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Abstract

At millimeter wave frequencies a typical leaf is a significant fraction of a wave-
length in thickness, and its nonuniform dielectric profile now affects the scattering.
To provide a simple and efficient method for predicting the scattering, two types
of physical optics approximations are examined. The first approximates the vol-
ume polarization current by the current which would exist in an infinite dielectric
slab with the same profile, while the second (and simpler) one employs the surface
current which, on the infinite slab, produces the known reflected field. It is shown
that the first method is superior, and provided the actual dielectric profile is used,
it predicts the scattered field to an accuracy which is adequate for most practical

purposes.



1 Introduction

Leaves are a key feature of any vegetation canopy , and in order to model the
scattering from vegetation-covered land, it is necessary to develop an efficient and
effective technique for predicting the scattering from a single leaf. At microwave
frequencies where a typical leaf is electrically thin with lateral dimensions at least
comparable to the free space wavelength o, several methods have been proposed
[e.g. Le Vine et al 1985, Willis et al, 1988] all based on the physical optics approx-
imation applied to a uniform dielectric slab. In particular, if the leaf thickness is
no more than about \q/50, physical optics in conjunction with a resistive sheet
model predicts the scattering at most angles of incidence [Senior et al, 1987] and
can also handle curved leaves [Sarabandi et al, 1988].

On the other hand, at millimeter wavelengths the thickness can be a significant
fraction of a wavelength, and it is also necessary to take into account the internal
structure of a leaf. At least two different types of cell can be distinguished, and
their differing water content affects the dielectric constant, leading to a nonuni-
form dielectric profile. To compute the scattering at these higher frequencies, two
different physical optics approximations are examined. The first of these employs
the polarization current which would exist in an infinite slab consisting of one, two
or more layers simulating the dielectric profile of the leaf, and this is referred to as
the volume integral physical optics (VIPO) approximation. When there are many
layers, a convenient method of implementation is described in the Appendix. The

second (and simpler) approach postulates a surface current which, for an infinite



slab, produces a plane wave identical to the reflected field, and this is the surface
current physical optics (SCPO) approximation.

For an electrically thin leaf or plate, the two approximations are indistinguish-
able, but as the thickness (or frequency) increases, the predicted scattering differs
in most directions, and by comparison with the results of a moment method solu-
tion of the volume integral equation, it is shown that VIPO is superior. In addition,
for a two layer material, it is no longer adequate to treat the plate as homogeneous
one having an average dielectric constant. Provided the actual dielectric profile of
a leaf is simulated, it appears that VIPO can predict the scattering behavior of
a leaf to an accuracy that is sufficient for most practical purposes at millimeter

wavelengths.

2 Structure of a Leaf

The structure of a typical vegetation leaf is shown in Fig.1. The type and number
density of cells may vary as a function of depth into the leaf which, in turn,
results in a nonuniform dielectric profile. The effect of this nonuniformity becomes
observable at higher frequencies where the thickness of the leaf is comparable to
the wavelength.

Leaves contain two types of photosynthetic cells: palisade parenchyma, consist-
ing of column-shaped cells in which most photosynthesis takes place, and spongy
parenchyma, which consist of irregularly shaped cells with large spaces between

them. Because a large part of the vegetation material is water, its dielectric con-
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stant is strongly influenced by the dielectric constant of water and the water con-
tent. For most leaves, the water content is higher in its upper layer (palisade
region) than in the under surface (spongy region). The sensitivity of the dielec-
tric constant to water content is much greater in the lower part of the millimeter
wave spectrum than in the upper, but this is more than counterbalanced by the
thickness to wavelength ratio. The net result is that the sensitivity to dielectric
variations is greater at the higher frequencies.

