 i 1 . i l.
200 300 400 500 600 700 800

Elevation Angle (deg)

Figure 5.19: Heterogeneous canopy consisting of 35.4 cylinders per square meter in
- lower layer and 14,147 spheres per cubic meter in an upper layer 10cm
‘thick. The cylinders are 18cm high and 0.55¢m in diameter. The spheres
‘have ka = 0.62. vv-polanzed backscatter coefficient at 9.25 GHz.

per squaremeter. Once agam, at this cylmder density Ieve_l, the coupling between
‘cYIinders is not iosigniﬁcant. It is evident from comparison avith Figure 5.17 that
the addition of the sphere layer'does not change the vv.,response_of the Monte Car[o
sirhulation_ appreciably since the level of scattering from the sphere layer is approxi-
‘mately 10dB down from th}ai.; of the cylinder !ayer. Thie can be seen more clearly in
Figure 5.21 which gives a direct comparisonbetween the simulatioh results for the
106.1 cylinders per square meter canopy with and without the sphere layer present |
The small difference at angles of incidence closer to vertical is present because the
cyhnder response is 51gn1ﬁcantly lower in that regmn Cornpanson of Flgures 5.22
and 5. 18 shows that the addition of the sphere layer produces the same effect at lower
angles of mc1dence for the hh-polanzed response. At hlgher angles of mcxdeuce, ex-
tinction in the sphere layer teduces the hh backscattermg response of the two layer '

- canopy over that of the cylmder canopy The most notable dlfference between the
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Figure 5.20: Heterogeneous canopy consisting of 106.1 cylinders per square meter in
lower layer and 14,147 spheres per cubic meter in an upper layer 10cm
thick. The cylinders are 18cm high and 0.55cm in diameter. The spheres

have ka = 0.62. vv-polarized backscatter coefficient at 9.25 GHz.
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Figure 5.21: Comparison of Monte Carlo simulation of vv-polarized backscatter co-
efficient for a homogeneous canopy and 2 heterogeneous canopy. The
homogeneous canopy has 106.1 cylinders per square meter. The hetero-
geneous canopy has the same number density of cylinders but has 14,147

spheres per cubic meter in a 10cm layer on top. '
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Figure 5.22: Heterogeneous canopy consisting of 106.1 cylinders per square meter in
“lower layer and 14,147 spheres per cubic meter in an upper layer 10cm
thick, The cylinders are 18cm high and 0.55c¢m in diameter. The spheres

" have ka = 0.62. hh-polarized backscatter coefficient at 9.25 GHz.

homogeneous and heterogeneous canopies cen be seen .in Figui'es 5.23 through 5.25.
Figure 5. 23 1llustrates the dramatlc :ncrea.se in depolarlzatlon that results solely from
couplmg between the sphere and cylmder !ayers and Figures 5. 24 and 5.25 show that
addxtlon of the sphere layer markedly cha.nges the behavior' of the co-po_larized degree |
of phase'correla;tion, ‘a. This is not surprising since this phase statistic is a sensitive
measure of the level of mu]t:ple sca,ttenng in the canopy. It should be noted that

both the ﬁrst-order Monte Carlo simulation and first-order RT theory yield a result |

- for a of unity for a homogeneous layer of vertical cyhnders

' Fmally, Flgures 5.26 and 5.27 show the effect of using a mixed two-layer canopy

- model versus a pure two-layer canopy model as was 1llustrated in Figure 5. 13 In

thls example, the pure two-layer canopy hasa 10cm la.yer of srnall conducting spheres
beginning at the top of the cylinder layer, while in th_e mixed canopy the sphere '

layer begins at 8cm above the gi‘ound plane and extends to the top of the cylinder
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Figure 5.23: Comparison of Monte Carlo simulation of vh-polarized backscatter co-
efficient for 2 homogeneous canopy and a heterogeneous canopy. The
homogeneous canopy has 106.1 cylinders per square meter. The hetero-
geneous canopy has the same number density of cylinders but has 14,147
spheres per cubic meter in a 10cm layer on top.

Alpha

——— Second-Ordor Monta Carlo

. 0.2:— ) =@ Firnt-Order Monte Carlo

“==<=  Radiative Transfer

0.0 1 1 1 1 1 .
29.0 30.0 40.0 30.0 600 700 - §0.0

Elevation Anglc (deg)

Figure 5.24: Homogeneous canopy consistihg of 106.1 cylinders per square meter. The -
degree of copolarized phase correlation at 9.25 GHz.
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Figure 5.27: Comparison of pure and mixed layer Monte Carlo simulations for a
canopy consisting of 106.1 cylinders per square meter and 14,147 spheres
-per cubic meter. The crown layer is 10cm in height in both cases. vh-

- polarized return at 9.25 GHz.

layer. Figure 5.26 shows that using the mixed two-layer model actually lowers the
RT co-polarized backscatter response severely over that of the pure two-layer model.

This decrease occurs because the phase matrix of the cylinders is proportional to the

- square of the cylind_er‘length, and this length is divided into smaller subsections in the

mixed layer model. For éxample, division of the trunks into two equal portions would

reduce the phase matrix by a factor of 3dB. There is almost no difference between the

- co-polarized backscatter response of the Monte Carlo simulations for the two different

canopy types. Figure 5.27 shows that the pure and mixed layer canopy simulations
do have significantly different crosspol responses. This is because the spheres are, on
the average, closer to the cylinders in the mixed layer model and this elevates the

degree of coupling present in the medium.
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5.5 Conclusions

In this chapter a Monte Carlo simulation ha.s been constructed for a heteroge- .
neous two-component medlum consnstmg of large vertlcal cyhnders and small spheres
- above a ground plane The second-order interactions between cyllnders and between

spheres and cyl:nders have been lncluded in the scattermg model, and all scatterlng _
terms have been vahdated usmg ‘the method of moments The results of the Monte
Carlo sxmulatlon.have been compared with those of correspondmg radiative transfer
models for similar media. It has lbeen foundthat_ the radiative transfer rnod-
els do not properly‘pred_ict_ the scatt_ering behavior of media which are
.c‘omposed'of scatterers having dimensions large compared to the dimen-
sions of the medmm This is = result of the fact that the extmctlon matrix for
the ‘medium as computed by radiative transfer is overestlmated for large partlcles in
any plane of polarxzatnon corresponding to a large d:me_nsaon and produces excessive
attenuation of the scattered wave for that poiarizatioh especially at higher angles of
incidence. In addrtlon, even though the extrnctlon matrix is not incorrectly estlmated
for polarlzatxons that are not assocxated W1th large dlmensmns of the scatterer, the
source function forthe medlum will still be 1mproper1y.est1mated in that dlmension
and will not reproduce the proper a.ngular trend for the scattered wave. It has also
been determined that the mixed-layer radiative transfer model which attempts to
divide the canopy into an upper layer consisting of trunks and smaller scatterers and
a lower layer consisting of trunks alone can produce reshlts that are Seriousljr in er-
‘ror. Another conclusion_is that while second-order interactions between the cylinders
can yield signiﬁcant changes in the level of backscattered; copolarized radiation, the
predominant effect of the interaction of the cylinders with the smaller spheres is to

produce a change in the angular trend of the cross polanzed response The second-
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order interactions between spheres and cylinders ha_,vé also been shown to produce a

distinct change in the copolarized phase statistics of the backscattered wave.

ik



' CHAPTER VI

A HYBRID MODEL FOR
'ELECTROMAGNETIC SCATTERING FROM
FOREST CANOPIES

6.1 Introduction

In previous.‘chz:tpters Monte Carlo simulations have been developed aﬁd validated
for vegetation-like random media consisting of long iv'er-t_i'ca.l. cylindere above a dielec-
tric ha.lf-_Spa_ce representing tr.ee trunke or ‘plla.nt‘ stalks and including distribu.tions of
smaller spherical perticles representing leaves, branches and other cemlponents such
as may Be feund in the:.c‘ro“‘m lajrex_‘ of a forest canepf [62] The interactions between
the cylinders and between spheres and cylinders‘up to second order were inciuded in
the simulation algorithm for the purpose of determining the effect of multiple scatter-
ing in the eanopy. ‘The motivation for developing the Mehte Carlo canopy simulations
was to provide a benchmerk with which to evaluate the performance of the RT model
in reproducing the electromagnetlc scat;termg behavxor of tree canopies.

It has been found that the RT model does not accurately reproduce the scattering

behavior of layers of electncaily long vertxcal cylinders above a dielectric half-space.

Flgure 6.1 shows the discrepancy between the vv-pola.nzed backscatter response of the |

RT model and the Monte Carlo simula.tion for a layer consisting of 106 cylinders per

129
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Figure 6.1: The vv-polarized backscattering coefficient of 106.1 vertical dielectric
cylinders per square meter above a conducting ground plane at 9.25 GHz.
The cylinders are 18cm long and 0.55¢m in diameter and have a dielectric
constant €, = 35 + {11, :

square meter above a perfectly conducting ground. The cylinders are 5.5 wavelengths

long and 0.17 wavelength in diameter and have a dielectric constant, ¢, = 35+¢11. The

figure illustrates the typical overestlmatxon of the extinction behavior of the canopy

trunk layer that i is obtained usmg the RT approach In addition, there is an offset
between the RT results and those of the sxmulatlon due to the improper treatment of
coherent volume scattering found in RT theory and resulting from integration of the
source functnons and the mabshty of RT to account for cross coherence effects.

The extinction problem occurs because RT uses ‘the scatterxng matrix of the long
cyl_mder to compute the extinction matrix of the trunk medium. Figure 6.2 shows the
vv-polarized backscatter response of a layer of cylinders identical in all respects te
those of the previo'l_xs figure except that the layer has a number density of 35 cylinders

per square meter. In this case, the medium is fairly sparse with all cylinders being

ah
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Figure 6.2: The vv-polarized backscattering coefficient of 35.4 vertical dielectric cylin-
ders per square meter above a conducting ground plane at 9.25 GHz. The
cylinders are 18cm long and 0.55¢cm in diameter and have a dielectric con-
stant €, = 35 + 11,

 uniformly illuminaiéd, and the RT extinction approximation is valid. However, when

the population of cy[indersvbecomes larger, intcractions between the scatterers cause

decorrelation of the coherent field as it passes through the medium. This decorrelation
produces non-uniform illumination of the cylinders and makes them scatter as if they

were shorter than their a,ctu_alr ‘phjsical length. The end result is to cause the RT

model to overestimate both the extinction matrix and the phase matﬁx for the layer.

~ In contrast to their distinct behaviors for a lay_er‘ of vertical trunks, the RT model

- and Monte Carlo simulation agree well for a medijum consisting of small scatterers

distributed throughout a volume above a dielectric half-space. Figi;ré 6.3 shows the
comparison between thi: vv-polarized backscatter respdnse‘ of the RT model and the
Monte Carlo simulation for a layer of small spheres 10 ¢m deep above a perfectly

conducting ground. The spheres have a diameter of about 0.2 wa\felength and are

4
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attering coefficient of 14,147 meta) spheres per
Ocm high above a conducting ground plane at

9.25 GHz. The spheres have a diameter of 0.6350cm.

perfectly conducting. The density is

14,147 'spheres per cubic meter. In this case there

is no offset between the methods because the cross coherence terms a.re sma.l] over

most of the angular range, becormn
honzontal. Thg extinction is properl
and uniformly illuminated by the i
the extinction matrix are small in tl
not produce serious errors.

| The detailed second-order Monte
sive and requires a fairly large amou

However, such second-order Monte

g slightly larger at elevation a.ngles a,pproach:ng -
y estimated by _RT since all the particles are small
icident plane-wave and, since the eigenvalues of

iis case, integration of the source functions does

Carlo simulation is quite computationally inten-
nt of CPU time as compared with the RT model.

