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Abstract — This article proposes a new fast solution algo-
rithm (IGFBM-SAA), which combines the Improved
Generalized Forward and Backward Method (IGFBM)
with Spectral Acceleration Approach (SAA), which can
effectively solve the electromagnetic scattering problem
of layered rough surface. In this article, the electric field
integral equations (EFIE) for layered rough surfaces is
established, and the traditional forward and backward
method (FBM) is introduced. Then, based on the tra-
ditional FBM algorithm, an Improved Generalized For-
ward and Backward Method is proposed and, by using
the SAA technique in its iterative process, the com-
putation of matrix-vector multiplication is accelerated,
thus enabling rapid solution. In the algorithm valida-
tion, the same rough surface was calculated using the
MoM, FBM, and IGFBM-SAA. The study found that
when root mean square (RMS) heights are i = hy =
0.1, the convergence accuracy can reach T = 10~ after
14 iterations. However, as the roughness increases to
hy = hy =034 and h; = hy = 0.54, the convergence
accuracy falling to T = 107 and 7 = 107>, respec-
tively. This indicates that it is necessary to adjust the
integration parameters to improve the convergence accu-
racy. In addition, it was found that when the size of the
rough surface is 25.6A, the computational times for cal-
culations are 91 s (IGFBM-SAA), 197 s (FBM), and
410 s (MoM), respectively. When the size of the rough
surface increases to 51.2A, the computational time dif-
ferences become more significant, with 236 s, 756 s,
and 2547 s being the respective values. This indicates
that the proposed algorithm in this article has signifi-
cant computational speed advantages when dealing with
larger rough surfaces. Based on this algorithm, this arti-
cle studied the electromagnetic scattering characteris-
tics of layered rough surfaces with different parameters
(RMS height, dielectric constant, and correlation length),
and relevant research results can provide valuable ref-
erences for areas such as radar target recognition and
radar stealth technology, thereby enhancing the accuracy
and reliability of radar detection as well as radar stealth
performance.
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L. INTRODUCTION

Rough surface -electromagnetic scattering has
important application value in radar remote sensing and
communication fields. In practical applications, accu-
rately predicting and modeling the electromagnetic scat-
tering characteristics of rough surfaces have shown
important practical significance for optimizing radar
image interpretation and improving the performance of
communication systems. However, despite the existence
of some classical methods such as the large-scale Kirch-
hoff approximation [1H4]], the small-scale perturbation
method [SH8]], and the general Rayleigh method [9-
11]], these methods typically rely on certain simplifying
assumptions, have limited applicability, and impose spe-
cific limitations on the parameters of the rough surface.
Therefore, studying computation methods for rough sur-
face electromagnetic scattering with universal applica-
bility and high accuracy has important theoretical and
practical significance.

In recent years, with the continuous development
of computer technology, numerical calculation meth-
ods such as the method of moment (MoM) [12H15]],
the finite difference time domain method (FDTD) [16~
19], and the finite element method (FEM) [20422] have
been widely used in the study of rough surface electro-
magnetic scattering. These methods can provide high-
precision calculation results and have no specific lim-
itations on the parameters of the rough surface. How-
ever, because numerical methods require discretizing the
rough surface, the resulting unknowns are numerous,
leading to high computational complexity. Currently,
most numerical methods have a computational cost that
grows cubically with the number of unknowns (o(N?))
when dealing with rough surface electromagnetic scat-
tering problems, which limits their practical applications
to some extent.
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In addition, accurate calculation of rough sur-
face electromagnetic scattering requires not only high-
precision numerical calculation methods but also effi-
cient numerical optimization techniques. Although many
researchers have conducted extensive and in-depth
research in this field, there are still many problems that
need to be addressed, for example how to improve com-
putational accuracy and efficiency.

