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J. Li, X. Wang, and T. Wang

College of Electronic Science and Engineering
National University of Defense Technology
Changsha, Hunan, P. R. China

Abstract—Born approximation is widely used in (inverse) scattering
problems to alleviate the computational difficulty, but its validity
and applicability are not well defined. In this paper, a universal
criterion to identify the validity of Born approximation is put forward
based on applying the operator theory on the scattering integral
equation. In comparison with the traditional criteria, the new one
excels in its ability to give a wider and more rigorous valid frequency
range, especially while non-uniform scatterers are under consideration.
Numerical examples verify the validity and advantage of the new
criterion.

1. INTRODUCTION

The IE (integral equation) method is widely used in computational
electromagnetics to characterize the scattering behavior of a
scatterer [12]. In the method, the integral equation to be solved is a
3D Fredholm integral equation of the 2nd kind. In most situations
of practical interest, it is not possible to find a solution of this
integral equation in a closed form. Omne must, therefore, employ a
proper numerical scheme to solve it. Up to now, the most attractive
numerical method for this kind of integral equation is the method
of moment (MoM) [13, 14,29, 35]. However, enormous computational
cost is required by this method, especially for electrically large-scaled
scatterers. In this sense, approximation techniques might be more
advisable in some situations. Among the approximate methods, the
Born approximation is the most commonly used one, which directly
employs the incident field as the total field inside the scatterer [4].
This method is easy to use, and it is widely used in (inverse) scattering
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problems [8-10, 25, 26]. However, its applicability at high frequencies
is believed to be unsatisfactory.

Some criteria have been developed in the past decades to identify
the validity of this approximation, and they can generally be classified
into the following three categories:

(i) The first one is like Ae,kL < 1, where L stands for the scale
of the scatterer [6,7,16,17]. This kind of criterion is generally
concluded from some special numerical experiments where even
scatterers are considered, so its rigour is limited.

(ii) The second one is the extension of the previous one. It follows
Ae{1,kL, (kL)*} < 1 [28].

(iii) The third one is like k2Ae, V' /(47r) < 1, where V is the volume of
the scatterer and r is the detection distance [30-32]. This criterion
is derived from the condition that the scattered field around the
receiver is much smaller than the incident field. However, this
comparison should actually be made in the scatterer [4], so the
generality of this criterion is not satisfactory.

Conclusively, the validity of Born approximation has not been well
specified. This paper intends to establish a new criterion to identify
it.

2. BORN APPROXIMATION AND ITS VALIDITY

In light of the Maxwell equation, the scattering behavior of a scatterer
can be characterized by an integral equation as follows [7]:

E(r) = Ei(r) + k* // y G(r,r') - Ae,(fE()Br,re V', (1)

where k is the wave number of incident wave, r is the radius vector
from the origin to the field point (receiver), r’ is the radius vector
from the origin to the source point, V' is the volume the scatterer
occupies, Ae, is the difference in relative dielectric constant between
the scatterer and the ambient medium, E is the total electric field,
E; is the incident electric field, G is the dyadic Green function. The
dyadic Green function is defined by

G(r,r) = <1 + V]€2V> G(r,v) 2)

with G(r, ') = e**=*'l /(47|r — v/|) being the free space Green function
and I being a unit dyadic.

As is well known, Equation (1) is very difficult to solve via classical
algorithms (such as MoM), especially for electrically large-scaled
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scatterers. In order to alleviate the computational difficulty, Born
proposed the Born approximation method [4]. The approximation is
that if the contrast between the scatterer and the ambient medium
is extremely small, the total field inside the scatterer can be well
approximated by the incident field, and then the total field E at the
receiver (r is located at the receiver) is approximately obtained as

E(r) ~ Ei(r) + k* // G(r,r') - Ae, (r)Ei(r)d®r. (3)

This technique is easy to implement and it plays an important role in
(inverse) scattering problems [8-10], but its validity needs more study.
The following sections intends to put forward a new criterion to identify
the validity of it.