To examine the effect of the nonuniform dielectric profile on the scattering
properties of the leaf at millimeter wavelengths, we computed the normal incidence
reflection coeflicient I'g of a two-layer dielectric slab and compared it with the
reflection coefficient of a uniform dielectric slab whose dielectric constant is the
average. The computation was performed for a leaf thickness of 0.5mm, and the
water content ratio of the two layer was chosen to be 4 to 1, representing a marked
variation between the upper and lower surfaces of the leaf. From the data in Table

1, it is seen that when the two-layer slab is approximated by a uniform slab the

f(GHz) |« €2 | €ag) =252 | Lo Lo(avg)

35 204121 | 6413 134112 0.74/6 | 0.782£ —0.16

94 6+15 | 2411 4413 0.59/12 0.48227

140 5+i14 | 2411 3.5+12.5 0.50£20 | 0.34£26.1

Table 1: Voltage reflection coellicient for a two-layer and average dielectric slab

error in the reflection coefficient increases with increasing frequency, and is as large
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as 4 dB at 140 GHz.

3 Physical Optics Approximations

At microwave frequencies where a typical leaf is no more than about Aq/50 in
thickness with lateral dimensions comparable to or larger than the wavelength,
the scattering properties can be accurately predicted using the physical optics
approximation applied to a resistive sheet model of a leaf [Sarabandi et al, 1988].
In effect, the leaf is modeled as an infinitesimally thin layer, but as the frequency
Increases, it is necessary to take the leaf thickness in to account. There are now two
types of physical optics approximation that can be employed. The standard one is
the surface current (SCPO) approach in which an infinite dielectric slab is replaced
by an equivalent sheet current that produces a plane wave identical to the reflected
wave of the slab. This current is then used as an approximation to the equivalent
surface current over the upper surface of a finite dielectric plate. Alternatively,
the induced (volume) polarization current in the plate can be approximated by the
current in the infinite dielectric slab, and we shall refer to this as the volume integral
physical optics (VIPO) method. It is more accurate than the SCPO method,
although the latter is more convenient to use for evaluating the scattered field.
To illustrate the two procedures, consider a dielectric plate consisting of a
homogeneous dielectric of thickness d; and relative permittivity €; atop a second
material of thickness d; — d; and relative permittivity ¢,. The plate occupies the

g b b - :
region —3 <y < 9, =3 <y < 2, and —dy < z < 0 as shown in Fig. 2, and is



illuminated by an E-polarized plane wave whose electric vector is
Ei — yeiko(zsineo—-zcos%) (1)
where kg is the propagation constant in the free space medium above and below

the plate. When the plate is treated as an infinitely extended slab, the electric

field can be written as

Ey — ((i—ikoZz + FeikoZz)eiko sinfozr (0 < Z)
Ey — (Blfi*ik“z 1 Aleiklzz)eiko sinfoz (_dl <z< 0)

:/y — (B2e—ik222 + A2eikgzz)eik0 sin gz (_d2 S z S ___dl)
Ey — Bse—ik()zzeiko sinfpx (Z S _d2)

where

ko, = kg cos O, ki, = koy/€; —sin® 0,

forj = 1,2. If Ry and Rj are the reflection coefficients at the upper and lower

surfaces where

R = Fo: = ki _ ko: — ks,
! koz + klz’ 2T ka + k2z
and
_ ks, 2iky . (dy—dy) 2iky,(dy—dy))| "1
Ca = 1 22 {1 Ryelsmt {1 et} ™

application of the boundary condition at the three interfaces gives

= —Ci(4R) _ O ik,
Bl - C4+C—_ Rye?tk12d1) Al - C € : Bl (3)
+
_ ei(klz‘k2z)dl 2 _ 2tk zd
B2 T 1—Rye?th2z(dy—dy) aBla A2 = —1326 2 2B2 (4)

By = ei(kzz—ko;)fb(l ~ R,)B,



and
_ CyR + C_etikizdy 5
- Ci + C_Rye¥kizdr’ (5)

The corresponding results for a single layer of thickness d; and relative dielectric
constant €; can be obtained by putting d; = d; and ko, = k., implying By = By
and A; = Aj.

Given a volume distribution of electric current J in free space, the correspond-

ing Hertz vector is

7 . 6ik0|f-f’|
HﬁﬁrﬁL/Jﬁ}T—Tdm (6)

drky Jv |7 — 7|

where Zy(= 1/Y}) is the free space impedance, and the resulting field is

E(f)= VxVxII(7),

H(F) = —ikoY,V x TI(F).

