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Abstract: In this paper, we consider the application of the bifocusing method (BFM) for a fast
identification of two-dimensional circle-like small inhomogeneities from measured scattered field
data. Based on the asymptotic expansion formula for the scattered field in the presence of small
inhomogeneities, we introduce the imaging functions of the BFM for both dielectric permittivity and
magnetic permeability contrast cases. To examine the applicability and the various properties of the
BFM, we show that the imaging functions can be expressed by the Bessel function of orders zero
and one, as well as the characteristics (size, permittivity, and permeability) of the inhomogeneities.
To support the theoretical results, various numerical results with synthetic and experimental data are
presented.
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1. Introduction

In this paper, we consider the localization of a set of small two-dimensional (2D) homogeneous
inhomogeneities using various electromagnetic source transmitters and receivers. The problem is
formulated as an inverse scattering problem for the 2D electromagnetic system. To solve this problem,
various remarkable techniques have been investigated, most of which are classified as quantitative or
qualitative methods.

In order to reconstruct the parameter (such as dielectric permittivity, electric conductivity, or
magnetic permeability at a given frequency) distribution or identify an unknown object larger than
the given wavelength, various quantitative methods (or iterative methods) have been developed, such


http://www.aimspress.com/journal/Math
http://dx.doi.org/ 10.3934/math.20231386

27081

as Newton’s method [47,62], Gauss—Newton method [1,16], optimal control approach [3], Levenberg—
Marquardt algorithm [13,27], Born iterative method [33,50], level-set technique [23,64], and subspace
optimization method [18, 69]. Although these algorithms have shown feasibility and applicability in
inverse scattering problems, good initial guess must be generated before the iteration procedure because
the success of iterative-based techniques significantly depend on the initial guess [48, 61].

Alternatively, for obtaining a good initial guess or identifying the location or determining the outline
shape of small objects, various qualitative methods (or non-iterative methods) have been investigated,
such as the direct sampling method [34, 37, 39], factorization method [15, 20, 45], Kirchhoftf and
subspace migrations [5, 54, 59], MUItiple Slgnal Classification (MUSIC) algorithm [22, 42, 58],
linear sampling method [9, 19, 46], topological derivative strategy [4, 51, 53], orthogonality sampling
method [31,36,60], and variational algorithm based on the Fourier inversion [6—8].

The bifocusing method (BFM) is classified as a qualitative method using a multistatic measurement
system. Recently, it has been successfully applied to various interesting problems, such as damage
detection of inhomogeneous structures [26, 44], radar imaging [35], and anomaly detection in
microwave imaging [66]. Let us emphasize that a reliable mathematical theory of BFM in the
presence of small anomaly has been developed only for the transverse magnetic polarization (TM)
case, refer to [43]. However, to the best of our knowledge, the application of BFM in inverse
scattering problem for both transverse magnetic and electric (TE) polarizations is still heuristic; thus,
developing an appropriate mathematical theory and performing numerical simulations with synthetic
and experimental data are necessary to explain the applicability, fundamental limitations, and various
intrinsic properties of the BFM in TM and TE polarizations.

In this paper, we design the imaging functions of the BFM for the dielectric permittivity
(TM polarization) and magnetic permeability (TE polarization) contrast cases in full-aperture
inverse scattering problem. Based on the asymptotic expansion formula in the presence of small
inhomogeneities, we show that the designed imaging functions comprise the Bessel function of order
zero and order one for the dielectric permittivity and magnetic permeability contrast cases, respectively,
and the material properties (such as the total number, size, dielectric permittivity, and magnetic
permeability) of the inhomogeneities. This analysis confirms the reason of the unique determination of
inhomogeneities for the permittivity contrast case and the identification of two locations instead of true
locations of inhomogeneities for the permeability contrast case. To demonstrate the theoretical results,
various results of the numerical simulation with synthetic and experimental data are presented.

This study is organized as follows. In Section 2, we introduce the basic concept of the 2D direct
scattering problem in the presence of a set of small, well-separated inhomogeneities and the asymptotic
expansion formula for the scattered field. In Section 3, we design the imaging functions of the BFM
for the dielectric permittivity and magnetic permeability contrast cases, explore the mathematical
structures of the imaging functions, and discuss their applicability, limitations, and various properties.
In Section 4, we present some numerical simulation results with synthetic and experimental data, and
compared with those obtained by other qualitative methods such as direct sampling method, MUSIC,
subspace migration, and topological derivative method. In Section 5, we present a short conclusion
including an outline of future research.

Finally, let us emphasize that the imaging result via experimental data obtained through the BFM
does not guarantee the exact shape of object. However, retrieved result can be adopted as a good
initial guess and correspondingly, it will be possible to retrieve a better shape through the iterative-
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based algorithms. Let us mention some classical but very useful approaches of the retrieval of objects
via Fresnel data; Bayesian approach [10], modified Born method [12], contrast source inversion
method [14], conjugate gradient fast Fourier transform (CG-FFT) method [21], modified gradient
method [24], image fusion approach [25], diffraction tomography, modified gradient, and real-coded
genetic algorithms [52], level set method [63], linear spectral estimation technique [67], and distorted-
wave Born approach [68].

2. Forward problem and asymptotic expansion formula

We shall consider 2D direct scattering from a set of small electromagnetic inhomogeneities located
in homogeneous space R?. We denote Q be the region of interest (ROI) and assume that the
inhomogeneity X, s = 1,2,---,S, is a small ball with radius a, and location X;:

=X +aS, =

S
2, CQ,

S

where S! denotes the unit circle centered at the origin.

