Hybrid SPM to investigate scattered field from rough
surface under tapered wave incidence
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Abstract—We propose a nowvel time-effident analytical model to
investigate the near-zone scattered field from a conducting
random rough surface under tapered wave incidence. The
proposed method is based on the small perturbation method
(SPM), and combined with the princple of stationary phase
(POSP), the Lagrange polynomial and the Monte Carlo
simulation. By comparing with the method of moment (MoM),
the running time of proposed method is about 200 times less than
that of MoM under the same accuracy, indicating that the
proposed method is suitable for applications where

computational time isurgent.

. INTRODUCTION

The analysis of electromagnetic wave scattered from
random rough surfaces is of great interest in many
applications including radio communications and remote
sensing. Small perturbation method (SPM) [1] is one of
the most commonly used analytical methods. It is valid to
a surface that is slightly rough ( kh<1) and whose
surface slope is smaller than unity, where k is the free-
space wavenumber, and h is the root-mean-squared
(RMS) height of the random rough surface. In numerical
simulations, rough surface is truncated at edges
where x=+L/2, which means that surface current B

forced to be zero for|x|>L/2 [2]. To prevent current

discontinuity at edges, a tapered incident wave was
introduced [3, 4] in spatial or spectral domain.

Different from previous studies, which was focused
on far-zone field, in this paper we present a time-efficient
analysis of near-zone scattered field from a random rough
surface. Two coefficients are defined, namely the
coherent scattered taper function T_, and incoherent one

T T, is modified for coherent wave by Lagrange

incoh *  "coh

polynomial, and for the incoherent wawe, and the POSP is
used to deal with an infinite complex integral. Finally a
Monte Carlo simulation is used to determine the scattered
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field statistics as a function of different rough surface
realizations.

Il.  DESCRIPTION OF THE METHOD
The geometry of the problem is shown in Figure 1. A
TE tapered wave, w,,(r)[3, 5] is incident with time
dependence exp(—jwt) , impinging upon a 1-D
conducting Gaussian-distributed rough surface, with a
random height profile z=f(x), correlation length I,
surface length L, RMS heighth, and the spectral density

W (k,)=hl /(&E)-exp(—kfl2 /4). The expression for
Win (F) 15 [4]

wherek, =ksiné ,k, =kcosé, 6. is the incident angle,
and T (x,z) is the incident taper function

T(x,z):exp[i(kixx—kizz)w(f)—(x+ztané?i)2 / gz] 2)

where g is the
w(r)={2[(x+ztan6’i)2—1}/92—1}/(kgcosﬁi)2.

tapering  parameter, and

The height of the random rough surface is used as a
small parameter. For the scattered electric field, we write

it as a perturbation series [1], v, =y” + /¥ +y@ +....

S

Since the Dirichlet boundary condition requires that on
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the PEC surface z = f (X), y,,. +w, =0, and there is a

taper function in the incident wave expression in (1),
therefore a scattered taper function should be considered

,,,,,, specular

= (o

Figure 1 Geometry for wave scattering by a randomly rough.

into the expression of scattered wave. In the following,
two different scattered taper functions are introduced

l//s (r) =W conerent ( r) + l//incoherent (r)

= Tcoherent (//coherent (r ) + Tincoherent Wincoherent (r )

()

where ¥ oo (F) @0 ;e (F) are the coherent and

incoherent wawve under plane wave incidence using the
traditional SPM. T, and T, are defined as the

coherent incoherent

coherent and incoherent taper function, respectively.
Their expressions are T =AT and T, =T,

coherent incoherent

where A is a polynomial that only related to the incident
angles. From [1], the coherent and incoherent wave for
the tradition SPM are

l//(l:oherent (r) = _eikixx”kizz (1_ 2kiz Jlkk dkx sz (kix - kx )) (4)

and

l//ivncoherent (r) = J.: dkxeikx}(HKZZ 2ikiz F (kx - kix ) (5)

whereKk, =Jk2 —k, , and F(k,) is the Fourier transform
of f(x). With the two scattered taper functions, the
scattered field under tapered wave incidence satisfies the
wave equation to order ofO[l/ (kzg )] :

Since (5) involves complex integral, and the
wavenumber k is chosen to be large enough in our case,
the POSP is used[7]. The points of stationary phase in (5)
are k,=+xk/{f>+x*> . The integral (5) can be
approximately evaluated by considering the sum of the
contributions from each of these points, which is I (k)

I, (k;x,z)
~ 2ik, F (Ko — ki, )-exp[[i (KX +k,gz—7/4)]