Article [23]] mainly investigated the electromagnetic
scattering problem based on the composite rough sur-
face modeling method and the improved SBR-FBSSA
algorithm. They placed objects in a canyon/valley envi-
ronment and analyzed the electromagnetic scattering
characteristics of that environment. This study extended
the environmental complexity of scattering research by
applying the composite rough surface modeling method
and the improved SBR-FBSSA algorithm to solve the
electromagnetic scattering problems in canyon/valley
environments. Article [24] proposed an efficient and
accurate method using the MoM-SMCG method com-
bined with adaptive integration to solve the electromag-
netic scattering problem of random rough surfaces. The
main contribution of this work included using MoM to
calculate the electromagnetic scattering coefficients of
rough surfaces, and then using the adaptive selection
integration point method (SMCG) to integrate and solve
the electromagnetic scattering of rough surfaces. This
study applied the MoM-SMCG method to the electro-
magnetic scattering problem of random rough surfaces,
improving the computational efficiency and accuracy.
Article [25] used the discrete two-level complex image
method (DSCM) to calculate the electromagnetic scat-
tering of completely conducting periodic rough surfaces.
A model of completely conducting periodic rough sur-
faces was established and DSCM was used to calculate
the electromagnetic scattering coefficients of rough sur-
faces. Then, the FDTD method was used to solve the
electromagnetic scattering problems of rough surfaces.
This study applied DSCM to the electromagnetic scatter-
ing problems of completely conducting periodic rough
surfaces, improving the understanding of these scatter-
ing problems. Article [26] mainly studied an innovative
method in the engineering field, the hybrid AMCFFM-
MAE method, which can quickly simulate the elec-
tromagnetic scattering of one-dimensional rough sur-
faces over a frequency band. The importance of this
research lies in that it provides a new engineering tool
to better understand and solve practical electromagnetic
scattering problems involving rough surfaces. Article
[27] proposed a hybrid method for solving the com-
posite scattering problem of targets and rough ground.
The uniqueness of this method lies in that it combines
the physical optics method and physical basis function
method, which can accurately simulate and solve the
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electromagnetic scattering characteristics of rough sur-
faces. This study has made important extensions and
improvements to the application of physical optics meth-
ods in complex environments. Article [28] proposed a
fast algorithm mainly for calculating the electromag-
netic scattering of one-dimensional rough surfaces. This
algorithm is based on integral equation methods and
basis function expansion methods, and can effectively
simulate the electromagnetic scattering characteristics of
complex rough surfaces. The development of this algo-
rithm provides important theoretical basis and practical
guidance for understanding and solving electromagnetic
scattering problems involving rough surfaces in practical
environments. Compared to that, the layered rough sur-
faces studied in this paper are more common in nature,
such as the surface of a sea covered with floating ice,
ground covered with snow or leaves, etc. Therefore,
studying the electromagnetic scattering characteristics of
layered rough surfaces is of great significance. However,
the computational volume for calculating layered rough
surfaces using numerical methods is very large, so fast
algorithms need to be applied. The algorithm proposed
in this paper can effectively solve this problem and save
a lot of time, improving computational efficiency. This
advantage is more prominent when the rough surface
length is large.

This article proposes an efficient Improved Gener-
alized Forward and Backward Method-Spectral Accel-
eration Approach (IGFBM-SAA) algorithm for electro-
magnetic scattering from layered rough surfaces, aim-
ing to improve computational efficiency and thereby
enhance research efficiency. Firstly, an electric field inte-
gral equation (EFIE) for layered rough surfaces is estab-
lished, and the traditional forward and backward method
(FBM) is modified to propose the innovative IGFBM
method. At the same time, in order to reduce the error
caused by the artificial truncation of the rough surface,
a conical wave is used as the incident wave. This wave
has Gaussian characteristics, which gradually decrease
to zero as it approaches the boundary. This property
effectively avoids the abrupt change of surface current,
thereby improving the accuracy of the calculation. Then,
SAA technology is combined to accelerate the calcula-
tion to achieve rapid solution. Subsequently, the compu-
tational results of the IGFBM-SAA algorithm are com-
pared with those of MoM to verify the effectiveness and
accuracy of the proposed algorithm. Finally, the elec-
tromagnetic scattering characteristics of different lay-
ered rough surfaces are studied through several exam-
ples. The results show that the IGFBM-SAA algorithm
has significant advantages when calculating scattering
from long layered rough surfaces. The research find-
ings in this article have positive contributions to the
technological progress in areas such as target recogni-
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tion, target detection, radar stealth, and other related
fields.

II. IGFBM-SAA FAST ALGORITHM MODEL

Ground covered with leaves or snow, grassland,
and the sea surface covered with ice chunks can all be
regarded as layered rough media surfaces. Therefore,
studying the composite scattering of layered rough media
surfaces and targets has important significance.