Let &, and u;, denote the values of the dielectric permittivity and magnetic permeability of R,
respectively, at the given angular frequency w = 2nf, where f denotes the ordinary frequency
measured in hertz. Similarly, we denote &; and yu; as the values of the dielectric permittivity and
magnetic permeability of X;. With this, we denote &(x) and u(x) as the piecewise constants of dielectric
permittivity and magnetic permeability, respectively, such that

&, XEZ; Mg, X € X
= ’ B d = —
#(x) { o, xeRAT M4 HX { iy, X ERNT,

With this, we denote k as the background wavenumber that satisfies k> = w?&uu,. Throughout this
paper, we assume that all X; are well-separated from each other and, correspondingly, that k satisfies
the following:

3
X, — Xy | > P for s#s'. 2.1

We assume that transmitters are located at t,,, m = 1,2,--- , M, while receivers are located at r,,,
n=172,---,N. Thatis, t, and r, are given by the following:

2(m — 1
t, = r«(cos08,,sind,), 6, = M (2.2)
M
and o 3
r, = ro(cosd,,sind,), 9, = % 2.3)

respectively. In this study, we consider the point-source illumination, letting
ity X) = Gl X) = =7 Ho (Klty, = X)) = = (JoCklt,, = xI) + i¥o(klt,, — x))

be the incident field at source t,,. Here, J,, and Y, denote the Bessel and Neumann functions of integer
order n, respectively, and H(()l) denotes the Hankel function or order zero of the first kind. Throughout
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this paper, we assume that the time dependence is of the form ¢!, Then, the governing equation for
the time-harmonic total field u(t,,, x) emitted by a source at t,, is

V. (%Vu(tm,x)) + we(X)u(t,, X) = (2.4)

with transmission conditions at the boundaries of ;. With this, we denote uy.(t,,, r,) as the scattered
field, which is obtained by subtracting the total and incident fields and satisfies the Sommerfeld

radiation condition 5
scal tm’ n .
lim ( “ é(l | ru) zkuscat(tm,r,,)):o

uniformly in all directions X/ [x|. Based on [7], us(tn,r,) can be represented as an asymptotic
expansion formula, which plays a key role in designing the imaging function.

Lemma 2.1 (Asymptotic formula). For sufficiently large k, ug.(t,, r,) can be represented as follows:

uscat(tma rn) ~ Z a,2k2 ( \/m) G(tm, Xs)G(rna Xs) + Z a ﬂ-VG(tm» XS)MVG(rna s) (25)

s=1

where M(X;) denotes 2 X 2 diagonal matrix with diagonal element 2rpy, [ (g + pp).
3. Designing imaging functions and qualitative analysis

In this section, we apply the asymptotic formula (2.5) to design an imaging function for identifying
X, with no prior information and to establish a mathematical theory. Consequently, we examine
the structure of the MSR matrix K. The analysis is then led successively for two cases: dielectric
permittivity (e(x) # &, and u(x) = up) and magnetic permeability contrast cases ((x) = &, and
u(x) # up). Throughout this section, we assume that there is no noise and the full MSR matrix K is
available such that

uscat(tla I.l) uscat(tla I‘2) e uscat(tla rN)
uscat(tz’ rl) uscat(tz’ 1'2) e uscat(tz’ rN)
uscat(tM’ r1) uscat(tMv 1'2) U uscat(tM’ rN)

3.1. Dielectric permittivity contrast (transverse magnetic polarization) case

First, we assume that &(x) # &, and u(x) = up. Based on the representation formula (2.5), ug‘izﬁ(tm, r,)
can be written as follows:
s

(a) 2 2 [Es— &b
Ugeqy (tm’ rn) ~ k a,r (—) G(tm, XS)G(rn» Xs)~
' Z VEbMb

s=1

Correspondingly, the MSR matrix becomes

G(tl s XS)G(rla Xs) G(tl > XS)G(r2> XS) U G(tl ’ XS)G(rN’ XS)
¥ < i Rl (ss - 8b) G(ty, Xs).GO'b x;)  G(ty, Xs).(;(l'z, X;) - Gty Xs).G(l'N, X;) .
— VEbib : : B :
G(tMa XS)G(rla Xs) G(tM» XS)G(rZ’ XS) T G(tM’ XS)G(rN’ XS)
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Based on the above representation, we can design the imaging function forms every image point
through the synthesis inversion of two Green’s functions, G(t,,, x) and G(r,,x), form = 1,2,--- M
and n = 1,2,--- ,N. Correspondingly, the imaging function ¥pv(Xx) of BFM can be introduced as
follows: for x € Q,

| Drv(X)] D& u® (t,,r)
=— M7  wh @ = seal " % - 3.1
0= acionoor e Ot ; Z Gt 0G(r,, %) G-b
Here, Q denotes the imaging area. The resulting plot of ¥mm(X) is expected to exhibit large peaks at
X, € X, s = 1,2,---, 8 so that all inhomogeneities can be recognized through the map of Frv(x), refer
to [35].

Although the location of the inhomogeneities can be retrieved from the map of Fmv(x), further
mathematical theories to explain the feasibilities, fundamental limitations, and some phenomena in
the simulation results must be investigated. Here, we show that Fy(X) can be written by the Bessel
function of order zero of the first kind. For a proper derivation, we introduce the following useful
identity derived in [56].

Lemma 3.1. For sufficiently large M, 0,,,0 € S, and x € R?, the following relation holds
1 i oMo L f e**dO = Jo(klx — x,)
M o 2 sl e

Then, we can obtain the following result.