Carlo simulations have been shown to give ac-

curate estimates of scattering cross-section and phase statistics for layers of vertical

scatterers [69]. First order simulations give excellent estimates of the co-polarized

scattering cross-section for cylinder ]

ayers while at the same time being computation-
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Figure 6.4: Geometry of the cylinder layer for transmission matrix derivation.

ally efiicient. For the 'crowr_i leyer,- the RT x.nodel.is acourote, efficient and easy to
fori'nulate,' thus proViding a 'u'sefu‘l‘tool for sensor inversions. In thie ehaptei' a hybrid -
mode] has been developed that uses radiative trensfer to compute the scattering from
the canopy crown while employmg a first- order Monte Carlo sxmulatxon to obtam
the scattermg beha\rior of the trunk layer In section 2 of this chapter an analytical
expression for the transmission matrix of the trunk layer is derwed which may then
be used to provide the proper extinction behav:or for the RT crown model. Section 2
~ also mtroduces the concept of the effective. scattering matrix of an average scatterer
in the medlum. Section 3 describes the development of the ‘hybrid scattering model
_a.lgonthm Section 4 presents evidence to support the conceptua] foundations of the
hybrid model and gives some numencal results and examples of its application in

comparison with RT theory and pure Monte Carlo mmulations.
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6.2 The Transmission Matrix for the Trunk Layer

Consider an infinite layer of finite length vertical cylinders whose phase centers
are randomly distributed in the xy-plane as shown in Figure 6.4. Suppose that a
plane-wave whose direction of prdpagation is denoted by k; is incident on the layer
and is given by: - |

E = & e,
where & is the polarization vector of the incident field.
The expression for the scattered electric field from the n** cylinder is:

4 = eik°i‘"pn , | ..
Eq(r) _. ""’_’“' Su(Rn, ki) | (6.1)

where
P = zn§+yng

r = zz

R - =P,
Ir_pnl-

and E.- = cos ¢; 8in 6;T + sin ¢; sin 8;§f — cos‘ﬂ.-E is the unit propagation vector for th§
incident wave. |

.In the exprgssions giveﬁ above, 7, is thé location of the phase cénter 'of. the ntt
cylinder, 7 is the location of the observation point which, iﬁ this case, lies a.long‘ the
negative z-axis and fi,, is the unit vector specifying the direction between the location
of the n' cylinder and the observation point. | |
In equation (6.1), S.(R., k) is the far-field scatterfng amplitude of the n** cylinder

and is given by:
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Spq in equafion (6.2) is the effective pq scatter_ing matrix element of the nth cylinder,
where p and ¢ may be either v or h. |

" At this point it should be noted that the effective scattermg matrix of a partlcular
~cylinder i is not necessa.r:ly the same as the scattering rnatnx of an 1solated cylmder
with the same dimensions ‘and electrical properties. If the ‘medium is not sparse,
then each 'cylinder- will exberiencé a different local ﬁeld depending on its location
in the ensemble. If the level of multlpie scattering in the medium is sngmﬁcant
then any particular cylmder may, in general, be subject to an excitation that is
non-uniform in amplitude, polarization and"_phase due to its interaction with other

cylinders. Thus, each cylinder is represented by its effective scattering matrix which
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reﬁecté the‘unique current distribution that exists on that cyiinder as a result of its
‘individual electr?magnefic environment. | |

Therefore, the total scattered field at the observation point is obtainéd by summing
the effect due to all cylinders in the layer and is expressgd as |

ghll-pl

E'(r) = Z e"“".‘ P R'mki) (6.3).

n=1 'r - p nI ‘
‘Writing (6.3) exblicitly in terms of the cyhndncal coordinates yields

Ea(r) = i c'-kopnlil‘.lﬂ.‘ co‘(¢n_¢. e k° \ P2+8

_n=1 pi + 22 S (R" ) | (64)

In (6.4); #n is the cylindrical angular coordinate of the n*® scatterer, B.; is the elevation

angle of the incident wave as measured from the pésitive z-axis and ¢ is the azimuthal
angle of thé incident wave in the usual‘sense‘. |

If the observation pdi_nt_ is located very far away from the cylinder layer, the sub-

tended angle be_twqen cylinders in 'f.he layer as seen by the observer is quite small, and

it is possible to pass from the sum of equation (6.4) to an area extensive integration

over the xy-plane. The expréssion for the scattered field becomes

2 tko\/p’-i-z’ E
E'(r)~ M eitoning s €V e S(R, k) pdpd 6.5
(r / j ==t S ;) pdpd¢ | ( )

in which M is the number of cylinders per unit area and R = T%:_%I is the unit vector
from the observation point to the integration pdint. Chénging variables to p' = p/|z|

we have

, [ peo eikolzl{o sin B, cos(d~0i)++/p7 41 e -
Bwamf [ e SRRl i (66)

Since ko|z| > 1 the integral can be evaluated analytically using the stationary phase

approximation. The stationary function is given by

f(#',4) = p'sinﬁ;cos(¢—‘¢;)+\/p'2+1 | (6T
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Taking the first partial derivatives with respect to p' and ¢ we have

.. 2!_ - a) -— s ----------—--—-'0r
rr it _S{nﬂ.cos(qﬁ .¢.)+m

2 ingisin(é - é) - (6.8)

Setting the partial derivatives equal to zero provides the stafionary phase point at
é=¢i+7and p = tan §; which corresponds to the forward direction of peopagatioo
through the layer of cylinders. Usmg these values in the statlona.ry phase integration _
: formula. along with the second partlal derivatives, the expressmn for the scattered
mean field becomes |

2niM
(E) = ,co’;f,s 7

for which we have ta.ken the mean value of the scattered field and the ensemble average

(SR Bpyeihr C(69)

~of the far-zone effective scattermg amplitude of the cylinder layer after completing the
integration of (6.6). Taking the ensemble average of the effective scatterix‘lg matrix
over all cylinders in the medium results in the everage effective cylinder scattering
matrix for the medium. This might be thought of as the scattering matrix of a typical
cyiinder in the electromagnetic e'nvironment representative of the average medium.
Using this average effective scattermg matrix i in equation (6. 9) gwes the expressnon
for the mean scattered field from the cylinder layer. | _
To obtam the total coherent field at the observation point, the incid.e‘nt field is added
»7 to the express:on in (6. 9) which yields |

(E'(r)) 2 E'(r) + (E*(r N

~ 2miM lkoki-r‘
Bt ot (S(k R |-

(610
The transmission matrix 7 for the coherent _ﬁeld is defined by

(E)=TE 6w
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The transmission matrix elements are found by first setting the incident field polar-
ization to &; = ¥ and-taking the dot product with % and % successively. The same
procedure is repeated with & =k and we find

2riM

Tuu = 1+ ko cos ,6, (Suu(kh ka))

L 2riM

T = papow ﬂl( gh(knk i) | | |

T = kf’”M (Shol iy Be)) - (6.12)
2miM -~ =

Thn = 1+ e T cos b, (Shh(k k; ))

where (S,,(ki,ki)} is the ensemble average effective cylinder pg scattering matrix
element for the forward scattermg dlrectxon (p and g may be either v or k)

. For the purpose of use in combination with radla.twe transfer theory we wdl need |
to develop an expression for the intensity tra.nsmxssxon matrix for the coherent field.

Let us define the éoheren_t intensity transmission matrix T as follows
I' =77 | ' (6.13)

where T’ and I} are the modxﬁed Stokes vectors for the incident and transmitted

intensities respectxvely They are deﬁned by

o

|E}®
B
WRe(E: Ej*
9dm (B Eiv)

(6.14)"

S

and
(1B
(IR

ORe(ELEL)

| 29m(ELEY)

1
ol

(6.15)

3
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wheré 7 is the intrinsic impedancé of free. spacé. From equation (6.11) we find
(EY) = Ty, E: + TE} - o (6.16)
and from which we may derive
(BLP) = [Tul!|EY? + 2Rl TWTH) ELEL] + [TAPIELR (6.17)
| .Equation (6.13) can be also expressed as
(B = TulBiP + Tul B + 2TwRe(ELES) + 2T, 9m(BiER)  (6.18)
where‘T,-,- is the ij** matrix element of‘ T. Equating the two éxpressions wer find
.'Tl‘l = ITw|2
| Ty = Ith|2
Tis =  Re(TTy)
Y = -Sm(TT3)

The rest of the matrix elements are found in a similar manner, and the expression for

the intensity transmission matrix is found to be

T = ‘
T TP ReTuTn) -9m(TTh)
el TP Re(TuT)  -9m(TuTh)
2Re(TnTs) 2Re(TTi) Re(TuTiy+TuTh) —~Sm(TuThy - TuTh)
| 29M(TLTL) 2OMTAT) Sm(TuThy + TaTh)  Re(TuTi ~TaTi)

(6.19)
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6.3 Construction of the Hybrid Model

In this section the hybrid canopy model is constructed using radiative transfer
theory for the crown layer and 2 Monte Carlo simulation for the trunk layer. In thi_s
way the correct soatteriog behavior is obtained for the trunk layer and, additionally,
‘the proper wave extinction is cornputed for both la,yers

Consxder a two la.yer canopy consisting of an upper crown layer composed of small
partlcles and a lower trunk layer composed of finite length dielectric cylinders. A

general plane wave given by the expression
= (Ei5 + Ejh) e T,

is incident on the canopy from above with Stokes vector I as in e_&;uation (6.14). We

want to find the scattered vector specific intensity I’ given b
p 1" g Y

- -

(IE1%)
oo | ED (6.20).
nAcoshs | oRe(E2EL)
| 29m(E2ED) |

- Where the scattered vector spec1ﬁc intensity represents an outgoing spherical wave,
so the definition includes normallzatxon by the solid ang!e AcosB ,/r? in which A is

the illuminated area of the dxstrxbuted target and 4, is the elevatlon angle of the

_ scattered wave. The layout of the canopy geometry is shown in Figure 6.5.

The vector radiative transfer equations for the crown layer are given in terms of the
upward-going and downward-going vector speeiﬁc intensities denoted by IF(4, ¢, z)
and I (7 — 6, ¢, z) respectively. The radiative transfer equations are

| d | K, ‘ : : ‘
R = ~SH(k6.2)+Fi(u2), -d<z0 (621)

d | C Key |
_EI:(_#1¢:2) = —%I:(—ﬂ,¢,2)+F:('—ﬂ,¢,Z),- ""dszsﬁ
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where p = cos® and K, is the extinction matrix of the crown layer. The exphcn:

‘expressxon for k. can be found in [84] and wzll not be replicated here. The source

functlons F‘+ and FZ account for the scattermg of energy that is 1nc1dent on an

e]emental volume of the crown medium from all directions into the directions (u, ¢)

and (-p, ®) respectlvely and a.re given by

Feuon) = [ P sin, 4, )

27 .
. +./U '/0 "pc(”’. é;.—P" (ﬁ’)I:(“'ﬂ’, ¢f’ Z) dﬂl]

Fi(-p,4,2) = -[f f (= iy 63 4, N, ¢, .)dﬂ'

2r
+ j P i Ko 8V (= 8, z)dﬂ‘]

(6.22)

where d = du'd¢’ and P, (p,¢,p @) is the phase matrix of the crown la.yer whlch

relates the intensity of radiation incident on an elemental volume of the crown from
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the direction (4',¢') to the intensity of radiation scattered by thg elemental crown
-volu.me into the direction (4, ¢). Once again, the definition of the phase matrix can
be found in [84] and is not réproducéd here. The phase matrix of the crown is the sum
of the phase matrices of _the individual coﬁiponent_s of which the croﬁn is composed

and may be written
Pellor 823 s 8) = 3 Piltar buipin )
k

where Py is the phase matrix of particle species‘ k in the crown.

The formal solutions to the radiative transfer equations (6.21) are expressed by

R(ud,2) = et (n,g,-d)+ [ e R MeF2(u,6,2)ds!

. 0 ,
L(—p,0,2) = PPz (=p, ¢,0)+ /, eRele=F W Pr(wp, ¢,2)d2’  (6.23)

for the upward-going and downward-going intensities inside the crown. If we consider
the bounddry condition at the diffuse boundary interface between the crown and

trunk layers we have
Elp ¢, -d) =T (p, ¢, -d) (6.24)

whe;‘e It is the upward-going véctor‘speciﬁc intensity:in the trunk medi't_lm.'The hy-
brid Monte Carlo-radiative transfer formulatiqn presented hé;e obtains the scattering |
behavior of the trunk layer by simulation. In this case, the scattered field from a
particqlar Iéyer of cylindrical trunks is given by | |

- Ei(r) = _"'_z=:x re'*o(*"*“ﬂ-P» Sa(ks, k:) | (6.25)
where k; and %, are the unit propagaﬁion vectors for the iﬁéident and scattered waves
respectively and j, is the .p\osition vectbf in the xy-plane 6f the n* cylinder. S, is

the effective far-zone scattering amplitude for the nt* cylinder, as discussed in the
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previous section, and represents the current distribution on the cylinder as a result
of its coupling to all the other cylinders in the medium. Then the specific intensity
incident on the trunk layer may be related to the‘speciﬁc intensity scattered from the

trunk layer through the relation
I;(6,, 4,) = ;‘55:(9.-, @53 0i, i) Li(8:, 64) - (6.26)

in which I and I} are the modified Stokes vectors for the waves incident on, and

scattered from the trunk layer. £ xs the Stokes matrix for the trunk layer and is

deﬂnéd by

L= ’ o _ ‘
IS} (ISuP)  Re(SwSm)  ~Sm(SWSu)
UShol?) —  USwP)  Re(SwSi) ~Sm(ShuSia)

2Re(SwSt)  2Re(SuSiy) _Sée(SwS;ﬁSuhSzu) —9m(SuuSin ~ SunSh)
| 29m (S, 57,) 29m(SuaST) | SM(SeSis + SunSi) Re(SwSin — SunSi)

(6.27)
where Spq is the pq scattéﬁng m'é,trix element ofa particular distribution of cylindqrs in
 the .t;runk medi’ut_n’ and < > represents the procéss of ensemble averaging accomplished
by the Monte Carlo simﬁlation.