A. Electric field integral equations (EFIE) for layered
rough surface

The rough surface of the three-layer medium is
shown in Fig. [I] The upper and lower rough surfaces
divide the medium into three layers, with parameters
(&0, o), (€1,11), and (&, 1) for each region. The con-
tour S; of the upper rough surface is represented by
21 = fi1(x), and the contour S, of the lower rough surface
is represented by zo = f>(x). The incident field is y*.
Vo, Y1, and y» represent the fields within each region
of the medium, and they satisfy the following boundary
equations:

Yo(r) 1 9Go(r,r')
02 _/Sl {%(l‘) gn/

9 A
~Go(r,1') lgolf )]d/ y(r) res, (1)
! G v (r
Lél’)_/s [%(r/)g(nr,’r) Gi(r,r) ‘gl( )]ds
2

/ aGl(r7r/) alljl( )
+/Sl [wl(r)an,cl(r,r) i~ }ds 0
()

rcSiorres;,
+/ an”) —G(r, )ang()d’ 0res,,
3

where [ represents the integration over the rough sur-
face, Go(r,r’) represents the Green’s function in free
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Fig. 1. Schematic diagram of layered rough surface.
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space, and G;(r,r') and G, (r,r’) represent the Green’s
functions in medium 1 and medium 2, respectively. At
the same time, the fields in each region satisfy the fol-
lowing boundary conditions:

Vi) = Yio (1), @
oY (r) _ dyi(r) .

3 =P, (i=0,1). Q)

For TE wave, p = Ui+1/;. For TM wave, p =

Eitl /80.

Assuming that the length of the rough surface is L
and the discrete density Ax is uniform, equations (1-3)
can be simplified as follows:

AL l)U +B(Ol l)llll ll/mc (6)

P ALY, 4By 4 A, 4 B2y, — 0,
(7

p1 A2y L B2y 4 A122)1, L B122)y, — ),
®)
A2, + B222)y, — 0. )

The expression for each matrix element is as
follows [29]]:

W B (6 [, ) Al

A(a.,b,c) _ (b =c,m 75 ?) orb 7& c
i wlac) idx [1 +21n (%Nb ] ,
(b=c,m=n
(10)
_W(a7c) ikqgAx I-Il(1 (ka‘rmb rnc’) >
, Hrmb rncH
(a,b.c) (feCen) (n = xim) = (fe(xn) = fo(xm)))
Bun ™ = (b: m;én)orbyé ,
1 (a0 fb ") Ax
2 AT 1] (xm)?
L (b=c,m=n)
(11)
where
(ac) _ 1l a=c
w - { -1 11756 ) (12)
Ui = Hmhmwwm/wa—um.
(13)

In the equations above, the first superscript indicates
the region, the second superscript indicates the rough-
ness location where the field point is located, and the
third superscript indicates the roughness location where

the source point is located.
Therefore, equations (6-9) can be transformed into a
matrix equation:

AL gO,L1) 0 0 U yine
plA(l,],l) BLLD  A(LL2) (12 vi 0
plA(l,Z‘l) B2 A(122) BU122) || Uy |~ | 0

0 0 pZA(Z‘Z"z) B(2’2’2> Y, 0



B. Forward and backward method (FBM)

Solving scattering problems using numerical algo-
rithms ultimately requires transforming them into matrix
equation solutions:

Z1=V, (15)

where Z is the impedance matrix, V is the excitation vec-
tor, and I is the unknown vector to be solved. The tra-
ditional method for solving this system is to invert the
impedance matrix, which requires a computational cost
and storage cost of o(N°>) (where N is the number of
unknowns). When the number of unknowns is large, this
approach requires significant memory and computation
time.

FBM [29-31] has good convergence properties for
problems involving scattering from rough surfaces. It
divides the induced current of each discrete element on
the rough surface into forward and backward contribu-
tions to the scattering field. The forward contribution is
generated by the incident electromagnetic wave and the
induced current of the source element located in front of
the receiving field element, while the backward contri-
bution is generated by the induced current of the source
element located behind the receiving field element. The
calculation process follows.