Theorem 3.1. Letx € Q, 6,, = (cos b,,,sin6,), #, = (cos ¥, sin},), and Xx—X; = [X—X,|(cos ¢y, sin @),
and assume that the values of M, N, k are sufficiently large such that |x — Xg| > 0.25/k. Subsequently,
for t,, and r, respectively defined in (2.2) and (2.3), §tm(X) can be represented as follows:

Es— &p

VEulMb

[P rm(x)l
max [Prav(x)| ’
xeQ

Frm(X) =

S
where Prq(x) ~ MNK* 7 Z a’ ( ) Jo(klx — x)°. (3.2)
s=1

Proof. Since |t,, — x|, |r, — x| > 0.25/k and —27 < arg(k|t,, — x|), arg(k|r,, — X|) < 7 for all m and n, the
following asymptotic forms hold

Gt x) ~ (1 — i)ekitn=x
Vknlt,, — x|
and .
Gl ~ L2
Vknlr, —x]|
Since
Ity — x| = VItP =2t - X + [x2 = |t,,]* — h X+ O(;ﬂ) % [tpl — 0, - X,
we have ‘ .
G(t,,x) ~ Me-ik"m'x and G(r,,x) ~ Me‘”‘”n*. (3.3)

Vkrlt,,| Vkrr,|
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Thus, ®1p(X) can be written as follows:

) (X) — ZM: ZN: ZS: k2a2ﬂ, Es— &p G(tm’ XS)G(rn, Xs)
™ 225 ST\ aogts ) Gt 0G(r,, %)
—ik@,, —ikd, X

M N S X,
DPRITHCIP
s NS e—ikO,,,'x e—ikﬂn X
m=

S M N
Eg — &p 0 (x— ikd - (x—
Ys azﬂ( : 3 btmtena || 7 oo |
’ VEbib

m=1 n=1

Since M and N are sufficiently large, applying Lemma 3.1 yields

M N
DO~ Mgkix - x,D) and > MO & No(kix - x,).

m=1 n=1

Hence, we can obtain
Es — &b

VEblMb

and correspondingly, (3.2) can be derived. m|

S
q)TM(X) =~ MNkzﬂ' Z Q’? ( ) JO(klx - XS|)2
s=1

Based on the identified structure (3.2), we can examine some properties of the imaging function
StM(X).

Remark 3.1 (Unique detectability and resolution). Since Jy(0) = 1, X; can be identified uniquely
because the local maxima of the Fry(x) will appear at x,. Moreover, several artifacts that depend
on k also appear in the map of 1y (x) due to the oscillating property of the Jy. That is, if the value of £
is sufficiently large, high-resolution results can be obtained, but several artifacts will be included in the
map of Frm(x). Conversely, if the value of k is small, a blurred image will appear, but less artifacts will
be included. Thus, X, cannot be identified using the map of Frv(x) if the value k is extremely small
(see Figure 11).

Remark 3.2 (Material properties). Based on (3.2), we can examine the value of Fyv(X) as proportional
to a?(es — &p). This means that the value of Fry(x) depends on the size and permittivity of the
inhomogeneities. That is, if there are two inhomogeneities X; and X, satisfying a/f(sl —&p) > a%(eg—gb),
then Fm(X1) > Fm(X2) so that the identification of X, is guaranteed. However, the identification of x,
is not guaranteed in some cases because the value of Fmv(X,) cannot be distinguished from the artifacts.
Hence, if the size or permittivity of an inhomogeneity is larger than that of another inhomogeneity, its
location can be identified. If a?(al — &) > a/g(sz — &), then the location x; can be identified, while x,
cannot.

Based on the Remark 3.1, we can examine the following result of unique determination.

Corollary 3.1 (Unique determination in permittivity contrast case). With the same condition of the
Theorem 3.1, the location of small inhomogeneities can be identified uniquely through the map of

Frm(X).
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3.2. Magnetic permeability contrast (transverse electric polarization) case

Next, we assume that &(x) = &, and u(x) # up,. Based on the representation formula (2.5),
) (t,,, T,) can be written as follows:

uscat

S

2

(D) 2 Mo

ugca (tma rn) ~ Cl’sﬂ' (—) VG(tm’ Xs) : VG(rn’ Xs)~
. ; s + o

Correspondingly, the MSR matrix becomes

VG(t,x,) - VG(r1,x;)  VG(t,X,) - VG(r,X,)  --- VG(t,X) - VG(ry, Xy)
K ~ ZS: a2ﬂ 2,ub VG(tz, XS) . VG(I'], XS) VG(tz, XS) . VG(I'Q, Xs) T VG(tZ’ Xs) ’ VG(va Xs) .
=0\ + py : : :
VG(tu.x,) - VG(r1.x) VG(ty.x)- VG(rx) - VG(ty.x,) - VG(ry.x,)

Based on the above representation, we can regard that the imaging function forms every image point
through the synthesis inversion of VG(t,,x) - VG(r,,x) form = 1,2,--- M and n = 1,2,---,N.
Correspondingly, the imaging function f(x) can be introduced as follows: for x € Q,

o) IEShs U (6, T)
8®_@ﬁﬁ?“mm®®_;;ha%wWMmf (3.4)

Remark 3.3. Notably, since

ik(y — x)

VG =

H (kly —x)), y#x,

sometimes m, n € N and x € Q exist such that

_kz(tm - X) : (rn - X)
16|tm - X”rn - Xl

VG(t,, x) - VG(r,, X) = H"(klt,, — xH" (klr, — x|) = 0.

This means that the denominator of ®(x) defined in (3.4) can be zero, we refer to Figure 1 for an
illustration.