2.1. Operator Expression of a Sufficient Condition for the
Validity of Born Approximation

In (1), the presence of operator VV results in a three-order singularity
1/|r —r'|?> when the field point coincides with the source point (r' = r).
This makes the integral not integrable. In the present paper, we
start our investigation with another expression of the original integral
Equation (1), which is free of three-order singularity [7]:

E(r) — Bi(r) + k2 { / / [ Gler)ae, 0B
+% / / L V' [Ae, () E(r)] VG(r,r’)d3r’}. (4)

Define a vector P(r) to describe the total field such that
E(r) = P(r)e!", ()

then the vector integral Equation (4) can be transformed as

P(r) =Pi(r) + &’ { / / el ')A, (¢ )P (')l ("1 g3y
k:2 // /V/ Aé‘r )P(r )ik'r/}VG(r,r’)e_ik'rdgr’},(ﬁ)

where Pi(r) £ [P*(r) PY(r) P?(r )] stands for the incident wave
(the factor ¢)¥T is excluded). Moreover, defined an operator H by

HP = /// k2 Ae, PG(r,r')elk 1) g3y

+ / / [V/(Ae,) P+Ae, V' P+Ae,P-(ik) [VG(r, ') "3 (7)
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then the integral equation becomes
P = P; + HP. (8)

In light of the operator theory [19], the solution of (8) can be expressed
as

P=(I-H) P, (9)

where 7 is the identity operator. If ||H|| < 1, the inverse operator can
be expanded in a Neumann series [2,5,15], i.e.,

P =P+ HP, + 1P+ =P;+ Y H"P;, (10)

n=1

where H'P;, HP;, H?P;, - - - , H"P; are the zeroth-order scattered field
(PY), the first-order scattered field (P'), the second-order scattered
field (P?), ---, and the nth-order scattered field (P™), respectively. Of
course, if the high-order operators H"P; are available, the total field
can be directly obtained by summing them. However, the calculation
of high-order terms are generally very difficult because of the presence
of highly oscillatory factors G(r,r’) [11]. This makes the applicability
of series of (10) to be prohibitive.

In practice, if the contrast between the scatterer and the ambient
medium is extremely small, the Born approximation can be used. This
technique approximates the total field inside the scatterer with the
incident field [4], i.e.,

P(r)~Pi(r), reV’ (11)

Obviously, this approximation takes only the first term on the right
hand side of (10), and the left terms are truncated. In this manner, if
the truncated terms are much smaller than the kept term, i.e.,

3wy

n=1

< |Py|, (12)

then the Born approximation is believed to be valid. This paper intends
to study the validity of Born approximation based on this condition.
2.2. Estimation of the First-order Scattered Field

Without loss of generality, we assume a plane wave propagates to the
scatterer in x direction and the polarization is in z direction, i.e.,

k=1[1,0,0", P°=P;=]0,0,1] .
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In this situation, there should be V - P; = 0, P; - (ik) = 0 and
V(Aeg,)-Pi = 0(Ag,)/0z. Subsequently, substituting these expressions
into (7) yields the first-order scattered field:

Pl(r) = (HP

/// ]{ZZAET ) ik-(r’fr)d?)rl
AET I‘ ik-(r'—r) 13
+///, TVG’(I‘, r')elk () g3y (13)

ik-(r—r’)

In (13), the presence of oscillatory factor G (r,r’)e and

VG (r,r') e (=) makes the computation of the two integrals very
difficult; we shall make proper estimations on them.

Investigation of the Green function shows that if a plane incident
wave propagates to the scatterer in x direction, there should be the
following two approximations:

G (r, r/) ol (r=1) iu(x — 2oy —y)o(z — 7)), (14)
and
VG (r, r’) ol (r=—1')
[T
~ %[u(x—ac’)é’(y—y’)é(z—z’) —|—§ 0lu(xz—2")d(y—y')o(z—2"),(15)
u(z—2")o(y—vy" ) (z—2") 0

where §'(z—c) = <L5(z—c) is the unit impulse doublet function, §(z—c)
is the unit impulse function, and u(x — ¢) is the unit step function [18].
For details of the derivation, please refer to Appendix A.
Substituting (14) and (15) into (13) yields an approximation of
the first-order scattered field:
OAer(z,y,2)

