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Application of a multiregion model to the EM scattering
from a rough surface with or without a target above it*
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An efficient multiregion model is introduced to calculate the electromagnetic scattering from a perfectly electrical
conducting (PEC) rough surface with or without a PEC target above it. In the multiregion model, the rough surface

is split into multiple regions depending on their position along the rough surface. Two intermediate regions are chosen

as the dominant region. If a target is located above the rough surface, the target will also be included in the dominant

region. The method of moments (MOM) is only adopted on the dominant region to ensure validity. Hence, the new

model can greatly reduce the number of unknowns associated with full MOM analysis. The induced electric currents

on the other regions are obtained by approximately considering the mutual coupling between different regions along the

rough surface. Compared with the published hybrid method, this new model is not only suitable for EM scattering from

a target above a rough surface but also applicable for just rough surfaces. Several numerical simulations are presented

to show the validity and efficiency of the multiregion model.
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1. Introduction

Electromagnetic (EM) scattering from a rough
surface with or without a target has been extensively
investigated during recent years for a large number
of applications in radar surveillance, target track-

1-3] SQeveral kinds

ing and oceanic remote sensing.!
of method, including analytical and numerical meth-
ods, have been applied to solve this scattering prob-
lem. However, methods based on the approximate
analytical method*5! have strict limitations, low pre-
cision and are too weak to calculate the composite
scattering from a rough surface with a target above
it. Numerical methods based on Maxwell’s equations
are generally more applicable and have been widely
used to calculate the EM scattering from rough sur-
face and target.5~'") Among these numerical meth-
ods, the method of moments (MOM) is the most pop-
ular due to the high accuracy obtained by directly
using the boundary conditions on the interfaces.!” 11
Unfortunately, the conventional MOM needs O(N?)
system memory and O(N?) computational time for
each iterated process, which is very expensive when

the number of unknowns N is very large. These is-
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sues motivate the development of faster algorithms
with which to solve this problem, such as the banded
matrix iterative approach/ canonical grid method
(BMIA/CAG),”) the generalized forward backward
method with the spectrum acceleration algorithm
(GFBM/SAA) and the multilevel sparse matrix
canonical grid method (MSMCG)."!] Tn addition, we
propose the parallel MOM to study the properties
of EM scattering from a target above a large-scale
rough surface under large incidence,[”) and EM-beam
scattering from a two-dimensional rough surface.!*:1?
Unlike these fast algorithms, based on our previous
work,['2=14] the efficient multiregion model*?! is in-
troduced in this work. Because the amplitude of the
incident tapered plane wavel¥ is Gaussian in the plane
z = 0 and decays rapidly for |z| > ¢,['9) the induced
electric current at the edge of the rough surface is
much smaller than that in the center. To perform
the multiregion model, the rough surface is split into
multiple regions along the rough surface. The two in-
termediate regions are chosen as the dominant region.
The minimum width of the dominant region should be
at least the length of g. If a target is located above
the rough surface, the target will be also included in
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the dominant region. The MOM is only adopted on
the dominant region in order to ensure the accuracy
of the approach. Hence, the new model can greatly
reduce the number of unknowns of the full MOM. If
the multiregion model is combined with the fast al-
gorithms mentioned above, efficiency can be greatly
improved.

In the previously published literature, the MOM
has been combined with the Kirchhoff approximation
(KA) to reduce the number of unknowns in calculat-
ing the EM scattering from a target located above a
rough surface.'®'7 ITn Ref. [17], the electric field in-
tegral equation (EFIE) in the target region is firstly
solved by the MOM. Fields on the rough surface are
derived through the KA method. Then an iterative
approach is utilized by considering interactions be-
tween the target and the rough surface. Moreover, we
propose a hybrid method (MOM-KA) for investigat-
ing composite scattering from a target above a rough
surface.['3] Overall, these hybrid methods depend on
interactions between the target and the rough surface.
In this study, the induced electric currents are ob-
tained by approximately considering the mutual cou-
pling between different regions along the rough sur-
face. Therefore, the multiregion model is not only
suitable for EM scattering from a target above a rough
surface but also applicable for just rough surfaces.
The validity of this approach has been shown by com-
paring it with the full MOM. Both the distribution of
the induced electric current along the rough surface
and the scattering pattern of the bistatic scattering
coefficient (BSC) over the whole scattering angle have
been presented in the numerical simulations.