Figure 1. Illustration of the case (t,, — x) - (r, — x) = 0 i.e., VG(t,,Xx) - VG(r,,Xx) = 0.

AIMS Mathematics Volume 8, Issue 11, 27080-27112.
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Based on the Remark 3.3, using the F(x) of (3.4) to identify X, is inappropriate. Thus, motivated by
the permittivity contrast case, we consider the following imaging function of the BFM: for x € Q,

_ () NN (e )
(&TE(X) = W, where (I)TE(X) = Z Z G(tm, X)G([‘n,x)' (35)

m=1 n=1

In order to explore some properties of Fre(x), we explore its structure. To this end, we introduce the
following useful identity derived in [56].

Lemma 3.2. For sufficiently large M, 8,,,0,9,, € S', and x € R?, the following relation holds

1 & . 1 . X
— > (@, -3,)e"n* ~n — 0-3,)e%%do = i[9, - — | J,(k|x]).
M;( e 2 )., @ dne { G RACE)

Then, we can obtain the following result.

Theorem 3.2. Letx € Q, 6,, = (cos b,,,sin6,,), #, = (cos ¥, sin},), and Xx—X; = |X—X,|(cos ¢y, sin @),
and assume that the values of M, N, k are sufficiently large such that |x — x;| > 0.25/k. Then, for t,,
and r, respectively defined in (2.2) and (2.3), §1e(X) can be represented as follows:

[Fre(x)]
max [Prp(x)|’
xeQ

Ho

StE(X) = s+ i

S
where Wrp(x) ~ —2MNk* Z a’ ( ) Jy(klx = x,[)%. (3.6)
s=1

Proof. Since |t,,—x| > 0.25/k, |r,—x| > 0.25/k, -2 < arg(k|t,,—X|) < &, and -2 < arg(k|r,—X|) < 7
for all m and n, we have

k(1 = )eklt] ) k(1 = )ekrnl

Vi G(t,, X) ~ ﬁ(ame-’“’m"‘) and V,G(r,,x) ~ k= De™™

Vkrt,,| Vkrir,|

Subsequently, using (3.3) and (3.7), ®1g(X) can be written as follows:

S
_ 2 zﬂb VG(tma Xs) * VG(I',,, Xs)
LRI I (us + ub) Gty X)G(r,, X)

(P, ). (3.7)

M N S ; -
2 Hm . 0n —ik0,,-Xs —iki, X
P kzaﬁn( A ) On T 2~ ¢ (3.8)
m=1 n=1 s=1 Hs +'ub e
s 2 N (M
- kzain( . ) [ O 0n)efk0m'<x-><s>) IO,
SZ:; Ms + Up nzz; ;
Since M is sufficiently large, applying Lemma 3.2 yields
M
Z KBy (X—Xy) . X — X;
0, - 3)e ~iM|d, - m— Ji(k|x — xy). (3.9
m=1 §

Since N is sufficiently large, applying Lemma 3.2 again, we can obtain

|X — X5 |X - Xsl |X - Xsl

N
> (0,, X_—X|) LA DIN iN( X7X X7 )J1 (KX — X,[) = iNJ, (k|X = X,). (3.10)

n=1
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Therefore, by combining (3.9) and (3.10), ®1g(x) of (3.8) becomes

Ho
s + Mo

S
Ore(x) ~ —2MNE7 ) o} ( ) Ji(klx = x,)°
s=1

and correspondingly, (3.6) can be derived. O

Based on the identified structure (3.6), we can examine some properties of the imaging function
STE(X).

Remark 3.4 (Detectability and resolution). Since J;(0) = 0, contrary to the permittivity contrast case,
X, cannot be identified through the map of Frg(x). Instead, since J;(|x]) has its maximum value at x ~
+1.8412, the map of Frg(x) has a large magnitude ring at each location x; satisfies k|x — x| = 1.8412.
Therefore, it can be confirmed that the center of the ring is the location of x,. Similar to the permittivity
contrast case, several artifacts that depend on the value of k are also included in the map of Frg(x) due
to the oscillation property of J;.

If an extremely large value of k is applied, since |x — x| = 1.8412/k — 0, the ring with large
magnitude is concentrated to the center x; so that an almost accurate location X, can be identified
through the map of Frg(x), refer to Figure 15 at f = 10 GHz and f = 12 GHz.

Remark 3.5 (Material properties). Based on (3.6), we can examine the value of ¥1g(X) as proportional
to a?/(us + tp). This means that the value of ¥rg(Xx) depends on the size and permeability of the
inhomogeneities. That is, if there are two inhomogeneities X, and %, satisfying a7 /(u; +up) > @5/ (uz +
Up), then Fre(X;) > Fre(X2) so that the identification of x; is guaranteed. However, the identification
of x; is not guaranteed in some cases because the value of Frg(Xx;) cannot be distinguished from the
artifacts. Hence, if the size of an inhomogeneity is larger than that of another inhomogeneity or the
permeability of an inhomogeneity is smaller than that of another inhomogeneity, its location can be
identified. If af [(uy + ) > ax% /(U2 + ), then the location x; can be identified, while x, cannot.

3.3. Identification of accurate location in magnetic permeability contrast case

Although, it can be recognized the existence of small inhomogeneities through the appearance of
rings in the map of Fre(x), it is still difficult to identity their true locations. Here, we design a new
imaging function of the BFM for accurate localization of small inhomogeneities. The main idea is to
convert the factor J; (k|x — x,|)? of (3.6) to the form Jo(k|x — x,|). To this end, we consider the following
result derived in [57].