0z
ik 2
R ] N A i =t
2 1 Tmin 2k T 92Ae ( Y, Z) ,
Tmin #dx
11 > -
2
1 /
1 T 0A
+= |0 / Oher(ay,2) 40 o
2 O Zmin 82
s

Here, we have considered that [ f(t)u(r — t)dt = [T f(¢)
25 F(@)8(r —t)dt = f(7) and [ f(£)8' (7 — t)dt = —f'(7).
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In (16), the first-order scattered field is decomposed into three
integrals I, I3, I3. Comparing the magnitudes of them shows that if
the dielectric constant of the scatterer varies slowly, there should be

Ag,
L] ~ O(KLAe,), |L]~O ( kz ) | ~ O(Ag,).

In (inverse) scattering study, the Born approximation for electrically
large-scaled scatterers (kL > 1) attract much attention because the
scattering integral equations for these scatterers are generally very
difficult to solve. In this situation, the comparison of the above
integrals gives

[Iao| < [I3] <[]
So the first-order scattered field is mainly determined by I;:

ik
Plr)~ 1, = 12 H A (2, y, 2)de, (17)

and its magnitude can be estimated as

1 k ’ ! ! k ’ /
‘P (r)‘ ~— Aep (2’ y, z)da’ | < = Ae, (2 )y, 2)d2' || & = HIH
2 Zmin 2 Zmin
(18)
where the norm is defined as ||-|| = sup |-|. This norm is easy to obtain

reVv’
because only a one-dimensional non-oscillatory integral is involved.

Specially, for a uniform scatterer (Ae,(r) = constant), there should
be ||I|| = Ae,L with L being the scale of the scatterer in z direction.
Obviously, the norm ||I|| carries the units of meter, and the magnitude
of P is unitless.

2.3. Estimation of Higher-order Scattered Fields
The second-order scattered field P?(r) follows

P2(r) = (HQPI) HPl /// kQAET 1G I' I‘) ik-(r’ —r)dg /
+// [v/(Agr) . P1+A€Tv/ . Pl‘l’AfrPl . (lk)]

VG(r,r')e* g3y, (19)
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According to (17), we have V' - P!(r') ~ 0 and P!(r') - k ~ 0. In this

manner, ) can be estimated as

/// kQAar{lk[ / Ae. (2", y, z)dx"}G(r r/)elk (=) g3y
/ / / Aer % / Aey (@ o, #')da”

Substltutlng (14) and (15) into (20) and readopting the
process of magnitude comparison in Section 2.2 yield the following
approximation:

07 . x
P%(r) ~ [O] % Ae, (2 y, 2) { / Ae, (2" y, 2 )dx ”}dx
1

ZTmin min
(21)
This approximation immediately leads to the following estimation of
the second order scattered field:

CHEIE )

where $ means “smaller than or approximate to”. Moreover, the
higher-order scattered field can be obtained in the same way:

n k "
Pros (G1) . n=s (23)

Therefore, the sum of the truncated terms shown in (12) can be
estimated as

VG(r,r')e™ =43¢ (20)

S P =[S P gz(’; HIH) . (24)
n=1 n=1 n=1

If % < 1 (this condition will be discussed later), (24) is simplified as

k k o
. Sim 1= (S )]
> H'Pi| £ — : (25)
L

k n
Considering that the limit lim <2 HI||) = 0 holds for % < 1,
n—oo
estimation (25) can be simplified as

(0.9]
H"P;

n=1

k
— |l
bl

—
- 2|

QA

(26)
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2.4. A New Validity Criterion for Born Approximation