The reminder of this paper is organized as follows:
In Section 2, theoretical formulations of the multire-
gion model for calculating EM scattering from a rough
surface with or without a target above it are derived
in detail. Both the horizontal (HH) and vertical (VV)
polarizations are considered. Several numerical simu-
lations are presented in Section 3 to show the validity
and efficiency of the new model by comparing it with
the full MOM. The paper ends in Section 4 with a
summary of this new model and a proposition about
further investigations.

2. Theoretical formulations of the

multiregion model

As shown in Fig. 1 an incident tapered plane
wavel4 impinges upon a perfectly electrical conduct-

ing (PEC) rough surface with or without a PEC tar-
get above it, where f(z) is a Gaussian distributed
rough surface, with correlation length [ and root mean
square (rms) height 6.1 In this work, the time depen-
dence is e~ 1*? and the position vector is r = & + 22.

Az
(a)
z = f(z)
AN N\ -
\/ g
x
z (b)
h 2= f(2)
AN N\ >
\J g

Fig. 1. Geometric models for EM scattering from a rough
surface with and without a target above it. (a) Without
a target, (b) with a target.

For the HH polarized incidence, the EFIE for cal-
culating the EM scattering from the geometric models
of Fig. 1 is defined asl'®!

t- (B™ 4 E*) =0, (1)

where E'™¢ and E*® are the incident and scattered
electric fields, respectively; t represents the unit tan-
gential vector of the rough surface or target.

For the VV polarized incidence, the magnetic field
integral equation (MFIE) is['®]

A X (Hinc T Hsca) — J, (2)

where H™® and H®* are the incident and scattered
magnetic fields, J is the induced electric current on
the rough surface or target, and n indicates the unit
normal vector. Moreover, ¢, o and g form a right-
handed system.

Because the amplitude of the incident tapered
plane wavel¥ is Gaussian in the plane z = 0 and de-
cays rapidly for |z| > ¢, the amplitude of the in-
cident tapered plane wave is larger in the center of
the rough surface than that in the edge regions, the
induced electric current in the center of the rough sur-
face is greater than that in the edge regions. When the
rough surface is two-dimensional (2D), the Gaussian
beam!!'! which has a Gaussian shape with half-width
W centered at 7s = 0 in the z = 0 plane is chosen
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as the incident wave. In other words, the strength of
the incident Gaussian beam for the 2D rough surface
decays with |r| increasing. The induced currents in
the center of the 2D rough surface are also larger than
that in the other regions. To perform the multire-
gion model, the rough surface, including 1D and 2D
rough surfaces, is split into multiple regions depend-
ing on their positions away from the center. Hence,
in this work, the rough surface Sy is split into multi-
ple regions 5171, Sl,r, 5271, ngr, caey S]V[J, SM,u and
S1a+S1 v+ Se 1+S r+- -+ Sy 1+ Sv_r = Ss
(see Fig. 2). It is necessary to note that in the sub-
scripts s is surface, 1 indicates left and r represents
right. They are the same for the following variables.
The two intermediate regions S;_) and S;_, are cho-
sen as the dominant region and handled by the MOM.
In addition, the minimum width of the dominant re-
gion is at least the length of g. That is, S1_; > ¢/2
and S1_, > g/2. Then the amplitude of the incident
o < e Y% in the edge
of the dominant region. If a target .S, is located above

taper wave satisfies [¢"¢(r)|.—

the rough surface, the target will be also included in
the dominant region.

| | | N | | !

| | | | = | I | |

1Sv_ 11 -+ 182 1181 1| S1 182 r1 -+~ ISM_r:

| | | | | |

I/'\ | | /'J\ /'k | !
~T——

Fig. 2. Configuration of splitting the rough surface into
multiple regions.