Lemma 3.3. For sufficiently large M, 6,,,0 € S', and X,y € R?, the following relation holds

1< ; 1 . 1 X 2
— > (O 2”‘"’”"‘z—f0- 260540 = —(Jo(kIx]) + Jo(klx)) = [ = - y| Jo(kIx]).
Vi ;( y)e o sl( y)e 2( o(kIx]) + Jo( |x|)) x y| Jo(klx|)

On the basis of Lemma 3.3, we introduce the following imaging function

e o (1)Ul (8,,8,)
%ITE(X)——m%chblTE(X)l, where (DITE(X)—ZZ G(t,.x)G(r,. X) . (3.11)

m=1 n=1

Then, the location of small inhomogeneities can be retrieved through the map of Fre(x). To support
this assertion, we derive the following result.

AIMS Mathematics Volume 8, Issue 11, 27080-27112.
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Theorem 3.3. Letx € Q, 6,, = (cos 6,,,sinb,,), #, = (cos 1}, sin},), and Xx—X,; = [X—X,|(cos ¢, sin ¢;),
and assume that the values of M, N, k are sufficiently large such that |x — x;| > 0.25/k. Then, for t,,
and r, respectively defined in (2.2) and (2.3), §e(X) can be represented as follows:

[¥'rre(X)|
_— (3.12)
file%x [Prre(x)]

Sire(X) =

where

S
Yie(X) ¥ MNKrsr Y @ ( 'lib )(Jo(klx = x,))? + Ja(klx = x,])?).

s=1 ﬂs #b

Proof. Based on the (3.3) and (3.7), ®;1e(X) can be written as follows:

N S
Drre(x) = Z Z a'?n'( 241, ) (t, - r,)VG(t,, x,) - VG(r,, X,)

Ms + Uy G(tma X)G(I’n, X)

Ms + Mo

N M
2,ub . .
kza%r x}" Xﬂ( ) (Hm . 0n)zelk0m'(x_xs) elkﬂn'(x_xs).
or Us + Uy Z Z

m=1

M
M N S ; ;
2,Ub Fet (0 .9 )Ze—lkOm'Xxe—lkﬂn'Xs
~ 2 2 x ' rx\Ym n
~ Z Z Z k asﬂ( ) o= kO X p—ikd, X (3.13)
m=1
>
s=1

n=1

Since M is sufficiently large, 0,, - (x — X,) = |x — X,| cos (6,, — ¢;), and 0, - &, = cos(6,, — J,,), applying
Lemma 3.3 yields the following:

M 2
. M — Ay

Z(gm L3, )k X o 7(Jo(klx —x,|) + Jo(k|x — xsl)) - M( X 6'”) Jo(klx — x4|).

m=1

|X _Xsl

Hence,
u N
qmd@~§:Mﬁaﬂmm(—i—ﬂhwm—&b+b@k—&m§:ﬂwwm
Hs + My =1 (3 14)

S N 2
2 X — X; .
—§ Mﬁamhm( “b)b%m—&DE ( ‘-n)awﬂﬂa
+ Ho =1 |X - Xs|

Since N is sufficiently large, applying Lemma 3.3 again, we can derive

N X X 2
Z S . 0’1 elkﬂn-(xfxx)
1 |X — X

To(klx = x,|) + Jo(klx = x,])) - (

X—X;, X-—X;

(3.15)

2
Jo(klx — x4)
|X - Xsl |X - Xs|

= (Jothklx = x.J) = Ta(klx — x.]).

/—\/—\
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Therefore, by combining (3.14) and (3.15), ®@rg(x) of (3.13) becomes

S
Opre(x) ¥ MNK sy Y | o (# ’f# ) (Jolklx = x,1)? + Ja(klx — x,1)?)
s b

s=1
and correspondingly, (3.12) can be derived. O

Based on the identified structure (3.6), we can examine some properties of the imaging function
STE(X).

Remark 3.6 (Detectability). Since rg(X) contains the factor Jo(k|x — X,[)?, similar to the permittivity
contrast case, X, can be identified through the map of Jrg(x). Notice that the factor Jo(k|x — X,|)? is
also included in the Fr(X) but since (see [49] for instance)

b ¢
it generates some artifacts with small magnitudes. Numerically, J>(x)* has maximum value 0.2367
at [x] = 0.1940. Therefore, by regarding local maxima of Jy(k|x — x,|)*> + Jo(k|x — X,|)?, the factor

Jo(klx — x,|)* does not disturb the identification significantly so almost accurate location x, can be
identified through the map of &re(x). We refer to the Figure 2 for related illustration.

Jo(x) < { :b=0.674885..., ¢ =0.7857468704 .. } ,

1 T
— Jo(klx))?
— Jo(klx])* + Jo(k|x])?
08| s
0.6 s
04| s
02} s
0
-1 -0.8 -0.6 -04 -0.2 0 0.2 04 0.6 0.8 1

Figure 2. (Remark 3.6) Plots of Jy(k|x|)*> and Jo(k|x|)* + Jo(k|x|)? for |x| < 1 and k = 27/0.4.

Correspondingly, we can obtain the following result of unique determination in the magnetic
permeability contrast case.