In the far zone of the current distribution

6zkor lZO
(7 / -/ —zkorr i
(7' AOT‘ 471']»0 J d (‘)
and
E(F) ~ k&t x & x TI(7). (8)

In the dielectric slab the volume current J is the polarization current
J = —ikoYo(e; — 1)E,¥. (9)

where £, has the value appropriate to each layer (5 = 1,2), and when this is

inserted into (6) and the integration carried out over the volume occupied by



the plate, we obtain the VIPO approximation. For scattering in the direction 6,
indicated in Fig. 2 the expression for the Hertz vector is

1koT 1. 3 e
VIPo _ e koabsin X

Vi m x (10)
where
F= (q-1){qatioiiy, - eemehetip )
+(62 _ 1){ e—i(k2z—ko c:s(zzicﬁl;ec-o;(;z;—ko cos 6g)dy A2
__eilkaztko COZ(GI:Z:_;S;?;:;ICOCOS Bs)dy Bg} (11)
and
X = ZC%ﬁ(sin 05 + sin0y). (12)

&

The far zone scattered field can then be obtained from (7) and written as

SE(OsaOO) (13)

where Sg(0,,0o) is the far field amplitude, and for the VIPO approximation the

result is
kyabsin X
SyIPO(0,,00) = y2— 14
In terms of the far field amplitude, the bistatic scattering cross section is
AS
(0s,00) = = | 8(0s,00) |” . (15)

The more conventional SCPO approximation can be obtained by noting that

the electric current sheet

J = —2Y; cos fplerosinbors(2)y (16)
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produces a plane wave identical to the field reflected from the dielectric slab. As
evident from the impulse function é(z) in (16), the current is located at the upper

surface of the slab, and when (16) is inserted into (6) we find

thor ; S Y8

scpo . €T =1 sin X .
NV — 17
II y o cos Ogl'ab T (17)

and the far field amplitude is then

—ik? sin X A
S29F0(0,,00) =¥ QWO cos folab—2 (18)
In the specular (0, = —0,) and backscattering (0, = 0,) directions it can be verified

that (14) and (18) are identical, but in the other directions the two approximations
differ.

In the case of H polarization for which
Hi — }'\,eiko (zsinfp—2zcos bp) (19)

the analysis is similar. With H, represented as shown in (2), the various coefficients
(now indicated by primes) differ from those for E polarization in having ki, replaced
by kyi./€r and ky, replaced by ky./e; everywhere except in the exponents. The

induced polarization current then has two components and is given by
J = —ikoZo(e; — 1)(E X + E.Z). (20)

where I, = (ikoe;) ™' Zo0H, [0z and E, = —(ikee;) ' Zo0H,/0z have the values
appropriate to each layer (j = 1,2). The Hertz vector can be computed using (6),
and for the scattered field H¥, the far field amplitude is found to be

. k3absin X
SVHO 05 0 — 0
H ( ) 0) Yy ir X

(cos O,F] —sin 0, F}). (21)
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where

I fhiz(a=1) [1-e=i(kiz=kocosbs)dy ) 1_eilk1z+kgcosbs)dy /]
Fl - { ko €1 i(klz—ko COSGS) Al + i(k1z+k0 Cosos) 1

k?z(E'Z"l) e—t(kg,—kgcosbs)dy _—i(ky,—kgcosbs)dy ,,
+ koea [ i(koz—ko cos bs) A2

t(kpz+kqcos 8s)dy _ o—i(kay+kg cosbs)dy 1y,
e e 929
+ i(k22+k() COS@S) B?]}’ ("‘“)

and

p_ (e1=1) [1=e=ik1z=kgcosbs)dy ) 1_gik1ztkocosbs)dy ’]
F2_ SIHOO{ € [ i(k1z—ko cos bs) 1 i(k12+ko cos fs) Bl

+ (e2-1) [e—i(kQZ—ko cos Bs)dy _ o—i(kq,—kq cos Bs)dy A/
€ i(k2z—ko cos ) 2

ei(k2z+k0 cos 65)dy —e—t(kaz+kq cos 65)dy ’ 9
- i(kz2+ko cos f,) Byl}. (23)

The SCPO approximation can also be obtained by noting that a magnetic

current sheet of the form
J* = =274 cos O e sinforg )y (24)

generates a plane wave identical to the reflected wave. Using this as the equivalent

surface current on the dielectric plate, the magnetic far field amplitude becomes

—ik2 ,osin X
27r0 cos 0ol ab T (25)

Sk "0(0:,00) = ¥

As in the case of E polarization, the two approximations are identical in the spec-
ular direction, but (21) and (25) differ in all other directions, including backscat-

tering (0, = 0y) unless 0y = 0.