Substituting the estimation of the truncated terms (26) to condition
(12) shows that the inequality

k
S
—S <1 (27)
- |1

can serves as a sufficient condition to ensure the validity of Born
approximation. Generally, a positive number «a is believed to be much
smaller than another positive number b if the ratio a/b is smaller than
a small threshold ¢, such as ¢ = 0.1. Therefore, introducing a
threshold ¢, to (27) gives the following sufficient condition for Born
approximation:

k| I
I an o
2 1+ gtn
From (28), the upper bound of valid frequency is yielded as
CGth
<, 29
* T+ a) 2

where ¢ = 3 x 10% m/s is the velocity of light in free space. Considering
that the threshold gy, is very small, it is also advisable to simplify the
valid frequency as

Cdth
f g S (30)
(1]
It should be noted that during the derivation from (24) to (26),

we have assumed “LII < 1, Actually, this assumption is weaker than

the sufficient condition (28) when a small threshold g, is taken into
account, so the assumption is acceptable and (29) can really serve as
a sufficient condition to identify the validity of Born approximation.

Table 1. Parameters for the dielectric sphere.

Parameters Value
Outmost radius of the sphere 1m
Radial profile of Ae, 1072/(1 + 30r2)
Number of layers 200, equal thickness
Detection distance R 500 m
Amplitude of incident wave |E;| 1V/m
Frequency f 10 MHz-10 GHz, 400 equi-spaced

samples in the logarithmic scale
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3. VERIFICATION OF THE CRITERION

In this section, we test the validity of the proposed criterion. The
scattering characteristics of (homogenous or layered) dielectric spheres
have been elaborately studied via the Mie theory [3,33,34]. In this
work, we adopt a multi-layered dielectric sphere to verify the present
criterion. The parameters for the dielectric sphere and the incident
wave are listed in Table 1.

According to the parameters, the scattered electric field can be

10
107
E
2 107
uf
0% Pl
—— Mie ¥ X:7.848e+008
....... Born ¥ 4-o88e+008 Y: 7.256e 010
1071 ‘ w
10’ 108 10° 10"
Frequency f (Hz)
(a)

|Es|(V/m)

108 10° 10
Frequency f (Hz)

(b)

Figure 1. Relationship between the back-scattered field and the
frequency while a multi-layered dielectric sphere is under consideration.
(a) Scattered field obtained by the Born approximation and the Mie
theory. (b) Difference in scattered electric field between the Born
approximation and the Mie solution.
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worked out via the Mie theory. For more details please refer to
Appendix B. At the same time, the scattered field based on the Born
approximation can be computed according to formula (3). During
the processing, the oscillatory integral caused by the Green function
G(r,r’) is computed with an accurate and efficient quadrature method
developed by the present authors [20-22].

The relationship between the scattered field amplitude and the
frequency are presented in Figure 1(a), and the difference between
the two solutions (Mie theory and Born approximation) is presented
in Figure 1(b). As shown in Figure 1(a), the two curves are almost
coincident (the difference between them can only be observed at high
frequencies); this indicates that the Born approximation can in fact
obtain good results if weak scatterers are considered.

For better description of the solution error of Born approximation,
the relative error of the scattered field at the receiver is considered,
which follows
Es,Born — Lug Mie

E,. =
Es,Mie

(31)

Figure 2 presents the relationship between the relative error and the
frequency. It is observed that the relative error increases as a whole
with the increase of frequency. In the low frequency band, E, is
very small, so the Born approximation is believed to be valid. As
the frequency increases, E, increases (although not smooth enough),
and then the validity of Born approximation becomes worse and worse.
At a very high frequency, F, would be very large, and then the Born
approximation becomes invalid.

10
—e— Relative Error
_______ f__ Shariff
1 max
b O = p— fmax Ishimaru i
N s Fnax S X: 4.5880+008 <ol X: 7.848e+008 ]
Ll T Y: 0.8591 7 Y:0.8083
» 410 !
c 10 | BT ]
= | I
o i s
Q- i !
210
«© ; $
[O) P4 L'y
2 FAV A
" X 2.3876+008
3 Y:0.001 -
[ ]
10

Frequency f (Hz)

Figure 2. Relative error of Born approximation for a multi-layered
dielectric sphere.
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At the same time, although the error of scattered field is smooth
(see Figure 1(b)), some special peak values are observed in the relative
error curve (see Figure 2). The main reason for this phenomenon is as
follows: the scattered field Ey serves as the denominator in the relative
error (31), so the presence of valley values of scattered field may result
in peak values on the relative error curve even if the error curve is
smooth. For example, two valley values at f = 4.588 x 10 Hz and
f = 7.848 x 108 Hz are indicated in Figure 1(a); they correspond to the
two peak values as indicated in Figure 2. In this manner, employing
the average values (not the peak values) to verify the present criterion
would make more sense.