The induced electric currents along the rough
surface are defined as Jy 1, J1 v, Jo 1, Jo 1,...,
JIy1, Jay_r corresponding to regions Si_1,S1_r,
S2 1,82 1,
scattered electric and magnetic fields can be expressed

o Sy_1,Sn_r, respectively. Then the

as

M M
Bt =Y Ly g+ 3 Ly (3)
p=1 p=1

M
sca __ Fmp_1
H>? = g Ly -J,
p=1

where m = 1.1, 1_r, 2.1, 2_r,..., M_1, M_r,
corresponding to regions S1_ 1, S1_r, So_1, So_ry..-,
Swv_1, Sar_r. The operators Eg" -J, and I_/ﬂ” -J, in
the HH polarization are

M
O+ LR T (4)
p=1

Ly J, = iwmo / G(r,#)J()dS",  (5)
Sn

Lo g, (r)ds’,  (6)

=V x / G(r,r")
where G(r,r') = iH(()l)(k'o |r —7'|) is the two-
dimensional Green’s function,'® kq is the wave num-
ber in the free space, and Hél)(~) is the zeroth-order
Hankel function of the first kind. For VV polarization
the operator L™ - J,, is also defined as Eq. (6).
Similar to the rule of division presented in
Ref. [15
close neighbors of the MOM region, are firstly con-

], the regions So_; and Ss_,, which are the

sidered. Exact solutions of Jy | and Jy_, can be ac-
quired by Eq. (2). In the multiregion model, they are
approximately obtained as follows:

Jo (1) = 20 x HP(r )—1—2n><L2 -

Jo (r) =20 x HY,(r) 4+ 20 x Ly

Jlfla (7)

2_rl_r Jl,r- (8)

Here, the main contribution of Jy_j and J5_, is evalu-
ated analytically through the singularity like Ref. [15].
However, in this work, not all contributions of the in-
duced electric currents in the dominant region (J7_j,
Jy_: and J,) were considered. J,_; and J_, de-
pend mainly on the incident magnetic field Hi"(r)
or Hi* (r) and J;_; or J;_, in the dominant region.

For the HH polarization, applying the MOM to
the dominant region, and substituting Egs. (7) , (8),
and (3) into (1), the matrix equation of EM scattering
from a PEC rough surface can be written as

.| AL A J . |b
11 712 1_1 —f. 1 7 (9)
A21 A22 Jl_r b2
and
A11 _ 1 11_ 1—|—L1 12_1 .9 X I*/]Q{,ll,l,
A22 _ 1 rl_ r+L1 r2_r .9 X L2 rl_r
A12 - ]{j - r; A21 - }13 - 17
bl — mc + Ll 12_1 2 X HlnC
by = 1511“;+L1 T 9n x HIPC

If a target is located above the rough surface, the ma-
trix equation will be

Ay Agp A Ji1 by
t-| Ay Agy Ayg Ji_. | =t |by|, (10)
As Asy Ay Jo b3

where A1, Ao, Agi, Ao, by and by are the same as
those in Eq. (9). The other elements are A3 = L]13,107
A23—L70A31— 71 ,Agy = Ly ™", Agg = LY
and by = Enc, Please note that in the subscripts
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and the superscript, o represents object which is lo-
cated above the rough surface. It is the same for the
following variables.

For the VV polarization, the matrix equation of
EM scattering from a PEC rough surface is

A, A J b
711 712 . 1 (11)
A Ag Ji_, by
where
Anzl—ﬁx(Ll 11_ 1+L1 12_1 Qﬁxii’ll’l),
A22—1—n><(L1 rl_ r+L1 r2r2 ><1—/2 rl_ r)7
A12 - %—I - ra A21 - Il{ - 17
by = n x (H™ + Li7 > 20 x HI™),
by =0 x (H"™, + Li7 ™" -2 x HP).