First, divide the impedance matrix into three matri-
ces:

Z=7;+Z,+7 (16)

Among them, Zy is a lower triangular matrix repre-
senting the contributions of all source currents located
before the receiving unit, Z, is an upper triangular
matrix representing the contributions of all source cur-
rents located behind the receiving unit, and Z; is a diag-
onal matrix representing the contributions of each point
on the rough surface to itself.

Divide the unknown vector I to be solved into two
parts:

1=1,+1, (17)

where I 7 is the induced current on the rough surface con-
tributing to the forward propagation of electromagnetic
waves, and I}, is the induced current on the rough surface
contributing to the backward propagation of electromag-
netic waves.

The following equation system can be obtained from
the three equations above:

ZI,=Z-Z;[1,+1], (18)
ZJ,=-7,[1;+1,). (19)

It can be transformed into the following iterative
form:

Z+ 2,1 =2 2,00, (20)
2+ 7)1 = ~2,1)". Q1)
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Define the convergence accuracy as follows:

z|@p 1) - af V)]
T= <e.  (22)

Y/
The iterative process starts with IE,(»
tial value, and first calculates Igcl)

then calculates I[gn using equation (2T)). This process iter-

ates until the specified convergence accuracy is met. The
computational cost of this algorithm is o(N?), and it has
fast convergence speed, making it an effective algorithm
for solving scattering problems of rough surfaces.

Howeyver, if we want to use FBM to solve the matrix
equation (T4), we need to improve the FBM method.
Next, we will introduce IGFBM.

= 0 as the ini-

using equation (20)),

C. Improved Generalized Forward and Backward
Method (IGFBM)

Decompose the impedance matrix into upper, lower,
and diagonal matrices denoted by U, L, and D, respec-
tively. For example, the submatrix denoted by (Z,/,/) has
the following form:

ALY — AU(LLD _,_AL,(IJJ) +AD-,(1JJ), (23)

B — UL | gLUL) L gDUL) (o4

The unknown vector is decomposed into forward
and backward components, U; = U;f + U;® and y; =
vi' 4+ y;°, where U, and ; are the forward components,

and U;* and y;® are the backward components. There-
fore, the forward current iteration formula in equation
(T4) is written as:

AL’(O’I'I)Ut{ +BL,(0,1.1)IIIf — lllinC
—APOLD ]+ 0 —BP Oyl ryh), (25)
plAL,(lJ,l)UE+BL,(171,1)W{+AL,(1~1,2)U£+BL,(1~1,2)W5
= —p AP+ UY) - BRI (v 4 y)
—APID UL+ U3 — B> (w1 yd), (26)
plAL,(1.1,1)U§+BL,(1.1,1)%f+AL,(1,1,2)U£+BL,(1,1,2)W5
= —pi AP 2D (U] +0}) - B2 (g 4 yp)
— AP+ U5 - B> (yi 4 yd),  (27)
p2AL.(2,2,2) Uﬁ + BL-(22.2) W]f _
—p2AP 22 (U +U8) —BP 22 (yl - yd). (28)

The iterative formula for obtaining the backward
current can be obtained analogously. By iterative solu-

tion, the unknown variables at the i-th iteration are Uﬁ’@,

Utl)7(i), llllﬂ(i)’ ‘l’?’(i)7 U;(i)’ Ug"(i), l,,;(i)’ lV;(i)’ and the iter-
ative algorithm starts with initial values of U?’(O) =0,
w:)’(O) =0, Ug’«)) =0, and wg,(o) = 0, and calculates
iteratively until the specified convergence accuracy is
reached.

For the forward iteration process of IGFBM, the
matrix-vector multiplication needs to be repeated, and
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the process can be expressed as:

ZA()H)U +ZB(011 Vi, (29)

m=1

ZAIII Uy

m=1

+ZBlll Vi +ZA112 U +23112) Vo,

m=1
(30)
(1,2,1) (1,2,1)
n ZA -Uy, +ZB .

+ZA122 U2m+23122) Y2.m; (31)
=1

(e) ZA”Z Uit ¥ BZY w0 (G2)
m=1

where n = 1,2,...,N. V;')(rn) (i = 1,2,3,4) represents
the radiation contribution generated by the source cur-
rent in the n-th receiving element upstream of the inter-
face, and the computational effort required for each itera-
tion is o(N?). Therefore, the SAA algorithm can be used
to accelerate the calculation and improve computational
efficiency.

