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Abstract—From a very roughly random surface the backscattering
enhancement is predicted due to the constructive interference of
multiple surfaces scattering. For specialized surfaces involving
roughness large compared with the incident wavelength, the
backscattering enhancement takes place. The phenomenon of
backscatter enhancement becomes evident for both larger normalized
surface height and surface rms slope. In this paper we take
further study to predict the backscattering enhancement mainly comes
from upward multiple scattering. Omn the contrary the downward
multiple scattering has no contributions to the scatter strength of
backscattering enhancement. The model developed in this paper is
based upon the integral equation method and able to predict this
phenomenon of multiple scattering and backscattering enhancement.
The depolarized multiple scattering makes much contribution along the
plane of incidence from random rough surfaces, but depolarized single
scattering makes little contributions. The total multiple scattering
strength is the summation of upward and downward multiple scattering
strength. In comparison of model prediction of total multiple scattering
strength with measured data along the specular plane, excellent
agreement is obtained.
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1. INTRODUCTION

The experimental study of backscattering enhancement from charac-
terized random surfaces was studied by L. Ailes-Sengers in 1995 [1].
The comparisons of Monte Carlo numerical studies and experimental
measurement of backscattering enhancement from 2-D perfectly con-
ducting random rough surfaces was made in 1996 [2,3]. Up to date a
theoretical model for studying the backscattering enhancement and the
relationship among the backscattering enhancement and the multiple
scattering is still lacking. Further the study of upward or downward
multiple scattering making major contributions to backscattering en-
hancement is also lacking.

In this paper we develop the scattering model to predict
the multiple scattering and backscattering enhancement and the
relationship among them. Due that the phase terms of Green’s function
and its derivative in the integral equation pairs is a possible candidate
for the backscattering enhancement from very rough surfaces, the
model developed in this paper is based upon the integral equation
pairs with tangential electric and magnetic surface fields.

First the governing equations for the tangential surface fields
on a dielectric surface can be written as the sum of the standard
Kirchhoff and complementary surface fields (Figure 1). The estimates
the tangential electric and magnetic fields at a surface point can
be obtained by the tangential surface fields. After estimating the
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Figure 1. Tangential surface current induced by Kirchhoff and
complementary scattering.

tangential surface fields the scattered field can be found in terms of
them. With the scattered field expression the average scattered power
and scattered coefficient can be found subsequently, the scattering
coefficient can then be expressed as the summation of Kirchhoff, cross
and complementary scattering coefficient in the paper. The model
predictions for upward and downward scatterings from rough surfaces
are shown under different surface parameters; surface rms height,
surface correlation length and surface rms slope. For studying the effect
of backscattering enhancement we also show the relationship among
the backscattering enhancement and multiple scattering strength.
Finally the comparison of multiple scattering prediction and the
measured data collected under controlled conditions from statistically
rough surfaces was made over a wide frequency range and rms surface
slope.

2. MODEL DEVELOPMENT

We first reformulate the integral equations for tangential surface fields
on a dielectric interface. The purpose of this reformulation is to obtain
the estimates of the tangential surface fields that are more general
than the existing Kirchhoff or perturbation surface fields and reduce to
known results under special conditions such as a perfectly conducting
surface. The integral equation pairs given by Poggio and Miller [5] for
the tangential surface electrical and magnetic fields in the dielectric
medium are shown below.
ﬁxézzﬁxﬁi—iﬁx/ﬁ”ds’
47
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H" = jk(d' x H)G/n— (d/ x H) x V'G+ (7' - HY\V'G  (3)

The fields in the lower medium can be written in terms of the fields
in the upper medium by applying the boundary conditions on the
continuity of the tangential fields.

The spectral representation for the Green’s function and its
gradient, i.e.,

1 L . .
G = (—%> /éexp[w(w — ')+ ju(y —y) — jalz — #'|ldudv  (4)
and

o
e (—%) 2 expljule — ') + joly — ) — jalz — dudv (3)

where ¢ = Vk?2 —u?2 —v2 and § = Zu + gv &+ 29. z and 2’ are the
random variables representing the surface height at different locations
on surface. Without the absolute value term in the Green’s function
the ensemble average is the standard characteristic function for two,
three and four random variables. When the phase term of the Green’s
function with an absolute value sign is included, the major impact is
on the evaluation of the ensemble averages for finding the ensemble
average scattered power.