Then the up.wa.rd-going intensity at the bbﬁndary between the trunk and crown layers
is considered here to consist of two ﬁa'rts. The first part is the coherent intensity that |
has been reflected from the specular bottom surface‘ and is subsequently attenuated
by‘the trunk medium. The second part is the component fhat has been a.ttemiated by

the crown medium and is then scattered by the trunk layer. Therefore, the upward-

‘going vector specific intensity at the bottom of the crown layer may be expressed in
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the following form
Ig(ﬂs QS, "’d) = T(,u) IT(F: ¢a -dl) + ‘Ci(f-"a ¢; Hos ¢ﬂ_) e-—'ﬁcdlno Io (6'28)

where I} (i, ¢, ~d') is the upward-going vector specific intensity at the ground sur-
fa.ce, Bo = cosb;; I, is the incident vector specific intensity and T is the intensity
transmission matrix for the coherent wave in the trunk layer as defined in »(‘6.19).

The boundary condition at the canopy floor is

(s, ¢ =) = R(W) T (~1, 6, —) (629)
‘where I is the downward-going vector.speciﬁc inféhsity in the trunk medium and R is
the specular reﬂectivity matr‘ix_ for the ground as given ip [84}; Again, If (- y; ¢, —d')
is considered to consist of two components. The first component is the coherent
wave which is first attenuated in the crown medium #nd then attenuates further as it
travels through thé trunk medium to the canopy floor. The second component is the
incoherent wave that is generated by scattering in the crown medium and attenuates

in traversi@g the trunk medium. These terms can be written formally as

T =d) = T(-p)e ™ L, 6(u - ) 8¢ - 4.)

0 : , -
X () [ e R (4, #)d - (6.30)

Substituting this expression into (6.29) and substituting (6.28) into the first of eqﬁa—'

tions (6.23), we obtain

Lk d,2) = enebtdbRi(y)eRedbo | §(u - p)6(d—6)
0 o '
e Rt RIy) [ AN E (s 6,2 de' (6.31)
* —K.,;(z--z')/p +7,; N 3.
+'/_de Fa(u,¢,2')dx

+e-lcc(z+d)/u ‘Ct(’_" é: fo, ¢o) e~ Kecdluo 1,
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where R'(4) = T () R{4) T (o).

To obta.m the zeroth order apprc:clmat;ons for the source functions F? and F;

L]

the expressions for the upward and downward travelling ‘coherent waves in the crown
" medium,
L (i 9y2) = e eld M Ri(y) e Redho I, 64 — 1,)8(8 - 6)

Li(~pdz) = MLSu-p)s($=0) - 632)

are used in equé.tions (6.22). The resulting expfessions for the source functions are

- Fd(p¢,2) .=--:;[_‘Pc(#,é;uo,éa_)e""'_c"*‘”/"v R (1) e~ Redlbo
"‘*'Pc(.u,ﬂé; —ua,éo)e@"“"ll., | |
| B 63
(fﬂs ¢,z) = .%[Pc(fﬂ"ls; I‘oa“bo)e-‘é(""d)f#o 'R"(ﬁo)e'""d”‘; |
- +Pe(—p, ¢;-ﬂo,¢o)é'°°‘/"°]l |

Usmg these source functions i in- equatlons (6.23), the scatt.ered intensity above the

- crown layer for the hybrid model is found to be to be

L(u,0) = ehn‘d/“'k (#) e"ncd/“l 8(p - #9)5(43 ¢o)
R R R [ e D s ) AR ) e
e '““’ +P,(—p, é; -pa,¢o) efee?’ "‘°] dz'} 1, | (6.34)
| 1 0 o ' - ‘
+;{j d[e"'cf /“'Pc(_u, @; Uoy Go) e~ Relz fd)/“enf(ﬂo)_ e--ﬂcd/yo
. + encz'/u?c(#, ¢; _‘_..ua’ ¢o) é'ﬁcz’/‘“’] dzl} Io
+ €Ly 6 o, ) e oo X,

The integrals in expression (6.34) above can be easily integrated. Thé results of the |

integrations are found in [96] and will not be duplicated here.
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6.4 Results and Disc_ussion

In order to évaluate the actual behavior of our expressions (6.12) for the field
tra.ns:ﬁission matrix of the cylinder layer and tile related quantify (6.19), the intensity |
transmission matrix, it is first necessary to sharpen our deﬁﬁition of the effective
scattering matrix (S). It will now be defined exactly what is meant by the effective
‘ sca.tterihg matrix of an average cylinder in a random medium consisting of vertical
cylinders. Then the typical behavior for (S) wiii be éhown as the nufnber density of
scatterers in the médiun.l' increases.

The scattered field from a typical cylinder in the medium may be expressed as
E° =~k {# xtx I} ' (6.35)

where I, is the electric Hertz vector given by

ljz e'kor | unk,r'cocf ' . ‘
ﬂ,__zx———-z/.r(r)e s (6.3§)

In the expression above, J, is the electric surfa.c'e current density, Z, is the intrihsic
impédance of free-space and £ is the angle between the .vector to the source point and
the vector to the field-point. The mtegrat:on is over the cylinder surface.

If we have a z- dlrected current density that is a function of 2’ alone on the surface
of a thm vertical cylinder located at the origin, the above expression for the Hertz

- vector becomes

| thor h ‘
m—'—“'gziai;"z I (&) eher ot gyt (6:37)

where J; is the z-directed surface current dénsity, 8, is the elevation angle for the
scattered wave, a is the cylinder radius and & is the cylinder height. If this integral |

is approximated by a sum over n ;equal segments of the cylinder length, ‘making-sure
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that n is sufficiently large to properly sernple the current, we obtain for the scattered
field

thoZ,a6 eifer

B o — ot (i x Ex 2} L Ja(za) Rt (g3g)

in which & is the sample segrrlent length, Jn is the z-directed_current density sampled
at the center of the n** segment and z, is the coordinate of the n'* segment. After
| taking the dot product of the scattered field with the polarlzatzon vector of an inci-
dent vertlcally polarized field we can then extract the vv- poIa.rized scattering matrix
element for a particular cylinder. Taking an ensemble average of the current densi-ty‘
over ell cylindersy in the rrlediurn, the eﬁ'ective vv-pola.rized. scattering matrix element -
is obtained for an average cylinder, |

ikoZoab - siné, Z(J zn) "k"'"ma' . o (6.39)

(B = =5

The scattering matrix elernent .(6 39) is, 1deall)r speaking, what wouid be used in
the first of equations (6.12) to compute the vv-polanzed field transmxssron matrix of
the cylmder medlum. It'i is clear from the form of (6.12) that if the field transmission |
matrix is to remain finite as the number dens:ty of scatterers in the medium becomes
large, the effectwe scattermg ma.trlx must decrease in amplitude as the effect of
multiple scattermg mcreases. In addntlon as the elevatlon angle of the incident wave
approaches 90°, the cosine in the denommator of equatlons (6.12) approaches zero.
- This means that at angles of mc:dence approachlng 90°, the effect of coupling between
_cyl:nders becomes qmte large and the result should be to reduce the amplitude of {S)
to preserve the finite amphtude of (6 12).

This hypothesrs was tested using the standard NEC method of moments code [6].
Thm, finitely conducting ~vertx_cal-cylmders were - distributed within a circular area

using a random number generator, and a test cylinder was placed with its base at the
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Figure 6.6: The effective vv-polarized scattering matrix of a distribution of cylinders
as a function of number density. The cylinders are 18cm long and 0.1cm
in diameter and have a conductivity of 100 mhos per meter. The angle of
incidence is 80° from normal and the frequency is 9.25 GHz.

origii: of the coordinate system. The number of cylinders to be piéced within the area
was detérmined by ‘the desired nﬁrﬁber density. The ’cylinders wére 5.5 wavelengths
long and 0.03 wavelengths in diameter and had a conductivity of 100 mhos per meter.
Weakly scattering finite condhctiviﬁ_y cylinders were used to eliminate interference
caused by the travelling waves that are Supported by p_erfecfly conducting cylinders,
After a specified dis_tri’butiori waé set up by the random number generator, the méthod_
of moments was used to detérmine the current on each segment of tlhe test cylinder.
This process was repeated a latge .nuniber of times to obtain an ensemble average
value for the current density on the test cylindér. Equation (6.39) was then used
to obtain the_effective séattering matrix for this test cylinder. Figure 6.6 shows the
result of this procedure for number densities in the range fro‘m. 0 to 500 cylinders per

square meter at an incidenfze angle of 80° from the normal. At this angle of incidence
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Figure 6.7: The effective vv-polarized scattering matrix of a distribution of cylinders

-as a function of number density. The cylinders are 18cm long and 0.1cm

- in diameter and have a conductivity of 100 mhos per meter. The angle of
incidence is 20° from normal and the frequency is 9.25 GHz.

-the relatively high level of multii)le écattering produces a notablé decrease in both the _

real and imaginary pafts of (S) with increasing number density. Figure 6.7 is for the
same distribution but at an angle of incidence of 20°. At the 20° angle of incidence,
the small degree of mutual coupling in the distribution produces little change in the

effective scattering matrix with an increase in the number density of scatterers. [t

. should also be noted that the 20° aﬁgle of inlcidence‘data has a much lower overall

. magnitude which is consistent with the lower level of interaction. It is expected that -

stronger scatterers would show a steeper decrease in (S) with packing density and
would eventually produc;e' somé kind of lirﬁiting behavior in equation (6.'12), but it is
not possibie,to_check this using the NEC code.

It is intéresting to note't.hat multiple scattering within the cylinder medium pré-'

duces a decorrelation of the local fields in the medium and this is the field that
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actually excites the indiﬁidual cyiinders. This field decorrelation property is illus-
trate& in F igure 6.8 which shows the magnitude of the field correlation function for
the z-component of the elecﬁric field as a function of vertical distance into the medium
from the top of the cy.lir#der layér. The field correlation function was generated by
creating a random -‘cl.istribution thin conducting ‘cyiin‘de‘rs on top of a metallic ground
plane. The method of méments code was used to sample the near electric field as a
function of vertical distance into the medium at rﬁany sepa.rthe loca.tions;_ The result.
waé then ensemb!e.a.veraged and th_é correlation function determined. It should be
realized that the finite corfelation 'leng.t.h for the electric field in the medium will a,fféct
both the scattering and extinction behavior of the medxum It is not a.ctua.lly correct
to describe sca.ttermg by the xndmdual particles in the medium in terms of t.helr smgle
scattering properties when the medium becomes dense enough to produce significant
multiple scattering. In this case the length of the scatterer, as far as the excitation is
concerned, is controlled by the cOherence length of the fields in the medium.

Clearly, for the purpose of 31mu!at10n of the transmission matrix, it is not possxble |

to obtain all orders of scattermg in the medlum since an analytical approximation
is used to compute the coupling between cylmd_ers. The simulation utilized in this
chapter conta:ins the interaction_ terms for scatfering between cylinders up to second-
order. It has been found in previous work [69] that the second-order approximation
is valid up to fairly high densities, even for strongly'scattering media. In most cases
of intetest‘ for vegetatioh, the first-order approximation should provide a reasonable
estimate of the co-polarized backscattering coeﬁicxents However, to obta.m the proper
- cross-polarized backscattering coefﬁcxents and phase statistics [66], it is ‘mecessary to

take the second-order terms into account.

Figures 6.9 and 6.10 show the vv-polarized forward scattering coefficient for two
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- Figure 6.8: The magnitude of the correlation function for the z-component of the near
“electric field within a medium consisting of 177 thin conductlng cylinders
- per square meter as computed by the method of moments. The cylinders

are 5.5 wavelengths long and 0.03 wavelength in diameter at 9.25 GHz.