D. Spectral Acceleration Approach (SAA)

If SAA is applied to the calculation of equation (29),
both the computational load and memory requirements
are reduced to o(N). The basic principle is to define a
neighboring region L, where if a source element and
a receiver element are within a certain distance, they
are referred to as strong interaction group and produce
strong interaction Vi, otherwise they are referred to as
weak interaction group and produce weak interaction V.
Equation (29) can be rewritten as:

n—1
Z (Ai(nlrﬂllﬂl) : Ul,m +Br(‘r}r,tl,l> : l!/lm)

m=n—Nj

v () =i+ v

n—N;— 1 1)
+ Z mn U

m=1

+an b Y, m) (33)

The VS(]> at position r, is the contribution from the
collective action of N; source elements within a distance
L; of the field element receiving at position r,,, computed

accurately using MOM. The contribution Vm(,l) is from the
collective action of n — Ny — 1 source elements outside a
distance L;, which involves a large computational cost
and reduces computational efficiency. Next, we discuss
acceleration methods for this contribution.

Based on the spectral integral form of the Green’s
function [32]], we can derive:

n—Ns—1
i) = Y @A"Y Ui+ B i)

m=1
iAx

=— [ F,(0)exp(ikiz1,5in0)dO, (34)
4r Jc, ’
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F.(0)=F,_1(0)-exp(ikjAxcos )
+ [—iki(—sinO@ + &, cos 0) Wi N, —1 + Ui p-n,—1]
-expliki (Ny + 1)Axcos 0] - exp[—ik1z1 y—nN,—1 Sin 6].
(35)
Similarly, we can obtain the spectral integral forms
of VVEZ), \453), and Vv54). Cy is the integration path. It can
be seen that the weak contributions of all far-field ele-
ments F,,(0) are now continuously recursively calculated
by equation (33)), with slowly changing field modes on
the integration path making the SAA algorithm efficient.
Due to the weak contribution of the far field on
the longer rough surface, F;,(0) tends to have a narrow
main lobe and multiple narrow side lobes in the complex
plane. The choice of the integration path in equation (33))
can be considered from Cy to Cg, such that F,(6) has a
slowly varying mode with Cs. The efficiency of the SAA
algorithm lies in this slowly varying far field mode. The
parameters chosen in Fig. 2] are as follows [31]]:

Im(8)
A

= Re(d)

I
I
I
|
i Co
|
I
I
I

Fig. 2. Schematic diagram of spectral integration path.

where & = tan~!(1/b),b = max( /kRs/20 -
6 — 1,1),6ma = tan ! (Tmecmintd) R —
\/L% + (Zmax — Zmin T d)2

Finally, choosing appropriate parameters, the dis-
crete spectral integral form of the far-field can be
obtained, for example, for A:
iAxe~® 2 ; .

L WOE(E)ecr s, 36)
—
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E. Conical incident wave

In simulation calculations, it is not practical to deal
with the scattering of infinitely long rough surfaces, so
the size of the rough surface is usually limited to a cer-
tain range. To avoid the effects of reflection and edge-
bending caused by abrupt truncation of the rough sur-
face edge, a conical incident wave [33]] is used instead



of traditional plane wave incidence. This conical wave
gradually decreases to zero as it approaches the bound-
ary, effectively avoiding abrupt changes in surface cur-
rent and significantly improving the accuracy of the cal-
culation.

For the TE incident wave, the electromagnetic field
expressions are:

too oo
Eine (r) = / / exp (jkox + jkyy — jk:2)

“E (ky, ky) hi (—k;) dkydky, (37
1 =+ . . .

Hipe (r) = _% 3 [ exp (jkux + jkyy — jk;z)
-E (ky,ky) vi (—k;) dkdky,. (38)

For the TM incident wave, the electromagnetic field
expressions are:

Foo oo
Einc (l‘) = / / eXp (jkxx + jkyy - ijZ)

“E (ky,ky) vi (—k;) dkdky, (39)
1 fre = . . .

