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Abstract—In this paper, time-domain physical optics (TDPO)
method is extended to its iterative version (TDIPO) to consider the
coupling effects between two regions, and the latter is employed to
investigate electromagnetic scattering from three dimensional target
half-buried by a two dimensional rough surface. By using iterative
scheme, more accurate transient response reflected from combinative
target with multi-scattering effects would be obtained than that
by using TDPO alone. The TDIPO could also be enhanced by
time-domain equivalent edge current (TDEEC) to further determine
the far-field characteristics of the combinative target with rough
surface. An accurate composite geometry model technique which
combines 2D perfectly electrically conducting (PEC) rough surface
and half-buried 3D PEC target is introduced and employed to
assist the meshing work. The validity of the presented method is
verified by comparing the scattering results for dihedral targets with
those obtained through TDPO and finite difference in time domain
(FDTD), as well as multi-level fast multiple algorithm (MLFMA).
Then simulations of EM scattering from the target embedded in rough
surface for different incidence directions are carried out to test the
availability of TDIPO/EEC. Discussions on the effects of incidence
direction and the presence of the target on the backscattering in far-
zone are also given.

1. INTRODUCTION

Nowadays, EM scattering from target above, on, or under rough
surface have attracted a lot of researchers’ interest, especially three
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dimensional problems. There are many such applications in real life,
which could be called as composite model or combinative model,
such as natural or manmade targets on ground and ship over ocean
surface. Due to the complex and random nature of rough surface,
half-space Green’s function method usually fails in such a case, except
the approach provided in [1]. Numerical methods such as method of
moment (MoM) [2,3] and finite element method (FEM) [4] are used
to study EM scattering from 2D target above 1D rough surface. To
improve the efficiency of the these classic approaches, several integral
equation-based techniques are proposed, such as multiple sweep
method of moments (MSMM) [5], general sparse matrix canonical
grid (G-SMCG) [6], fast multipole method (FMM) [7] and generalized
forward-backward method (GFBM) [8], as well its extensions, forward-
backward method with spectral accelerate algorithm (FBM/SAA) [9]
and forward-backward method with extended propagation-inside-layer
expansion (FBM/EPILE) [10, 11].

However, the aforementioned numerical methods and their
extensions are mainly limited by computer capacity, which restricts
their application mostly within 2D case. To overcome the difficulty
of modeling the complex interactions of 3D target and 2D rough
surface, lots of attempts are made by the EM society, which could
be grouped into three categories. The first group includes hybrid
methods combining high frequency method with numerical method,
such as Kirchhoff approximation-method of moment (KA-MoM) [12]
and Kirchhoff approximation multi-level fast multiple algorithm (KA-
MLFMA) [13,14], both of which are proposed using an iterative
scheme. The main drawback of this kind of methods is that they
are invalid when the target and rough surface touch each other. The
second group uses multi-path approach [15], including the application
of reciprocity theorem (RT) [16,17]. These methods simplify the
interactions between target and rough surface with first order, second
order and high order scattering, leading to a multi-path model, which
only requires researchers to consider the effects of most significant
scattering-paths. The problem of combinative target-surface, which
is the case that this paper mainly handles, cannot be dealt with
RT-based multi-path method in [17] because the targets are not
detached. The last kind of research is to employ high frequency
techniques [18,19], and this paper mainly contributes to this territory
in time domain other than frequency domain in [18,19]. Time-domain
high frequency methods are rarely reported in literatures discussing
composite scattering from target above rough surface, although time-
domain low frequency methods are reported, such as finite difference
in time domain (FDTD) [20-23] and time-domain integral equation
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(TDIE) method [24]. Both methods require much computer resource,
which limits their usage mostly within 2D and small scale 3D problems.
In this paper, time-domain iterative physical optics (TDIPO) is
proposed to consider the multiple scattering effects, which is common
in scattering analysis of combinative target and could not modeled
easily with time-domain physical optics (TDPO) [25]. The presented
TDIPO improves the accuracy of TDPO by employing iteration scheme
to get more accurate time-domain currents. The comparison between
the transient response of a dihedral structure calculated by TDIPO and
that by FDTD and TDPO shows that TDIPO gives acceptable results
demonstrating that it is capable of modeling transient response of
target with presence of complex interactions between different regions,
such as object embedded in rough surface. To consider the diffraction,
TDIPO is implemented with an enhancement by using time-domain
equivalent edge currents (TDEEC). Also wide-band radar cross section
(RCS) is obtained by making Fourier transformation (FT) on time-
domain far-field, whose result is verified by comparing with that
using sweep-frequency MLFMA. To study wide-band EM scattering
of combinative object-rough surface target, an approach building
geometry and meshing model of combinative target from generated
rough surface is presented. Note that both the rough surface and the
target embedded are conducting, and the buried part doesn’t need to
be meshed in this composite model presented later in this paper. Then
TDIPO with TDEEC is applied to the analysis of transient and wide-
band scattering of target above or embedded by rough surface, which
hasn’t been reported in previous literatures, to authors’ knowledge.
The remainder of this paper is organized as follows. Section 2
presents the formulation of TDIPO, which is enhanced by TDEEC.
Section 3 verifies the validity of TDIPO by comparing the results with
those obtained by TDPO, FDTD and MLFMA. Then the next section
discusses the procedure of generating composite geometry model and
meshing model, which combines two dimensional rough surface and
half-buried three dimensional target. Section 5 presents the numerical
results. Finally, some concluding remarks are given in the last section.

