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ABSTRACT

The aim of the present study is to develop a scattering model with a wider
range of applicability than those avaliable in the literature. The simple case of
scattering by a thin diclectrie strip is examined. This problem is considered on
the basis of the expansion of scattering operator into multiple scattering series.
The calculations of inner ficld and the extinction cross section are conducted for
certain diclectric costants and dimensions of strip corresponding to the parameters
of vegetation elements. It has been shown that for values of kD] ¢ — 1 {<0.5,where
k is the wave number, D is the strip thickness, and ¢ is the strip diclectrie constant,
the generalized Rayleigh-Gans approach can be successfully applied to calculate the
extinction cross section of a diclectric strip. Radiation patterns of scattering by
perfectly conducting strip and a thin dielectric strip is compared. An asymptotic
solution is presented for the diffraction by a resistive strip which is useful in the
simulation of thin diclectric layers. It is shown that the asymptotic solution is in
good agreement with known solutions.
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Bu caligmammn amac literatiirde var olanlardan daba genig bir uygulamaya sahip
yeni bir sacilima modeli geligtirmektir. Ince bir dielektrik geritten sagimm prob-
leminin basit durumu ¢ahsildi.  Problemin ¢oziimii sacimim operatoriimiin ¢oklha
sa¢chim serilerini acimmu tzerine dayandinl- nagtir. Dielektrik i¢indeki alan ve
zayiflama katsayisi bitki clementlerine bagh olarak belirhi bir diclektrik sabit ve
serit boyutlart alinarak bulundu. kD|e — 1| < 0.5, kogulu saglanmirsa bulunan
sonuglar genellestirilmis Rayleigh-Gans yontemi ile bulunan sonuglarla ivi bir ben-
zerlik oldugu gosterilmistir. Mitkemmel iletken geritle ve bir inee diclektrik seritten
sagilmaya aitl 1s1ma diagramlar kargilagtinlnusgtir, Ince diclektrik tabakalarm sim-
ulasyonunda iyi sonuglar_veren rezistifl geritten sagimim problemi igin asimptotik
bir ¢oztiim o6nerilmistir. Onerilen asimptotik ¢oziim ile bilinen ¢éziimler arasinda
biiylik benzerlikler oldugu gosterilimigtir,



1. INTRODUCTION

Development of reliable models for microwave emission and scattering from
terrain, iegsoil, vegetation, snow, forest, ete., is one of the important problems
of microwave remote sensing. From theoretical point of view, this problem is of
independent interest, because it concerns the studies about scattering by dielectrie
bodies of different shape and dimension, microwave propagation in random media,
polarization properties of scattered waves, ete. On the other hand, the presence of
reliable radiative models enables one to formulate the inverse problem of microwave
remote sensing which is important for practical applications. Current investigations
in microwave remote sensing field are mainly in the following directions : modeling
of microwave emission and scattering from plant clements and vegetation as a
whole, modceling of effective dielectric permittivity of natural media. modeling of
microwave attenuation of forests.

The sizes of leaves and stalks in the microwave band are comparable with the
wavelength; therefore, the scattering and absorption cross sections of plant elements
must be calculated from diffraction models. Since the plant elements are similar in
shape to flat discs, strips(for example, leaves), and cylinders(for example, stalks),
it is necessary to discuss the diffraction problems for bodies with the above shapes.
The rigorous analytical solution of the diffraction problem for dielectrie dise and
strip is not yet known. In this case the cross sections can be found under some
restrictive assumptions between the size of the element and the wavelength. The
following models are most oftenly used|1]: (i) small particle approximation, (ii)
very large plane particle approximation, (iii) plane thin particle approximation.
The latter one is also known as the generalized Rayleigh-Gans approach{2].

To establish the limits of applicability of these models a eritical assesment of
known solutions and further, development of theoretical approaches are required.
This will be demonstrated for a simple case by considering the scattering by a thin
dielectric strip. This problem has been examined by many authors via different
approaches; but, only approximate solutions were being obtained so far. The prob-
lem may be treated cither numerically or analytically, As an example for numerical
approach, the moment method solution presented by Richmond can bhe mentioned
[3]. By expanding the inner field of the diclectrie strip into a sum of plane waves
[1] obtained an asymptotic analytical solution. On the other hand, Wiener-Hopf
technique is used to obtain an analytical solution in a formal way for a dielectric
strip of certain thickness [5]. Alternative approach used to consider diclectrie strip
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is to simulate it with an infinitely thin strip where resistive boundary conditions
[6,7] are imposed on it. With such a simulation, the new houndary value problem
can again be treated either numerically or analytically [8)].

Although there are many solutions present in the literature | there are still open
questions about the limits of validity of these solutions. On the other hand the
proposed problem is of great importance due to numerous practical applications
besides modeling of plant elements in the microwave band. Diclectrie strip-like
structures is widely used in antenna technique ( different covers, microstrip, ete.),
microwave circuits ( resonators, filters ).

