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Abstract: For a successful application of subspace migration algorithm to retrieve the exact location
and shape of small anomaly in microwave imaging, one must begin the reconstruction process under
the assumption that complete information about the homogeneous background medium, such as
background permittivity and conductivity, is available. In many studies, the statistical value of the
background medium was adopted, raising the possibility of an incorrect value being applied. Thus,
simulation results have been examined in order to identify cases in which an inaccurate location and
shape of anomaly were retrieved. However, the theory explaining this phenomenon has not been
investigated. In this paper, we apply an alternative wavenumber instead of the true one and identify
the mathematical structure of the subspace migration imaging function for retrieving two-dimensional
small anomaly by establishing a relationship with an infinite series of Bessel functions of the first kind.
The revealed structure explains the reason behind the retrieval of an inaccurate location and shape of
anomaly. The simulation results with synthetic data are presented to support the theoretical result.
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1. Introduction

Generally, one of the purposes of the microwave imaging is to localize or detect unknown
objects from measured electromagnetic waves in the high-frequency regime (between 300 MHz and
300 GHz). Due to this reason, identification of the location and shape of unknown anomaly whose
values of dielectric permittivity and electric conductivity differ from the homogeneous background
medium from scattering parameter data is an important and interesting research topic in microwave
imaging. Many authors have proposed various remarkable algorithms for retrieving information on
anomaly for example, Born iterative method for reconstructing permittivity distribution [13] and


http://www.aimspress.com/journal/Math
http://dx.doi.org/ 10.3934/math.20231392

27211

brain stroke detection [20], level-set method for shape reconstruction of unknown objects [16] and
breast cancer detection [21], distorted iterated virtual experiments scheme for imaging unknown
scatterers [28], conjugate gradient method for breast imaging [11], Levenberg-Marquardt technique
for recovering parameter distribution [17]. We also refer to remarkable mathematical and experimental
studies [1, 3, 12, 15, 26, 45-48]. However, the success of iteration-based algorithms significantly
depends on the priori information and initial guess, which must be close to the unknown anomaly,
refer to [25,39].

For this reason, various non-iterative schemes in inverse scattering problems without a priori
information about unknown anomaly have also been developed to retrieve the location and
shape, such as a variational algorithm based on the inverse Fourier transform to retrieve small
electromagnetic inhomogeneities [5, 6], direct sampling method for localizing small electromagnetic
inhomogeneities [22,23] and anomaly detection in real-world experiment [43], factorization method for
crack detection [10], shape reconstruction of unknown obstacles [18] and numerical study for anomaly
imaging [33], linear sampling method for imaging of unknown scatters in limited-aperture problem [8]
and crack-like defects [24], MUItiple SIgnal Classification (MUSIC) algorithm for identifying small
anomalies [38], fast imaging of small targets in limited-aperture measurement configuration [35] and
real-world application of anomaly detection [34], orthogonality sampling method for imaging unknown
targets [40], qualitative microwave imaging [2], anomaly detection in microwave imaging [37] and
topological derivative strategy for imaging crack-like defects [31] and retrieving unknown scatterers in
3D [27].

The subspace migration (SM) algorithm is a well-known, non-iterative imaging technique in both
inverse scattering problem and microwave imaging. It has been applied successfully to the various
problems such as localization of small targets [4], identification of extended objects [9], fast imaging
of curve-like cracks [29, 30] and anomaly detection in microwave imaging [32, 36]. Throughout
several studies, it has been confirmed that SM is a fast, robust and effective technique for retrieving
unknown anomaly from scattering parameter data. However, for successful application in microwave
imaging, accurate values of background permittivity and conductivity must be known because the
exact background wavenumber value must be applied. Generally, most researchers have used the
statistical values of the background material instead of the true ones and obtained inaccurate locations
and shapes of anomaly. This can be examined through the results of numerical simulations but no
reliable mathematical theory explaining this phenomenon has yet been developed.

In this paper, we apply the SM to retrieve unknown anomaly from scattering parameter data
without complete information about the background material; that is, inaccurate values of background
permittivity and conductivity are applied. To explain the appearance of an inaccurate location and
shape of an anomaly, we show that the imaging function of the SM can be written as the infinite series
of Bessel function of integer order, antenna arrangement and applied inaccurate values of background
permittivity and conductivity. This enables us to theoretically explain the appearance of an inaccurate
location and shape of an anomaly through the SM. To confirm the theoretical results, simulation results
with inaccurate values of background permittivity and conductivity are also presented.