Corollary 3.2 (Unique determination in permeability contrast case). With the same condition of the
Theorem 3.3, the location of small inhomogeneities can be identified uniquely through the map of

Srre(X).
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4. Numerical experiments

4.1. Synthetic data experiments

In this section, a set of simulation results are shown to validate the investigated results of
Theorems 3.1-3.3. To this end, we applied the background wavenumber of the form £ = 27/A with
A = 0.6m, 0.4m, and 0.2m, and selected S = 3 small circles with locations x; = (0.7m, 0.5m),
X; = (—0.7m, 0.0 m), and x3 = (0.4 m, —0.6 m). The background permittivity and permeability are set
to &, = up = 1, and the size, permittivity, and permeability of the inhomogeneities X are given in
Tables 1 and 2. We selected M = 64 and N = 32, different transmitters and receivers with |t,,| = 3 m
and |r,| = 2m (see Figure 3), and Q as a square region [-1 m, 1 m] X [-1 m, I m]. With this, the
scattered field data uy.y(t,, r,) of K are generated by solving the Foldy-Lax formulation introduced
in [32]. After generating the MSR matrix, 20 dB white Gaussian random noise is added to show the
robustness.

.........
\g|
[\*)
®%ec000°’

Transmitters

® Receivers

Figure 3. Illustration of simulation configuration.

Table 1. Permittivity and size of inhomogeneities.

Permittivity contrast case £ & &3 a a, a3
Case 1 5 5 5 0.1m 0.1m 0.1m
Case 2 3 5 7 0.1m 0.1m 0.1m
Case 3 5 5 5 0.15m 0.1m 0.05m
Case 4 3 5 7 0.15m 0.1m 0.05m
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Table 2. Permeability and size of inhomogeneities.

Permeability contrast case m ) U3 a s 3
Case 1 5 5 5 0.1m 0.1m 0.1m
Case 2 3 5 7 0.1m 0.1m 0.1m
Case 3 5 5 5 0.15m 0.1m 0.05m
Case 4 3 5 7 0.15m 0.1m 0.05m

Example 4.1 (Permittivity contrast case). Figure 4 shows the maps of Fmv(x) for Cases 1-4. Based
on the results, we determined that every location X, can be identified for Case 1. For Case 2, since
&3 > & > &1, the location x5 can be recognized clearly, but due to the appearance of several artifacts,
identifying x; is very difficult. Similarly, since @; > @, > a3 for Case 3, the location x; can be
identified through the map of Fry(x), but x3 cannot be recognized. Notice that the value of Fpm(X;) is
greater than the values in the neighborhood of x;, but it is difficult to distinguish from the artifacts. For
Case 4, since

at(e; — &) = 0.045 = a3(s; — &) = 0.040 > a3(e3 — &,) = 0.015,

the locations x; and X, can be recognized. Similar to Case 3, although the value of Fr\v(X3) is greater
than the values in the neighborhood of x3, it is difficult to distinguish from the artifacts.

Example 4.2 (Comparison with different algorithms). Figure 5 shows the imaging results obtained
by MUSIC algorithm [55], subspace migration technique [56], and direct sampling method [39] to
compare the imaging performances. Based on the simulation results, it is possible to recognize the
existence of small inhomogeneities by using MUSIC (map of Fmusic(r)) and subspace migration
(map of Fsug(r)) very clearly. However, it is impossible to distinguish the characteristics (relative
proportions of the size and permittivity) of inhomogeneities. It is interesting to observe that the imaging
results by using the direct sampling method with multiple sources (map of Fpsm(r)) are almost similar
to the results via the maps of Frv(x) but map of the Fpsm(r)) contains more artifacts than the one of

the Frm(X).

Example 4.3 (Permeability contrast case). Figure 6 shows the maps of Frg(x) for Cases 1-4. Similar
to the permittivity contrast case, we determined that every location x; can be identified for Case 1.
For Case 2, since us > p, > py, the rings in the neighborhood of all x; can be recognized, but the
magnitudes of each ring are different. In contrast, since a@; > @, > a3 for Case 3, the rings with large
magnitudes in the neighborhood of x; and X, can be identified through the map of Frg(x). However,
it is difficult to find a ring in the neighborhood of x5 so that the existence of X3 cannot be recognized.
For Case 4, since

a?t /(g + i) = 0.0056 > a5/ (uy + pap) = 0.0017 > a3/ (us + pp) = 3.1250 x 1074,

the ring in the neighborhood of x; can be recognized, but it is difficult to distinguish the ring in the
neighborhood of x; and the artifacts in the map. Furthermore, the ring in the neighborhood of x5 cannot
be recognized because the value of @3 /(13 + ) is close to zero.
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0.8 0.8
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> 04 > 04 >
03 03
0.2 0.2
0.1 0.1
x-axis (m) x-axis (m) x-axis (m)
(a) Case 1,4 =0.6m (b) Case 1,4 =0.4m (c) Case 1,4 =0.2m

E E E
x-axis (m) x-axis (m) x-axis (m)
(d) Case 2,4 =0.6m (e) Case 2,41 =0.4m (f) Case 2,4 =0.2m
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x-axis (m) x-axis (m) x-axis (m)
(g) Case3,1=0.6m (h) Case 3,4 =0.4m (i) Case 3,1 =02m
g € <
x-axis (m) x-axis (m) x-axis (m)
(j) Case 4,1 =0.6m (k) Case 4,4 =0.4m (1) Case4,1=02m

Figure 4. (Example 4.1) Maps of §ru(x) for Cases 1-4.
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Figure 5. (Example 4.2) Imaging results via MUSIC, subspace migration, and direct
sampling method for Cases 1-4 with 4 = 0.4 m.
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Figure 6. (Example 4.3) Maps of §rg(x) for Cases 1-4.
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Example 4.4 (Comparison with different algorithms). Figure 7 shows the imaging results obtained by
MUSIC algorithm, subspace migration technique, and direct sampling method. Similar to the results
in Example 4.2, it is possible to recognize the existence of small inhomogeneities through the maps
of Fmusic(r) and Fsyp(r) by regarding the rings with large magnitudes but it is still impossible to
distinguish size and permeability of inhomogeneities. Map of Frg(x) contains less artifacts than the
map of Fpsm(r) however, opposite to the results in Example 4.2, imaging results via the maps of
Tpsm(r) are quite different.