In this work, a thin diclectric strip will be considered as a model for leaves,
Section 2 includes two different approaches for the investigation of the problem.
In the first approach, the scattering by a thin diclectric layer of infinite extent
is considered and then the solution is revised for the strip case with assuming
ka > 1. The second approach involves the simulation of the diclectrie strip by
a resistive sheet of width 2e¢ and obtaining an approximate solution for kd < |
which means a relatively thin strip. In Section 3, the absorption, extinction and
scattering cross sections are calculated for both approaches to model leaves with
such a strip configuration. Finally, numerical results are given in Section 4 and
concluding remarks in Section 5, respectively.



2. INVESTIGATION OF THE PROBLEM
2.1. Diffraction by a Thin Dielectric Layer
2.1a. Formulation

Let us consider a time-harmonic wave incident on a thin dicleetric layer, as
illustrated in Fig.l1. The time dependence ¢ 7 is assumed and supressed. In this
two-dimensional problem, let the electric field £ have only a s-component which is
independent of z. Since the electrie field has only z component. the scalar notation
is suitable, and at each point in space,

E=E+E* (1

is written where I, I, and E* denote the total field, incident field, and scattered
ficld respectively.
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The total ficld can be written as follows,

a 7“2 E - ] Y 59 v
E(r,y)=F'+ -——(—4——-—) A B, y')ll((,l)[k\/& — a2 4 (y— ) )daldyt(2)
where b is the wave number (b = 27 /X), ¢ is the relative diclectric permittivity,
and S is the cross section of the layer.
We can rewrite equation (2), as
E(z,y) = E'+TE(@ ). (3)

where T is the following integral scattering operator. In this case accuracy of inner
field estimation by some first terms of the series can be evaulated by considering
the contribution of the next terms of the series.

' k2 (e ~ 1 Apto ! ’
TE@,y) = "D [ Bty Ol -y Rl (1)

In the simple case of a very thin strip; the inner field is considered to be equal
to the incedent field. This approximation is widely used in modeling of scattering
by plant elements named as the generalized Rayleigh-Gans approach:

~th(x cosdo+ysindg)
( , (

ot
~—

E(x,y) = E'(r,y) =
where g is the angle of incidence.

Considering the point (r , y) at any point in space, the multiple scattering Born
series is obtained from (3)

E(r,y)= '+ TE'(2 ')+ TTE(="y") + ... (6)

If there is a small parameter in the problem (for example, the strip thickness) it
may be shown that series converges rapidly. In this case, accuracy estimation of
the inner field by some first terms of the series can be evaulated by considering the
contribution of the next terms of the series,
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2.1b. Solution

The analytical solution of the integral series in (6) will be obtained by truncating
it after the first two terms, which yields

, 2
E(x,y) = E'(z,y)+ ik (E / (') I(')[L\/(J - (v — y")2)da'dy’ (7)

In order to calculate the surface integral the following integral representation of
the Hankel function will be used[9]:

| oo ¢ ' (1(\
HW — )2 - )2 = _/ Jk[(z—a)atly-y'VI-0"] 8
P =2+ -y == [ e ()

By substituting the well-known identity

k(e — 1)

Ea,y) = En,y)+—=

//N —tk(z' condo+y' sindg) tk[(.r-:r')o+|v y'IV1- n’]dndT’d?} (9)
: V1 - a2’

is obtained. From Fig.1, it is seen that the surface S covers the region defined by
y € (—d,d) and = € (—00,00); so far the integral

ik*(e 1)

d " . ool Aoy
/ /Q /O\ (,-ik.r'co»t?o( ~tky' sindg (,ik(r-—a")n(‘ikly-y’l\/l—_n?‘I(Nl'r dy
V1—a?

(10)

is written. By interchanging the order of integration and considering the integration
over y' separately first gives

Iy =

d . . .
/ (1"“‘111 5""90(~'k|!/“yl‘\/l’—ﬂidy’
-d

or



v ik s (e s . ! ik iy — ik ' s
ly' — / p Thy x~m|n( th(y=-v" )V ‘:lly' + / ¢ thy' sin 1'0(, ik(y—u')V1i-o (I!/I
J_od Jy

By extracting the terms independent of 3/

ly’ - /: (‘—iky'(sinﬂo+\/l—n’)(,ikydl—a’dyl + /d (‘_l‘ky'(sint?o-—\/l-—nﬁ)(,—iky\/l—n?dy/
- v

is found and the integration simply gives

Iy = (;'.ky =e ! [('ikd(“i"‘,‘ﬂ'm) - (,—ik!l(hiu 1‘7o+\/1_—7""-)]
! ik(sindo + V1 — a?)
+(?'iky\/l—n’ { 1 [(_—iky(sin\?o-\/l—n’) _ (_—ikd(sint?o-\/l—_nf)]
tk(sindp — V1 — a?)

When the terms are rearranged

c—iky sindg

"7 ik(sindo + V1 ~ a?)

I, (Cik(sanooh/'_?x-n Wd+y) _ ])

c—iky sindg

]
+ik(sin Yo — V1 — a?) (

_ (.—ik(sin Po-V1 -o'j)(d—y))

ur

‘,—iky sinJp

Iy =

1k(a? — cos?