The rest of this paper is organized as follows. In Section 2, the two-dimensional direct problem
and imaging function of the SM are introduced. The structure of the imaging function with inaccurate
values of background permittivity and conductivity is revealed in Section 3. In Section 4, a set of
numerical simulation results with synthetic data generated by CST STUDIO SUITE is presented.
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Finally, a short conclusion is provided in Section 5.
2. Scattering parameter and imaging function of the subspace migration

Let D be a circle-like anomaly with radius @ and center r, that is surrounded by a circular array
of antennas A, with location a, and |a,| = R, n = 1,2,--- , N(> 2). Throughout this paper, we use {2
to denote a homogeneous domain filled by matching liquid such that D c Q and assume that all
materials D and € are nonmagnetic and classified by their value of dielectric permittivity and electric
conductivity at a given angular frequency of operation w, i.e., the value of magnetic permeability is
constant for every r € Q say, u(r) =y, = 1.257 x 107 H/m, refer to [41]. We use &, and o7, to denote
the background permittivity and conductivity, respectively. Analogously, let €, and o, be those of D.
Then, we introduce the piecewise constant permittivity &(r) and conductivity o (r),

©® g, for reD, d ) o, for rebD,
e(r) = and o(r) =
g, for reQ\D, o, for reQ\D,

respectively. With this, let &, be the background wavenumber that satisfies
ke = W’y (8b - iﬂ),
w

and further assume that
wavelength

wep, > 0, and x <1+ 2.1
& da
With this, the time-dependent, homogeneous, linear Maxwell Equations take the form:
OH(r,t o&(r, t
curl &(r, 1) = —uy ) and curl H(r,t) = o, E(r, 1) + & ) €Q, (2.2)

ot ot

where E(r, 1) € R? and H(r, 1) € R? are the electric and magnetic fields, respectively. Here, we consider
time-harmonic solutions to the (2.2) such that

E(r,1) = Re[E(r)e™™'] and H(r,t) = Re[H(r)e™], reQ, t>0.
Then, E(r) € C* and H(r) € C? satisfy
curl E(r) = iou,H(r) and curl H(r) = (o —iwe,)E in Q. (2.3)

For a detailed description, we refer to [7].
Let E;,.(ky, 1, a,,) be the incident electric field due to the point current density J at A,,. Then, based
on (2.3), it satisfies
Curl Einc(kba r, am) = iw,ubHinc(kb9 a,,, r)a
curl Hipe(ky, 1, @) = (0 — iwep)Eine(ky, T, 2,),
Analogously, let E(a,, r) be the total field measured at A, in the presence of D that satisfies
Curl Etot(kb, a,, r) = inthOt(kb, a,, r)’
curl HtOt(kb’ a,, r) = (O-(r) - iwg(r))EtOt(kba a,, r)a

with transmission condition on dD.
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Let S(n,m) be the S-parameter (or scattering parameter), which is defined as the ratio of the
output voltage (or reflected waves) at the A, antenna and the input voltage (or incident waves) at
the A,, (see [41] for instance). We use S;,.(n,m) and S:(n,m) to denote the incident and total
field S -parameters, respectively, due to the absence and presence of D. Correspondingly, we let
S scat(n, m) = S o(n,m) — Sinc(n, m) be the scattered field S -parameter. Then, based on [19], S sca(n, m)
can be represented as follows:

ik(z) f (s(r’) - & . iO'(l") - Oy
Q

4wy, & WE}

S scat(n,m) = — ) Einc(ky, l'/, a,) - B (ky, a,, r')dr',
where k( denotes the lossless background wave number that satisfies kg = w?pey.

In this paper, we adopt the simulation configuration introduced in [32, 43, 44]. Notice that the
height of microwave machine can be said to be long enough, only the z-component of the incident
and total fields can be handled based on the mathematical treatment of the scattering of time-harmonic
electromagnetic waves from thin infinitely long cylindrical obstacles. Correspondingly, by denoting
E® and E? as the z-components of the incident and total fields, respectively, S sc.(n, m) can be written

inc tot
as follows:

ik2 AN AN
S sea(n, m) = —— f (8(” fo T ZT0) B0 (o a ) EQ U an r)dE. (2.4)
4wy Jo &p wey