2.1. Scattered Power and Coefficients

With the given Kirchhoff and complementary scattered field, the
ensemble average scattered power is given by

<E;pEgp*> - <E§pE§p*> + 2Re <E§pEtl;p*> = <Eccszgp*> (6)
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where Re is the real part operator and * is the symbol for complex
conjugate. To obtain the incoherent power, we have to subtract the
mean-squared power from the total power. That is,

% * k ok * k E\*
<E;pE3p > - <Et§p> <E3p> - <Equqp > o <Eqp> <Eqp>
+ <E§pE§p > o <Egp> <Ec(1:p>
k kE\*
12Re [<Engqp > - <E§p> <Eqp> }(7)
The incoherent scattered power includes the Kirchhoff, cross and
complementary scattered power. To carry out the average operation
we must make an assumption about the type of surface height
distribution. For the purpose of illustration we assume Gaussian height
distribution here. The ensemble average scattered Kirchhoff, Cross

and complementary terms are represented below respectively. The
Kirchhoff ensemble average scattered power is

Ptfp - <E§pE§p*> - <E§p> <E§p>*
= (Bt {{ [[ exo [itF, ~ Ry - (7= )] aa'aydsdy)
_‘</exp{j (GRS Hdazdy>2} ®)

The cross scattered power is

Ptfpc = 2Re {<E§pEt]1€p*> - <E2p> <Et]1€p>*]
(CEN/ @ Re{ [(Finty)
J[ {exp g = ) 4 3R 7 = )
ﬂux—xm (y— y)—yq|z—z|]>

< / / exp ] — (ki - 7)

Hjule = o) +joly ')  jalz - 2] )
</exp {j [(E ks) - _'"} } dxdyd:v’dy'da:"dy"dudv> } (9)
and the complementary scattered power becomes

Pp = <E;pEgp*> - <E§p> <Egp>*
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2
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2

+iv(y —y') — jqlz — z’]}d:vdw’dydy’dudv> (10)

The bistatic scattering coefficient is related to the ensemble average
scattered power expression as

= (47TR2Pqp)/(E§AO) (11)

The incoherent ensemble average scattered power can be expressed

as the summation of Kirchhoff, cross and complementary scattered

power. Therefore the bistatic scattering coefficient can be summarized

by Kirchhoff, cross and complementary scattered coefficient.

0 _ _k ke c

Ogp = Tqp T Tgp + 0gp (12)

For evaluating the ensemble average we assume the rough surface

is a Gaussian-distributed surface. The Fourier transform of the nth
power of the Gaussian correlation function is

° 2 2
K)= [ 7 Kfédﬁ—L—ep[ (KL)] (13)
0

4n

Therefore, the Fourier transform of the nth power of the Gaussian
correlation function for numerical calculation can be expressed as

WKy — kg, by — ky)
L [ [(Ksae = k2)? + (ksy — ky)?] L?

— % exXp in
L2 eXpl —(kL)?[(sin fscosps —sin 6 cosp)*+(sin O sings —sin Osing)?]
D 4n

(14)
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Finally we split the scattering coefficient into two terms: a
scattering coefficient for single scattering and the other one for multiple
scattering. The single scattering terms are represented by terms with
only one sum and do not involve the integration, while terms with more
than one sum and the integration represent multiple scattering. The
double sum term requires integration indicating the interaction among
surface spectral components and hence represents multiple scattering.