If a target is located above the rough surface, the ma-
trix equation will be

Ay App Agg Ji b,
A21 Azz /_123 Jir | =]ba | (12)
Agy Agy Ass Jo b3

and A1, Aa, Aa1, Ago, by and by are the same as
those in Eq. (11). The other elements are Aj3 =
1 1 2! < 1

° 0 Ays = Ly °, A3y = L}, Ay = L},
A33 = LH and b3 = H(I)nc.

From the above four equations, it is readily seen
that contributions of the induced electric currents
J371, .o
glected. That is because the induced electric cur-

., Jy_r on regions Sz i,..., Sy, are ne-
rent in the edge of the rough surface is very smaller

than that in the center. Regions S3_i,..., Sy, are
far away from regions S7_; or S;_,. Electric currents
Js3 1,..., Jpr_r are much smaller than J; ; or Ji_,.
Another point worth noting is that the MOM is only
adopted in the dominant region (S7_j, S1_r and S,).
Therefore, the number of unknowns of this approach
can be greatly reduced comparing with the full MOM.

After the induced electric currents J7 1, J1_, and
J, in the dominant region are obtained, electric cur-
rents Jy_j and Ja_, can be achieved through Egs. (7)
and (8), respectively. Furthermore, the electric cur-

rents J3_1 and J3_, can be acquired as

3_11_1

Js3_1(r) = 2n><HmC( )+2n><L -Ji
+2a x Ly g, (13)

Js_.(r) = 20 x HP (r) + 20 x L3 v,
420 x L2 Ty (14)

In which, contributions of the induced electric cur-

rents Jy_1,...,Jp_r inregions Sy_1,...,Sny_ are ne-

glected. In general, the electric currents J,,_; and

J,,_r can be obtained as

Tim_1(r) = 20 x Hy®\(r)

m—1
+> o x Ly 0,0, (15)
p=1
Im (1) = 270 X Hvlrrzlir(r)
m—1
+> 2 x LY T, ., (16)
p=1

where m = 3,..., M. It is necessary to note that the
new model is an approximate method, and has an ad-
vantage of greatly reducing the number of unknowns.

In this work, the tapered plane wave was chosen
as the incident wave to avoid the artificial edge diffrac-
tion resulting from finite length of the simulated rough

surface. For HH polarization, the incident electric field
ig16]
is

E"(r) = 9" (r)
exp(iko(zsind; — z cos6;)(1 + w(r)))
( (z + ztan 01)2)
Xexp| ————5—— ),
g
where w(r) = [2(z + z tan 6;)2 /g% — 1]/ (kog cos 6;)2, 6;
is the incident angle defined with respect to the nor-

(17)

mal vector in the counterclockwise direction, g is the
tapering parameter. Then the incident magnetic field
is

H™(r) = L{mim(r)[a + tan 6; P3]

— 2p"(7)[Ps + Pol}, (18)
and

P, = —ikgcost;i(1+ w(r)),
Py, = 2(x + ztanb;)

x [i 2ko(z sin 05 — z cos 6;) /(kog cos 6;)? —
Py = ikgsin (1 + w(r)).

1]/9%,

For VV polarized incident wave, the incident mag-
netic field is!*6l

H™ (r) = g™ (r)

= yexp(iko(ﬁcsinei — ZCOS@i)(l er("')))
X z tan vj 2
o rzmar)

92
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In the observational direction with ks = ko(& sin 65 +
2 cos fs), the BSC is defined as the same as that given
in Ref. [16]

™) (6,2
1+ 2tan%6; ]’

™
SWkog\/;COS 91 |:1 — m

where for HH polarization

U(as) =

(20)

6™ (0,) = ko /S J(r') exp(— i kor' - R)S, (21)

and, ' = z& + f(x)Z2, R = sin6.@ + cos6s2. For VV
polarization
YV (6,) = —iko/ J(r')n- R
s

x exp(—ikor’ - R)dS. (22)