Based on Figure 2, we now intend to give a comparison of the
existing criteria and the newly proposed one.

(i) For the criterion like Ae, kL < 1 [6,16,17], the valid frequency
range follows

< Ishimaru __ CGth ) 39

f max 27T||A€r||L ( )

Here we have assumed that a/b < ¢ serves as a sufficient
condition for a < b.

(ii) For the criterion like Ae,{1,kL,(kL)?} < 1 [28], the dominant

condition is Ae, (kL)% < 1 while electrlcally large-scaled scatterers
are considered, so the valid frequency range follows

dth
f fSharlff [Aer
max - 2L :

Obviously, this bound is smaller than (32) because Ae, < gy, is
involved in the criterion.

(33)

(iii) For the present criterion (see (30)), the valid frequency range

follows can
b
_ G 34
where ||I]| = max ff _Aep(2',y,z)da’| is an integral norm.
As is known, ||I|| = grg/)/c [ Aep(@,y,2)da’| < [|Ae,[|L, so we
have .
maX > 2fn?a)l(maru

Moreover, if Ae, is with an evident peak distribution (Ae, in a
small region is much larger than that in other regions), then there

should be |I]| = max [ Asr(:x’,y,z)d:x" < ||Ae,||L. This
re ! min
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means that the following relationship will hold:

> 2 fIshlmaru

max max

In this sense, our criterion can give much wider valid frequency
in comparison with the traditional ones, especially when a non-
uniform scatterer is under consideration.

In Figure 2, We have marked the valid frequency boundaries

(flshimaru fSha“H ) with three vertical lines, where the threshold

max

max max

gth = 0.1 is assumed. From this figure, we know:

(i)

On the one hand, it is seen that the relative errors around the
upper bound valid frequencies are all smaller than 0.1 (some peak
values are larger than 0.1, but they are caused by dividing small
scattered field Fs), so the Born approximation is believed to be

valid there.

On the other hand, the valid frequency boundaries are
75.5 MHz, r{f};;mam 238 MHz, and fli = 1.88 GHz, so we have
fi};?(“ff < fﬁ;‘;{mam < fli . In this sense, the present criterion can
give a much wider valid frequency range, and it is more attractive.

fShariff —
max

4. CONCLUSIONS

A universal criterion to identify the validity of the Born approximation
is proposed. Compared with the existing criteria, the new one can
provide a much wider valid frequency range. This could provide
help to the (inverse) scattering studies while the Born approximation
is employed to alleviate the computational difficulty of solving the
scattering integral equations.
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APPENDIX A. APPROXIMATION OF SPECTRAL
GREEN FUNCTION

This appendix presents the derivation of approximation (14) and (15).
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A.1. Proof of Approximation (14)

It is known that the spectral-domain Green function follows [1,27]

o (1) ]

According to this expression we have

N Like(r'—r) _ 3
o (2) ] 2

Let s = q — k, then

N ik (r'—r) _ e 3
G(r,r)e < > gﬂo+///s2—l—25 k — ds,

where s = [s|. Because the factor elS (T g g highly oscillatory
function, the integral result is chiefly determined by the region of s

around s = 0, then we have the following approximation'

G (r,r) ) ( ) E]i%l"" /// 2s -k — .