- The excitation is vert:caliy polarized and incident at 30° from the vertxcal
axis. ' : «

 different deh_sities of thi# finitely eonductingicylinders. The cylindefs have been
positioned with a random number generator._‘ In the loﬁer &ensity case of Figure 6.9
it can be seen that the smgle scattering approxtmat:on yields a sat:sfactory estlmate
~of the coefﬁcxent while at the higher densxty level shown in- Flgure 6.10 the second-.
“order terms _are_requlred to obtain accurate results. The level at which orders of
scatterieg greater than one Become necessary is determined by the dielectric constant
of the cylindrical scatterers, their h’eights.and the density of packiﬁg of the medium.
It is a rule of thumb for cyhnders with dielectric constants in the region found in
‘tree trunks and vegetatlon stalks, that when the cone of half-a.ngle equal to the angle
of mcxdence and helght equal to the cyhnder height encompa.sses more than about

twenty other cylinders it wxli be necessary to mclude second- order eﬁ'ect.s to obtain
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Figure 6.9: The vv-polarized forward scattering coefficient of a layer of 177 thin cylin-
ders per square meter. The cylinders are 5.5 wavelengths long, 0.03 wave-
length in diameter and have a conductivity of 100 mhos per meter at 9.25
‘GHz. The cylinders were positioned with a random number generator.
. The single scattering approximation provides a good estimate at this fairly
high density of scatterers. .

satisfactbfy estimé,tes of the co-polé,rized scattering coefficients. Aﬁy satisfactory
estimate 6f phase statistics or cross polarized 5cattqﬁug coefficients will require the
use of higher order'coup_lings fof all but the most sparse canbpies.

jFigures 6.11 and 6.12 show the vv-polarized intensity'transmissivity as a function
of layer height’ for a lairer Qf dielectric cylindérs at two different n’um.ber densities,
The cylinderé are 0.17 wavélen’gths in diameter and have a dielectric cons‘taxlzt, €
= 35+ill. The frequency of operation is 9.25 GHz and the anglé of élevation for
the incident wavé is 605 from ‘ve*rtica!. In Figure 6.11 the number density is 30
cylinders per square meter which is within the single sciatterin_g regime. It is seen
that the first-order transmissivity computed using equatioh (6.19) and a first-order

Monte Carlo simulation agrees quite well with the transmissivity computed using
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F:gure 6.10: The vv- polanzed forward scattermg coefﬁc1ent of a layer of 264 thin
e cylinders per square meter. The cylinders are 5.5 wavelengths long, 0.03
~wavelength in diameter and have a conductivity of 100 mhos per meter
at 9.25 GHz. The cylinders were positioned with a random number
generator. The second-order scattering approximation is needed here to
provide an acceptable estimate of the scattering coefficient.

the exponential extinction model of radiative transfer. In Figure 6.12 the second-
order transmissivity computed using equation (6.19) and a second-order Monte Carlo

simulation diverges significantly from the result obtained with the radiative transfer

extinction model. It is significant that the two models divergé only at relatively high

‘number d'ensitfes of scatterefs. In the first-order scattering i'égime which one might
reasonably expect to exist in most tree canopies, the result of using equat;on {6.19)
and the radlatwe transfer extinction model should be practlcally mdlstmgunshable
In dense, stalk dommated vegetation such as agricultural- canopies, one would expect
to find that the exponentlal extmct]on model overestlmates the attenua.tlon of the
vertlcally polarized wave, especxally at ang]es of incidence that are fa,r away from the

vertical direction.

s
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Figure6.11: The vv-polarized intensity transmission matrix element as a function of .
cylinder height for a layer consisting of 30 cylinders per square meter.
The cylinders are 0.17 wavelengths in diameter and have relative dielec-
tric constants €, = 35+i11 at 9.25 GHz. The angle of elevation is 60°
from vertical for the incident wave.

Figure 6.13 shows the hh-polarized transmissivity for the 90 cylinders per square
meter case. At all number densities examined in this.study, the hh-polarized trans-
missivities computed by the method of equation (6.19) a.nd the exponential radiative
transfer model are in exact agreement Thls is because the approximations used in |
formulatmg the extinction matrix of radiative transfer theory are valid for the weak -
scattering regime presented by thin vertlcal cyllnders to a horizontally polarized wave. |
Finally, Figure 6.14 shows the genera] trend of the vv-polarlzed transmlsswlty com-
puted using a first-order simulation, for cylinders that are 5.5 wavelengths long. The
extinci;ion is seen to increase with increasing number deneity and the slope becomes
steeper with i mcreasmg a.ngle of mc1dence Both trends are as would be expected from
equa.tlons (6.12). o

The most drarnatic difference between the Monte Carlo simulation and radiative
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Figure 6.12: The vv-polarized intensity transmission matrix element as a function of
3 cylinder height for a layer consisting of 90 cylinders per square meter.
The cylinders are 0.17 wavelengths in diameter and have relative dielec-
 tric constants €, = 35+il1 at 9. 25 GHz.' The angle of elevatlon is 60°
~ from vertical for the incident wave,

tre.nsfer results for layers of cyhnders is, to be found in the treatment of the phase
matrrx In ra.dlatlve transfer theory, the source functions are integrated with respect
to the cylmdrlcal axis coordmate to account for volume scattering w1thm the medium.
This xntegratlon procedure is lllustra.ted in [96]. In Chapters 3 and 5, lt was demon-
strated that radiative transfer theory produces results that are in sharp disagreement
with measured data for layers of vertlcal cylmders On the other hand Monte Carlo
" simulations have been used to reproduce the scattermg behavior of such layers with
a faxrly hlgh degree of ﬁdehty To a certain degree, this dlﬁ'erence is due to cross co-
herence between scattermg mechanisms such as ground-cylmder and cylmder ground

~ and this would account for a baseline offset of about 3 dB if everythmg else were the
same, Thls is a result of the incoherent nature of radiative transfer theory which

does not take into account constructive interference from the various multiple bounce
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Figure 6.13: The hh-polarized intensity transmission matrix element as a function of
cylinder height for a layer consisting of 90 cylinders per square meter.
The cylinders are 0.17 wavelengths in diameter and have relative dielec-
tric constants ¢, = 35+il1 at 9.25 GHz. The angle of elevation is 60°
- from vertical for the incident wave,

paths and which will result in the radiative transfer results being 3 dB below coherent
fnodels. However, the error produced by integration of the source functions for layers
- of extended scatterers are even more serious.

Figures 6.15 and 6.16 illustrate the diﬁ'érence between Monte Carlo simuiation
results and radiative transfer results for the backscattering coefficient of layers of

vertical dielectric cylinders. In Figure 6.15 the dielectric constant is pure real and

- varies between 3 and 100. The data presented is for an ahglé of incidence of 20°

ffom the vertical. - At this angle extinction p]ays a negligible role in t.he sca,tterin'g
behavior of the layer. The tremendous variability of the dlﬂ'erence spectrum is due
to the mtegratlon of the ‘source functions that occurs in the radiative transfer model.
Figure 6.16 shows the results fqr the same cylinder layer but, in this case, the real

part of the relative dielectric constant is fixed at 20 while the iniagina.ry part varies |
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Figure 6 14: The vv-polarxzed intensity tra.nsmlssmn matrix for a layer of cylinders 5.5
wavelengths in height and 0.17 wavelengths in diameter. The cylinders
have a relative dielectric constant of ¢, = 354i11 at 9.25 GHz and the
transmissivity of the layer has been- cornputed using a first-order Monte '
Carlo simulation. -

befween 0 and 20. Figure 6.17‘4 s_hows‘.the difference betweeo the simulated result and
radiative ﬁansfer theory for a _layec of c&linders with dielectric constants € = 35+ill
ae a function of cylinder heigl.ltﬁ |

Convergence is always an issue with Monte Carlo mmulatmns In Chapter 5it was
shown that for simulations of scattermg from cyllnder la.yers such as are dlscussed
here, 200 samples is more than sufﬁcxent to achleve convergence to within several
percent. However, the .issue of area convergence has not been discussed up to this
point. That is, h.ow big a.n area is required to achieve convergence of the second-order
simulation terms for typical d_istribotions of cylinders inyestigated in this study.? If
the a.rea distributibn‘of cylinders is not iarge enough in e:ctenf, th‘e»test cylinder used
in determining the effective scetteﬁng fnairix for an average cylinder in the layer will

not be truely representative of the ensemble. In other words, the test cylinder will
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Figure 6.15: The difference between Monte Carlo simulation results and radiative
' transfer results for the backscattering coefficient of a layer of cylinders
above a conducting ground plane as a function of the real part of the
relative dielectric constant of the cylinders. The imaginary part of the
~ dielectric constant is zero in this case. The cylinders are 5.5 wavelengths
long and 0.17 wavelengths in diameter.

not be representative of a typical cylinder in a medium of infinite transverse eﬁctent.
Figure 6.18 shows the result of typical tests for area convergence of the vv-polarized
tfa.nsmissivity. The method of moments has been used to compute the convergence
data'using equation (6.12) as" a basis. | The.cylinder densii_’.y is 130 cylindefs per
square metgr, and the relative dielectric constant is ¢, = 14i11943. This combination
provides a level of multiple scatteﬁﬁg that is within the second-order regime for A_ugles
pf incidence below about 70°. At angles of incidence below 75° or so, the convergence
is to withifx about a percent for distribution radii below 20cm. However, at 80°, the
level of multiple scattering ié so high that convergence cannot be a»chie\.red to better
‘than 5 percent for distribution radii below 35cm.

Figures 6.19 and 6.20 show the comparison between the Monte Carlo simulation,
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above a conducting ground plane as a function of the i imaginary part
of the relative dielectric constant of the cylinders. The real part of the -
dielectric constant is 20 in this case. The cylinders are 5.5 wavelengths

~long. and 0.17 wavelengths in diameter.

radiaf.ive tfansfer and the'hybrid' model for a layer of perfectly eondecting spheres -
above a perfectly cenducting ‘ground at the moderately low density of 3540 spheree'

per cubic me’ier. :The epheree have a diameter of 0.2 wavelength and are distributed in
a layer 3.1 wevelehgths thick et 9.25 GHz. The agreemeﬁt between all three"met‘hods
~is excellent at this level of number density. Flgures 6.21 and 6.22 show the same com- |
| pa.nson for a sphere density of 14 147 spheres per cubic meter. Aga.m, the a.greement
between methods is quite good even at this relatively l:ugh d:stnbutxon dens:ty It is
expected tha.t the agreement between radiative transfer and the simulation will break
down for extremely high sphere densxtles due to amphficatlon of the coherence ef-
fects. It should also be realized that at hlgh number densities of scatterets, the single

scattermg‘representa.tlon used here for the sphere layer will no longer be valid. For
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- Figure 6.17: The difference between Monte Carlo simulation results and radiative
transfer results for the backscattering coefficient of a layer of cylinders
above a conducting ground plane as a function of the layer height. The
relative dielectric constant of the cylinders is ¢, = 35+ill in this case

- and the cylinder diameter is 0.17 wavelengths.

~most types_of vegeté,tion canopies that hézve érown layers consisting of small weakljf
scattering particles in moderate densities, radi_ati\;'e transfer should work quite v.%ell
for modeling the co-polarized bé,cksc'atfering coefficients.

Figures 6.23 and 6.24 show the.cc.)_mparis_on between methods for a laygf of di-
electric cylinders on a ~c6nducting ground plane. The i:ylinder‘ number densitj is 35
cylinders per square meter and is within the single scéttering regime of the mod-
els. The cylinders are 5.5 wavelengths long and 0.17 wé,velengtﬁs in diameter and
have relative dielectric constants of ¢, = 35+i.il.‘ The hybrid model gives exactly the
same result as the'simulati.on but the r_adiafive transfer mo_del differs significantly. At
this density level the hybrid model will reproduce the corx;ect'scattéring and extinc-

tion behavidr of the canopy with a first-order simulation alone. This is a very fast

£
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Figure 6.18: Area convergence behavior of the vv-polarized tra.nsmlsslvxty for a layer |
“of 130 thin cylinders per square meter. The cylinders are 5.5 wavelengths -
long, 0.03 wavelengths in diameter and have a relative dielectric constant
€& = I+11943 at 9.25 ‘GHz. The distribution is circular. -

_ computation and actually requires less time than the radiative transfer model.

Figures 6.25 and 6.26 show a coz‘npa.risonkdf the models foi' a low density of cylin-
ders and modera.tely h:gh den51ty of spheres, while F:gures 6.27 and 6.28 give the
compa.nson when the density of cylinders has been increased to a level that is w1thm
the second-order scatterlng regime. In these and ‘subsequent ﬁgures, the cylinders
and spheres used as canopy components are the same as in Fi.gures 6.19 through 6.24
a.boye. The hybrid model pregented m thése figures is ba#éd on a first-order simula-
tion since it is desirable to keep Ithe compixt_atibn itime down. Becaﬁse no second-order
éffects are included in the model, no crosspbl information is obtainable. Figure 6.29
is_‘ for the same ca...nopy conﬁgura;tion‘ as Figure 6.27 But, in this case, all the Qecoh&*
order interactions are included in the sirﬁulé.ti_on. The hybrid model contains all

the second-order interactions between cylinders but excludes the interaction between
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Figure 6.19: Comparison of models for the vv-polarized backscattering coefficient of
a 3.1 wavelength thick layer of small metal spheres above a perfectly
conducting ground plane. The spheres have a diameter of 0.2 wavelength
and the number density is 3540 spheres per cubic meter.