3. Numerical simulations and dis-

cussion

Firstly, to ensure the validity of the presented ap-
proach, EM scattering from a PEC Gaussian rough
surface was calculated by the multiregion model
(multi-MOM) and full MOM, respectively. HH and
VV polarizations were both considered. In Table 1,

the simulating time of the two different methods is
provided for one same-surface realization, which in-
cludes three parts: filling the impedance matrix, solv-
ing the matrix equation and the total time. Here, the
Gaussian rough surface is divided into N = 1024 seg-
ments with Az = /10, which represents a simulated
length of L = 102.4\. The rms height and correlation
length are 6 = 0.2\, [ = A. In this calculation, pa-
rameters of the incident tapered wave were given by
A=0.1m, 6 =30° and g = L/4. To perform the
multiregion model, the rough surface was divided into
four regions with unknowns Ny_; = 256, N;_, = 256,
Ny 1 = 256 and No_, = 256. Hence, the number
of unknowns in the new model is only 50% of that in
the full MOM. From Table 1, it is obvious that solving
time of the multi-MOM is about 25% of the full MOM.
The total time of the multi-MOM is also less than
that of the full MOM. Another point worth noting is
that filling the impedance matrix of the multi-MOM
is more time-consuming than that of the full MOM.
We attribute this result to the fact that the operators
Lo . 2n x L™ and LE™ - 2R x L™ of the multi-
MOM have twice matrix-vector products. Thus, if a
fast algorithm, such as the fast multiple method,2%!
is applied to compute the matrix-vector product, the
efficiency of the new model can be greatly improved.

Table 1. Simulating time of the multi-MOM and full MOM for one same-surface realization.

Number of Filling Solving
Polarization Method Total time/s
unknowns time/s time/s
HH full MOM 1024 0.6875 2.125 2.875
multi-MOM 512 0.9844 0.5625 1.5938
vV full MOM 1024 1.0938 1.8125 2.9844
multi-MOM 512 1.6563 0.4531 2.1719

Figure 3 shows the comparison of the present cal-
culations with the full MOM calculations for the dis-
tribution of the induced electric current along the one
rough surface realization for both HH and VV po-
larization. It can be seen that the electric currents
in the dominant region obtained by the two different
methods are in fairly good agreement, but there is an
obvious discrepancy in the right margin of the rough
surface, especially for HH polarization. This inconsis-
tency should be particularly surprising, the primary
reason for this is due to the fact that the contribu-
tions of Jo_ | and Jy_; to Ja_, have been neglected

in the numerical simulations and these contributions

have less influence on the result at the VV polariza-
tion. For the induced electric current along the tan-
gential direction f, Jo_, depends more on the electric
current of its close neighbour (J;_,) at this case.

In Fig. 4, the angular distribution of the BSC ob-
tained by the two methods is presented by averaging
50 Monte Carlo realizations. From Fig. 4, it is readily
observed that the BSC of the multi-MOM is in good
agreement with the full MOM over the whole scat-
tering angle for the VV polarization. However, there
is an apparent discrepancy for the BSC at the larger
From the
geometric model of this scattering problem in Fig. 1,

scattering angle region for the HH case.
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one can conclude that the BSC at the larger scatter-
ing angle region depends more on the electric current
at the edge of the rough surface. The discrepancy of
the electric current in the right margin of the rough
surface (Fig. 3) causes the difference of the BSC at
the larger scattering angle region (Fig. 4). Another
point worth noting is that the amplitude of the elec-
tric current is much smaller for the HH polarization,
a much smaller discrepancy of the electric current can
lead to a large visible change on the BSC at the larger
scattering angle region. The results of Figs. 3 and 4
demonstrate the validity and accuracy of the multi-
region model presented in this paper for calculating
EM scattering from a PEC rough surface, especially
for small and moderate scattering angles.

0.0075

---- full MOM
— multi-MOM

0.0060

0.0045

0.0030

0.0015

Amplitude of electric current/A

0

Length along the rough surface/m

---- full MOM
— multi-MOM

d

lominant region|

1. I
—4 -2 0 2 4

Amplitude of electric current/A
®

Length along the rough surface/m

Fig. 3. Comparisons of the induced electric current along
the rough surface by multi-MOM and full MOM. (a) HH
polarization, (b) VV polarization.