-\/27[/

|<2/(|<2—|<30)g

6
I, (k;x z) ©
~ 2ik, F (=K, =k, )-exp[i(—K X +k,gz—714)]

3
-\/27;/ k? 1(K* =%, )?
L(k)=1,(k)+1,(k). ©)
TABLE I. THE RELATIONSHIP BETWEEN A AND Hi
0, 10° 20° 30° 40° 50° 60° 70° 80°
A | 118117 [114] 1109 1.105 [ 1.04 | 1.02 | 0.991

At first, when we simply set the coherent wave
tapered function asT , the results of the scattered field
from different incident angles always have the same
shape but with differ magnitudes compared with that of
MoM (see Figure 2). It turns out that a relationship
between the incident angles 6, and the coherent scattered

field amplitude A leads to this difference (see Table I).
Then, the additional coefficients for the coherent wawve
were taken into account. The Lagrange polynomial [8]

7
A(6)=>a,6" is used to fit this relationship at knots
n=0

6on = [10° , 20° ,30° , 40° , 50° , 60° , 70" ,

80° ], yielding coefficients B10-7) = [0.8590, 0.7703, -
0.6920, 0.3105, -0.0782, 0.0111, -8.25e-4, 2.5e-05]/10,.
Later we test its reliability in a large group of different
incident angles, the results show that this polynomial

approximation yields error less than 0.8% compared with
MoM data.

To obtain the statistical average of our method, Monte
Carlo simulation is used [6]. In each simulation trial, the
scattered field is a function with respect to each sampled
rough surface. The statistical average of the field is
determined by

Viersge =(V" +Vimge(M=1)) /M, (1Sm<M)  (8)

wherem is the index Monte Carlo trial, and M is the
total number of trials. From (8), the convergence rate for
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Figure 2 Magnitude of the surface scattered field with the
incident wave angle of 30".

the scattered field can be estimated by

1
convergence ( m) = (l//;?/grage - l//g:/erage ) / l//glerage (9)

. RESULTS

The programs were written in Matlab, and ran on a PC
with 3.20GHz Intel Core(TM) i3 and 1.74GB memory.
The wavelength is 2=0.03m in our case. The
parameters of the random rough surface are selected as:
L=25.61,h=0.054,1=0.351. The tapering parameter
is set to be g=L/4. The total number of points is
N =528, and N denote the number of times of Monte
Carlo trials.

We compare the surface electric fields using the
hybrid SPM with that obtained from the MoM. Such
comparison results are given in Figure 2 and Figure 3
with incident angles 6 =30",40",60 . It is shown that
the two curves obtained using hybrid SPM and MoM
overlap each other well. The comparisons for
computation time and accuracy are given in Table 2,
where accuracy is calculated as

Accuracy=

maxU E

Esc(MoM)| '100] (10)

sc(MoM)| - Esc(Hybrid SPM) ” /

It is shown that our proposed method can accelerate
the computation with a factor of 200 over MoM. This is
because the adoption of the POSP into our procedure
makes the computation more efficient.

TABLE Il. COMPARISONS OF COMPUTATIONTIME (IN SECOND)
AND ACCURACY BETWEEN MOM AND HYBRID SPM

0, 10° 20° 30° 40°
MoM (9 29.8632 30.0314 30.1508 30.1236
Hybrid SPM (s) 0.1462 0.1416 0.1491 0.1651
Accuracy(%) 2.3e03 042 039 09

0, 50° 60° 70° 80°
MoM (s) 30.0075 30.1129 30.0138 30.2286
Hybrid SPM (s) 0.15670 0.1435 0.1389 0.1557
Accuracy(%) 0.29 1.7e-03 3.9e-02 052
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Figure 3 Scattered field with different incident angles (left
figure 6 = 40", right one 6, =60")
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To check the convergence of the Monte Carlo
simulation, 50 Gaussian random rough surfaces were
generated, and the convergence rate is calculated using
(9), and simulation results show that the computations
converge after about 25 Monte Carlo realizations for both
methods.




IV. CONCLUSION

In this paper, a hybrid model using SPM combined
with POSP, Lagrange polynomial and Monte Carlo
simulation is proposed for investigating the near field
scattered by a conducting random rough surface under
tapered wave incidence. The method is validated by
comparing with MoM data in terms of computation time
and accuracy, and the convergence rate has also been
studied. It is shown that our proposed method can
accelerate the computation with a factor of 200 over
MoM. Therefore it is expected that the proposed method
might be useful for fast and accurate computing for
applications such as subsurface investigations involving a
random rough surface. The future work could be
extension to the two-dimensional model.
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