Unfortunately, exact expression of the field Eif)i(kb,an,r’) is unknown thus we cannot design the
imaging function by using S s.,(n, m) of (2.4) directly. Since the condition (2.1) holds, we can apply
the Born approximation such that (see [42] for instance)

/7 ’ l /7
EQ(ky, a,,1') = B2 (kp, a,, ') + 0(@?) = —ZHé)l)(kua — 1)) + o(a?),

where H(()l) denotes the Hankel function of order zero of the first kind. Correspondingly, S s...(n, m)

of (2.4) can be written as

iky Ex— & Ox—0
S scar(,m) = = — f ( i b)E§§1<kb,r',am>E£§i<kb,a,,,r')dr'+o(a2k§)
4wy Jp &p wey,

(2.5)

ik2 - -
_ %o f % i) HO (Kl — P DHD (kela, — £ )dr + 0(a?k2).
64w, Jp\ &b wey,

Now, we introduce the imaging function. To this end, let us generate the scattering matrix K
such that

0 Sscat(la2) e Sscat(laN - 1) Sscat(l’N)
Ssca 2’1 0 Ssca 2’N_1 Ssca(Z’N
_ tF ) . | i . ) o ) . 2.6)
Sscat(N’ 1) Sscat(N’ 2) e Sscat(Na N - 1) 0

See [32] for an explanation of why the diagonal elements of K are set to zero. Since there is a single,
small anomaly, the singular value decomposition (SVD) of K can be written as

N
K=UDV' = > 7,U,V, ~ iU V;, 2.7)

n=1
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where * denotes the mark of Hermitian, 7, are the singular values and U, and V,, are the left and right
singular vectors of K, respectively. Then, on the basis of (2.5) and (2.7), we define a unit vector: For
eachr € Q,

F(ky, 1) o o) M) !
,  F(ko,v) = |Hy (kplay —x)), Hy '(kplaz — x)),..., H, (kplay — x| . (2.8)
[F(ky, 1)l

Wik, 1) =

With this, we introduce the following imaging function of the SM: For each r € €,

koo 1) = [(W (ks 1), U)Wk, 1), V1)

) (2.9)

where (U, V) = U*V and Vl denotes the complex conjugate of V. Then, based on [4]
(W(ky,r),U)~1 and (W(k,r),V;)~1 when reD,

and the orthonormal property of singular vectors, the value of §(ky,,r) will be close to 1 when r € D
and less than 1 at r € Q\D, so the location and outline shape of D can be identified through the map
of F(ky, ).

Let us emphasize that, to generate the test vector W(ky, r) of (2.8), the exact value of k, must be
known, i.e., a priori information of the &, and o, must be available. However, because these values are
statistical, the exact value may not be unknown. For this reason, we assume that the exact values of &,
and o7, are unknown and apply an alternative value k, instead of the true k, and set a unit test vector
W(k,, r) from (2.8). Then, by using the imaging function & (k,,r) from (2.9), the exact location and
shape of D cannot be retrieved. Fortunately, we can recognize the existence of D and the identified
location is shifted in a specific direction.

3. Analysis of the imaging function

In this section, we explore the structure of the imaging function F(k,, r) to explain that retrieved
location of D is shifted in a specific direction and size is smaller or larger than the true anomaly. To
explain this phenomenon, we explore the structure of the imaging function.

Theorem 3.1. Let 6, = a,,/|a,| = (cos 6,,sin6,) and kpyx’ — k,r = |k,1’ — k,r|(cos ¢, sin ¢). If a, satisfies
la, — x| > {1/4lk,|, 1/4lky|} for alln = 1,2,--- , N, then &(r, k,) can be represented as follows:

\P as 2
j(hww—@m+—&ﬂiﬁ)w'
> N

1
- — JoQRlkpr' — kaor]) +
NL(O(lbr r|)

where J; denotes the Bessel function of order s and

N
(N — 1) area(D)

&k, 1) =

+o(a’k3), (3.1)

\P(zkb’ 2kda r)) ’
—— |dr
N

o

N
lIj(kb, ka» 1‘) = Z Z iSJs(lkbrl _ karl)eis(en—q&).

n=1 s=—o0,5#0
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Proof. Since K ~ 7,U, V], we can examine that
_ - 1 -
(k) = [CW Ok 1, U WG, 0, V1] = [ Wk 17U Vi W, 1) = |- Wk, 1 KW GR 1)
1

Based on the assumption |a,—r| > {1/4|k,|, 1/4]ky|} foralln = 1,2,--- , N, the following asymptotic
forms of the Hankel function hold (see [14, Theorem 2.5], for instance)