2. TIME-DOMAIN HIGH FREQUENCY THEORY FOR
COMBINATIVE TARGET

High frequency methods such as physical optics (PO), geometrical
optics (GO) [26], geometry theory of diffraction (GTD) [27], uniform
theory of diffraction (UTD) [28,29], physical theory of diffraction
(PTD) [30], method of equivalent currents (MEC) [31-33] and
Equivalent edge currents (EEC) [34] have been applied to scattering



394 Li et al.

analysis of large target. To model the problem of multiple scattering
or coupling between different regions of the object, iterative physical
optics (IPO) [35,36] is employed to study scattering problem such as
open-ended cavity.

Besides methods in frequency domain, analysis of wide-band
reflected signals directly in time domain [37-42] began to emerge since
time-domain physical optics (TDPO) was proposed by Sun [25] in 1994.
Most of PO and GO-based high frequency methods in both frequency
and time domain have been implemented and used widely, except time-
domain version of iterative physical optics which considers multiple
scattering directly in time domain. In this section, formulations of
TDIPO as well as TDEEC will be given. Note that the following
formulations could apply to general model such as scattering from
sphere, dihedral and target above rough surface.

2.1. Time-domain Iterative Physical Optics Method

For conducting object, the starting point of time-domain iterative
physical optics method is the same as its frequency-domain
counterpart, which is magnetic field integral equation (MFIE). On the
conductor surface, scattering field can be written as

H;(r) = 7{.](1") x V'G(r,r')ds’ (1)
S

where J(r') is the electric current induced on the target surface and
G(r,r’) is Green’s function in free space. For three dimensional case,
G(r,r') = e ¥l /4x|r — v'|. Total field H(r') on the surface and
J(r’) could be related using equivalent theorem, which is written as
J(r') = n x H(r'), and by interchanging the primed and unprimed
coordinates one could also obtain J(r) = 7 x H(r). Using the
assumption that there is no current distribution in regions which could
not be illuminated and the Kirchhoff approximation, one can achieve
the surface currents referred to as PO currents
2n(r) x Hij(r) lit region
I(r) = { 0 ) ) shadow region (2)

where H;j(r) denotes the incidence magnetic field.

Instead of directly substituting (2) into (1) to obtain scattering
field, which is usually the way for frequency-domain PO solution,
one can use an iterative scheme to obtain more accurate currents by
considering multiple scattering or coupling effects. In practice, choose
the PO currents in (2) as the initial currents Jg and use the following
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equation to get the updated surface currents

Jo(r) = Jo(r) + 27 x ?{Jn_l(r’) x V'G(r,r')ds’'
S
— 2 x Hy(r) + 2 x 7{ 3o () x VG )ds  (3)
S

where J, and J,_1 represent the surface currents of the nth and
(n — 1)th iterations respectively.

Using inverse Fourier transformation (IFT) on (3), one obtains
the surface current distribution in time domain. To carry out IFT in
a similar way, (3) is rewritten in the following form

jwe—ij

WJn_]_ (I'/) X RdS/

Jo(r) = 27 x Hy(r) + 20 xyf

S

o—JkR
+27Al X fM}Jn_l(r/) X RdS/ (4)
S
where R = (r — /), R = |R| and ¢ denotes the speed of light in
free space. Let Jo(r), J,1(r) and J,2(r) denote the three terms on
the right hand of (4), respectively. IFT of these frequency-domain
current distributions leads to their corresponding time-domain current
distribution, which gives

Jo(r,t) = 2n X hi(r,t) (5)
s 1 0 p R p
Jnl(r,t) = 2n X \%Watnjn_l (r ,t - C> x Rds (6)
1
JnQ(r,t) = 2n X %47“'R3Jn1 (I‘/,t — ]:) X RdS/ (7)