The method of correction in single scattering is to multiply the
scattering coefficient by the shadowing function. We summed up
all terms including upward and downward single scattering for the
single scattering coefficient. The single scattering coefficient with the
Gaussian roughness spectrum and shadowing function for numerical
calculation becomes

(kL)

oo
O-gp _ S(Gzn) . 8(9) . ; e—(ko) (cos 02+-cos 62) Z kZO' 2n|qu‘2

. {_(m)?_ . 2 e 2}
Xp [(sin s cos ¢s—sin 6 cos ¢)“+ (sin O sin ¢s —sin 0 sin ¢)?]

n-nl

(15)

where the item |I,,|?, the sum of three items, Kirchhoff, cross and
complementary, is

[Ip|> = (cos Os + cos 0)*"| f,p|? exp[—2(ko)? cos O cos §
1 _ _ _ _
5 Lo Fan(—as by) [ (Ro)7a (R2) + @ ()P (—F2))
+ f;qup(_ksm; _ksy) {ES(ESZ)Fl (Esz) + Eg(_gsz)Fl(_ksz)} }
2
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: [EZ(Esm Esz)FQ (Eszy Esz) + EZ (Esm _Esz>?2 (Esm _ksz>
+EZL(_E527 Esz)F2(_E527 Esz) +EZ(_E52u _Esz)FZ (_Esm _Esz)} }

where
¢1(q) = (cosfs —q) cosfs + cos )
C2(q) = (cosf + q) cos s + cosb)
71(q) = exp|[—(ko)?(cos b cosfs + G — cosf - G+ cosf - G)]
23(q,7) = (cosfs —q)(cosbs — 7
24(q,q') = (cosBs+q)(cos +7)
e5(q,7) = (cosfy —q)(cosf +7)
¢6(7,7) = (cosf +q)(cosOs —q')
72(@0,7) = exp {~(ko)[q +7° — cos 0,7+ 7) + cos0(7 + )]}

ks, = cos b,
k, = cosf

2.2. Shadowing Functions

From Figure 2 the upward and downward multiple scattering
coefficients need to be modified by the shadowing function. When
the incident ray impinges on a randomly rough surface, a fraction, s,
of the upward scattered signal leaves the surface interface permanently.
The other part, 1 — s, of the upward scattered signal is intercepted by
the surface. This latter portion of the upward scattering coefficient
becomes a source for multiple scattering. The downward scattered
signal is intercepted by the surface and becomes the other kind of
source for multiple scattering.

For multiple scattering two kinds of shadowing functions are
needed to correct the multiple scattering coefficient: The first kind
of the shadowing function is a function of the incident angle. The
correction method is to multiply the scattering coefficient by the
shadowing function directly. The second kind of shadowing function
depends upon the incident angle of the rescattered field. Thus, the
second correction method is to integrate the shadowing function. That
means that the portion of the rescattered field intercepted by the
surface along every direction needs to be modified by the shadowing
function. The multiple scattered coefficient is modified by multiplying
the first kind of the shadowing function s(6;,) and s(fs) outside the
integrals. Inside the integrals the upward scattering coefficient is
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Figure 2. upward and downward scatterings.

modified by the second shadowing function, 1—s(6), and the downward
scattering coefficient is modified by the shadowing function s(¢). The
total multiple-scatter scattering coefficient is the summation of upward
and downward scattering coefficients.

For numerical calculation of ensemble average we assume the
correlation coefficient p(&,<) to be Gaussian given by

p(&,) = exp[—(&* +¢7) /%] (16)

The properties of its partial derivative are

pe(6,6) = oo - expl-(€2 + )17 (1)
and
-2 2 2y /72
pe(€,¢) = =5 - exp[—(€" +¢7) /1] (18)

The values of the second partial derivative about the origin are
therefore
-2
pec(0) = —5 (19)

pel0) = (20)



208 Hsieh and Fung

and
pec(0) =0 (21)
2.3. Scattering Coefficients with Shadowing Functions

The multiple scattering coefficient with shadowing function inside and
outside the integral for numerical calculation is therefore expressed as

U%(L)(total) qu(L) (upward) + J%(L)(downward) (22)
where

03}; (L) (upward) =

EL)* (1
s(em)s(e)m {§/Re[

+% / |Fap(u, 0)[*[c3(,7)ea(@ T ) +c3(q, —7 ) ea(q, —7')]

FiFap(u,)] - e1@ea (@)

+%/qu(u,v)F;p(—u — kop — kg, =0 — kgy — ky)

[exp {—(k:a)Q(cos 0s—cos 9—6—6’)2}05(6, 7)es(q,7 )+

exp [—(kza)Q(cos 0, —cos 0—6—}—6’)2} es(q, —q )es(q, —q’)}
1\ (kL)?