) [2\/] — a4 (sindy — V1 - ()2)(:‘k(“i"‘9°+“ 1-0?)(d+y)

—(Sill ,‘()() + m)(,—ik(sin dp—=V1 —n!)(d—y)]



is obtained. For simplicity it will be represented as

ly = ¢ ~thysint - Ja,y), (I

with

1 k(ni Viprs
fla,y) = ) [2\/1 —a? 4 (sindy — V1 — a?)ceindorvi-af)(dty)

ik(a? — cos?

—(sindy + V1 — a?)¢~kbindo=vi-o )(d'y)] . (12)

Now, integration over ' separately gives

o S} 27|'
T, = / ¢tk (condota) gt — —E-é(cos Jo + o). (13)

o

Finally, the triple integral I in eq.(10) is reduced to an integration over o :

ik (e —1) > 21 ik si da
I = ——/ 2 ke miksingo £ a)é(cos Py + ) ———.
ype T J(a,y)é(cosdy + a) T
The presence of the delta distribution function simplifies the calculation of this
integral and enables one to write it by substituting o = —cosdy which yields:
ihie — 1
] = ——if)ls‘,‘(;r,y)f(—-cos Yo, y)- (14)
2s1y
But, it should be noted that when o = —cosdy is substituted in f(a.y)

flo = —cosidy) =

o



the result is undefined. It is necessary to expand f(a,y) by small parameter A(d 4
y). First, the following new variables will be introduced

(sindo £ V1 — a?) = g, k(d £ y) = a*

to write f(o,y) as

-t
S—

= /1 _ - t/i'*;r'+ 3+ -3~x !
f(a,y) 7k( —C0<2190 [ ] a +ﬁ ]' (l

For small 2% | the following approximations can be done from

it .
P~ ) 4 ifErE

which yields

fla,y) ~ Ha? [9\/1 —a2+4 A7(1 +iptat) - p*(1 *i/f—ﬂ'-)] \

a? — cos2 )

or

1

ik(a? = cos?y)

flayy) = [2V1 =% 4 4 +if* Bt — % +ifm %]

Now, the terms appearing in f(a,y) cai be casily rearranged as

B~ — Bt = (sindg — V1 = a?) — (sindy + V1 — a?) = 9V = a?

and
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iptp et wigtpteT = dsindg 4+ VI = o?)(sindy — VI - at)k(d + y)

+ i(sindy — VI —a?)(sintdog + VI —a?)k(d -y

= 2il\'d(sin'2 do—(1 - 02))a

which gives

]
ik(a? — cos?dy)

J(a,y) - 2ikd(a® — cos? dy),

yielding lim s fla,y) = 2d. (16)
Q== COs Vo
By substituting in (14) and using it together with eqs.(9,10)

E(z,y) = Ei(x,y) + B Bir ) 9o # nmyn =0.1.2,... (17)

sindg

is obtained.
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2.2. Diffraction by a Thin Diclectric Strip

In the previous section, the scattered field for a diclectric layer of infinite extent
is obtained as given in (17). Now, this solution will be used to caleulate the
scattered field by a thin diclectrie strip. Again E-polarized time-harmonic plane
wave incidence is assumed , as illustrated in Fig.2, The time dependence is assumed
as ¢~ and supressed throughout the analysis:

The total field will be written as given in (2)

2(
E(z,y)=E'+ -?—A—-——— / E(z',y") 1! (A\/(:r +(y—y'))da'dy’ (18)

where S is the cross section of the strip. Analysis will be performed in a manner
similar to the approach used for infinite layer case. So, first the well-known integral
representation of the Hankel function is substituted

ik*(e - 1)
4n
/d ./oo /“ ¢~ iklr! condo 4y’ ainﬂo)cik[(r—r')ﬂﬂu—y'lm] d;r'_d____a-dy’

V1 —-a?
(19)

E(I’y) = Ei +

and,integration over y' is written separately
¢ —tky' siny  ikly—y' |V1=a? . 1 —thysind
S Tl dy' = °flo,y)
-d

where f(a,y) is identical to (12).
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(e - 1)
in

o a , . . . !
/ / r—ikysmﬂof(()’ y)(_—-tk.r' (‘nM?u(Jk(.r—J")n da'da
- J=n

V1 —at

E(r,y) = i

(20)
Now,integration over z' separately gives

/u (,—ikr'(Caat9+0)dTI = 257’71k0(6()‘“90 + 0)

-a k{cosdy + a)

Ei
)y !
d €o.Mo Yo
4 /
[T L),
€M
[[1 IV /s8]
-d
la 2a »l
| b}
Figure 2
The total field becomes,
. ik?(e — 1) foo sin(ka(cosdo + a)) _p " da
I , = I T, / ‘—rkymnﬂo 3 thkar .
(z.y) (. p)+ 2w -0 k{cosdy + a) ‘ Jevy)e V1 —a?
(21)

the following identity is taken into account

. sin(ka{cos ¥y + o ,
R )
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<

which means that the wavelength is very small compared to the width of the strip
or the strip width extends to infinity. With this approximation, the integration in
(21) can ecasily be written which yields the total field as identical to the infinite
layer casce :

Exr,y)=E + Hle=1)d Ci(ryy) YoF umin=0,1,2,... (23)

sindo
It is obvious from this result that the approximation (a/A < 1) given in (22) im-
plies that edge diffraction effects are neglected. -

Now, in order to investigate the effects of the medium and material properties
on the scattering mechanism, the scattering amplitude will be calculated which in
general defined as

P(9,90) ~ E*(p,9)[A(p)cap(ikp + ia)]™!