S
where h;(r,t) = % J H(r, w)edtdw and Jo(r,t) is induced directly by
the incident source and called time-domain PO currents. The ¢ — %
term in (6) and (7) is due to the contribution of other parts of the
target and linear property of FT is employed to obtain (6) and (7).
By summing up all the current components, one can obtain the time-
domain IPO currents distribution in the nth iteration, which is written
as follows

10 1 2N
Jn(r,t)=Jo(r,t —— = —
n(r; 1) =Jo(r, H% <08t+R> AT R

s

X Jp_1 <r’,t—R) x Rds" (8)
C
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The integral term represents the contribution from other regions,
which is added upon the original time-domain PO current in non-
iterative TDPO formulation. After getting the current distribution in
time domain, one could calculate the far-zone scattered field induced
by J,(r,t) using the followmg equation

ES(r,t) = ZO ffrx [rx%Jn(r’,t—ﬁ)]ds’
H5(r, ): 4MC [[ 7 x %Jn(r/,t—ﬁ)ds’ (9)

where Zj is the characteristic impedance of free space.

Attention should be paid when one calculates J,(r,t) from
Jn—1(r',t — 7) under the condition of physical optics approximation.
Contribution from J,,_1(r’,t — 7) is only considered when r and r’
could see each other. There’s similar case when calculating initiate
time-domain current distribution from the incident wave, point source
or plane wave source. Certain algorithm should be employed to find the
lit region and the shadow region, which has been discussed in previous
literatures [37].

2.2. Time-domain Equivalent Edge Current Method

Johansen [43] derived the TDEEC formulation and applied it into the
far-field analysis of diffraction of edges of 3D conductors. Altintas [44]
also applied TDEEC to transient scattering analysis. TDEEC
is employed to improve the accuracy of TDIPO as its frequency
counterpart [34] does to PO. By taking inverse Fourier transformation
of the frequency-domain edge currents, one can obtain the equivalent
edge currents in time domain. Then time-domain diffracted field can
be gotten, which is expressed as [44]

Zy
el C(r,t) = = 4wc§ X § X }[If ', 7)ldl’
9 ! ;

x5 f{ MY (¢, 7)ldl (10)

In Equation (10), e¥E¢(r,#) is the time-domain diffracted field; § is
unit vector in diffraction direction; ldl’ gives the length element along
the edge; the electric edge current I/(r', 7) and magnetic edge current
M7 (x', 1) are expressed as
T
ra' r) = / c [Zo_ng’fe,;(r’,T)-Z+D}€’fhi(r/,7)-l dt (11)

—00

M ) = / cZoDy by (v ) - ldt (12)

—00
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where e; and h; are time-domain incident electric and magnetic fields
respectively, and Db , D}IL’f and D}Jy,f are diffraction coefficients [44].
For far-field calculation, numerical evaluation of integrals when

computing equivalent edge currents is not necessary. Substituting (11)
and (12) into (10) gives

1 - q -
el C(r,t) = —&x {s x ]{ [Dg’fei(r’,r) 1+ 2ZoDp hy (', 7) - z} ldl’]

4dmr c

1 "
+-—5x% fzopf’f(hi(r’,f) AD)idr (13)
4drr ¢

For further information on the formulation, one can refer to [44].
By adding the TDEEC term to the transient field obtained by TDIPO,

more accurate result could be achieved by considering the curvature
effects [43].

3. VALIDATION OF TDIPO/EEC

In this section, TDIPO would be employed to calculate the transient
backscattered field of a simple structure to test its accuracy against
TDPO and FDTD, as well as MLFMA.

The structure analyzed is a dihedral, which is useful for evaluating
a RCS prediction code to consider the contributions of multiple
scattering effects between plates. The geometry studied in this section
is composed of two square plate with edge length of 0.3 m, with one
plate in yoz plane and the other in xoy plane, and the torsion angle
is & = 90°. The exciting source is a modulated Gaussian pulse, with
frequency band width f =4 ~ 6 GHz and pulse width 7 = 1.7ns. The
incidence angle is 6; = 45° and azimuths angle is ¢; = 0°. The vector
of electric field is along y axis, which is ¢ polarization.