To further validate the presented approach in
computing the EM scattering from a PEC rough sur-
face with a target above it, in the next simulations, a
PEC cylinder or a PEC square above a Gaussian rough
surface were considered. A cylinder (r = 2\, h = 5,
N, = 160) or a square (r = 4\, h = 5\, N, = 160) was
located above a Gaussian rough surface (L = 204.8),
Az = \/10) as shown in Fig. 5. The Gaussian rough
surface was divided into six segments with N;_; = 256,
Ny . =256, Ny | =256, Ny , = 256, N3 | = 512 and

N3_, = 512. Hence, the number of unknowns in the
new model was about 30% of that in the full MOM.
The parameters of the tapered wave were still given
by A=0.1 m and g = L/4.

10" oM
ol— multi-MOM
~10
g 20
T \
—30} / |
—a0f
; (a)
5090 —60 —30" 0 30 60 90
0s/(°)
10 R Mo
— multi-MOM

Fig. 4. Comparisons of the BSC from a PEC Gaussian
rough surface by the multi-MOM and full MOM. (a) HH
polarization, (b) VV polarization.

(a)

A

(®)

Fig. 5. (a) Geometry of EM scattering from a cylinder
located above a Gaussian rough surface, (b) geometry of
EM scattering from a square located above a Gaussian
rough surface.

The scattering behaviour of a cylinder located
above a Gaussian rough surface with an incident an-
gle of 0; = 45° was firstly taken into account, in which
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the rms height and correlation length of the Gaus-
sian rough surface were set to be § = 0.2\, | = A,
respectively. A comparison of the simulating time by
the multi-MOM and the full method of moments is
exhibited in Table 2 for one same-composite realiza-
tion. The filling, the solving and the total times are
also presented in Table 2. As can be seen in Table

2, the total time of the multi-MOM is 12.82% at HH
polarization and 12.34% at VV polarization of those
by the full method of moments. From Table 2, it is
also found that solving the matrix equation of the full
method of moments is more time-consuming than the

multi-MOM for the larger number of unknowns.

Table 2. The simulating time of the multi-MOM and the full MOM for one same-composite realization.

Number of Filling Solving
Polarization Method . . Total time/s
unknowns time/s time/s
HH full MOM 2208 2.5469 9.5625 12.1875
multi-MOM 672 0.6875 0.7969 1.5625
vV full MOM 2208 2.7969 11.4375 14.3125
multi-MOM 672 0.7188 0.9688 1.7656

The distribution of induced electric current along
the rough surface is depicted in Fig. 6 for one com-
posite realization. It is necessary to point out that
the interactions between the rough surface and the
cylinder were considered. The electric current de-
pends not only on the incident taper wave but also
on the scattered field of the cylinder. Similar to the
illustration in Fig. 3, it is also seen that the elec-
tric currents in the dominant region are almost the
same for the two different methods. There is also

an evident discrepancy in regions far away from the

0.010

<
= ---- full MOM
g — multi-MOM
%‘ 0.008
o dominant region
2 0.006f
s
< 0004} I ,
S) , ]
) i I
el " i
2 0.002f , HE
IR
L L L L P
< 0= o 4 8

Length along the rough surface/m

---- full MOM
— multi-MOM

dominant region

Amplitude of electric current/A

Length along the rough surface/m

Fig. 6. Comparisons of the induced electric current along
the Gaussian rough surface. (a) HH polarization, (b) VV
polarization.

dominant region, which results from that the induced
electric current is obtained approximately by consid-
ering the mutual coupling between different regions
along the rough surface and that several contributions
of the induced electric currents are neglected.