4 Numerical Results

To illustrate the difference between the VIPO and SCPO approximations we con-
sider a homogeneous (single layer) plate of thickness dz = Xo/4 with €, = ¢ =
3 +10.1. For an E-polarized plane wave incident at 30 degrees, the amplitude and
phase of S0 /SSCFO are given in Figs. 3 and 4, and these show that the dif-
ference increases away from the specular and backscattering directions. At a fixed
scattering angle, the difference increases with the electrical thickness of the plate
up to the first resonance and then decreases. To test their accuracy the two ap-
proximations have been compared with the results of a moment method solution
of the volume integral equation. The particular code used is a two-dimensional
one which was extended to three dimensions by assuming that the induced cur-
rents are independent of the y coordinate. Since the dielectric constant of most
vegetation materials is high, it is necessary to have the cell sizes very small, and
one consequence of this is the need to compute the matrix elements extremely
accurately, especially for H polarization. For a 2\, square plate formed from the
above-mentioned layer and illuminated by an E-polarized plane wave at normal in-
cidence, the two approximations are compared with the moment method solution
in Fig. 5, and the superiority of VIPO is clear.

In the case of a thin plate the two approximations are indistinguishable. This
is illustrated in Iig. 6 showing the VIPO expression (14) and the moment method
solution for a 2Xg square plate of thickness dy = \o/50 for E polarization. The

plate is a homogeneous one having e = 13 + i12 corresponding to the average
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permittivity at 35 GHz in Table 1. The SCPO expression (18) yields the same
results, as does a two-layer model having the permittivities listed in Table 1. The
analogous data for H polarization are given in Fig. 7, and over a wide range of
scattering angles, the approximate and moment method solutions are in excellent
agreement.

As the frequency and, hence, the electrical thickness of the plate increase,
the superiority of the VIPO approximation becomes apparent and, in addition, it
becomes necessary to take the layering of the plate into account. In Figs. 8 and 9
the simulated frequency is 140 GHz, but to keep the moment method calculations
tractable, the plate has been reduced in size to 1.4)\¢ by 2Xg. The curves shown are
for a two-layer plate having dy = 2d; = 0.5mm with ¢; = 5+i4 and €5 = 2411, and
for a single layer having the average permittivity €., = 3.5 + i2.5 (see Table 1).
Since the accuracy of the physical optics approximation increases with the plate
size, the agreement between the two-layer VIPO approximation and the moment
method solution is remarkably good, and significantly better than if a single layer

had been used.
5 Conclusions

A typical leaf has at least two dielectric layers whose cells have differing water
content, and this produces a nonuniform dielectric profile which can now affect
the scattering. At microwave frequencies where the leaf is no more than (about)

Ao/50 in thickness, the nonuniformity is not important, and as shown by Senior et
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al [1987] the leaf can be modeled as a resistive sheet using an average value for the
permittivity. If the physical optics approximation is then applied, the resulting
scattering is attributed to a surface current, and this method is equivalent to the
SCPO approximation. At higher frequencies, however, the thickness and structure
of a leaf are more significant. At 100 GHz and above a leaf is a considerable
fraction of a wavelength in thickness, and in spite of the reduced sensitivity to
water content, the nonuniformity affects the scattering.

For a two-layer model of a leaf, the SCPO approximation has been compared
with the volume integral (VIPO) approximation. When the leaf is thin the two
approximations are identical and in good agreement with data obtained from a
moment method solution of the integral equation, but as the electrical thickness
increases, the two approximations diverge in all directions except the specular and
(for E polarization) backscattering ones. Although the VIPO approximation is
more complicated, its accuracy is greater, and the agreement with the moment
method data is better using a two-layer model than when a single layer of average
permittivity is employed.