‘cylinders and spheres that have béen included in the pufe simulation. Therg is not
much difference between the hybrid model and the simulation even for fairly high
number densities of strongly scattering particles in the crown layer which suggests
that coupling between the crown and trunk layers is not an important factor for the
co-polarized backscattenng coefﬁcwnt It therefore seems Justlﬁable to neglect this
coupling in the hybrid model. Comparison of Flgure 6.29 and Figure 6. 27 also reveals
that the ﬁrst-order hybrid scattering model should give a reasonable estimate of the
co-polarized backscattering coefficient even when the cylinder densities are within the
sgcond-order_scattering regime. .This is especially true .for angles of incidence below
around 60° ,f_rom the vertical. . |

Finally, Figure 6.30 presents a comparison between between the fully second-order

simulation and the second-order hybrid model for the cross-polarized backscatter co-
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Figure 6.20: Comparison of models for the hh-polarized backscattering coefficient of
a 3.1 wavelength thick layer of small metal spheres above a perfectly
conducting ground plane. The spheres have a diameter of 0.2 wavelength

-and the number density is 3540 spheres per cubic meter. "
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Flgure 6.21: Compa.nson of tnodels for the vv-pola.nzed backsca.ttermg coefficient of
a 3.1 wavelength thick layer of small metal spheres above a perfectly -
_ conducting ground plane. The spheres have a diameter of 0.2 wavelength
and the number dens:ty is 14,147 sphetes per cubic meter.
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Figure 6.22: Comparison of models for the hh-polarized backscattering coefficient of
a 3.1 wavelength thick layer of small metal spheres above a perfectly
conducting ground plane. The spheres have a diameter of 0.2 wavelength

“and the number density is 14,147 spheres per cubic meter.
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Fxgure 6.23: Comparison of models for the vv-polarized backscattermg coefficient of
a layer of vertical cylinders 5.5 wavelengths high above a conducting
~ ground plane. The cylinders are 0.17 wavelengths in diameter and have
relative dielectric constants ¢, = 35+i11 at 9.25 GHz The number
density is 35 cylinders per square meter.
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Figure 6.24: Comparison of models for the hh-polarized backscattering coefficient of
a layer of vertical cylinders 5.5 wavelengths high above a conducting
ground plane. The cylinders are 0.17 wavelengths in diameter and have
relative dielectric constants ¢, = 35+ill at 9.25 GHz. The number
densxty is 35 eylinders per square meter. :

efﬁc1ent ‘The effect of couplmg 'between the crown a,nd trunk layers is seen to be
31gn1ﬁcant as far as depola.rlza.tlon is concerned but the second order hybnd model
still provides a rough estimate of the cross- pola.nzed backscatter coefficient while the
. radiative transfer model prov1des no depolarization information at all. It is to be ex-
pected that the second-order hybnd model will i unprove relative to the simulation as
fa.r as depolarization is concerned as the number densities and smgle scattering albe-
dos of particles in the crown layer decrease. In any event, it is not very advantageous
to employ a secbndhrd_er hybrid niode! because the CPU f_ime it requires tends to be
rather large. It ta.kes about 12 hours of run time on an IBM RS6000 workstation to
compute the second-order hybrid model of Figuree 629 ané 6.30. if crosspol informa-

tion is not essential, the first-order hybrid model will provide fairly good accuracy for




166

100 T T T T T
" 3
® MmumloSmnhnm
--------- " Hybrid Method
F —— " Radinive Tramfer
00 -
i X e ®
o~ I s A .
g 0. e
' »” '_,---.-"’" -""-u.._‘ N
0. .- e e, 4
- - - - e Y'Y
© . ,:-"'"‘ : R \“:
-100 F B -
20,0 1 ! 1 L 1

©'20.0 30.0 40,0 50.0 60.0 700 80.0

" Elevation Angle (deg)

Figure 6.25: Comparison of models for the vv-polarized baékscattering coefficient of 2

two-layer canopy consisting of vertical cylinders on a conducting ground -

plane and a crown layer composed of small metal spheres. The density
of the lower layer is 35 cylinders per square meter and the denmty of the
upper layer is 14,147 spheres per cubic meter.

most conditions found in typical vegetation canbpies and the computation time will

be of the same order of magnitude as that required for the radiative transfer model.

6.5 Conclusions

This chapter ‘ha.é presented a hybrid model for t.h.e computation of scattering
from layered vegetation media consisting of vertical trunks above a dieiectric ground
plane and a crown layer consis_tiné of small wéakly séa.ftering’ particles. The crown
layer has Eeen modeled using radiative ‘t.r-ansfer theory and the trunk layér has been
‘ sxmulated with a Monte Carlo simulation. The derivation of the transrmssthy matrix

for the trunk layer ha.s been presented and some of its 1mportant features investigated.

The concept of the effective scatt'ering matrix for an average cylinder in the trunk

medium has been developed and evidence has been presented that it assumes limiting

i
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Figure 6.27: Comparison of models for the vv-polarized backscattering coefficient of a
~ two-layer canopy consisting of vertical cylinders on a conducting ground
plane and a crown layer composed of small metal spheres. The density
of the lower layer is 106 cylinders per square meter and the density of
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Figure 6.28: Comparison of models for the hh-polarized backscattering coefficient of a
two-layer canopy consisting of vertical cylinders on a conducting ground
plane and a crown layer composed of small metal spheres. The density
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Figure 6.29: Comparison of models for the vv-polarized backscattering coefficient of a
_ two-layer canopy consisting of vertical cylinders on a conducting ground
plane and a crown layer composed of small metal spheres. All the second-
order interactions between spheres and cylinders and between cylinders
alone have been included in the simulation while the hybrid model in-
cludes only the second-order coupling between cylinders.
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Flgure 6.30: Cornpa.rlson of the hybrld rnodel and a2 Monte Carlo simulation for the
‘vh-polarized backscattering coefficient of a two-layer canopy consisting

of vertical cylinders on a conducting ground plane and a crown layer com-

posed of small metal spheres, All the second-order interactions between
_ spheres and cylinders and between cylinders alone have been included

in the simulation while the hybrid model includes only the second-order
- coupling between cylinders.

behai:fior as the eﬁeéf‘ﬁﬁitiblé_sca.ttei'ihg ifi the aredium becomes more important. -

Evidence has also been presented to confirm that the exponential extinction model

used in radiative transfer theory works fairly well for sparse *diétributions of particles

and even for sparse dxstnbutxous of extended scatterers such as cylmders, however -

the radiative transfer extmctlon model breaks down for hlgh densities of strongly ,

scattering partlcles that are large compared with the wa.velength of the excitation.
In addition, it has been demonst.ratedvthat the source function integration uséd in
radiative transfer theory to #ccount for volume scattering in random media leads to
reéults that are severely in error for lajreré of long cylinders, and it mé.y be inferréd

that this is also true for other types of large scatterers. Finally, several varieties

ik
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of test canopies consisting of dielectric cylinders and small metallic spheres over a
conducting ground plane have been investigated. It has been shown that the hybrid
model developed in this chapter can be an effective way to compute_scatt_ering‘ from

vegetation media with this 'genera\.l structure.




 CHAPTER VII

AN ITERATIVE INVERSION ALGORITHM
~ WITH APPLICATION TO THE RADAR
' RESPONSE OF VEGETATION CANOPIES

7.1 .Introductio'n: :

" In recent years a great deal of empha.sis has been placed on the retrieval of in-
formation from synthetic aperture radars and radar polarimeters [93, 94, 101]. Sdn_le

of the applications have been in remote sensing of soil mois'ture for bare soil [57 75]

~ and vegetatlon -covered soxl {102 28] Other apphcatxons include the determination of

- vegetation canopy parameters [53 48, 10, 35}, sea surface cha.ractenstxcs [34, 11}, and

' snow pararneters [51, 99]. Wlthm the general problem of classification of remotely

sensed data, there exists the sub- problem of i mversmn of ra.dar data to obtain parame

_ters of mterest for the scene under observatlou The vast ma_]onty of the hterature in
this area has been concerned with two major approa.ches to the problem of inversion

of radar data.

" The first approach involves the construct:on of an empmcal scattenng model spe-

’cxﬁc to the type of problem being stud:ed [57 1, 76] In thls t.echmque the scattermg
characteristics of a particular type of terra.m or vegeta.txon canopy are determined ex-

perimentally, usually at several frequencies using a polarimetric radar scatterometer.

1m

-
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The results are then fit to a fairly sxmple equation or a set of equations that descnbe
the scattermg behawor as a function of polanzat:on and frequency over a specified
range of parameters (reglon of validity) for the type of terrain or canopy being char-
acterized. The empirical model obtained in this way is designed to be invertible over
its region of validity. This type of techniqne can giQe accurate results for the case it
has been designed to tfeat but is complete]y specific to that case and provides little
physical insight. _ . ) | ]

The second aﬁproach, which has received a iarge amount of attention lately, is
based on the use of artificial neural networics_[59, ‘14., 65,_52]. _The transfer function
of the network is determined by kusi_ng training sequences ef known input and oﬁtput
data. In the present case this wou_ld cons.ist of polarimetric radar data as inputs and
scene parameters as ouﬁputs. The network charactefiétics relating the radar data to
the scene parameters are deterfnin_ed using a back propé.gatien .algorithxh to succes-
sively refine the .transfer function based on the set of training sequences. Aftér the
network has been trained it can be used to estimate unknown scene parameters given
an input set of .rader data. ‘The neural network has great flexibility and, depending

on the set of training data, the results may be excellent ‘[59, 33]. However, the neural -
network is, in most cases, used essentially as a black box. There is no way currently
known of discerning the underlymg physical processes that give rise to the network
behavior, which means that there 13 no systematic way of selecting the optlmum set of
data channels for use in a neural network-based inversion given the network response
valone To do thxs, one must ultxmately rely on information provxded by theoretlcal
models a.nd/or measured data. There_ is also no way of determining if the decision
path taken by the neural network in a.r_riving at its result is a reasonable one.

In this chapter an iterative algorithm for the inversion of polarimetric radar data
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is presented. The Algorithm is cerﬁptetely generai and may be applied, in principle,
to anir type of :r?,dar sca;tterirlg problem for which ‘a.mpdel_'exi.sts. The behavior ef
this algorithm is deriverl ‘entire'iy froxrr the pﬁysical scattering mechanisms existing
within the system being studied- and represents t':he srrmmation of knowledge gained
in applying:the scattering model across a representative rdnge o_f states of the systern.
The amount of cornputa,tlon time reqmred in applymg the algorithm to any given
case is small since a.il the information necessary for inversion of a set of input data
‘has been precomputed.‘ It is also possible to monitor the decmon path taken by
the algorithni in arriv_ing at a restz_lt and therefore some measure of control over the
| reli.abi]ity of such resixlts is achievable. | |

. The seconct and thi_rd sections of this chapter present the_theoretical development
of the iterative inversi-en algorithm. and some import.ar:lt ‘considerations involved in
its 1mplementatlon Sections 4 and 5 dxscuss the application of the algorlthm to the
partlcular case of retrieval of vegetatmn ca.nopy para,meters from radar data and gzve
the results of an apphcat:on based on inversion of the radlat.xve transfer model for
a snnphﬁed representatlve canopy The final sectlon presents the results of an error
analysm for the a]gonthm in terms of both systematlc and measured quantltres and
discusses how sensorconﬁ‘guratmn, aigorlthm l_mplementa,tlon and data uncertainty

influence the inversion accuracy.
7.2 Iterative Algo_rithm

Let us assume that backscatter data is provided for a particular target at a given
frequency and for a range of incidence angles 6 € [a 'b] This data may be represented
in terms of a Fourler series in the restrlcted angular range The Fourier coefficients

obtamed in th1s way prov1de an eqmvalent representat:on of the system response for -
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this type of farget. The behaviqr of the Fourier coefficients as a function of the target
parameters provides a convenienf measure of the system response that is independent
of incidence angle. If a subset, of the Fourier coefficients can be found that represents
the angular response of the s’ystem. to sufﬁcieﬁt accuracy and their behavior is known
for all values of the target 'pa,rameters‘:, then in effect we have an empirical model
that describes the target behavior in detail. In acidition, if the functional forms of
these Fourier_ coeﬂicients wifh respect to the ta.rget _parametfers are known, it should
be possible to construct subsets of the parameter space over which piecewise linear
representations of the coefficients are obtaina.ble. The result.irig sets of ﬁnéar equations *
should be directly invertible .and, by means of an iterative process that successively
converges on smaller domaihs, a solution set is found.

Because it is impossible to determine experimentally the bghav.ior of a compiiﬁated '
physica,l.system under all conditioﬁs, a modél that represents its behavior as a function
of all its iméortaxit'; parameters ié used in the constniﬁt_ion of the empirica,f Fburier
representation. This leaves the determination of the optimum sensor configuration
to the discretion of the syster_n designer. Lef us consider then a model M that
operates on pa.rarnéters [a_x‘,...,a,,,] and the angle § td produce an estimate of o°

for a particular scene:
d°{ay, .., O, 0) = 'M(al, ...,_am,ﬂ) (7.1)

The: range of validity of the model is now restricted to 2 subset of the range {0,%].
In other words let 6 € |a, b] suchthat 0 <a <6 <b< . A linear transformation

L exists that maps the‘subrange into _thé full range:
A £ »' -.-r B |
O€[a,b] > ¢ €, ~2-] : (7.2)

with ¢ = B(6 - a) such that # = 0 when 6 = a and ¢ = z }when 6 = b.
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:Thus, we find that | B =§Tf"37 ahd 0= - a + 0'//3 We now construct the function
g(8) = a"(a + 6 /B) Smce the domain of g is [0 Zl, we can expa.nd. g as a Fouriéf

cosine senes in 9’

wyic+zchW) R (7.3)
T m=l o '
_w_hére _
C,.=.%j0§g(9')icos(2n9’)d.9'_ __— o | - (74) '.
We can then writ‘e:
*°(e) = 5Co+ e, cos[2nﬂ(9-— 9 (1)
: n=1 ) : . L
with
Cp = -/ &°(6) cos[2nﬂ(0 —a)]df _ (7.6)

i 'These are the coefﬁcxents for the restncted range Fouraer series descrlptlon of & °(8).