So, the first step is to calculate this scattered field and as previously done, the closed
form expression of it will be taken from (4) by inserting E(z',y') = I'(+'.y'):

ik¥(e =1) 4 fo .
D [ B ) e — 2+ (5 Pl

~d J—-a
Since the scattering amplitude is defined for the far field region, the integrand of
the above expression can be simplified. Substitute z = pcosi? and y = psind in the
argument of the Hankel function :

E(d'y) =

D).yl [ Dyt !
k(e ~ )2 4 y—u)’—‘/‘\/ 1= Zcost + (Z)2 ~ Lsing + (L2
p p p p

which is approximately equal to kp(1 — ’F‘msﬂ - %sinﬂ) for p > A . This gives the
asymptotic expansion of the Hankel function for large arguments as

“) x' 7/' 2 ikp(]—lﬁmst?—y—'sinﬂ)—il
[kp(1 = —cost — =sintd)] ~ . TG ; C 4
N r wkp(1 — Zcosd — Lsim)



0) l
= thp— L —rk(a'cost 4y sindd)
= {/—¢ ¢ + () — .
\ 7kp [(l.~p)~‘/~’]

The scattering lield integral is

y 1.2 - . d
;}s(m’ y) —_ L (( ) ) 2 (,i(kp-—f.'/-l) / /“ (,—fk(TlC()a19()+y' sin |{’o)(.—il:(:l"('nt«l‘)-#—y’ sin 1‘))‘1."1‘11/1
4 whp JodJ-a

which gives the scattering amplitude as

12, .
l’(ﬂ, 190) = i-(—(a—]-)-(t—ik’I(COhﬂ+cos'9°)('_iky'(bi" :9+snn’)o)du'ldy/.

When the integrations are accomplished

sin[ka(cosd + cosdp)]  sin[kd(cos? + cosiy)]
(cos? + cosily) (cos + cosily)

P9,9) =(c—1)

is obtained and assuming the thickness of the strip very small (Ad — 0) it yvields:

stnlka(cosd 4 cosiy))
(cos? + cosily)

P(3,90) ~ ikd(c — 1)



2.3. Diffraction by a Resistive Strip
2.3a. Formulation

Thin strips of lossy material are of obvious interest for cross section reduction
purposes. A mathematical model of such a configuration is a resistive strip which is
very useful in the simulation of thin diclectric strips. An electrically resistive strip
is simply an clectric current sheet whose strength is proportional to the tangential
clectric field at its surface. Its electromagnetic properties are completely specified
by its resistivity R in ohms . In the special case R = 0 the strip is perfectly
conducting, whereas if R = oo the strip is no longer present. TFor a material of
large conductivity o,

R = (02d)™

where 2d is the thickness of the strip, and an alternative expansion 1s

r VA

T (= 1)k2d

valid if [c = 1] > 1. Where k and Z (= 1/Y) are the propagation constant and
intrinsic impedance of the, respectively, and ¢ is the relative permittivity of the
strip material.

I

The strip illustrated in Fig.3 will be simulated by a resistivity R occupying the
portion —a < r < a, —00 < z < 00 of the plane y = 0 of a Cartesian coordinate
system (x,y,z). The resistive strip is illuminated by an E-polarized plane electro-
magnetic wave as given (5).

“y E; ﬁ y o Ei.

eo:#o " \,O

TITI 7T TT 4

T

[T T el T — -

ol

|

Figure 3
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Since the total electrie field also has only a 2 component, the conditions at the
surface of the strip can be written as

E(r,04) = E(x,0_) = RJ,(x) (24)
i x H(x,04) =7 x H(r,0_) = J(z) (25)

where the subscripts (+) and (-) denote the upper (approaching from y > 0 half
space) and lower (approaching from y < 0 half space) surfaces of the strip. # is
the unit vector normal drawn upward from the upper side of the strip and J.(x) is
the total current being supported by the strip.
The total current can be rewritten as follows,

J:(z) = —[Hx(2,04) — He(x,0-)] .

The scattered field which will be created by such a current distribution fory > 0
and y < 0 is [10]

E* = _‘—’45 S @ HD S — 27 + 32 da’ (26)

-a

1) . . . . . . ry o
where 11§ Vis the cylindrical Hankel function of the first kind of zero order and Z is
the intrinsic impedance of free space as usual. The following expressions, r = peost
and y = psini), are substituted in the arguments of the Hankel function:

k(= x")2 4 32 = k\/(pcosﬂ —a')2 + psin®d.

Assuming that observation points are far away from the current sheet

2eost)r! [ ,.l:.,y’
k /—_—————_(;r —r’)2+y2 _ I\‘p\/] _ Cco8.rx + (:1'_)2 ~ ]\'[)(] _ I Cust )
» r

f



is obtained.