For most practical purposes it would appear that VIPO in conjunction with
an accurate dielectric profile of a leaf provides an adequate approximation to the
scattering at millimeter wavelengths. As our knowledge of the profile increases, it
may be desirable to use a multi-layer model which could even simulate a continuous,
nonuniform profile, and a convenient way of doing this is described in the Appendix.

We also note that at frequencies for which the leaf thickness is comparable to A, /2



where ), is the (average) wavelength in the leaf, the scattering is greatly reduced at
some angle of incidence, and because the permittivity is complex, there is actually
a range of angles for which this is true. Since the reduction is accompanied by an
increase in the field transmitted through the leaf, this could provide a means for

penetration through a vegetation canopy.
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Appendix A

A1l Combined Sheets Model

When using the VIPO approximation, an efficient way to take into account
the effect of any non-uniformity in the dielectric profile is to model the leaf
as a stack of N combined current sheets. Each sheet simulates a very thin
dielectric layer whose thickness is less than A/15 where A is the wavelength in
the material. A combined sheet consists of coincident resistive and modified
conductive sheets that support electric and magnetic currents respectively,
with the conductive sheet accounting for the electric currents flowing per-
pendicular to the dielectric layer.The m* layer sheets are characterized by a

complex resistivity and conductivity R,, and R, respectively, where

R__ 17
- = T

koAm(Em—l) (Al)
R* = 1Ypem
m ko Am(fm—l) :
Here €,, and A,, are the relative dielectric constant and thickness of the m®"
layer, and 7 = Y0 _| A, is the total thickness of the dielectric slab.

h

The boundary conditions at the m™ combined sheet are as follows [Senior

and Volakis; 1987]:

i x {i x [E* +E7]} = —2R,.J.. (A2)

J,=hx[H-H] (A3)
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where J,, is the total electric current supported by the resistive sheet, and

Yo, 0

ix{Ax[H +H )} - 2ax —[EF+E7]= —2R:J5  (A4)
ko on
J* = —fix|[Et —E] (A5)

where J7, is the total magnetic current supported by the conductive sheet.
The superscripts T~ refer to the upper (+) and lower (—) sides of the sheet,

and 1 is the unit vector outward normal to the upper side.

A2 Scattering by a Stack of N Planar Sheets

Consider a stack of N infinite planar combined sheets all parallel to the zy
plane of a Cartesian coordinate system (z,y, z) as depicted in Fig. Al. The
top sheet is in the z = 0 plane and the m® sheet is located at z = ~dp,
where d; = 0. The space between the m* and (m + 1) sheets is referred to
as region m, and we note that region 0 (# > 0) and region N(z < —d,,) are
semi-infinite free space. A plane wave whose plane of incidence is parallel to
the zz plane impinges on the stack of sheets from above. From the symmetry
of the problem, all the field vectors are independent of y (i.e.,é% =0), as a
result of which the field components in each region can be separated into £F—

and H —polarized waves which are the dual of each other.

In the case of E polarization the incident field is given by (1) and the field
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components in region m can be expressed as

Emy — [C:ne—iko cos bz + C:neiko cos&oz]eiksin fox
me — Yb CoS oo[Cjne—iko cosboz __ O;zeiko cosBoz]eiko sinfox (AG)
Hmz — Y’O sin ec[cjne—iko cos by z + CTrneiko cos Ooz]e'iko sinfgx

The coefficients C* and C7, are the amplitudes of the waves travelling in
the —z and +z directions, respectively, in region m. In region 0, Ci = 1
and C] = I'g (the total reflection coefficient) and in region N, C = 0,
Ci = Tg (the total transmission coefficient). Hence, using the boundary
conditions (A2)-(A5), there are 2N unknowns and 2N equations that can
be solved simultaneously. On substitution of (A6) into (A4) the left hand
side vanishes showing J;, = 0. As expected, the conductive sheet is not
excited with this polarization since there is no current in the z direction in
the dielectric slab, and in the absence of a magnetic source, the tangential
component of the electric field must be continuous as given by (A3). On
inserting the expressions (A6) into (A5) and (A2) and defining the reflection
coefficient in region m as

r
FE _ me—%ko cos fodm+41

m_C;n )

the following relations are obtained:

[\E =14 (2Y% cosﬁo}l,n_l)eziko cos 90("M+1"d'")l",En
Tm-1 " 2ikq cos 6 (d —dm)E
14-2Yp cos 6o Ry +€“*"0 0\9m+1 rs (Ax_{)
; 14TE ; ‘
Cl — m—1 1
m 14¢2tko cos 60(dm41—dm)pg ~ m—1

The induced electric current in the m™ sheet can be found from (A3) and
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expressed as (excluding the phase factor et sinf®)

E _ iko cos 8 dm 1407
Jm — yzl/b cos 906 0 0 [1 - 1+e2;k0 cos Bo(dm+1—dm)r"%] (AS)
m—1 1+FlE—l
= ( )

21k cos 6g(d —dp)RE
14¢%tk0 t+1- 47!

The total reflection coefficient in region 0 (I'g(0) = T'F) can be evaluated
from the recursive relation (A7) by noting that T'¥, = 0 (the region N is

semi-infinite). The total transmission coefficient can also be obtained from

(AT) as follows:

(A9)

Unlike the E-polarized case where the magnetic current is zero, an H-polarized
wave excites a magnetic current in the y direction and the tangential electric
and magnetic fields are both discontinuous across the combined sheets. For
H polarization the tangential field vectors in region m can be obtained by
applying the duality relationships to (A6). In this case the amplitudes of
the travelling in —z and +z directions are denoted by B! and B’ respec-
tively. By applying the boundary conditions (A2)-(A5) at the m!" sheet and

denoting the reflection coeflicient in region m by

,
I\H _ me—Qiko cos g dpm 41

m B’:n )

after some algebraic manipulation we obtain

= _ (Qum—1)—(1—Pm)(Qm—l)F£52"k0cos 90(dm+1—dm)
Lt = ~(14Pm) (14Qm)+(1-Qm P )T E ?t¥0 <0 f0(dm 41 =dm) (10)
B — (Qm=1)+(1+Qm)TE_, i

(A11)

m —(1+Qm)+(l—Qm )I‘T];Iie%'ko cos 6 (dm+1 _dm) Bm-1

18



where the parameters Q,, and P, are

sin20, 2R, secl
P, = —mC%

“n = 3R Zocoso Z

(A12)

Since 'l = 0 the recursive relation (A11) gives the total reflection coefflicient

in region 0 and using (A12) the total transmission coefficient is given by

ﬁ (Qm _ 1) + (1 + Qm)rg—l

TH(G) = 1l _(1 n Qm) + (1 _ Qm)rge%ko cos 0p(dm41—dm)

(A13)

The induced electric and magnetic currents can be expressed in terms of the

reflection coeflicients as

Jg — _)"(eiko cos fgdm—1 [(1 + Pg_l) + (1 + I‘geﬂko cos ao(dm-H—dm))
. (@m-1)+(14Qm)CH_, |- I (Qe=1)+(14Qo)TY | ]
e -amrer = | i (gm0
(A14)
Jg* — yZOCOS(go . eiko cos€odm_1[(1 _ qu) + (1 _ I‘\ge%ko cos 0o (dm+1 —dm))
. (Qm-1)+(1+Qm)TH_, |- (Qe=1)+(1+Q,)}, ]
(14Qm )+ (1=Qu )T H ¢tk <03 0(dm 41 —dm) =1 (1+Ql)+(1_Ql)Ffjeik0cos 00(dgs1—d7)
(A15)

where JH(z) = JHeikosinboz and JHx(3) = JHxgikosinboz
A3 Scattering by a Rectangular Stack

Consider a portion of the N-layered stack of combined sheets in the form of

a rectangle occupying the region —% <z < g, —

o

1 <y < % as depicted in

Fig. A2. In the far zone the approximation

|7 =7 |~ r+sinf2’ + cos0,d,,
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leads to

() G [0, LTy (el it s dady)