We describe the general polarlmetnc model response as a functlon of angle in the

- angular range [a,b] by its restricted range Fourier series:

n=1-

- (al, ,am,f,ﬂ) = -C""' + Z cr cos[?nﬂ(ﬂ —a)] ‘ (7.7

-~ with

2t = 2ty ey omi )

- where al‘, .y Qm_are the model pé,rameters, f is the frequency and p,q is each either
Svor h for vert:ca.l or horlzontal polanzahon The series has been truncated at the

(N + 1)"‘ term which is assumed to give a satisfactory a.pprox1matlon to the system

- response. This representation generally consists of six or seven terms in ‘the case of

a
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vegetation siuce;l:;he angular behavior of the radar cross section of such canopies away
from normal inci.dence is a gentle function of 8. Thus, the unique set of Fourier coef-
ficients has been determined for the 'modél response as a function of angle within the
restricted angﬁiar range for any given set of input parameters. By way of an exam-
ple, the behavior of the ﬁrs‘t‘ fo.u.r Fourier coefficients as a function of the volumetric
' “soil moisture beneath a vegeta,tiori’ canopy simulated using vector radiative transfer

theory at 1.5 GHz for vv and vh polarizations is shown in Figurés 7.1 and 7.2. Tt is

seen that the functional behavior of the Fourier coefficients is fairly linear over the

entire operatioﬁal range of volumetric soil moisture and that the convergence of the
Fourier series is rapid. Thisrkhax; been found to be true ‘in most vegetation canopy ap-
plications. Figures 7.3 and 7.4 show the magnitudé angularrrespbnse of the radiative
transfer model as compared with a Fouri_er series fepresentation utilizing many terms

and synthetic data _créated by using the four coefficient series of Figures 7.1 and 7.2.

In this case the four term approximation agrees with the model to better than 0.25

dB.over the entire angular range. The behavior of the CP(qy,...,am; f)'s is now
approximated as linear fﬁnctions of the Vc.vj,s over the initial raﬁge of these parame-
| térs. Th#t ‘is, it is known initially, ffom experience; that each ay falls_ into a range
aP’™ < a; < aT; which is not unreasonable in, for example, typical vegetation
canopies of this kind at this_ timé within the growing season. Then we say that each

initial range has a centroid or central value of that parameter range. The centroid

for that parameter range is denoted by o and .is defined by:
op=(@PeHaPn2 (18

To the first-order of app:oxiination, the Taylor series expansion of the Fourier

b
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. coefficients about the range centroids is given by:

k=1

Cpq(a) = CP‘I)O + Z ( By ) ' (ax = aZ) ‘ | (79)
where o = (al, ,a,,,),’ a’ = (ei,, ,a ) and (C'P‘)o = C”"(a") -

: , o : PeY “ '
The coefficients, . 8Cn” are determmed by varyin each ak over its range
oy a=a®. y

: whlle holdmg all other a's ﬁxed at their centr01d values. At each value of op in

its range, the model 15-evaluated as a function of 8 ,and‘ the Fourier coefficients are
extracted. In this way all the partial ‘derivatives may be ‘computed from a linear
least-squares fit of the coeﬂiments for each parameter to be est:rnated

From thls d:scussmn it is seen that a has, in eﬁ'ect been lmeanzed as a function

. of the modei parameters for. any axbxtrary va.]ue of mcndence angle in the range [a, 8].

:Thus we wnte:

,,,(a)~(& (9))+k2 °(79).ak—at) o - (7.10)
where | | | | |
(6(9)) = -(C”") 2_:1 (C"') cos[2nB(8 — a)] (7.11)
and
(r:"(e:)_) = -;— (%%?) N + Z (%i ) . ‘cos[énﬂ(ef-a)] O (112)

It is possible to divide all the mltlal parameter ranges o G [af®, a**] into two. .

equal subranges for each parametex These subranges are denoted by {ak 1, 1)} s

[ef*™, ag) and {ak(1,2)} = [ak,a %], Ea.ch of these new subranges has associ-

 ated wnth it a centroid. These centroids are denoted by ai(1) and am(2), re-

spectwely It is now possible to construct 2"'- new centroid vectors cons;stmg of
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marks.

m-tuples of centroids of the parameter subranges. Acc’brding to the procedure de-

scribed previously, the Fourier coefficients and gradients about the 2™ new cen-

“troid vectors are now compu‘ted. This may be repeated successively to obtain any
desu'ed degree of dlscretlzatlon of the parameter space . The p** order set of sub-
ranges is denoted by {ai(p,1)},. ,{ak(p, 2p)} a,nd their respectlve subrange cen-
troids are ai” )(1),...,a£’)(2p). T he resultlng (2p)™ centroxd vectors may be num-

bered‘consecutively starting with aj(1) = (a{”)(l),...,aﬁ,{’(l)) and ending with

a"((2p)"‘) = (cx(p }(Zp),..'.,as,’:)(2p)). The approach is illustrated in Figure 7.5 for

& two parameter space. Now, let us assume we have m measurements of ¢’ 0] =

op a0y 1)sey08 = 02 . (8 my fm) - Thep the vector ol = (6%,...,03) can be

Pm Wgm

formed, A system of linear equatidns is obtained from (7.10) and ma,y'be represented

ik
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L @=Elt®E-e) (7.1

- where:
(6 = (e e (g
't'rom (7.'11),'end ('R),','l is the value of «(r".’i""i(a_,—, f,)) in the tnat’rix of Fourier expao- '
sions of the coeﬁic.ient sIopes as i‘nbr(7 12) & '=_ :(&1., | ,'&,;n) is the estimate-vector for

| ‘the parameter set and a° is the centrmd vector for the set of parameter ranges

Then the zeroth-order estlmate for the pa.rameter set may be found from:
&0) = (R (02 - @) +0°®) (L)
where a®(0) is _the: cent_‘roi'd_veetor for the initial set of pefamete; ranges, (G3)0 is.
the vector '(7..14)_‘for'these initial ranges, and (T), is the matrix whose elements are

the originaﬁ values of (7.12) formed as des'cribe.d above. B

Thls estlmate w111 have errors due to the fact that the Foener coefficients com- )
puted using the mltzal parameter ranges are not actuaily hnear functions of the pa— '
: rameters However, it may be expected that for pa.rameter ranges sufﬁc1ently small
) .tlus first-order Taylor expa,nsxon approximation will become lncreasmgly accurate.
This forms the basis for an iterative algorithm. The parameter space is dlscretlzed
to produce success:vely hlgher order centroid vectors about subrange spaces of suc:
_ .cesswely sma,ller volume as described previously. Wxthm these successnvely smaller
‘ pa.rameter subspaces, the ﬁrst-order Taylor representatlon of the Fourier coeﬁiaents
becomes an increasingly better approx:matlon. Then let us suppose that we have a
performance measure P(jex ~ '|) that decreases monotonically witb argument and

‘that satsﬁes P(0) = Ppin. The first-order estimate of the parameter set is then



computed as follows:

"

D)= (R (03 - (65) + allont) (1.16)

where aj(opt) is a first-order centroid veéﬁor that satisfies:
P(|&(0) - a§(i)]) 2 P(I&(0) = af(0pt)]) 2 Priny Vi € {1,.,2"}  (7.17)

and the other quantities with subscript “1” are the same type as in (7.15) with values
computed at al(opt).
This process may be fepeated as many times as desired up to the highest order

of d:scretlza,tlon of the model pa,rameter space, or unt:l the rms difference between

successive soiutlon vectors stabilizes to within some a,rbltrary percentage.
7.3 Implementation of the Algarithm |

In practice, it ﬁay not be necessary to comput.é the Fourier representation of the
model behavior. VIn many cases, one is constrained f;p the use of a particular sensor
~ -conﬁgurati'on. In such i:‘ases there is a limited set of channels available to users of the
 data. For exaihple, given a polarimetric SAR with one look angle and two_freq\_lencies
of operdtion, and ruling ouf the uée of pha.se informatic’m, there would be a maximum‘
of six channels (four copolanzed and two cross polarized amplitudes) available for
use in inversion. lf there are more data channels avallable than there are para.meters‘
of interest for the system under observation, then 1t would be useful to perform a
sensitivity analysis on the model to detérmine whicﬁ of the available channels will
providg an qptjmum set. In any event, if the set of data channels available for use is
) pre-_defermined_ then the piecewise line#r represenfa.t_ion of the model must be based on

information provided‘ by those channels and equatiozi (7.13) may be invertéd' directly.
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This reriuees the number of values rhat need_to be pre-computed'by a factor equal‘fo
‘the rmmber of ceefﬁcients required in the Fourier representation.

_-Whether_ the Fourier representatiqn is used or not, the mkatrix of slopes and vec-
tor of intercepts as indica.ted m (7.13) must be generated from the 'pre-co'mpu.ted
 model outputs for. each centroicr eebrange in the pararneter epace, the number of such
: subranges bemg determined by the maximum level of drscretlzatxon of the space.

The mtercept vector for a partrcular centrord is a ﬁxed quantrty which depends on .
the set of model outputs obtamed=for the inputs determined by the position of that
lcentroid in :paremeter sﬁerceQ The slepe matrix on the .ot}re‘r hand is dependent on
the ser of data pbints used in sampling the paranreter subranges connected with a
[rarfieular centroid. The flrneti_onal Behavior of the model within a subrange of one
.of the parameters is considered to be linear, and the pertial' derivative \rith respect
to that'para,meter'is determrned By‘a Weighted linear least squares fit of the model
_outputs holding all other parameters fixed a.t the centroid value and varying the pa- |
. rameter in questron over its subrange The pomt that. represents the centroid value is
strengly weighted relative te the other_poirrts because that is the point a.bout_‘which
the derivative must be ce'mp’uted | |

There are then at least two basrc types. of oetlmrzatron that may be utrhzed in
1mplementmg the rtera.tlve inversion scheme. The first type will be referred to as
mtra-centrord optimization. . In mtra—centrmd optlmrzatron the da,t.a pomts used in
'computmg the lmea.r fit (derwa.tlves) about a partlcular centrmd are initially equally |
.welghted except that the centroxd itself is strongly welghted In succeswe iterations,
pmnts that are found to be most distant from the refined estrmate are assrgned in-
creasmgly lower welghts until the estimated value of the pararneter vector no longer

_changes by more _than a specrﬁed amount. The second type of optimization, referred
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to here as inter—_c_entxfdid optimiiatien, is ﬁtilized after applying the intra—cent_roici
| scheme. If the _reﬁned estimate obtained using 'int_ra-centro.id optimization represents
a state of 'the.system closer in parameter space to enothe’r centroid on either the same
or a different level as was show.ni’in Figure 7.5 the aigorithm uses this new centroid
as the basis for further refinement. It is evident that the algorithm may “wander”
from centrdid to centroid until it finds a point of local stability on which to converge.
The convergence behavior of the algorithm using these opt:mlzatlon schemes will be
d1scussed in a later section.

Convergence of the a,lgorlthm itself is fairly rapid since most of the CPU inten- -
sive computations are pre—evaiuated using the scattering model for the system undet'
: investiga.tioe and are stored on disk as data arre.ys .to_ be loa.ded into memory at run-
time. In this way systems of functlons that are fairly non-linear may be mverted ina
direct way, e.lthough the more the model behavxor deviates from linearity in a gwen

parameter, the less hkely it will be to obtam a unique solutlon for that parameter.
7.4 Application toa Vegetation ‘Canopy

Modeling of vegetatiotx canopies using the radiative transfer approach has become
increasing‘ly'popular in recent years {39, 96, 53, 54, 40]. The vector rediative transfer
- equatxons take into account the individual scattermg properties of the vegeta,tlon
ca.nopy components through a phase matrlx which relates the incident to scattered
mtensxtles as a function of the wave dlrectlons scatterer geometnes, and the material
cemposntxou of the scatterers. This formulation has the advantage qf belng general,
mgthematica‘liy tractab[e, -antl computationally fairly non-intensive which makes it
convenient from the stahdpoint of inversion. |

In this section the ite:ative algorithm developed above is used to invert the radia-



185

- "‘. - ./Crownl..ayerv\‘ ' -. B
%NWWVW
%u@ﬂ@\\]p\Q WS els
NO=

\,g = ;;::
237,01

£

— Ground Layer =—e

Figure 7.6: Layered structure of the radiative transfer model for :a vegetation canopy.