Assume the incident wave propagates to the scatterer in a fixed
direction (z direction for example), there will be s - k = s,k and the
above-mentioned expression is further transformed as

N ik (r—r") e
G (r,r)e ( ) Hﬁ///%x -

1 Fo0 yisz(z— x') ) , 1 [+oo. /
—— lim 7(1 / elsy(y*y )dS L elsz(zfz )dsz
“or o Y

2T e—0+ J_on  28pk—ie 2r)_ o
) .1 00 gise(z—a')
~0(y —y)d(z — 2')— i —d Al
(= 4/)0(z = )5 lim, ek (A1)
where we have considered 5- fj;o ev(=¥)ds, = §(y — ¢/) and
% f;o els=(=2)dg, = §(z — 2/).

Obviously, the third integral on the right-hand side of (A1) has a
pole s§ = ie/2k on the upper half plane (see Figure A1).

In complex analysis theory, this kind of integral can be computed
with the residue theorem by introducing a particular integral path [24].
Figure A1 provides two candidate paths (C and C’) and we are trying
to choose a proper one according to the characteristic of the integral.
These two paths are both semicircles with infinite radius, i.e.,

C:s,= lim €= lim (cosf+isind),0 € (m,2n),

R.—00 Rc—o00
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Figure A1l. Cauchy integtral path for the integral with a pole.

and

C" s, = lim €= lim (cosf+isinf),0 e (0,7).

Rc—o00 Rc—o00
Then we have
[~ Re(z—x") sin 0+iR.(z—1') cos 0]

= lim e .
Rc.—o00

elsz (z—2z")

Obviously, the proper integral path should be a path where the real
part of the exponent is less than 0 (otherwise the integrand will
becomes infinity), so the following condition has to be satisfied:
(CL’ — x’) sinf > 0.
If this condition holds, then there should be
lim e[—Rc(ac—z’)sin9+iRc(a:—x’)cosﬁ] -0
R.—0o0 )

In this manner, the integral result can be obtained as follows using the
residual theorem:

(i) If x — 2’ > 0, we should choose C’ as the proper integral path,
and then the pole is located in the closed integral path Q + C’.
Subsequently, according to the Cauchy’s theorem and the residue
theorem [24], we have

1 +oo eisz(:ﬁfx’)
— lim / ———ds;
2T e—0t+ J_oo 28k —ie

U e e
T or oo mszin% 25,k — ie <Sx B 2k> T2k
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(ii) otherwise if 2 — 2/ < 0, the proper integral path should be C,
then the pole is excluded from the closed integral path @ + C.
Subsequently, we have

+00 153; z—2z')
— lim / dsx =0.
28,k

27T e—0t

In light of these two situations, the 1ntegral is finally obtained as
1 oo sz (z—) i
— i ——ds, = — — ). A2
I ema0+ /OO peck e = gl =) (A2)

Substituting (A2) into (A1) yields the following approximation:

G (r,r') ke (r=r) iu(w — 2oy —y)d(z — 7).

A.2. Proof of Approximation (15)
According to (14), the gradient of G (r,r’) e¥ =) follows

L Oz —a")d(y —y')o(z — 2
v [G (r,r) elk~(r—r)} ~ o [ uz —a")d'(y - y)o(z - 2/ ] :
(x —2")o(y —y)d' (= — 2
where we have considered the relationship u'(x — ¢) = d(x — ¢).
Moreover, the expansion of this gradient follows

v [G (r,r) eik(r—r”} = VG (r,r') e* ) kG (r,1') e ),

(A3)
so, there should be
. O(z — 2oy —y)o(z — 2')
VG (r,r') elke(r=r u(x —2')o'(y — y’) (z — z')]
2 u(w—x) (y— o' (z — 2)
—ikG (r,1') ik (r=r'), (A4)
Considering that k = [1,0,0]T, we then have the following

approximation after substituting approximation (14) into (A4):
o ;[0 —a)d(y —y)o(z — )

VG (r,r') ok lr=r) [u(m — 2" (y —y')o(z — 2)

2 Lule — )0y )0 (=~ 2)

+ u(z — 2" )o(y —y)o(z — 2').