* (z> wno){ [

[ > 2(cos s — cos — g — )2]”W(n)(. .2

Z n!
5(7, 7 )c (q 7') exp[—(ko)*(cos b — cos§ — 7 —7)?]
2(cosfs — cosf — g+ G/)z]”W(n)(. )

+§:[ n!

-c5(0,—7 ) c6(q,—7 ) exp|— (ko )*(cos B —cos 0 =G+ )?]

11— s(9)]x2da:2d5}}[1 — s(0)|xdxdod
and

Ug;) (L) (downward) =

s(0in)s(0) (kL)

W{ /R SapFap(u; ”)} c1(=9)e(-7)
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()kﬂ [yt { [ it
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{; 7 7))
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(kL)? - SXY'
- P  4(ko)2(cos O — q)(cos 0 + )
(0.9) = ] (cosbs — @) (cos + )
(kL)? - XY'
co(@.7) = P __4(k0)2(0059 +q)(cos 0 — q’)]

(cosO +q')(cosbs —q')
SXY' = (sinf, cos ¢ps + x cosd)? + (sin O, sin ¢s + 2 sin §)*
XY’ = (sinfcos ¢+ xcosd)? + (sinfsin ¢ 4 sin §)? (23)

and
W)=
1 . (kL)?(z cos d + w3 cos 82 + sin O cos ¢s + sin 0 cos ¢)?
— exD |—
on P 4n
exn | (kL)?(zsin § + 2 sin 2 + sin 6 sin ¢ + sin 6 sin ¢)*
P 4dn
=wm( . )/L? (24)

The last terms with four integrals in the multiple scattering
coefficient is small. If the term (ks, — k, = ¢+ ¢’) is small, the term of
(ks.—k.+q+q’)? has a relatively small value compare to the other terms
in multiple scattering coefficient. If (ks, — k. +£q+¢’) term is large, the
factor, exp[—o?(ks, — k. £ ¢+ ¢')?], makes the four-integral term small
comparing to the other terms in the multiple scattering coefficient.
Thus, the four-integral term takes a long time in calculation; it can be
ignored and has very little effect on the final result.

3. SHADOWING FUNCTIONS

The explicit focus of the shadowing functions for the incident and
scattered waves are (1) In single scattering the shadowing function for
the incident waves depends upon the cotangent of the incident angle.
The incident shadowing function s(6;,,0s) is

() = [1= gerse (L0 1+ 7@l (2)

where

1 2 0\V/2 cot 912” cot 0;p,
f(Oin,05) = 5 { ot o exp (— 202 > —erfc ( 05\/5)} (26)
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(2) In single scattering the shadowing function for the scatter waves
depends upon the cotangent of the scatter angle, cot 5. The scatter
shadowing function s(fs,0s) is

1

s(bs,05) = [1 - §erfc<

cot 0

Us\/§

) a+ st e

where
1 2 0sV/2 cot 62 cot 0
s90s) — 3 - - 2 - 2
f(0s,05) 2 {\/;cot 0, exp < 202 ) erfe <US\/§)} (28)

3.1. Shadowing Functions under the Integral Sign

The rescattered shadowing function s(6,05) inside the integration is
expressed as

1

s(0,05) = s(x,04) = [1 — —erfe < cot

2 a—ﬁ)] 1+ f6.00] (29)

where
1 20.\V2 cot 62 cot 0
f(0,04) = 3 {\/;cotﬁ exp (— 52 ) —erfc (05\/5>} (30)

In multiple scattering the shadowing function depends upon the
cotangent of the incident angle 6"¢ of the rescattered field, i.e.,

2 02 — o2 1
cotgre = Vw0 1y 61
varoe V@
where
u = rcosd (32)
v = rsind (33)

and z is the normalized value of r, i.e.