For the Hankel function Il((,”[k/)(l — (&'/p)eosid)] the following asymptotik ex-
pansion is given for large arguments [11]:

e

Il ! 7 2 o oo .
11(]) A. l _ I COS1 ~ — («'l‘"(l—',—,)("'lj.
0 [ p( p )] 7(!\/7(1 _ J‘l:sﬂ)

The magnitude of the above expression can he approximated as:

2 y ) 1
W‘P(] _ :r’com?) - 71’1\‘./1 1 — z!cost

P 2p

2 !
\ 7kp L O(l.'p3/'~’ ).

which gives the following asymptotic expansion for 1

12

! .
! r'cosy) 2 1kp— 12 —tha'cusy a9=
15" [kp() ~ W= et (27)
2 1 i T S l
= ___(,!AI'—T' (‘—IAJ cust + 0( _ )' (28)
77'1.'[) ]./)5

So, the far zone ficld expression is

"
2% [ =BT Py, (29)
mhkp



with the complex scattering amplitude 1" as

,\Z " fogt
P, d) = - 1 / J(a)emrheToosT gt (30)

-a

where 9 and 9 denote the observation and incidence angles, respectively.

In terms of P(J,9) the two-dimensional scattering cross’ section (or length)

is[10] defined as

2\
0’(19,190) = ;— I 1’('19,190) |2 . (31)
As is obvious from(31) the determination of the scattering cross section requires to

kriow the current sheet J.(x).
2.3.b. Solution

Since Ji(x) is the current supported by the resistive strip, it can be calculated
by using the boundary conditions imposed on the strip. The application of the
boundary condition (24) to the total clectric field at y = 0 gives :

kZ o
4 J-a

The following equality is written for the Hankel function from (8)

RJ.(x) = ¢~txeosdo _ Jo(aYHO (k| = 2" ). (32)

1 o . . da
HO G r— ' [) = _/ ik(r-atha L4 33
0 ( I‘T I |) T _w( /] — a2 ( )

and when substituted to the above equation

k7 e ] Lo la
If-’z(.'l') = {‘—thrasﬂo _ T// .I.(;I") _/ (‘tk(J—J Jo ""’("‘(‘)——d;l',

-a m



is obtained. Now, by interchanging the order of integration

. A‘Z o . dﬂ a . '
) — —thrcosdy dkaa My, —thr'a g ot
RI.(x) = « = /_ Lo [

and defining

J.(a) = / Je(a')e~ k"o d! (34)
it yields
‘ kZ foo . da
— —thkrcoadp o t\k:r,o‘ . .
RJ.(z) = ¢ e A (35)
By multiplying the both sides of the integral equation (36) by ¢="**# | and
integrating it with respect to z in the range [—a,d]
dadr

a : a . . o o0 . .
RJ;(J‘)C_’kIﬂd.‘l‘ = / C—:krcoaﬂoc-mrﬁd:r _ I‘;_Z /a / J(a)(“kl'ﬂ(,—lkrﬁ
= T Jea =

—-a

V1 -a?

is found. By performing the integrations with respect to x and using the integral
transform defined in (35), it yields

RJ.(B) =

2 sin[ka(cosdo + B)]  kZ /‘x' (a)gsin[l;a(o -A)] da
k (costdy + f3) 47 Jooo Tk (a—=p) V1 — a?

Now, if the limit equality in (22) is taken into account

sinlka(costg + )] kZ /(x, 9 da
- == ()= — f)—
(cosdy + ) 47 Jeoo J~((‘)k7”s(0 f )m

1IL(8) =



is obtained which gives

N 2 .~'i7l[l.'u(('o.~'1‘)u + /i)] A 1
R J: (1) = ko (cosdy + /3) - -‘5'1:(}” V1=
or
7z 2 sinlka(cosdy + /7))
(1{"}‘2 /———71_ﬁ )J(;B)_ A ((‘05,‘90*_[’)
J:(B) can easily be found as
2 ] sin[ka(cosdy + 3)]
J:.(B) = -+
(P) k(R+ —2=) (costo+p) '

2;;1—/17
or

4\/ ] - /} Si”[k(l((fos'l?u + /3)]
2RV = p2 4+ Z) (costo + 3)

J:(B) =

1Y

If B = cosd is subsituted in (31) with taking (35) also in consideration, then

complex scattering amplitude P(i4,9y) can be written as

’

k Z
P(d,9) = —T/.](cosﬂ)

or

Zsind  sinlka(costy + cosd)]

2Rsind + Z (costdy + costd)

1’(17, 190) =

is obtained.

(36)
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3. MICROWAVE MODELING OF A LEAF

The use of microwaves for object identification purposes heing subject to enor-
mous rescarches and publications include different remote sensing techniques. The
main aim of all these techniques consists of determining the geometrical and phys-
ical properties of remote or inaccesible bodies by considering their effect on the
propagation of waves which requires knowledge of the interaction of waves with
complex structures. This knowledge at all frequencies and at all aspects can be
provided by measuring or calculating the scattered field or radar cross section of
the object.