1= —ikp|r| 1= ika|r|
( l)e lkb0 T +0(1) and H(l)(k |I' r |) — ( l)e lkag -

+0(1). (3.2)
kaﬂ'lanl \} aﬂ-lanl

H kol —7'|) =

Then, W(k,, r) and K can be represented as

0T 1 O(1)
e
Wi(k,,r) = —
w| o
0T 4 (1)
and
0 feikb(01+02)~r'drl + O(Q'Zk(%) feikb(01+01v)-r’drl + O(Q'Zk(z))
D D
eikb(02+01)-r'dr/ + 0(a/2k(2)) 0 eikb(02+0/v)'r'drl + O(Q,Zk(z))
K=C|Jp D )
f lkb(0N+01)rdr + O(Q'Zkg) feikb(0N+02)~r’dr/ + O((szg) . 0
D D

respectively. Here the constant C is given by

2 —2ikyR
koe ° (8*_(% l.O'*_O'b)

- 32k, wupR &p Wwey,

Note that, since the following JacobiAnger expansion formula holds uniformly

et = Z P Jy(x)e™? = Jo(x) + Z P J(x)e™?, (3.3)
§=—00 §=—00,5#0
we have forn=1,2,--- ,N
N N N )
Z ei0,1~(kbr’—kar) — Z ei|kbr’_kar| cos(6,—¢) — Z (JO(lkbr, _ karl) + Z iSJS(|kbr/ _ karl)eis(9;1_¢))
n=1 n=1 n=1 s=—00,5#0

= NJo(lkor” — kyr]) + W(ko, ka, )
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and correspondingly,

ikbal -’

M=

(eio,,(kbr —kal’) _ ei01 (kbl‘ —kal‘))drl + O(Q,Zkg)

s
N

1

S
Il

elkb02~r (etﬂn(kbr —kar) _ 6102(kbr —kar))dr/ + 0(&2]{(2))

S
M=

W(k,, r)'K =

S
Il
—

<
VN

zkb01 -

M=

( Ok’ =kar) _ iy (kor —kar)) dr’ + of o> k%)

BN
1l
—_

MO (NJo(kor” = karl) + (ko ko, 1) = €67 50) dr’ + 0(a’ k)

ikp0y 1’

e NJo(lkor' = kyrl) + W (k, ko, ¥) — eiOZ(kbr"kﬂ”) dr’ + o(a’ky)

2o

S—

RO (NJo(kor” = karl) + Wk, ko, T) = €O 50 '+ 0(ak3)

With this, we can evaluate

W(ka, r)" KW(k,, r)
_ 1T
f RO (NJo(kor” = karl) + W(ko, ko, 1) = €47 50) dr’ + 0(a’ k)
. e k0 1 O(1)
C f R0 (NJy(kor” = Kar]) + Wk, o, 1) — PG 50) e 4 0(a’k) | | €70 + O(1)
= N D
ek L O(1)
f WO (N oot = kot + Pk, ke, 1) = YO8 E0) ' 4 0(a?k3)
e o A
) 19n (kox’—kar) NJ (|k r — kal‘l) + \P(k k., l') 10 (k¥ —k,1) dr’ + O(G’Zkz)
N jl; ; LS b ) 0
C C (<
= — | O OTRO(N okt — kor) + W (kp, ko, 1) )dr — = f 20t kaD gy’ + o(a’kg
NfDe (NJolkor” = k) + Wk, oy )’ = D;e r' + o(a’ky)
C ’ 2 ’ ’ ’ 2712
-+ [(NJo(lkbr — Jeat]) + (ke Koy ) dt” = (NIo(2lkor = korl) + W(2h, Zka,r))]dr )
D
Hence,
. CN ) Pk, ko))
(Wi(ka, 1), U XWi(ky, 1), V1) = T_f(JO(|kbr — kar|) + bT) dr
1 D

C
- — (J0(2|kbr’ — kor|) +

T1 Jbp

\P(Zkb > 2ka’ r)

5 )dr’ + o(a’kp).
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Since (W(r), UXW(), V) = 1, Jo(ket! — kurl) = JoQlkor' — kir)) = 1 and W(ky, koo 1) =
Y(2ky, 2k,, ) = 0 when kyr’ = k,r, we have
CN

C . . 71
— | av' == | ar' +o(@’k}) = 1 lies C=
o J, A T A rotetky) =1 implies (N — 1) area(D)