DN |
OO =

This finishes the proof of (15).
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APPENDIX B. COMPUTATION OF THE SCATTERED
FIELD BY MIE THEORY

For a plane wave propagating to a dielectric sphere, the scattered field
expressed in the spherical coordinate system reads [3, 23]

ikR >
e 2n+1
ES@ = ﬁ COS (anz m(an'ﬁn + bnﬂ'n),

(B1)

00
2n+1
in¢ Z anﬂn + bnTn)

B = —5R (n+1)

—1kR

where FEgy is the scattered far—ﬁeld component in the scattering plane
(defined by the incident and scattered direction), Egy is the orthogonal
component, ¢ is the angle between the incident electric field and the
scattering plane. For back-scattering problems, there should be

n(n+1 n(n+1
mo= (D D ()
At the same time, it is generally accurate enough to obtain the

scattered field by summing only the first N. = xp + 41:2/ % 42 terms in

(B1). Therefore, the scattered field components can be simplified as

ikR < m +1
1l<:R — 2

Egp =0, Eg = (=1)"(an — bn) (B3)

n (B3), only the coefficients a,, and b,, are undetermined. They can

be yielded with a very stable recurrence algorithm developed in [33],
then the scattered field can be easily worked out .

REFERENCES

1. Ballentine, L. E., Quantum Mechanics: A Modern Development,
672, World Scientific Publishing Company, Singapore, 1998.

2. Van Deb Berg, P. M., “Iterative computational techniques in
scattering based upon the integrated square error criterion,” IEEE

Transactions on Antennas and Propagation, Vol. 32, No. 10, 1063—
1071, 1984.

3. Bohren, C. F. and D. R. Huffman, Absorption and Scattering of
Light by Small Particles, Wiley, New York, 1983.

4. Born, M. and E. Wolf, Principles of Optics, 7th edition,
Cambridge University Press, Cambridge, 1999.



Progress In Electromagnetics Research, Vol. 107, 2010 235

10.

11.

12.

13.

14.

15.

16.

17.

18.

Bucci, O. M., N. Cardace, L. Crocco, and T. Isernia, “Degree
of nonlinearity and a new solution procedure in scalar two-
dimensional inverse scattering problems,” J. Opt. Soc. Am. A,
Vol. 18, No. 8, 1832-1843, 2001.

Chen, B. and J. J. Stamnes, “Validity of diffraction tomography
based on the first Born and the first Rytov approximations,” Appl.
Opt., Vol. 37, No. 14, 2996-3006, 1998.

Chew, W. C., Waves and Fields in Inhomogeneous Media, Van
Nostrand Reinhold, New York, 1990.

Colton, D. and R. Kress, Inverse Acoustic and Electromagnetic
Scattering Theory, 356, Springer, New York, 1998.

Crocco, L. and M. D’Urso, “The contrast source-extended Born
model for 2D subsurface scattering problems,” Progress In
Electromagnetics Research B, Vol. 17, 343-359, 2009.

Cui, T. J., W. C. Chew, A. A. Aydiner, and S. Chen, “Inverse
scattering of two-dimensional dielectric objects buried in a
lossy earth using the distorted Born iterative method,” IEEE
Transactions on Geoscience and Remote Sensing, Vol. 39, No. 2,
339-345, 2001.

Durgun, A. C. and M. Kuzuoglu, “Computation of physical
optics integral by Levin’s integration algorithm,” Progress In
Electromagnetics Research M, Vol. 6, 59-74, 2009.

Fan, Z., R.-S. Chen, H. Chen, and D.-Z. Ding, “Weak form
nonuniform fast fourier transform method for solving volume
integral equations,” Progress In FElectromagnetics Research,
Vol. 89, 275-289, 2009.

Harrington, R. F. , Time-harmonic Electromagnetic Fields, IEEE
Press, New York, 2001.

Hatamzadeh-Varmazyar, S., M. Naser-Moghadasi, and Z. Ma-
souri, “A moment method simulation of electromagnetic scatter-

ing from conducting bodies,” Progress In FElectromagnetics Re-
search, Vol. 81, 99-119, 2008.

Isernia, T., L. Crocco, and M. D’Urso, “New tools and series for
forward and inverse scattering problems in lossy media,” IFEE
Geoscience and Remote Sensing Letters, Vol. 1, No. 4, 327-331,
2004.