Microwave progation through vegetation layer can not be analyzed rigorously;
therfore, approximate models are used. These models relate the radiative param-
cters of vegetation such as brightness temperature or backscattering coeflicient to
biometrical oncs such as type and stage of growth, shape and size of leaves and
stalks,...ctc. Electrodynamic models rely on the assumption of vegetation either
as a collection of randomly distributed lossy scatterers(discrete approach) or as a
slab with random diclectric permittivity(continuous approach). Discrete approach
is characterized by the scattering mechanism of a single scatterer; so, it is impor-
tant to examine microwave scattering and absorption by different individual plant
elements.

In this work, a leaf is modeled as an individual plant element. Leaves are key
feature of any vegetation canopy and it is necessary to develop an efficient and
cfective technique for predicting the scattering from a single leaf. Le Vine et al.[12]
and Willis et al.[13] at microwave frequencies have proposed several methods based
on physical optics approximation applied to a uniform slab. On the other hand, Se-
nior ct al.[14] and Sarabandi et al.[15] have shown that physical optics in conjuction
with a resistive sheet simulation can be used for modeling Jeaves. For millimeter
wavelengths, where the thickness is a significiant fraction of a wavelength, Sara-
bandi et al.[16] introduced a model again based on physical optics approximation.
The models proposed here neglects edge diffraction effects and the first method con-
siders the scattering operator corresponding to a dielectrie strip, while the second
method relies on resistive sheet simulation.

The absorption cross section of the dielectrie strip is given by the expres-

sion[1,17]



R E P Cda'dy

0 — 8)
Bl |
When E(x,y) = E'(x,y) is assumed
0a = kS (39)

is obtained which corresponds to the absorption length of a "Rayleigh™ particle.
Scattering cross section may be calculated with this approximation by the summa-
tion of scattering intensity:

Os = (2kd)2| «—1 |221‘ 2n sin®[ka(cosdo + (.‘.0319)]

——d (40)
mk Jo (cosdg + costd)

where 2d is the thickness of the strip, 2a is the width, & is the wave number, ¢ is
the dielectric permittivity, and 1y is the angle of incidence.

The extinction cross section is given by the expression{8],

Oc = 04+ 0y (11)

It is necessary to recall that in the above mentioned approach, the optical theo-
rem(the law of energy conservation) is violated that may result in an error in the
calculation of radiative parameters of a vegetation canopy modeled by the collection
of strips.



4. NUMERICAL RESULTS

The accuracy of approximating a leaf by a diclectrie strip may be established
by taking into account the first three terms of the series given in (6). Some re-
sults of the calculation of the relative extinction cross section (0, /2a) are presented
in Fig.4. Curve (1) corresponds to the Rayleigh-Gans approximation while curve
(2) corresponds to the diclectric strip model with the first two terms of the series
expression being taken into consideration. The comparison of these two curves
shows that these approaches are in good agreement for relatively small values of
2kd. It can be seen that the two methods can be used for cases where 2hd < 0.03
and ka > 2 which implies a restriction for the frequency region which they are
applicable. By using the diclectric permittivity values at this frequency range.
the condition can also be expressed as 2kd|c — 1] € 0.5. Considering that for the
thickness(2d) a typical leaf is between 0.5mm and lmm, the frequency range is
determined easily as f < 8.5G H=. This shows that the Rayleigh-Gans approxima-
tion is applicable at microwave frequencies where the thickness of a typical leaf is
comparable to the free space wavelength. At millimeter wavelengths the thickness
can be a significiant fraction of a wavelength, where the method proposed in this
work may yield a better simulation.

Let us now examine the capability of a resistive strip model to simulate accu-
rately a thin dielectric strip. For this purpose, the echo-width for the K, field is
investigated by simulating a diclectric strip of A/40 thickness and 5A width with
relative permittivity ¢ = (4 — 70.4). These parameter values are chosen identical
to the values used by Richmond where he has studied diclectric strip problem by
moment method [ ]. For resistive strip siimulation the echo-width

A
o= 2 [l’(ﬂ,t?o)]2
m

is calculated by using the expression given in eq.(38). Fig.h shows the I, backscat-
ter echo-width for resistive strip simulation (solid line) and moment method solu-
tion(dashed line with cross signs). It is obviously scen that our results are in good
agreement with the results given by Richmond{]. On the other hand, in Fig.6,7.8
and 9 the results related to different resistivities and strip widths are given and
all of them agree with the moment methods results given by Richmond[]. The
comparison of Fig.6 and Fig.7 with Fig.8 and Fig.9, respectively, shows the effect
of the width of the strip on scattering phenomena. It is obvious that if the strip
width is large compared to the free space wavelength, multiple scattering will occur
and so edge diffraction contribution will be important. The increase in the number
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of ripples with the inerease in the width of the strip is due to this multiple edge
diffraction effect. On the other hand, the comparison of the curves given by Fig.6
and Fig.8 with Fig.7 and Fig.4, respectively, shows that pure real resistivity values
and compared the pure imaging ones result a decrease in amplitude although the
" behaviour of echo-width is unchanged.
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Figure4.. Spectral dependence of relative extinction-cross section (o/2a) for strip-
like plant elements when « = 204 3. Curves denoted by (1) and (2) corresponds to
the Rayleigh-Gans approximation, and the current method with the second terms
of the series taken into account, respectively.
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5. CONCLUSION

The results obtained are in a good agreement with the results provided by known
methods; morever, the accuracy of the solution obtained here can be estimated.
Particularly, the limits of the applicability of the so-called generalized Rayleigh-
Gans approach are established. The results obtained are also in a good agreement
with the experimental datall].