Example 4.5 (Accurate localization in permeability contrast case). Figure 8 shows the maps of Frg(x)
for Cases 1-4. As we already discussed in the Remark 3.6, locations of all inhomogeneities are
successfully identified for Cases 1 and 2. Moreover, similar to the Example 4.3, it is very difficult
to recognize the location x3 for Cases 3 and 4. Notice that opposite to the results in Example 4.1,
rings of large magnitudes are included in the neighborhood of all x; due to the effect of the factor
J>(k|x — X,|)? but they do not disturb the recognition of inhomogeneities.

Example 4.6 (Application of multiple frequencies). On the basis of several studies [2,5,28-30, 38, 56,
61,65], we consider the multi-frequency imaging to improve the quality of the reconstruction. For this
purpose, we introduce the following multi-frequency imaging functions

1 P
By = 5 > Fri(x.ky).

p=l

1 P
Bure(x) = ; F1e(X, k,),

and

1 &
Smrte(X) = ;, ; Srre(X, kp)’

where §tm(X, k), §te(X,k,), and Fre(x, k,) are the imaging functions at k, defined in (3.1), (3.5),
and (3.11), respectively. Here, applied wavenumbers k,, are equidistributed in the interval [k;, kp] with
ki =2r/0.6 and kp = kip = 21/0.2.

Figure 9 exhibits multi-frequency imaging results. On the basis of the results, we can examine
that several artifacts in the single-frequency imaging were successfully eliminated. Nevertheless, it is
very difficult to recognize the inhomogeneity 25 for the Case 3 via the maps of Fyrm(X), Fmre(X), and
Imire(X), and for the Case 4 via the maps of Fyre(X) and Fyre(X). Hence, development of imaging
technique for a further improvement is required.
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Figure 7. (Example 4.4) Imaging results via MUSIC, subspace migration, and direct
sampling method for Cases 1-4 with 4 = 0.4 m.
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Figure 8. (Example 4.5) Maps of §re(x) for Cases 1-4.
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Figure 9. (Example 4.6) Imaging results by using multiple frequencies for Cases 1-4.
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4.2. Real data experiments in limited-aperture configuration

Subsequently, we show the simulation results using the Fresnel data introduced in [11] at various
frequencies. The transmitters and receivers are placed on the circles with radii 0.72m and 0.76 m,
respectively, and the ROI Q was chosen as the square [-0.15m, 0.15m] X [-0.15m, 0.15 m]. Notably,
due to the limitation of the experimental setting, the range of receivers is restricted from 60° to
300°, with a step size of 5° based on each direction of the transmitters. The transmitters are evenly
distributed with step sizes of 10° from 0° to 350° (Figure 10). Thus, the simulation results are obtained
with limited-aperture data, even though the theoretical results are derived under the full-aperture
measurement hypothesis.

Example 4.7 (Imaging of dielectric objects: transverse magnetic case). Figure 11 shows maps of
Fv(X) at various frequencies in the presence of single and multiple dielectric circular objects with the
same radii in transverse magnetic (TM) polarization. As we already discussed in Remark 3.1, a blurred
imaging result was obtained when f = 1 GHz. Moreover, the presence of the two objects at f = 1 GHz
cannot be recognized because a peak of large magnitude appeared at their center. Fortunately, every
location of objects can be identified by increasing the value of frequency e.g., f = 4 GHz and 8§ GHz.

Example 4.8 (Imaging of metallic objects: transverse magnetic case). Here, we consider the imaging of
a small rectangular-shaped and U-shaped metallic objects in TM polarization. Figure 12 includes maps
of Frm(x) with various frequencies. Based on the results, the center of the small rectangular-shaped
object can be recognized for any frequency. Interestingly, unlike the other results, a considerable
number of artifacts with small magnitudes are included in the map when f = 8 GHz. Notice that it is
very hard to retrieve the shape of U-shaped object at any frequency. Hence, further improvement is
required still.
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Figure 10. Illustration of experimental data simulation configuration.
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Figure 11. (Example 4.7) Maps of §1m(X) in the presence of single (top line) and multiple
(bottom line) dielectric objects. Black-colored circles describe the boundary of objects.
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Figure 12. (Example 4.8) Maps of &1wm(X) in the presence of rectangular (top line) and U-
shaped (bottom line) metallic objects. Black-colored lines describe the boundary of object.
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Example 4.9 (Comparison with different methods: transverse magnetic case). Figures 13 and 14 exhibit
the imaging results obtained by MUSIC algorithm and direct sampling method, respectively. Same
as the results in Example 4.7 and Figure 11, it is impossible to recognize the existence of multiple
objects when applied frequency is low (f = 1 GHz). Moreover, the shape of U-shaped object cannot
be recognized through the MUSIC and direct sampling method for any frequency. It is interesting
to examine the opposite to the synthetic data experiments (see Example 4.2 and Figure 5), it is very
difficult to recognize the outline shape of multiple objects through the maps of MUSIC when a high
frequency f = 8 GHz was applied.

Additionally, let us consider the imaging results of U-shaped object obtained by the topological
derivative (TD) method introduced in [17, Figure 10]. Similar to the results in Figure 12, it is possible
to recognize the existence of object at low frequency f = 2 GHz. Opposite to the results via the BFM,
although some artifacts are also included, one can recognize some features of the shape via the TD at
high frequencies f = 10 and 12 GHz.