()~ 2 [, EQZ(ZN Ty (et cor i gifosin o gy
(A16)
Using the physical optics approximation, the currents obtained for the infinite

sheets are substituted into (A16) to find the scattered fields. For E and H

polarizations the far field amplitudes are

X
SE(03700) kzabZO ZJE tkocostdm)SH}X , (A17)
m=1
X
Sy(0,00) = lf’ab[z cos 0,7 1 Y JH*)e 1k°°°593dm]sm . (AL8)
m=1

where, as before, X = % k2 (sin 0, +sin 0y). In the backscattering (0, = 0) and
specular (0, = —0;) directions the summation term in (A17) reduces to a

telescopic series resulting in

]\T
Z Jﬁeikc"sgod'" = 2Yj cos 0,Cf = 2Yg cos 0o g(6y), (A19)

m=1

and backscattering cross section is then

, sin?(kasin 6,)

2
O'E(Ho, 00) = 471'@ COS2 00 ‘ FE(H()) |

A20
A2 (kasin fy)? (A20)
Also, for H polarization
YN (cosoJH + YoJHx)ethocostodm — 9 cos 0o N _ (Br _, — BI)

= —2cos OOBS = -2 COSyg, FH(GO))
(A21)
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which leads to

b)? 2k sin 0
UH(90,90) = 47(.&(:082 90 l FH(OQ) Ig S ( a sin 0)

—_—. 22
A2 (kasin fy)? (A22)

These results are identical with the ones obtained by the SCPO technique.
The extinction cross section can also be obtained from the far field amplitude
using

2

ot = )\—Im[S(HO, 0o + )] (A23)
™

from which we obtain

o.%a:t = 2abcos HORe[l — TE(O)], (Af) )
24
o5t = 2abcos §Re[l — Tu(0o)).
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Figure 1: The structure of a typical vegetation leaf.
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Figure 2: The geometry of the scattering of a plane wave from a two-layer dielectric

slab.
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Figure 3: Amplitude of the ratio of the bistatic far field amplitude of VIPO to

SCPO for E polarization of a dielectric plate with d, = A\o/4 and €; = ¢, = 3+10.1

at 0y = 30 degrees.
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Figure 4: Phase of the ratio of the bistatic far field amplitude of VIPO to SCPO
for E polarization of a dielectric plate with dy = X\o/4 and €; = ¢; = 3 +40.1 at

6o = 30 degrees.
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Figure 5: The bistatic cross section of a 2Ag X 2)¢ plate for E polarization with

dy = Xo/4 and ¢ = €; = 3 +140.1 at normal incidence: (—) moment method

solution, (- - -) VIPO, (- -) SCPO.
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Figure 6: The bistatic cross section area of a 2)g X 2Xo plate for E polarization
with dy = Xo/50 and ¢€,,, = 13 4 12 at normal incidence: (—) moment method

solution, (- - -) VIPO or SCPO.



dBsm

—10 1|r1|||||||vl||lvll'rl||ll|||Ivll||||rl[ltlllll|l||v|l||vvl|vrvl|virvllllll|r|l|vv|!|vvll

F 4
- B

-

20 = -

40

=50

' I '
. . ‘ .
_70 LlltlllllllllllllllllAIlllll'l‘lllllllll'llllIllllllllllllllll'llIllll]llllllllllllIlLllllII

-30 -70 -50 -30 -10 10 30 50 70 30
Scattering Angle (Degrees)

Figure 7: The bistatic cross section of a 2\ x 2, plate for H polarization with

dy = Xo/50 and €,,, = 13 + 712 at normal incidence: (—) moment method

solution, (- - -) VIPO or SCPO.
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Figure 8: The bistatic cross section of a 1.4\¢ X 2X, plate for E polarization with
dy = 2d; = 0.5mm and f =140 GHz at normal incidence: (—) moment method
solution with €; =544, e, = 24 i1, (- - -) VIPO with ¢, = 5 + 4, e, = 2 + 41,

(- =) VIPO with €; = ¢, = 3.5 +12.5.
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Figure 9: The bistatic cross section area of a 1.4\¢ x 2), plate for H polarization
with dy = 2d; = 0.5mm and f =140 GHz at normal incidence: (—) moment
method solution with €, = 5+ i4, e, = 2 + 11, (- - -) VIPO with ¢ = 5 + 44

€y = 2 + 'll, (— —) VIPO with € =€ = 3.5 + 12.5.
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Figure A-1: Layer of N combined sheets simulating infinite dielectric slab.

Figure A-2: The geometry of the scattering of a plane wave from a finite N-layer

combined-sheet.
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