(34)

xr=

r
k
The different v and v value of the shadowing function in multiple
scattering represents different scattering directions.
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4. MODEL PREDICTION

To assess the conditions under which multiple scattering becomes
important, we show the effect of surface parameters (surface standard
deviation, surface correlation length) and operation frequency. In
general the single scattering is the major contribution to the
like-polarized scattering, but the multiple scattering is the only
contribution to the cross-polarized scattering. The model predictions
shown in this section to predict the depolarized bistatic scattering
behavior is based upon the integral equation pairs.

4.1. Contribution Comparisons of Single and Multiple
Scattering

First we show the comparisons of depolarized single and multiple
scattering from two rough surfaces in Figures 3 and 4. Two rough
surface have the same surface parameters; normalized surface height
of 4.4 and normalized surface correlation length of 13.2, but their
dielectric constant are different. One rough surface has water-soaked
form bricks material with an estimated relative dielectric constant of 62

0 ‘ e
qsJm@@OO@GO@UO@@QOQVQ&@@@O
(}f)’)—:: <
Backscatter
-50 Enhancement -
6=20"

- VH(t4.4/132) e=62 1
2100 O VH(s+t4.4/13.2),e=62 .
i --A-- VH(s 4.4/13.2) e=62 1

Bistatic Scattering Coefficient (dB)

: AANAANLAADNEADNEADNEANDLAD
IRk R AR R RN BN B
80 60 40 20 0 20 40 60 80

Scatter Angle

-150

Figure 3. Comparisons of single(s), total() multiple and the
summation of single and multiple(s + ¢) scattering coefficients from a
rough surface with normalized surface height of 4.4, normalized surface
correlation length of 13.2 and dielectric constant of 62. The incident
angle is chosen to be 20 degree.
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Figure 4. Comparisons of single(s), total(t) multiple and the
summation of single and multiple(s + ¢) scattering coefficients from a
rough surface with normalized surface height of 4.4, normalized surface
correlation length of 13.2 and complex dielectric constant of 7.3 +i4.5.

(e, = 62), but the other one has the complex relative dielectric constant
of 7.3+i4.5 (e, = 7.3+74.5). In Figures 3 and 4 the depolarized bistatic
scattering are generally dominated by multiple scattering along the
plane of incidence, because its single scattering term is negligible in this
specular plane. The effect of backscattering enhancement is normally
accompanied by a large depolarized component. The enhancement
peak usually has a small angular width, typically 2 to 3 degrees.

4.2. Upward and Downward Multiple Scattering

For depolarized bistatic scattering the depolarized backscatter
enhancement comes mainly from the constructive interference of
multiple scattering from Figures 3 and 4. In this section we compare
the contributions of upward and downward scattering strength to
the backscatter enhancement from rough surfaces along the plane of
incidence. In Figures 5 through 8 we show the comparisons of upward,
downward and total multiple scattering coefficients from a perfectly
conducting rough surface and two dielectric rough surface with
normalized surface height of 4.4. Two normalized surface correlation
lengths are 13.2 and 17.6 respectively. T'wo relative dielectric constants
are 62 and 7.3 + i4.5. In Figures 5 through 8 the scatter pattern of
backscatter enhancement comes from the contribution of both upward
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Figure 5. Comparisons of upward(u), downward(d) and total(t)
multiple scattering coefficients from perfectly conducting rough
surfaces normalized surface height of 4.4 and normalized surface
correlation length of 17.6.
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Figure 6. Comparisons of upward(u), downward(d) and total(t)
multiple scattering coefficients from a dielectric rough surface with
normalized surface height of 4.4, normalized surface correlation length
of 17.6 and dielectric constant of 62.
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Figure 7. Comparisons of upward(u), downward(d) and total(t)
multiple scattering coefficients from a dielectric rough surface with
normalized surface height of 4.4, normalized surface correlation length
of 13.2 and complex dielectric constant of 7.3 + i4.5.
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Figure 8. Comparisons of upward(u), downward(d) and total(t)
multiple scattering coefficients from a dielectric rough surface with
normalized surface height of 4.4 with the wavenumber k (ko = 4.4),
normalized surface correlation length of 17.6 and complex dielectric

constant of 7.3+i4.5.
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Figure 9. Comparisond of model prediction of depolarized multiple
scatterng with the measured data from rough surface with normalized
surface rms height of 4.4 with the wavenumber k (ko = 4.4),
normalized surface correlation length of 13.2 with the wavenumber
k (ko = 4.4) and dielectric surface of 62.