H;, (r) = —% i [ exp (jkex+ jkyy — jk;2)
E (ky,ky) i (—k) dkydky, (40)

where E (ky,ky) is the incident spectrum, h; is the hor-
izontal polarization direction, v; is the vertical polar-
ization direction, 1 is the free space wave impedance,
and k; is the spatial spectral domains in the i directions,
\/ K+

The two-dimensional normalized conical incident
wave amplitude is shown in Fig. 3] It can be seen from
this that the magnetic field is strongest from the center
of the rough surface and slowly returns to zero at the
edges. Therefore, the tapered incident wave can be used
to reduce the error caused by truncating the rough sur-
face.

respectively, k, =

(b)

Fig. 3. Normalized conical wave schematic.

II1. VALIDATION OF ALGORITHM
Before applying the proposed IGFBM-SAA algo-
rithm to practical situations, we need to verify its effec-
tiveness and accuracy in calculating scattering from
layered rough surfaces. To avoid overlap for different
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rough surfaces, all interfaces are modeled using Gaus-
sian rough surfaces with the same parameters. The char-
acteristics of these rough surfaces, including the root
mean square (RMS) height and correlation length of
the upper and lower layers, are described by parameters
hy, 1y, hy, and . In addition, we also need to consider
the dielectric constants of the media, which are €& =
2.04i0.05 and &, = 25 + i0. Furthermore, we set the
following parameters: rough surface length L = 51.24,
correlation length [/ = I, = 1.0A4, upper rough surface
thickness d = 104, incident frequency f = 1 GHz, and
incident angle 6; = 60°.

In the verification process, we used this algorithm to
calculate an example of scattering from a layered rough
surface and stored the calculated results in Fig. 4 For
comparison of the accuracy of the algorithm, we used tra-
ditional MoM as validation algorithms. This algorithm is
relatively slow in calculation speed, but with high accu-
racy. We used MoM to calculate the same example and
plotted the calculated results on the same graph for com-
parison.

0 \"/
v
10 —AOooa——m
- 10 1
T 20
3
3]
-30
404 [ — IGFBM/SAA
—+—MOM
-50 ; ; ; ; .
9 60 -30 0 30 60 )
a0
(a)
10
0 N
—
i
0] —OoHae=
o 10 X
Qﬁ'zo’ ¥
L 30
E|
-40+ —IGFBM/SAA
.50 —+—MOM
90 60 30 0 30 60 90
0.
(b)

Fig. 4. Validation of algorithm: (a) horizontal polariza-
tion and (b) vertical polarization.

From Fig. [d we can see that the calculated results of
the three methods are in good agreement, which indicates
that the IGFBM-SAA algorithm is effective in calculat-
ing scattering from layered rough surfaces.
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To more accurately evaluate the performance of
the algorithm, we used different rough surface lengths,
12.84, 25.6A, and 51.2A, corresponding to different
dimensions of the impedance matrix, 512, 1024, and
2048, respectively. Other parameters were kept con-
stant. Then we compared the computational time of the
IGFBM-SAA algorithm with that of FBM and MoM. To
ensure accurate statistical analysis, we averaged the time
taken for 20 calculations. As shown in Fig. 5} we con-
ducted a detailed comparison between the IGFBM/SAA
algorithm, traditional MoM, and FBM. The results
showed that the IGFBM/SAA algorithm exhibited sig-
nificant advantages in computational speed compared to
traditional MoM and FBM. This advantage was even
more pronounced when dealing with large-scale rough
surfaces. This enabled the algorithm to complete tasks
more efficiently when dealing with large-scale rough sur-
face scattering problems, providing strong support for
practical engineering applications.

2800 T

2400

@ 2000 | i
=
£ 1600 i
2
=
g 1200 i
B
2 8004 i
g ——IGFBM/SAA
= 400 ——FBM -
, MoM
04 L 4
T T T T T T T T T
500 1000 4500 2000 2500 3000 3500 4000

Number of unknown variables

Fig. 5. Computational time.

During the above computations and validation pro-
cess, we used a simulation computer with a CPU fre-
quency of 3.4 GHz and 8 GB of memory. These param-
eters are sufficient for running large-scale rough sur-
face scattering calculations. However, for more com-
plex or larger-scale computational requirements, higher-
performance computers or parallel computing tech-
niques may be required to meet computational needs.