Figure 1(a) plots the ¢ polarized backscattered electric field
in far-zone computed by TDIPO/EEC, and results achieved by
FDTD and TDPO/EEC are also included. The agreement between
TDIPO/EEC and FDTD is very good, whereas sharp difference is
observed between the curves obtained by TDPO/EEC and FDTD.
This is due to the existence of multiple scattering between the two
plates, while TDPO/EEC cannot consider the coupling effects, which
actually only calculates the single-bounce reflected field, neglecting the
two-bounce scattered field. For further verification, Figure 1(b) plots
the wide band RCS through carrying out fast Fourier transformation
(FFT) on transient response, which is also compared with results
by MLFMA with a frequency-sweeping procedure. To measure the
agreement of TDIPO/EEC presented in this paper with FDTD or
MLFMA in a quantitative way, mean absolute percentage error
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Figure 1. Backscattering of dihedral structure. (a) Transient
response. (b) Monostatic RCS.

(MAPE) and mean absolute error (MAE), for time- and frequency-
domain study respectively, are employed to evaluate the validation of
TDIPO/EEC in modeling scattering from complex structures. In the
transient responses scattered by the dihedral plotted in Figure 1(a),
MAPE of the time series obtained by TDIPO/EEC is 0.07, while
MAPE of TDPO/EEC is as large as 1.04. In the frequency-domain
results illustrated in Figure 1(b), MAE of the curve calculated by
TDIPO/EEC compared with that of MLFMA is 0.215dB and the
standard deviation is 0.063.

4. COMBINATIVE TARGET MODELING

In this part, combinative target modeling composing 2D rough surface
and 3D half-buried target will be presented, which is of great
importance for the rough surface scattering analysis in the following
section.

The first step is to generate the profile of 2D rough surface,
which satisfies the requirements of height distribution function and
autocorrelation function, or its frequency counterpart power spectrum
density function (FT of autocorrelation function). To obtain the
sampling points of rough surface profile, usually a spectral method
could be employed. The formula is written as

N/2-1 N/2-1

f($7y) = ﬁ Z Z F(me7Kyn) eXp(inmx + Z.K’yny) (14)
m=—N/2n=—N/2
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where

F(Kym, Kyn) = 2nLy\/ W (Kzpm, Kyn)

{[N(o,1)+z‘N(0,1)]/2 m,n#0,NJ2 g
N(0,1) m,n =0,N/2

Kym and Ky, are sampling points of spatial frequency. W (Kzm, Kyn)
is power spectrum density function, which could be Gaussian spectrum
and ocean wave spectrum, such as Joint North Sea Wave Project
(JONSWAP) and Pierson-Moskowitz (PM) spectrum. L is length of
the simulated surface. N(0,1) is a random number following some
probability density function. If the height distribution function and
autocorrelation function are both assumed to be Gaussian type, one
calls rough surface of this kind as Gaussian type, which usually could
be descripted by root mean square height (o) and correlation length (i,
ly). Figures 2(a)—(d) give several examples of rough surface generated
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Figure 2. Examples of simulated random rough surface with certain
roughness parameters (the unit of the color bar is meter).
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with the parameters below the corresponding plot. The rough surface
profiles are all generated using Gaussian type functions, and the choices
of parameters are largely random but in the sense of representing
typical rough surface with small roughness, like soil surface and even
scale model of ocean surface.

After rough surface is generated (sampled), all the sampled points
are scattered in the 3D space, called point cloud model [45]. Using
an inverse engineering method, rough surface is converted into an
NURBS [46] surface. However in the combinative model case, some
further work should be done, especially when the buried target is
complex in shape. The most important step is to find the intersection
curve between 2D rough surface and 3D target accurately, which could
be done through Boolean operation [47] of two objects. Finally, a
meshing tool is used to get surface meshes with the information of
incident wave length. A combinative buried model is built from the
randomly generated rough surface in Figure 3(a), and the meshing
result of the combinative model is plotted in Figure 3(b).

5. SIMULATION RESULT OF TARGET EMBEDDED IN
ROUGH SURFACE

In this section, TDIPO with TDEEC is employed to study the problem
of transient scattering, including single rough surface and target on
rough surface. Note that in this paper, only rough surface with finite
length is considered, so no tapering or window is applied upon the
incident pulse, which is a little different from previous research [3, 7].
Geometry of the composite scattering problem could be illustrated as
in Figure 4, where some parameters about incidence and polarization
are defined.