Example 4.10 (Imaging of metallic object: transverse electric case). Now, we consider the imaging of
a rectangular-shaped metallic object in transverse electric (TE) polarization. Figure 15 shows maps of
Fe(X) at various frequencies. Similar to the results in Figure 6, we can observe that two peaks of large
magnitudes are included in the map when f = 2,4, 6, 8 GHz instead of the true location of the object.
As discussed in Remark 3.3, an almost exact location of the object is identified through the map when
the value of the applied frequency is sufficiently large enough such as f = 10 GHz and 12 GHz.

Example 4.11 (Comparison with different methods: transverse electric case). Figures 16 and 17 show
the imaging results for a rectangular-shaped metallic object in transverse electric case through the
MUSIC algorithm and direct sampling method, respectively. Similar to the results in Example 4.10,
two peaks of large magnitudes were included in the map of Fyusic(X) and Fpsm(X) when f = 2 and
4 GHz. Moreover, an almost exact shape of the object is retrieved via the direct sampling method when
a high frequency f = 8 GHz was applied. Opposite to the TM case in Example 4.9 and Figure 13, it is
very difficult to recognize the shape of the object via MUSIC algorithm when high frequencies f = 8,
10, and 12 GHz were applied.

Example 4.12 (Accurate imaging of metallic object: transverse electric case). Here, we apply &re(X)
for identifying a rectangular-shaped metallic object in transverse electric (TE) polarization. Similar to
the results in Example 4.5, the location of the object was successfully identified for various frequencies,
refer to Figure 18. However, at the f = 2 GHz, it seems to be difficult to recognize the object due to
the blurring effect in the neighborhood of the object. Similarly with the results in Example 4.10, some
artifacts are also included in the map but there is no difficulty to recognize the location of object.

Example 4.13 (Multi-frequency imaging: both transverse magnetic and electric cases). For the final
example, we consider the multi-frequency imaging to improve the quality of the reconstruction. For
this purpose, we adopted multi-frequency imaging functions Fyvrm(X), Smre(X), and Fyre(x) defined
in Example 4.6. We applied frequency ranges from 1 to 8 GHz in steps of 1 GHz for imaging single
and multiple circular objects in TM polarization, from 2 to 16 GHz in steps of 2 GHz for imaging
rectangular-shaped object in both TM and TE polarizations and U-shaped metallic objects in TM
polarization.
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Figure 13. (Example 4.9) Maps of §music(X) in the presence of multiple (top line) and U-
shaped metallic (bottom line) objects. Black-colored lines describe the boundary of objects.
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Figure 14. (Example 4.9) Maps of Fpsm(X) in the presence of multiple (top line) and U-
shaped metallic (bottom line) objects. Black-colored lines describe the boundary of objects.
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Figure 15. (Example 4.10) Maps of Fe(x) in the presence of rectangular shaped metallic
object. Black-colored rectangle describes the boundary of object.
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Figure 16. (Example 4.11) Maps of §music(X) in the presence of rectangular shaped metallic
object. Black-colored rectangle describes the boundary of object.
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Figure 17. (Example 4.11) Maps of &psm(X) in the presence of rectangular shaped metallic
object. Black-colored rectangle describes the boundary of object.
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Figure 18. (Example 4.12) Maps of &re(X) in the presence of rectangular shaped metallic
object. Black-colored rectangle describes the boundary of object.
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Figure 19 shows multi-frequency imaging results. Throughout the results, we can observe that most
of objects were successfully retrieved in both TM and TE polarizations. Moreover, by regarding the
large magnitudes in the map, an outline shape of U-shaped metallic object can be recognized. Hence,
same as the previous studies, application of multiple frequencies on the BFM guarantees better imaging
results.

We compare the imaging results via multi-frequency topological derivative (MFTD) method in
TM polarization case, refer to Figures 11-14 in [17]. By comparing the results, we can observe
that obtained imaging results are very close to the ones via MFTD hence, multi-frequency BFM will
guarantee successful reconstruction of shape, size and number of objects.
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Figure 19. (Example 4.13) Maps of Fyrm(X), Fmre(X), and Fyrre(X) in the presence of
single and multiple dielectric objects (top line) and U-shaped and rectangular shaped metallic
objects (bottom line).

5. Conclusions

We considered the BFM for identifying small 2D inhomogeneities when their permittivities or
permeabilities differ from the homogeneous background. Through careful analysis, we show that the
imaging function can be expressed by the characteristics (size, permittivity, and permeability) of the
inhomogeneities and the Bessel function of orders zero and one for the permittivity and permeability
contrast cases, respectively. Based on this, we observed and verified the applicability and several
properties of the BFM. Numerical simulations with synthetic and experimental data were provided to
support the theoretical result.

To achieve the best imaging of inhomogeneities in the permeability contrast case, an improved
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version of the BFM is needed. Improving the BFM to identify the exact locations of inhomogeneities
for permeability contrast case will be the focus of future studies. Based on the experimental data
experiments, we determined that the BFM is highly effective in the limited-aperture inverse scattering
problem. The theoretical study of BFM in limited-aperture inverse scattering problem will be a
significant research topic. Moreover, imaging results from experimental data indicate that the BFM
is still effective in situations not reduced to the case of penetrable objects. Hence, extension to the
imaging of metallic objects will be also an interesting research. Furthermore, application to the BFM
with monostatic [40] and bistatic [41] measurement configuration will be the forthcoming work.
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