We conducted research on the convergence perfor-
mance of this algorithm for different values of rough
surface RMS height. As shown in Fig. [f] (a), when TE
wave is incident, the algorithm achieves T = 1077 after
14 iterations when the roughness is i; = hy = 0.14, and
the error increases to T = 10> after the same number of
iterations when the roughness is 4, = hy = 0.34. How-
ever, when the roughness is h; = hy = 0.5A, the con-
vergence accuracy can only reach 7 = 1073, indicating
that as the roughness increases, the convergence perfor-
mance of IGFBM-SAA decreases. This is mainly due to
the increase in error in solving spectral integral equation
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Number of iterations
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(b)

Fig. 6. Algorithmic convergence analysis chart: (a) TE
incident wave and (b) TM incident wave.

(36) with increasing roughness. To improve the conver-
gence accuracy, it is necessary to reselect integral param-
eters. In addition, it was found that the characteristics of
TM wave incidence are different from those of TE wave
incidence. As shown in Fig.[6] (b), it can be clearly seen
that the convergence speed of TM wave is faster, but its
convergence accuracy is lower than that of TE wave inci-
dence.

In summary, when studying rough surface scattering
problems, appropriate algorithms and parameter settings
need to be carefully selected for different incident waves
and roughness to ensure good convergence performance
and computational accuracy of the algorithm. Especially
when the roughness increases, it may be necessary to
readjust parameters of the algorithm to reduce the error
in spectral integral solution and improve convergence
accuracy. This finding has important guiding significance
for practical applications in dealing with complex rough
surface scattering problems.



IV. CALCULATION RESULTS AND
ANALYSIS

This section mainly studies and analyzes the electro-
magnetic scattering characteristics of layered rough sur-
faces under different parameters. Unless otherwise spec-
ified, the relevant parameters are set as: dielectric con-
stants of the media &1 = 2.0+ i0.05 and &, = 25+ 10,
rough surface length L = 51.2A4, hy = hy = 0.24, corre-
lation length /; = I, = 1.0A, upper rough surface thick-
ness d = 6A, incident frequency f = 1GHz, and incident
angle 6; = 40°.

Figure [/| demonstrates the impact of changes in the
RMS height of a layered rough surface on the bistatic
scattering coefficient under TM wave incidence, with
RMS heights chosen as hy = hy = 0.2, h; = hy = 0.5, and
hi = hp = 1.0, respectively. The correlation length of the
rough surface follows I} = I, = 1.0A, and the incident
angle is 6; = 40°. Upon close examination, it is observed
that the bistatic scattering coefficient of the layered rough
surface tends to decrease in the specular direction with
increasing RMS height, particularly evident when the
RMS height is hy = hp = 0.2 and h; = hy = 0.5.
Conversely, in the non-specular scattering directions,
the bistatic scattering coefficient increases with increas-
ing RMS height, particularly prominent when the RMS
height is h; = hy, = 1.0. Additionally, compared to the
specular direction, the bistatic scattering coefficient is
generally smaller in the non-specular directions, indicat-
ing a stronger scattering ability of the layered rough sur-
face in the specular direction.

Fig. 7. Scattering coefficient comparison chart for differ-
ent root mean square (RMS) heights.

This observed phenomenon indicates that the RMS
height of rough surfaces has a significant impact on
bistatic scattering coefficients that depends on the direc-
tion of scattering. This finding can provide valuable ref-
erence and applications in areas such as electromagnetic
scattering and radar target characterization. For exam-
ple, in radar target recognition, by studying the scat-
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tering characteristics of layered rough surfaces, targets
can be identified and classified more accurately, thereby
enhancing the accuracy and reliability of radar detection.
Additionally, in radar stealth technology, surface struc-
tures with lower scattering coefficients can be designed
and implemented based on studies of layered rough sur-
faces to decrease the probability of targets being detected
by radar, thus enhancing their radar stealth performance.
Furthermore, this research can also be applied to electro-
magnetic compatibility analysis and prediction.

Figure [ shows the dependence of the scattering
coefficient of a layered rough surface on the correla-
tion length when TM wave incidence. As seen from the
figure, the scattering coefficient increases with increas-
ing correlation length in the specular direction. How-
ever, at large scattering angles, the scattering coefficient
decreases with increasing correlation length. This obser-
vation is consistent with the conclusions of many electro-
magnetic scattering studies, indicating that the scattering
characteristics of rough surfaces are not only determined
by their surface structure but also affected by the incident
conditions of electromagnetic waves.