The first example is to compute the backscattering characteristics

(b)

Figure 3. Combinative model. (a) Original rough surface. (b)
Meshing.
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Figure 4. Scattering geometry with relevant parameters definition.

of single rough surface. The size of the rough surface is 1 m x 1 m; root
mean square height is o = 0.01 m; the correlation length is [, = [, =
0.1m. The incident pulse is the same as the one in the verification
section, except incidence angle. The ¢y polarized backscattered
electric fields in time domain are illustrated in Figures 5(a)—(c) for
the cases of 0; = 0°, 6; = 30° and 0; = 45° respectively, where the
azimuth angle is kept as ¢; = 0°. From these figures, one could
find that most of the waveforms obtained by TDIPO/EEC agree well
with those by TDPO/EEC. After transforming the transient responses
into frequency domain, as illustrated in Figure 5(d), only slight
difference in monostatic RCS is observed between the curves obtained
by TDIPO/EEC and TDPO/EEC at certain incidence angle. The
MAE of the frequency-domain results in Figure 5(d) are 0.00153 dB
for 8; = 0°, and 0.0730dB for #; = 30° and 1.07dB for 6; = 45°,
respectively. Therefore in rough surface scattering problem, especially
that with small roughness (such as parameters used for generating
rough surface examples in Figure 2 at focused frequency band in
this paper), TDIPO and TDPO would give similar results with not
much disparity, which means TDPO is accurate enough for this case.
However, for composite scattering problem like in next example, it is
not the same case anymore. Besides, when comparing the results of
TDIPO/EEC through Figures 5(a) to 5(c), one can observe that the
magnitudes get smaller with increasing incidence angle. This could be
understood as that smaller incidence leads to more power scattered
into backward direction. And at normal incidence, the backscattering
direction coincides with specular direction, which results in very strong
transient responses as plotted in Figure 5(a) compared with those in
Figures 5(b) and 5(c).

Figures 6(a)—(c) plot the results of ¢y polarized transient
responses from a combinative model combining rough surface and
target for different incidence angles. Parameters of underlying rough
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Figure 5. Backscattering of single 2D rough surface. (a) Transient
response when 6; = 0°. (b) Transient response when 6; = 30°. (c)
Transient response when 6; = 45°. (d) Monostatic RCS (IPO and PO
in the legends denote TDIPO/EEC and TDPO/EEC respectively)

surface and the exciting sources are the same as in last simulation. The
half-buried target is positioned in the center of the surface, and the
above face is square and is 0.2m x 0.2m in size and 0.15m high above
the average plane of rough surface, as demonstrated in Figure 3(b).
Results calculated by TDIPO/EEC are remarkably different with those
by TDPO/EEC, except the normal incidence case given in Figure 6(a).
It is found that, in Figures 6(b) and 6(c), the waveforms calculated by
TDIPO/EEC give larger values, especially in the middle stage. It is
well known that there are interactions between the rough surface and
the embedded target surface. The vertical faces of target, together
with the underlying rough surface, could be considered as several
dihedral structures. From the point view of ray-tracing or GO, at non-
normal incidence, dihedral is a typical kind of strong backscattering
source due to the double-bounce effect, which could be illustrated
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Figure 6. Backscattering of single 2D rough surface and 3D half-
buried target. (a) Transient response when 6; = 0°. (b) Transient
response when 6; = 30°. (c) Transient response when ; = 45°. (d)
Monostatic RCS.

from the comparison of TDPO/EEC and TDIPO/EEC in Figure 1.
Therefore, those interactions will make the backscattered field increase
in magnitude, exceeding the availability of TDPO. Moreover, the
amplitude for 8; = 45° is larger than that for §; = 30°, simply because
more power is scattered back into the incidence direction for the case
of 6; = 45°. At normal incidence, because dihedral effect is very
weak, TDPO/EEC could give the results with acceptable accuracy
compared with TDIPO/EEC, which is demonstrated in Figure 6(a).
The above judgments may be further strengthened by the curves of
wide band RCS, as plotted in Figure 6(d). The RCS patterns obtained
by TDPO and TDIPO are totally different for §; = 30° and 0; = 45°,
and values of RCS by using TDIPO are larger than those by TDPO
at most frequencies. The MAE of the frequency-domain results in
Figure 6(d) are 0.0607dB for §; = 0°, and 16.0dB for 6; = 30° and
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21.4dB for 6; = 45°, respectively. And the RCS curve (obtained by
TDIPO/EEC) of 6; = 45° is also above the one of §; = 30° through
most of the frequency band. Because of presence of strong multi-
scattering between rough surface and embedded target, backscattered
field would be enhanced as observed in the results of dihedral structure.

6. CONCLUSION

In this paper, a time-domain high frequency TDIPO method is
proposed to study transient scattering fields of combinative structure,
which also can be used for detached composite model. Through the
verification example and other numerical methods, one can find that
TDPO is not accurate enough when dealing with complex structure
with multiple scattering effects, whereas TDIPO enhanced by TDEEC
could give accurate result, showing good agreement with FDTD. Wide-
band Radar Cross Section of 3D target on 2D rough surface is also
obtained by applying FFT to the obtained time-domain signal, which
is of significant use in some practical application, such as target
recognition and remote sensing.
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