and downward scattering and the strength of downward scattering is
always larger than that of upward scattering. The scatter energy may
transfer among in the upward and downward directions. The amount
of energy transfer depends upon the surface roughness; surface rms
height, surface correlation length and rms surface slope. The strength
of upward scattering in the forward scattering direction is always larger
than that in the backward direction, but the strength of downward
scattering in the forward scattering direction is always less than that in
the backward direction. This phenomenon happens due to the energy
transfer and surface parameters. With the comparisons of bistatic
scattering pattern shown in Figures 7 and 8, the upward scattering
strength increases and downward scattering strength decreases for
rough surface with smaller rms surface slope in Figure 8. Further
increase in surface rms slope causes the specular peak to disappear
and a significant backscattering enhanced peak to appear.



Progress In Electromagnetics Research, PIER 54, 2005 217

5 T
= L
° Backscatter
c Enhancement -
RS 0 r “ %0 7
Q ~Q_
% ) REN
3 6=20" ( o),
o O / i
£ 4
oy 0¥
© L 007
@ -0 - o~ — VHa 432 pe. |
L / O VH(data4.4/13.2),p.c.
o C
< 2
173 L
5_15H‘\H‘\H‘\H‘\H‘\H‘\H‘\H‘

Scatter Angle

Figure 10. Comparisond of model prediction of depolarized multiple
scatterng with the measured data from a perfectly conducting rough
surface with normalized surface rms height of 4.4 with the wavenumber
k (ko = 4.4) and normalized surface correlation length of 13.2. The
incident angle is chosen to be 20 degree.

5. COMPARISONS WITH MEASUREMENTS

To evaluate the validity of model prediction for the depolarized
multiple scattering for very rough surfaces we compare the level and
trend of depolarized scattering coefficient of model prediction with
the measured data. The measurements shown were acquired from
three rough surfaces with different dielectric constant. The normalized
surface correlation length is 13.2 with the wavenumber k (kL = 13.2)
and surface standard deviation is 4.4 with the wavenumber k (ko =
4.4). The incident angle is chosen to be 20 degrees. In Figures 9 and 10
the specular peak and the backscattering peak decreases for the surface
dielectric constant decreases due to scatter energy transmitting into
the second medium. Figure 10 shows the comparisons of the model
prediction of bistatic scattering behavior with the measurements at an
incident angle of 20 degrees from a perfectly conducting rough surface
in the incidence plane. The difference among two models is less than a
dB. For further evaluating the model developed in this paper we also
compare the integral equation model’s prediction with the measured
data from rough surface with dielectric constant of 62 and find the
difference is still less than a dB.
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APPENDIX A.

Using the transformation of coordinate system, two terms of ensemble
average with multiple random variables and the absolute phase terms
are listed below:

(expljkss(z — 2") — jko(2" — )] — jalz — #'|)
= %eXp {02 [(ksz—q)(ksz—l-k:z)pz(g’g)+(k2+q)(ksz+kz)p3(€/’C/ﬂ}
-exp {— {k§z+k§+kszkz+q2 — qks+qk.+ (ks:k. —q° +qks. — qk2)
p1(€—¢& ¢ — §')}02}

2 exp {02 (ks a) (e +k2)pa(€,6) + (ke m ) s+ kDo (€, )] )

2
1 €xp {_ {k§z+k§+kszkz+q2 + qksz_qkz+(kszkz_q2_qksz+qkz)
p(E— €5 =)o} (A1)
(expljks.z + jk.2'] — jqlz — 2'|)
1

= oxp{— [k K2+ 24" — g + k)

+2(kszkz - q2 + qksz - qkz)pl (5 - gla S = gl)} (0-2/2)}
1

—i—§ exp {— [k?z + kg + 2((]2 + qksz — qk2)
+2(kookz — % = ghss + gk )pr(€ — €5 = )] (02/2)} (A2)
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