Ishimaru, A., Wave Propagation and Scattering in Random Media,
Academic Press, New York, 1978.

Kak, A. C. and M. Slaney, Principles of Computerized
Tomographic Imaging, IEEE Press, Piscataway, 1988.

Karris, S. T., Signals and Systems with MATLAB Computing and



236

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Li, Wang, and Wang

Simulink Modeling, 3rd edition, Orchard Publications, 2006.

Kreyszig, E., Introductory Functional Analysis with Applications,
John Wiley & Sons Inc, New York, 1978.

Li, J., X. Wang, and T. Wang, “A universal solution to
one-dimensional highly oscillatory integrals,” Science in China,
Vol. 51, No. 10, 1614-1622, 2008.

Li, J., X. Wang, T. Wang, and C. Shen, “Delaminating quadrature
method for multi-dimensional highly oscillatory integrals,” Appl.
Math. Comput., Vol. 209, No. 2, 327-338, 2009.

Li, J., X. Wang, T. Wang, and S. Xiao, “An improved levin
quadrature method for highly oscillatory integrals,” Appl. Num.
Math., Vol. 60, 833-842, 2010.

Maétzler, C., “Matlab functions for mie scattering and absorption,”
Technical report, Institute of Applied Physics, University of Bern,
2001.

Carruth McGehee, O., An Introduction to Complex Analysis, John
Wiley & Sons Inc, New York, 2000.

Mojabi, P. and J. LoVetri, “Adapting the normalized cumulative
periodogram parameter-choice method to the tikhonov regulariza-
tion of 2-D/TM electromagnetic inverse scattering using Born it-
erative method,” Progress In Electromagnetics Research M, Vol. 1,
111-138, 2008.

Nordebo, S. and M. Gustafsson, “A priori modeling for gradient
based inverse scattering algorithms,” Progress In Electromagnetics
Research B, Vol. 16, 407-432, 2009.

Leonard, L. S., Quantum Mechanics, McGraw-Hill, New York,
1968.

Shariff, K. and A. Wray, “Analysis of the radar reflectivity of
aircraft vortex wakes,” J. Fluid Mech., Vol. 463, 121-161, 2002.
Su, D. Y., D. M. Fu, and D. Yu, “Genetic algorithms and method
of moments for the design of PIFAS,” Progress In Electromagnetics
Research Letters, Vol. 1, 9-18, 2008.

Trattner, S., M. Feigin, H. Greenspan, and N. Sochen, “Validity
criterion for the Born approximation convergence in microscopy
imaging,” J. Opt. Soc. Am. A, Vol. 26, No. 5, 1147-1156, 2009.
Trattner, S., M. Feigin, H. Greenspan, and N. Sochen, “Can Born
approximate the unborn? A new validity criterion for the Born
approximation in microscopic imaging,” IEFEE 11th International
Conference on Computer Vision, Vol. 14, No. 21, 1-8, 2007.
Trattner, S., M. Feigin, H. Greenspan, and N. Sochen, “The Born
approximation for round and cubical objects in dic microscopy



Progress In Electromagnetics Research, Vol. 107, 2010 237

imaging,” Proceeding of the Microscopic Image Analysis with
Applications in Biology (MIAAB) Workshop, Piscataway, 2007.

33. Wen, Y., “Improved recursive algorithm for light scattering by
multilayered sphere,” Appl. Opt., Vol. 42, No. 9, 1710-1720, 2003.

34. Wu, Z., L. Guo, K. Ren, G. Gouesbet, and G. Grehan, “Improved
algorithm for electromagnetic scattering of plane waves and
shaped beams by multilayered spheres,” Appl. Opt., Vol. 36,
No. 21, 5188-5198, 1997.

35. Liu, Z. H., E. K. Chua, and K. Y. See, “Accurate and efficient
evaluation of method of moments matrix based on a generalized
analytical approach,” Progress In FElectromagnetics Research,
Vol. 94, 367-382, 2009.