- —1=1=35
/ 1=l =6.28

: 30 60 90
4o

Fig. 8. Scattering coefficient comparison chart for differ-
ent correlation lengths.

In the specular direction, as the correlation length
increases, the details and fluctuations of the surface
structure become more significant, which leads to an
increase in the scattering coefficient. This trend can be
understood as follows: as the surface structure changes,
the complexity of scattering increases, causing more
electromagnetic energy to be scattered into different
directions.

However, in the region of large scattering angles,
the situation is different. In this region, the decrease in
scattering coefficient is related to the increase in surface
structure size and the propagation characteristics of elec-
tromagnetic waves. More specifically, when electromag-
netic waves propagate from regions with larger surface
structures, the coherence of the wave may be affected,
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leading to a decrease in scattering coefficient. Addition-
ally, larger surface structures may provide more prop-
agation paths for electromagnetic waves, causing some
waves to bypass the surface structure rather than undergo
strong scattering.

In the subsequent study, we applied the IGFBM-
SAA method to deeply explore the impact of the changes
in the dielectric constant & of the lower rough surface on
electromagnetic scattering coefficients. In the simulation
calculations, both the upper and lower media were loss-
less, with the dielectric constant of the upper medium
being £ = 5.0 and the dielectric constants of the lower
media being & = 5.0, & = 10.0, and & = 20.0, respec-
tively. The rms and correlation length of the upper-lower
interface were hy = hy = 0.5 and [} = I = 1.0A, respec-
tively, and the incident angle was 6; = 40°.

To visually present the changes in the scattering
coefficients, we plotted Fig. E] (a), which demonstrated
the trend of the scattering coefficient varying with the
dielectric constant & throughout the entire scattering
angle range. It could be clearly observed from the figure
that with the increase in the dielectric constant &, the
scattering coefficient changed at each scattering angle
but this change was not monotonous. At some specific
scattering angles, a significant peak was observed in the
scattering coefficient; at other angles, it might decrease.
This complex trend reflected the complex impact of the
dielectric constant & on the scattering process.

To better reveal the changing rules of the scatter-
ing coefficient with respect to the dielectric constant, we
plotted Fig. 0] (b), which presented the changes in the
scattering coefficient within the scattering angle range -
90°~75°. In particular, when the dielectric constant was
& = 5.0, the electromagnetic scattering of the layered
rough surface would simplify to that of a single rough
surface. It could be seen from Fig. [0 (b) that at large
scattering angles, the scattering coefficient of the lay-
ered rough surface was always greater than that of a
single rough surface. Additionally, with the increase in
|e1 — &, the scattering coefficient of the layered rough
surface also showed an increasing trend. This trend
might be attributed to the gradually enhanced scattering
effect of electromagnetic waves by the lower medium as
|e1 — & increased.

In summary, through applying the IGFBM-SAA
method, we conducted an in-depth investigation into
the impact of changes in the dielectric constant on the
scattering process of rough surfaces. The investigation
revealed that, regardless of how the dielectric constant
changed, the scattering coefficient of the layered rough
surface at some specific scattering angles was always
greater than that of a single rough surface. Especially at
large scattering angles, the scattering coefficient of the
layered rough surface showed an increasing trend. This
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Fig. 9. Scattering coefficient comparison chart for differ-
ent lower rough surface permittivity values: (a)-90°~90°
and (b) -90°~75°.

trend might be because the layered rough surface exhibits
more complex scattering characteristics during the prop-
agation of electromagnetic waves.

V. CONCLUSION

This article proposes an innovative -GFBM-SAA
algorithm for effectively solving the electromagnetic
scattering problem of rough surfaces. This algorithm sig-
nificantly reduces the calculation workload from o(N?)
to o(N), thereby greatly saving computational time and
improving computational efficiency. At the same time,
this algorithm exhibits good convergence behavior under
different calculation conditions, making it able to meet
the computational needs of different application sce-
narios. The next research direction will be to incorpo-
rate targets (conductors and dielectrics) into the environ-
ment to further improve the electromagnetic scattering
model and study composite electromagnetic scattering
problems.
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