The advantege of method considered is the possibility to determine exactly the
limits of validity and the accuracy of obtained solution.

Dielectric strip may be a good model for some natural media constituents,
for example, elements of plant. Hence, the solution of considered problem may
be applied to modeling of natural structures in microwave remote sensing, wave
propagation, etc...



4. SUMMARY

Development of reliable models for microwave emission and scattering from
terrain, i.c.,soil, vegetation, snow, forest, ete.., is one of the important problems of
microwave remote sensing. The sizes of leaves and stalks in the microwave band
are comparable with the wavclength, and,therefore, the scattering and absorption
cross sections of plant elements must be calculated from diffraction models. Since
the elements of plant are similar in shape to flat discs, strips(for example, leaves),
and cylinders(for example, stalks), it is necessary to discuss the diflraction problem
for bodies with the above shapes.

From the point of view of classical physical theory, the scattering and diffraction
of waves from objects have long been fully understood in the sense that underlying
differential equation and boundary conditions of the relevant variables are known.
In principle, it is merely necessary to solve the equations subject to the boundary
conditions appropriate to any particular source and object in order to determine
the complete picture of the diflracted ficld. In practice, this has proved to be a
very formidable problem even under simple and idealized conditions. Approximate
mathematical solutions and experimental techniques that serve very well in the
study of optical phenomena related to scattering and diffraction are inadequate
to deal with the more general electromagnetic problems that are encountered, for
example , in radar. It is natural to begin the study of electromagnetic scattering
and diffraction with objects of very simple shape and structure. This offers the
opportunity of determining exact and complete theoretical solutions that are useful
in several ways in dealing with more complex objects for which only incomplete
and approximate data may be determined.

Diffraction of clectromagnetic waves by diclectric structures is now under and
urgent interest of rescarchers. This is caused by two reasons. From a theoretical
point of view the solution of this problem requires developing new theoretical ap-
proaches. Application of known methods, for example a resistive sheet model,
" a Wiener Hopf theory, etc., which are successful for perfectly conducting and
impedance bodies, to do diffraction by diclectmic configurations, sometimes, a rea-
sonable solution. However, the question about the limits of validty of this solution
is oftenly left to be open. The known moment method also becomes inefficient
when, for example, the width of thickness of dielectric strip increases.

On the other hand the propesed problem is of great importance due to numerous
practical applications. Dielectric strip-like structures is widely used in antenna



32

technique (different covers; microstrip, ete.), microwave circuits ( resonators, filters
). Furthermore, diclectric strip may be a good model for some natural media
constituents, for example, clements of plants, Heneey the solution of considered
problem may be applied to modeling of natural structures in microwave remote
sensing, wave propagation, clc.

The simple casc of scattering by a thin dielectric strip is examined. This problem
is considered on the basis of the expansion of scattering operator into multiple
scattering serics. The calculations of inner field and the extinction cross section
are conducted for certain dielectric costants and dimensions of strip corresponding
to the parameters of vegetation elements. It has been shown that for values of
kD| ¢—1 |<0.5,where k is the wave number, D is the strip thickness, and ¢ is the strip
diclectric constant, the generalized Rayleigh-Gans approach can be successfully
applied to calculate the extinction cross section of a dielectric strip.  Radiation
patterns of scattering by perfectly conducting strip and a thin diclectric strip is
compared.

An asymptotic solution is presented for the diffraction by a resistive strip which
is useful in the simulation of thin dielectric layers. Counsider a strip of width 2a and
resistance R occupying the portion —a < r < a, —00 < z < 00 of the planey = 0
of a cartesian coordinate system (x,y,z). The strip is illuminated by an E-polarized
plane electromagnetic wave

Ei = C—ik(:rCosﬁo +ySindyg)

where 0 < 9y < 7 and a time factor ¢~ has been suppressed.

Since the total clectric field also has only a z component, the conditions at the
surface of the strip can be written as

E.(7,04) = E-(x,0_) = RJ

We remark that when R = 0 the strip is perfectly conducting, and when R =
oo it no longer exists.
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The scatterd field is,

’I"J
pr= X2

/n .I(.-r')ll((,”(k (r —a')? + _1/2)(1;1"

-a

where Hc(,l) is the cylindrical Hankel function of the first kind of order zero and
Z is the intrinsic impedance of free space.