In Fig. 7, the induced electric currents along
the cylinder are presented for both HH and VV
polarization. All contributions of the incident ta-
per wave and the scattered filed from the Gaussian
rough surface are considered. From Fig. 7, it is ob-
served that the same results are achieved through the

two different methods. The primary reason for the

90 ---- full MOM
T 60 — multi-MOM

Amplitude of electric current/A

(a)

2401 300

0.012 >0
---- full MOM

< 90 —— multi-MOM
> -
g
&
3
(8]
°
-
kS
[}
g
o
[}
ae]
2
2
A ()

Fig. 7. Comparisons of the induced electric current along
the cylinder. (a) HH polarization, (b) VV polarization.
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consistency is that the cylinder is distributed into the
dominant region and dealt with by the MOM in this
multiregion model. In other words, the validity of this
approach is ensured through the MOM adopted on the
dominant region. The number of unknowns can be sig-
nificantly reduced by only applying the MOM in the
dominant region.

The scattering pattern of the BSC from this com-
posite model is shown in Fig. 8 by averaging 50 surface
realizations. It can be easily seen that the two meth-
ods are in fairly good agreement, especially for small
and moderate scattering angles. However, an obvious
discrepancy appears in the large scattering angle re-
gion for HH polarization, the reason for this is similar
to the explanation for the rough surface scattering pre-
sented in Fig. 4(a), i.e., the amplitude of the electric
current is much smaller for HH polarization, and the
discrepancy of the electric current causes the apparent
difference in the large scattering angles. Hence, the
presented multiregion model is also valid for comput-
ing the EM scattering from a cylinder located above
a Gaussian rough surface, particularly for small and
moderate scattering angles.

The scattering behaviour of a square located
above a Gaussian rough surface has been examined,
where the rms height and correlation length were
0 = 05A 1 =
0; = 45°. The simulating time from this compos-
ite model obtained by the multi-MOM and the full

1.5\, and the incident angle was

MOM is also presented in Table 3. The superiority
of the multi-MOM is more obvious in this condition.
The total time of the multi-MOM is about 8.19% at
HH polarization and 4.53% at VV polarization of that
of full MOM.

10

---- full MOM
| — multi-MOM

—90 —60 —30 0 30 60 9

o full MOM
5 — multi-MOM

o/dB

Fig. 8. Comparisons of the BSC from a cylinder located
above a PEC Gaussian rough surface. (a) HH polariza-
tion, (b) VV polarization.

Table 3. The simulating time of the multi-MOM and the full MOM for one same-composite realization.

Number of Filling Solving
Polarization Method Total time/s
unknowns time/s time/s
HH full MOM 2208 3.3906 35.7969 39.2969
multi-MOM 672 1.125 1.9688 3.2188
_— full MOM 2208 4.75 126.875 131.75
multi-MOM 672 1.3281 4.5156 5.9688

The distribution of the induced electric current
along the rough surface is illustrated in Fig. 9, where
the interaction between the rough surface and the
square are considered. The angular distribution of
the BSC is also exhibited in Fig. 10. Similar to the
analysis in Fig. 3 and Fig. 6, the electric currents show
good agreement in the dominant region by both the
multi-MOM and the full MOM. The electric current
in other regions are achieved by approximately con-
sidering the mutual coupling, which causes an obvious

discrepancy of the electric current in these regions and
an apparent difference of the BSC in the large scatter-
ing angles for HH polarization. From Fig. 10, one can
also conclude that the BSC of the new model shows
good agreement with the full MOM at VV polariza-
tion. The validity of the presented multiregion model,
particularly for small and moderate scattering angles,
is also exhibited in these results for a square located

above a Gaussian rough surface.
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---- full MOM
0.0081 __ multi-MOM

dominant region

0.006

0.004

0.002

Amplitude of electric current/A

Length along the rough surface/m

5L ---- full MOM
— multi-MOM

dominant region

Amplitude of electric current/A

—8 7I4 0 4 8
Length along the rough surface/m

Fig. 9. Comparisons of the induced electric current along
the Gaussian rough surface. (a) HH polarization, (b) VV
polarization.

Finally, the validity of the presented algorithm
under larger incidence was also implemented for both
HH and VV polarizations. A cylinder (r = 2\, h = 5,
N, = 160) was located above a Gaussian rough sur-
face (L = 819.2X, Az = A/10, 6 = 0.2\, [ = \) with
the incident wave (A = 0.1m, g = L/4, 6; = 80°). The
Gaussian rough surface was also divided into six seg-
ments with N;_; = 1024, N1_, = 1024, No_; = 1024,
No_, = 1024, N3_; = 2048 and Nj3_, = 2048. There-
fore, the number of unknowns in this new model is
about 30% of that in the full MOM.