~ tive transfer mo.del of a :sfmpliﬁed ve!get'etio.n canopy. The canepy-censists of leaves
and verticel trunks'a‘bove a reugh groﬁﬁd layer. The layered structure of the canopy
model is 111ustrated in Flgure 7 6. The lea.ves are considered to be uniformly- dxstn- ;
* buted in orientation and are modeled as thm dielectric sheets usmg physxcal optics
to generate the scattenng matrix [74, 71). The seattered field from the rough ground
surface is geﬁereted usi'ng‘ the Kirchoﬂ'_ | and seeler appeoximetions [92]. Trunks are
treated'as_ finite length circular dielectric cylinders for which it has beeﬁ shown that
an :approximate solution for thel scattered field can be obtained based on the solution
for the inﬁnite length c‘:a.s.e provided the diameters of the Cylinders are much smeller
than their lengths [100 64, 41]. The dielectric funct:on of all canopy components is
calculated using the dual-dxspersmn model of El- Ra,yes a.nd Ulaby [91, 29] In this

sxmphﬁed vegetatlon canopy, five parameters are ‘consxdered_ as variables: volumetric
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Variable Parameter | Parameter Range

Volumetric Soil Moisture -0.05 - 0.33 |
Canopy Density: Trnnk:s 0.05 - 0.25 trunks/m?
Trunk Height ‘ 2.10 - 3.68 m.
Trunk Diaméter : ‘ 11.0 - 14.2 em

Canopy; Density: Teaves 100 - 300 leaves/m®

Table 7.1: Vanable parameter set for the vegetatxon canopy used to test the inversion
algorlthm

soil moisture- trunk canopy density, trunk height trunk diameter a.nd leaf canopy
densxty Actually, there are only four independent vana.bles since the trunk henght
is usually rela.ted t.o the trunk diameter through a functlon The ranges of these

variable parameters and the values of the parameters considered to be fixed are listed

in Tables 7.1 and 7.2, While the ranges of some of these parameters may not be |

exceptionally representativé of all typical real canopies, they do model the impof—
tant general features of electromagnetic scattering ffom vegetation layers and serve
to demonstrate the inve:ﬁbi]ity of the radiative transfer equétions using the iterative
technique déveloped in this chapter. The range of volumetric soil moistﬁreé given is
representatﬁe of the entire wetness scale f‘or‘typica.'l soils, frorfl that just following a
rain storm to drdught conditions [2]. The trunk canopy density range is fof condi-
tions from fairly dense woods to sparsely woc.>ded" areas (12). The number density of
leaves in the canopy, cbnsidered t_ogethef with the size of the leaves and the height of
- the crown layer'combine to givé a range of leaf area index (LAI) from 2.0-5.9 which

covers almost the entire range of this parameter [106]. The trunk height and diam-
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Fixed Parameter Parameter Value
N Tn_l'nk Gravimetric Moisture | 0.7
Teaf Gravimetric Moisture 0.7

Dry Density of Plant Materials |~ 0.33 gmfec

Teeal Di#met.ér ] 100 em
Teaf Thickness | 00%5em
: Cfnwn Height ’ o 2.5 m
Surface ﬁMS :Rnugh.nesm : = ‘1.'4 'r:rn.
| Surface Cpfrélation Tength | 20.0 em’
\Sjoil Comi}mitinn i B " sand: 23.6 %.

clay: 33.7 %

Table 7. 2 Fixed parameter set for the vegetatlon canopy used to test the i inversion
algorithm.. '

eter ranges are not extreniely fepreSentative of an average forest cafxdpy but would
be ﬁmre in accord with what one would expect to ﬁnd in an orcha.rd or grove [53]
- Values of 0.7 for the grawmetnc monsture of leaves and trunks would glve an L-band
d:electnc constant of about 28-_19 and 2 C-band dielectric constant of around 25-j9 for
k both candpy‘éoﬁstituents using the rﬁodel Qf E1¥Rayes and Ulaby. This is consistent
with »tjrpiqai measured data for trees [53]. Soil surface characteristics are within the
va.lidify region for the physical optics model [92]. |

To test the inversion algonthm it was first necessary to select. four radar cha,nnels as
data sources to be used as model outputs and inversion aIgonthm inputs. These four
channels provnde the correct number of equat:ons to invert the linear system (7.13) for

-the four vana.b]e model pararneters The assumption was made that a pre-determined
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sysfer_n conﬁgurat.ion coﬁsisting of an L-band radar bperating at 1.5 GHz, and a C-
band radar operating at 5.0 GHz were aﬁraiiab!e for use. Further, an analysis taking
into account the overall backscatter signal levels and sensitivity to va,z'ia.f‘,ion of the
invers.ion parameters indicated that an incidence angle bf 45 degrees would be useful
in ﬁhis #pplicatibn. It was decided to use data from thf; co-polarized channels because
they ﬁrbduce the‘ highe;t signa..l‘ levels and they can, in practice, be ca.libratéd with
the greatest accuracy. | | .

 The .four-parameter space was discrétized up to the second level producing six-
teen secondary range centroids. The number of centroids at each level is given by
no= 2"“"”, where m.is the number of parameters and [ is the level of discretiza-
tion. The model was t.hen‘ run in the forward direction five times within each full |
_parametek range for the ptimatykcentroid and three times within each subrange for
every séconda.ry centroid to provide the pre-computed data used in determiniﬁg the
slope mafrices ana interi:ep-t vectors. After thé nécessafy information was produced
to provide a mapping between the parameter space and the model output space, the

model was then used as a data simulator for use in testing the inversion.
7.5 Inversion Results

The ‘region in para.rﬁeter spaée for which the. least inversion accuracy is to be
expected is -the i'egion hea:.fhe primary range centroid. In this region the estimate of
_th.é par#meter vector is based on only a single level of refinement and intra-centroid
optimization. Because the prirhary centroid is the nearest centroid to the estimated
parameter vector in this case, the algorithm does not take advantage of the higher
degrge of diScretization available oh ‘th_e second level, and inter-centroid optimiiation

is not used. When the estimated parameter vector is closer in parameter space to
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any higher level centroid the inter_-_ceritroid optimization may then be used to obtain -

further reﬂnement of the estimate.

Typical results for i inversions obtamed near the pnmary range centroid are shown

in Flgures 1.7 through 7 10 It is seen that prnmary level optimization alone provides g

-excellent inversion accura.cy for most of the parameters over a.lmost the entlre pararn-
eter range. However, there is a srgmﬁcant degree of mstablllty in the trunk height
determination_fer the region below about 2.7 meters (Figure'T.lO).'This is due to the
small range.‘of heights considered in this study and the fact that the radar response is
not a sensitive function of either trx_xrxk height or diameter Within theseleeted renges

of these two pa.ra.met'ers‘ for the data channels used in the inversion. This problem

could be remedied by uéing a finer division of the pa.ra.meter space on the second level

o0 as to provide' a cdnvenient secondary range centroid cerrespohding'to the position
| of the primary range centrozd but with a restncted parameter sub-range A la.rger

' range of trunk herghts and dxameters such as one might ﬂnd in an actual forest, or

" a set of da.ta cha.nnels more sensitive to these parameters, would also i xmprove the

relatweaccgracy of the trunk helght estimate. The exce]lent results _obtarned for re-

gions close in parameter space to the primary centroid are actually representative of

- the worst ca‘se‘ estimates produced By the algorithm. Typically, when the algorithm

s able to take advantage of a higher level of optimization by using a convenient sec-

ond level centroid, excellent convergence stability is achieved. This is illustrated in

Figures 7.11 and 7.12 which der‘nonstrate'thet the stability problems encountered in |

| usmg the entlre para.meter range of the prxmary centroxd are grea.t]y reduced when
the parameter sub-ranges of the second level are utxllzed The 1terat1ve inversion a.l-

B | gonthm exhlbxts the four general types of convergence behavior shown in Figures 7.13

through 7.16. In a.bout 90 to 95 percent of the cases studxed the algorlthm converges -

sl
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Figure 7.13: Uniform convergence of the iterative inversion algorithm.

to the correct value as shown in Figures 7.13 and 7.14. In the remaining cases, the
elgorithm either does not converge at all as shown in Figure 7.16 or converges to the

wrong value as in F:gure 7.15. Of these last two sxtuatrons it is deﬁmtely prefera.ble

to have non- convergence of the algonthm ‘With non—convergence it is clear that the

inversion must be rejected and thus an erroneous result is easily avoided. Anomalo_us

convergence represents less. than 5 percent of all cOnvergence behavior exhibited in

"~ this 1mplementatlon of the 1terat1ve inversion algorrthm ‘With anomalous conver-

gence it is not always possrble to dlstlngulsh an incorrect resuit, therefore thls type

of convergence behavxor represents the most difficult problem to correct in applymg

the algorithm. Because the convergence behavior of ' the -algorlthm is to some de-

gree implementation specific there are also some steps that can be taken to reduce

the risk of obtaining incorrect_ reenlts. It should be possible-to utilize other types

of algorithms to mon_itor the decision‘processes that the inversion algorithm uses in

1k
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achlevmg convergence In thls way it would be possxble to minimize the probablhty
of taking an incorrect. decision’ path However, the investigation of this approach is

outside the scope of thxs work.
7.6 Error Analysis

A complete analysis of errors for the inversion algorithm is lengthy and the deriva- .
tion will not be given here. The rms error in the i** parameter, a; will be denoted
_e(ag) This error originates from two major sources. The first source is the overal!
systemauc error which depends on the combined data channel chara,ctenstlcs, the _ |
accuracy of the scattermg model and the degree of dlscretxzatlon utxhzed in the algo-
rithm 1mplementatlon The systematlc error in parameter a; is directly proportlonal

to the offsets of the mdmdual data channels from thelr respectxve range centroids

for a given level of dlscretlzatmn This offset s deﬁned as ao? (a'j - (or;-’)) for the
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j** data éhanﬁei as in equation (7.13). The second source of error in the inversion
é,lgorithm derivé.s from the mea.éuremegt uncertainties in the data channeis. The
' measurement uncertainty in ¢° for the j** data &annel, em(af) produces an error in
‘the inversion dependent on the gain characteristics of that channel. Both sources of
error are inversely proportibna.l to the determinant A of the.sloﬁe matrix F as given
in equation (7.13).

'The expressidn for the rzﬁs error in the parameter a}_for an inversion using m data

channels is given by

ela)=% lAI{Ztu,, (M°)"’+c0f (B (e V2 (119)

i=l
Where cof ;(F) is the ji cofactor of R, and the factor u;; represents the overall
uncertéinty in parametér Q; prodnced by an error in estimating the response of data

channel j to that paratheter. It is defined by
= [e’(cof,-.-('R)) +eof(R) (()/AF I N - (119)

where € (cof;;(R)) is the error in cof; J,('R) and ¢(4) is the uncertainty in the deter-
minant of the slope matrix.

Exammatlon of equations (7.18) anci (7.19) reveal some important factors that
affect the accuracy bf the inversion. rI.‘he overall rms system error wiﬂ be minimized
when A‘is maximized, the e(éof,-,-('R))’s are minimized and the individual slope
matrix element errors that‘.contribute to e(A) are miflimized s'imu]ta‘neous]y.. The
rxiagnitude of A is a function of the data chanﬁel gain characteristics and the structure
of the linear system of equations provided .by the comBination of bhannels used in
the inversion, The slope matri# determinant is maximized when the overall channel
gains are as large as possxble and the system of equatxons is as close to bemg linearly

mdependent as is practical for ‘the set of sensors a.va.lla.ble The slope matrix errors‘
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are min_imiéed as the linear regression slopes approach the 'iocal derivatives in the
proximity of the parameter estirnate veetqr. This occurs as'the lerel of optimiz_ation
increases. The upper limit on the reducticn of systematic error as a result of mcreasmg
the level of- dzscretlza.tmn W1ll ultlmately be determmed by the contrlbutlou to the
e(cof ;i(R))s orlgmatmg frorn the model itself. If the model is inaccurate, no amount
ef optimization will permit aecurate inversion of the measured datar However, if the
data channels are chosen appropriately and the tnodel is eufﬁciently accurate, the
systematic error can be minimized by providtng a suitable degree of .di.scretization of
the parameter epace. In the case ‘of systematic errors it is to be expected that the |
~best error performance will occur wnen the.actua.l_parameter vector lies close tolﬁa_ |
range centroid.
The second contnbutlon to (7.18) is dependent on the measurement uncertamty'
- in the data channels If the data-channels have been properly selected and the algo’-'
nthm has been 1mplemented SO as to provrde sufﬁcrent dlscretxzat:on of the parameter
space, then measurement errors can be ‘expected to g:ve the largest contnbutlon to
~ the overall i inversion error. These errors have a slight dependence on algorxthm im-
p]ementatzen but are largely influenced by the ratio of the measurement uncertainty
to the sensitivity of the data channels. This type of error response is illustrated in
- Figures 717 and 7. 18 which show typxcal error bounds for the inversion if there is a
uniform +0.5 dB measurement uncertamty in all of the data channels. If soil nois-
‘ture were the only vanable parameter m the i mversxon, measurement a,ccuracy would'
control the error r response to yield a worst case average uncertamty of about :i:3 5%.
The inversion accuracy for the leaf canopy density, w1th the densxty fixed at mld-
range, is within about +2. 0% In this case the systematlc error a.nd the measurement

. uncertamty error are of the same order of magmtude.
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7 .7 ~ Conclusions

In thls chapter a general model based, iterative anorrthm has been presented
for use in the inversion of polaumetrrc radar data. The algorrthm was unplemented R
usmg two levels of dnscretxzatnon and two types of Optnmxzatlon and was applied to
_‘the case of a genera,l representatlve vegetatlon canopy. This srmplxﬁed test canopy‘
was modeled usmg vector radlatwe _tra.nsfer theory and consisted of vertrcal trunks,
| learres and a rough ground “surfece Four canopy parameters, soil moisture; trunk“ .
canopy densrty, trunk hexght and leaf canopy densxty were estimated over their ranges‘
utrlzzmg four radar data channels, which were slmulated with the radxatlve transfer
model, as mputs to the aigorlthm.\ Excellent l_nversxon accurecy was obtained over
almost the entire range of..all four perametere ‘Succe‘s.sf‘ul convergence was achieved
in 90 to 95% of the cases tested for the algonthm as xmplemented in this chapter, and
it is concIuded that further 1mprovernent in the convergence characterrstrcs should be
obtainable in futnre implementations. The results of the error analysis show that if |
' the re.dar data che.nnels are eppropriately chosen 80 as t.o ‘ma.x'imize the sensitivity of
each channel toa separate mversxon pa.rameter, and the degree of drscretrzatlon of
the pa.ra.meter space is sufﬁcxent the overa]l mvers:on error wrll be mlmmlzed for a |

gwen level of uncertainty in the measured lnput data.




CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

8.1 Sﬁmmary

ThlS thesis provides an analysxs of the apphca,tlon of radlatwe transfer (RT) theory .

in modeling radar scattering from vegetatlon canopies. Except for Cha.pt.er 7, which

is concerned with model-based inversion of radar date, _the specific purpose of this
work has been to exanﬁhe the limitations of applicability of radiative transfer theory
in cases for which its fun’damenta.l underiying assumptions are not valid. A majof
component of this work has involved the development and validation of Monte Carlo
simulations for general representa,txve random medxa hav:ng structura,l properties that

are closely related to those found in vegetatlon canopies. In these simulations the

second-order couphngs between constituent elements have been included to prov1de a

conceptual foundation for understandmg the effects of multlple scattering in shapmg

the radar response of dense vegeta,tson However, the prxmary purpose of constructmg

' the Monte Carlo simulations has been to provide a benchmark with which to evaluate

the performance of radiative transfer theory in domains where no other analytical
theory is available for comparison. In this section we will summarize on a chapter by
chapter basis the results of these investigations.

In Chapter 2 the second-order radiative transfer model for a layer consisting of

200
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nertiCal trunks abo\re a diel'ectri.c' ground has been developed. "I_'he‘ first and second- ',
_order RT modet‘s have b.een ‘cornpa'red with experimental_tneasurements made on
mature corn canopies.‘.flt bas been shotvn that'sec’:ond.—order RT theory provides a
" dramatic overa.ll improvement in the estimate of the backscattermg coeﬁiment for
both the co-polarlzed and cross- polanzed radar returns from this type of vegetatlon
It has also been demonstrated that the RT model does not' reproduce the measured
angular trend for exther the w-polanzed or the cross- polarlzed canopy response, This
~ is partly attnbutable to the presence of the Brewster angle in the RT model whlch
is apparently absent from the measured data, and partly to overest:mat:on of the
extmct:on and phase matrices by RT theory Thxs occurs because RT t.heory is unable
to properly account for the decorrelatlon of the local fields in layers of extended
scatterers and whlch results from multlple scattermg in the canopy. |

Chapter 3 is concerned w:th the consttuctlon of a Monte Carlo scatterlng model
for the trunk layer of a forest canopy whlch takes into account rnultlple scattermg
~ effects up to second-order Experlmental data has been presented for the purpose‘
| of vahdatmg the scattenng solutlon for pairs of cylmders Monte Ca.rlo mmulat:ons
based on thls solution have also been presented for .various representa.tlve cylinder
- number densmes, and these results have been compared with measurements madeon
‘ prepared ensembles of randornly distributed vertrcal cylinders. First and second- order‘
RT solutlons for the same medla were aiso compared w:th the simulation results and
it ha.s been venﬁed tha.t the RT model gives mcorrect results for this type of medmm.
The failure of RT theory to predxct the correct scattenng behavror of medla in which
there is a predommance of scatterers that have dnmensmns large compared to the‘

wavelength of the incident radiation is ev1den_t. :

In Chapter 4 a general technique based on the reciprocity theorem has been devel-
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ope'd for deriving the secondary scattered fields .from a pair of objects. This general
formulation has ‘been' applied to obtain aoproximate analytical expressions for the
eecondary scattered fields from a cylinder-sphere pair. The validity of the arlalytical _
results 4were verified by comoarison'with method of moments comoutations and good
agreement was obtamed for both the co-polarized and cross-polarlzed bistatic scat-
termg cross sections in the forward specular scattermg cone. This chapter provndes
the basis for the constructlon of computational simulations of electromagnemc wave
sca.tt.ermg from heterogeneous two-component vegetation canopzes that include the
effects of multlple scattenng up to second-order.

Chapter 5 is concerned with the construction of Monte Carlo simulations of hetero- |

geneous two-cornponent media con31stmg of large vertical cylinders and small spheres

above a ground plane. The second-order lnteractlons between cylinders and between
spheres and cylinders have been included in the scatte'ring'model, and all scatter-
ing terms have been validated using the method of moments. The results of the
Monte Carlo eimulation' have been compared with those of corresponding RT mod- |

els for similar media. It has been found that the radiative transfer models do

- not properly predict the scattering behavior of media which are composed

of scatterers having dimensions large compared to the dlmensxons of the
medmm This is a result of the fact that the extinction matrix for the medium as
computed by radiative transfer is overestlrnated for large part.xcles in any plane. of
polanzatlon correspondmg to a large dimension and produces excessive attenuation
of the scattered wave for that polarization especially at higher angles of incidence.
1n addition, 'eve‘n_ though the extinctionlmafrix is not incorrectly estimated for po-
la.rizetions tl'rat are not associated with large vdimensions of r.he scatterer, the source

function for the m_e_dium-wi!l still be improplerly estimated in that dimension and
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will not reproduce the_“proper angular trend for the scattered wave. It_has also ‘been |
determine_d that. the RT rnodel that atternpts to divide the canopy into an upper
" layer consisting of trunks and srnaller scatterers and a lorver layer consisting of trunks
alone can produce results tlrat .are seriously in error. Another'conclusion is that while -
- second- order mteractnons between cylmders can yield sngmﬁcant changes in the level-
of backscattered co—polarlzed radlatlon, the predornmant effect of the interactions
* with the smaller spheres in the medium is to produce a change in the a.ngular trend:
of the cross-polarlzed _response. The second-order mteractlons between spheres and
cylinders lra.ve a]so been shown to produce a clistinct change in the co—polarized phase
statistics of the backscattered v._r'a_ve.' |
| .‘Chapter 6 presents a hjfbrid rnodel for the computation of scattering from layereld..
vegetat:on media consrstmg of vert:ca.l trunks above a dlelectnc ground pla.ne and a
crown layer consisting of small weakly scatterlng partlcles The crown layer has been_
- modeled using radlatlve transfer theory and the trunk layer has been simulated with
~a Monte Carlo simulation. ‘.T‘he derivation of the transmissivity matrix for the trunk
' layer has been presented and some of its irnportant features investigated. Tbe concept
of the eﬁ'ective s'cattering‘ matrix for an average cylinder in the trunk medium has been B
developed and ev1dence has been presented that it assumes hmltmg behavxor as the
effect of multlple scatterrng in the medium becomes more important Evidence has
also been presented to confirm that the exponentxal extinction model used in radiative
transfer theory works fairly well for sparse distrlbutions of particles and even for sparse
distributions of extended scatterers such as cy]mders, however the radiative transfer
extmctlon model breaks down for high densrtles of strongly scattering particles that‘
- are large compared with the wavelength of the excitation. In addition, it has been

demonstrated that the source function integration used in radiative tra.ns_fer,theory
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. to account for volume scattering in randorﬁ media leads to results that are severely

in error for layers of long cylinders, and it ma,y be inferfed'f.hat this is also true for

other. types of large scatterers. Fina.ily, several varieties of test canopies corsisting of .
dielectric cylindérs and small meté,llic sphefes over a conducting ground plane have
been investigated. It has been shown that tﬁe hybrid model developed in this work |
can be an effective Way.to computé scattering from vegetation media with this general

- structure. | .
~In Chapter 7 a general, model-based, iterative aigorifhm has been developed for
- use in the inversion of polarimetric radar data. The_ algorithm was implemented -
using two levels of discretization and two tyi)es of optimization and was applied to
the Casé of argeneral representative vegeﬁa,tioh canopy. This simplified test canopy
was modeled using vector radiativé transfer theory and consisted of vertical trunks,
‘leaves and a rough ground”surface. Four canopy parameters,“soil moisture, trunk
ca,nopy density, trunk height and leaf canopy density were esti:ﬁa.ted 6ver their ranges
~ utilizing four radar data channels, which were simulated with the r;dih.tive transfer
model, as inputs to the.algor'ith_m. Excellent inversion 4a,ccuracy was obtained over
almost the entire‘range of all four parameters. Sﬁc;essfixl convergeﬁcc was achieved
in 90 to 95% of the cases tested for the algorithm as implerﬁentéd in this work, and
it is concluded 'thé.t further improvement in the convergence cﬁaracteristiés should be
obtainable in future implementations. The ?esultg of t_hé error analysis show that if
the ;'adar data channels are iﬁpmpriatel'y chosen so as to maximize the sensitivity of
each channel to a separate inversion parameter; and the degree of discretization of
the parameter Space is sufﬁcient‘, the overall inversion eror will be minimized for a.I

given level of uncertainty in the measured input data.
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8.2 Recommendations for Future Work -

The‘ hea.vy reliance on Monte Carlo simulationc in this work has been a necessary

evil. The sxmulatlons have been used for the purpose of evaluatmg the performance

of RT theory i in areas where no other a.na,lytlca.l theones ex1st Monte Ca.r!o sunula- |

tions may produce accurate resu]ts, but they can also be extremely mefﬁcxent thh

respect to cornputat:on time when t_he coupling between constituent elements of the - |

simulated medium must be taken into a.ccount. While it has been demonstrated that

 first-order sininlations are e.h!e ‘in some circumstances, to give useful results for the

_ co—polarxzed backscatter coefﬁcrents, thrs reliance on first-order sxmula,trons imposes

some considerable hmltatlons ona ‘model such as the hybrid model developed in thls o

'work Future work should concentrate on developmg ana.lytlca.l techmques for de- |

termmmg the ensemb!e average effectlve sca.ttermg matnx for media in which the
couphng between partlcles is sngnlﬁcant This may be achxeved by analytical inte-
gration of the second and hxgher order scatterlng matnces for such media over the
assumed proba.bxl;ty densny functxons of the constrtuent particles. These hlgher or-
~der eﬁ'ectxve scattenng matrlces may then be used in fa.st ﬁrst order type simulations

‘ to produce a,ccura,te resu!ts for dense vegetatnon canop:es such as forests a,nd some

agrxcultural fields. If lt is desmed to be able to reproduce the scattenng behavior of ‘

: such vegetatlon especially as far as crosspol is concerned more work must be done on

obtaxmng reahst:c analytlcal solutnons for multlple scattermg problems. Addxtxonally, o
lt would be ‘useful to rna.ke a thorough expenmental mvestngatlon of the extinction

characteristics of dlstrlbutlons of drﬁ'erent types of partxcles in order to formula,te an

accura.te a.nalyt:ca.l extmctlon model that ta.kes the xnterpa.rtlcle couphngs and ori-
entatlonal dependence of the particles into account. As far as the i inversion aspect

of this work is concerned,_ it is evident that the use of neural networks is rapidly
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becoming the method of chdice in this ﬁeld’ This author:rﬁaintajns that the best
neural network ?.vaxlable for use in inverting rada.r data exists between the ears of
human beings and that model-based i inversions can provide an addxtlonal dimension
that is not available in packaged art:ﬁclal neural network software ‘Tt would make
an xnte:est;ng study to compare the performance of the nte_ratlve inversion algorithm
develope’d‘ in this work with heﬁral nertwo_rk based algofifhms aﬁd also to see if it is
poséible to conﬁgure‘a hybfid algorithm that uéesla neural network to improire the

convergence prop_erties of the model-based iterative algorithm.



APPENDICES =

207



 APPENDIX A

' CYLINDER MEDIUM SECOND-ORDER |
SCATTERING MATRIX ELEMENTS

~ In this appendix the second order scattering matrix elements for two adjacent
vertical cylinders above a groﬁnd“plane are given. The elements are obtained by -

setting E* eQual to #; and h; and taking the scalar product with 9, and k. First

_ defining
T™ *f . ‘TM ind
"= (=1)"C Me™
N =00
Cto0 o
['TE = Z (—1)“03'56’""
and
_ 400 .
F= (""1)“ ne'n¢

- the _ma.trix elements for each type of interaction are found to be: |

L= |iCIMR, (. R
STG = ; Z ('—1) : .

m=-e | Cm R, -iCIER,

e"m¢o ’

#h,
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