The far-zone scattered field is obtained by solving the resulting integral equa-
tion. Numerical data are presented to illustrate the scattering properties of lossless
and lossy diclectric strip as a function of the angle of incidence and the width of
the strip. The results obtained are in a good agreement with the results provided
by moment method.
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4. OZET

Bitkisel ortiilerden sagilma icin uygun modellerin gelistirilmesi, uzaktan algilamanmn

cok 6nemli problemlerinden biridir. Yapraklann ve dallarm mikrodlaga handinda
kargilagtinlabilir olmasi, bitki elemanlarimm geriye dogru sagima ve sogurma kat-
sayilarinin uygun sacilma modellerinden hesaplanmasima olanak vermektedir. Bitki
clemanlarimn disc ve gerit(6rnegin, yapraklar), ve silindirleérnegin, govdeler ben-
zer gekilde olmasi nedeniyle difrkasiyon problemine bu gekillere sahip nesnelerden
baglamak gerekir.

Klasik fizik teori iggginda maddelerden dalgalarin sagilmasi ve difraksiyonu, uy-
gun degiskenlerin simr kogullari ve diferensiyel denklemin bilinmesi durumunda
tam olarak anlagilmigtir. Difrakte edilmig alamin hesaplanmasi icin herhangi bir
kaynak ve maddeye ait simir kogullarimin denklemlarinin tam olarak ¢ozilmesi
gerekmektedir. Pratik olarak basit ve ideal kosullarda bile bunu kamtlamak cok
zor bir problemdir. Sagilma ve difraksiyon problemleriyle ilgili olarak optik olay-
larin ¢aligilmasinda iyi sonuglar veren yaklagil matematiksel ¢éziimler ve deneysel
teknikler genel olarak kargilagilan elektromagnetik problemlerinde, érnegin radar,
yeterli olmamaktadir. Elektromagnetik sagilima difraksiyon problemlerine ¢ok ba-
sit gekil ve yapilardan baglamak gereklidir. Bu bize karmagik yapilarla ilgili olarak
kesin ve tam olarak teorik ¢oziilerin hesaplanmasina imkan verecektir.

Dielektrik yapilardan sagilma aragtirmacilarin ilgisini geken bir alandir. Bunun
iki nedeni vardir. Kuramsal agidan problemin ¢oziimi yeni kuramsal yaklagimlar:
gelistirmeyi gerektirmektedir. Ince gerit modelinin ve Wiener-Hopf{ yonteminin
mitkemmel iletken ve empedans ylizeylerden sagilma problemlerinde kullanilimasi
bazen mantikh sonuglar vermektedir. Bununla birlikte bu ¢ozlerin gegerlilik aralig)
acitk birakilmigtir. Bilinen moment yontemi dielektrik seritin kalinhg) ve genisligi
artirlldiginda yetersiz kalmaktadir.

Diger taraftan hazirlanan bu problem pratik uygulamalar agindan biiyik 6nem
tasimaktadir. Dielektrik gerit yapilar anten tekniginde ve mikrogalga devrelerinde
yaygin bir gekilde kullanmilir. Dielektrik ya[pilar dogal yapilar i¢in uygun bir model
olabilir. Bu yiizden disguniilen problem mikrodalga uzaktan algilamada ve dalga
iletiminde dogal yapilarin modellemesine olanak verir.

Ince bir dielektrik seritten sagimm probleminin basit durumu galigildi. Prob-

lemin ¢6ziimii sagimim operatorintin ¢oklu sagimim serilerini agimmi izerine dayandirnil-

migtir.  Dielektrik igindeki alan ve zayiflama katsayisi bitki elementlerine bagh



olarak belirh bir diclektrik sabit ve gerit boyutlan alimarak bulundu., ADje — 1] <
0.5, kogulu saglamrsa bulunan sonuglar genellegtirilmis Rayleigh-Gans yontemi ile
bulunan sonuglarla iyi bir benzerlik oldugu gosterilmigtir. Mikemmel iletken geritle
ve bir ince dielektrik geritten sagilmaya ait 1gnma diagramlarn kargilagtinlnugtir, .

ince diclektrik tabakalarm simulasyonunda iyi sonuglar veren rezistif seritten
sagimim problemi icin asimptotik bir ¢6ziim onerilmisgtir. 2a genigliginde direnci R
olan ve y=0 dizlemi dzerinde —a € 7 < a, —00 < z < oo bir gerit dligtintiImistir.
Serit E-polarizeli bir diizlemsel elektromagnetic dalga ile aydinlatilnigtir.

En‘ — c-ik(rCoaﬂo +ySindp)

Burada 0 < 9y < 7 ve zaman faktdrii olarak e~ secilmistir.

Tolam elektrik alaninin sadece z bileseni oldugu igin geritin ytizeyindeki kosullar
yeniden yazilabilir.

E.(z,04) = E.(z,0_) = RJ

Biz soylemeliyiz ki R = 0 oldugu zaman gerit mikemmel iletken , R = <
herhangi bir durum s6z konusu degil.

Sagilan alan,

Bt = _¥ " IV HO ez — 2)? + y?)da’

burada Hé]) sifinma dereceden birinci tip silindirik Hankel fonksiyonunu ve Z
karakteristik empedansi gostermektedir.

Uzak alan ifadesi sonug integral denkleminin ¢oziilmesiyle elde edilebilir.Sayisal
sonuglar verilmigtir. Elde edilen sonuglarla moment methoduyla elde edilen ¢ozimler
arasinda biiylik benzerlikler oldugu gosterilmistir.
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