5+ -~ full MOM
— multi-MOM

o/dB

230 0 30 60 90

—90 —-60
6s/(°)
0 L
5t ---- full MOM
— multi-MOM
m
Z
o —10
—15
—20

Fig. 10. Comparisons of the BSC from a square located
above a PEC Gaussian rough surface. (a) HH polariza-
tion, (b) VV polarization.

The simulating times of the multi-MOM and the
full MOM under the larger incidence are shown in Ta-
ble 4, respectively. It can be obviously seen that the
multi-MOM is more efficient than the full MOM. The
solving time of the multi-MOM is only 2% of that of
the full MOM. In addition, the total time of the multi-
MOM is 14.68% with HH polarization and 13.71% at
VV polarization. From this table, it can be also seen
that filling the impedance matrix of the multi-MOM is
more time-consuming for the operators L™ 27 x L™
and I_/ﬁ”” - 2m X I_/ﬁm.

Table 4. The simulating time of the multi-MOM and the full MOM for one same-composite realization.

Number of Filling Solving
Polarization Method Total time/s
unknowns time/s time/s
HH full MOM 8352 34.22 1086.17 1120.67
multi-MOM 2208 144.5 19.70 164.51
vV full MOM 8352 40.0 1192.34 1232.61
multi-MOM 2208 149.20 19.48 168.97

The induced electric current along the cylinder is depicted in Fig. 11, where the interactions between
the rough surface and the cylinder are considered. From this figure, a small difference is observed for HH

polarization.

The two patterns of the multi-MOM and the full MOM overlay each other very well at VV

polarization. The bistatic scattering patterns under larger incidence obtained by the multi-MOM and full MOM
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Fig. 11. Comparisons of the induced electric current along the cylinder under larger incidence. 6; = 80°. (a)

HH polarization, (b) VV polarization.

---- full MOM
— multi-MOM

10|

0s/(°)

Fig. 12. Comparisons of the BSC from a cylinder
0; = 80°. (a) HH polarization, (b) VV polarization.

are also provided in Fig. 12. It can be easily seen that
the BSC of the multi-MOM shows a good agreement
with the full MOM over the most scattering regions
under the VV polarization. There is also an obvious
discrepancy for the larger scattering angles at the HH
case, but there is good coincidence in the specular di-
rection. In general, the presented multiregion model
is valid for computing EM scattering under larger in-
cidence.

4. Conclusion

In this study, an efficient multiregion model is in-
troduced to calculate EM scattering from a Gaussian
rough surface with or without a target above it for
both HH and VV polarizations.
was split into multiple regions, depending on their po-

The rough surface

sition along the rough surface, and the two interme-
diate regions was the dominant region handled by the
MOM to ensure validity. Therefore, the multiregion
model can greatly reduce the number of unknowns of

---- full MOM
— multi-MOM

o/dB

above a Gaussian rough surface under larger incidence.

the full MOM. If a target is located above the rough
surface, the target will also be included in the dom-
inant region. The validity and accuracy of the pre-
sented approach is shown by comparing it with the
full MOM, including the distributions of the induced
current along the rough surface and the angular dis-
tribution of the BSC. It is necessary to note that the
amplitude of the electric current at HH polarizatiob is
much smaller and that the electric current, except for
the dominant regions, is obtained by approximately
considering the mutual coupling between different re-
gions along the rough surface. As a result, there is
an apparent difference of BSC in the large scattering
angles for the HH polarization. The EM scattering
from a 2D rough surface or a dielectric rough surface
with and without a target will be calculated by the ap-
proach in future. In addition, fast and advanced meth-
ods such as the BMIA/CAG,!”! the GFBM/SAA, ']
the MSMCGH!! and the fast multiple method2) will
be combined with the multiregion model to improve
computing efficiency.
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