+ o(azkg).
Therefore,

(W(r), U XW(r),V,) = dr’

N , P (ky, ko, 1)\
(N—1)area(1))fD(Mkbr ~ k) )

1 ’ lIJ(2kb7 2ka’ r) ’ 27,2
- 2lkpyr” — k, —\d k).
(N = 1)area(D) L(JO( lkor b+ N ) I +ola’ky)

With this, we can obtain the structure (3.1). m|

From the derived structure (3.1), we can observe that since Jy(lkox’ — k.r|) = 1 and W(ky, ka, x) = 0
when r = (ky/k,)r’ for ¥’ € D, an inaccurate location and shape of D must be retrieved through the
map of F(k,, r). This is the theoretical reason why an inaccurate location and shape of the anomaly is
retrieved when inaccurate values of &, and o, were applied. Further properties will be discussed in the
simulation results.

4. Simulation results

Here, we present simulation results to support the result in Theorem 3.1. To this end, a circular
array of N = 16 antennas A, is used to transmit and receive signals operated at f = 1.24 GHz. The
location of the antennas was set to

_ 2n(n-1)
N

and the search domain Q was selected as a square region (—0.1m,0.1m) X (=0.1m,0.1 m) with
(&p, 0p) = (2089, 0.2 S/m). Here, &y = 8.854 x 10712 F/m is the vacuum permittivity. Correspondingly,
the exact value of the background wavenumber is k, = 116.5273 + 8.4020i. For anomalies, we selected
two small balls D; and D, with centers r; = (0.01m,0.03m) and r, = (-0.04 m, —0.02 m), same
radii @« = 0.01 m and material properties (€1,01) = (55&p,1.2S/m) and (&,,0,) = (45gp, 1.0 S/m).
With these settings, the measurement data S s.,(n, m) of (2.6) and the incident field data of (2.8) were
generated by CST STUDIO SUITE.

a, = 0.09m(cosd,,sind,), 6,

Example 4.1. (Only exact value of &, is unknown) First, we consider the case where only the exact
value of &, is unknown. Instead, of the application of &,, we applied alternative values &, and
corresponding wavenumber

ka = w [y (ea - iﬂ).
w

Note that we already assumed that we, > oy. Thus, if the condition we, > oy is satisfied, the
identified location becomes

kb WEL — iO'b Ep
r=(—|r=,/————r'~ . [—r" foreach 1’ € D,. 4.1)
k, we, — 0}, &,
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Hence, identified anomalies will be concentrated at the origin and their retrieved sizes will be
smaller than the true one when &, > &,. Otherwise, identified anomalies will be far from the origin and
their retrieved sizes will be larger than the true one when &, < &;,. See Figure 1 for a related illustration.

____—---e
—--e----" T (ko / ko)’
-~ o r
®-- -
0 e
707,,,777¥¥¥¥¥
case €, > & r SSss=ss=g
(ko /ka)r’
anomaly D
case g, < &

Figure 1. Description of the simulation result. Yellow-colored circle is the true anomaly
and cyan- and violet-colored circles are retrieved anomalies through the map of &(k,, r).

Figure 2 shows maps of &(k,, r) with various selections of &, in the presence of D;. As we discussed
above, the location of the retrieved anomaly gets closer to the origin and it becomes smaller as the value
of g, increases (here, €, = 3¢, 10g,). Otherwise, as the value of g, decreases (here, &, = 0.5¢,), the
identified location becomes far from the origin and the size becomes larger. If £, = 0.0lgy i.e., the
value of g, is very small, it is difficult to distinguish the D, and artifacts.

Notice that since

kv \ ,
()=

due to the oscillating property of the Bessel function, several artifacts will be included in the map of
&(ky, 1) if |k,| is large, i.e., the value of g, is large enough compared to g,. In contrast, the map of
&(k,, r) will contain no artifacts but the imaging result will be blurred if the value of g, is small enough
compared to &,. This is the reason why several artifacts are included in the map of F(k,, r) when
g, = 10g, and why the obtained image is blurred when ¢, = 0.1g, and g, = 0.01lg,. We can observe
the same phenomenon in the presence of multiple anomalies D; and D,, as shown in the Figure 3.

Js(lkoX” = kor]) = J; (lkal

) 1= J(lkallx” = x)),

AIMS Mathematics Volume 8, Issue 11, 27210-27226.
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igure 2. Maps of §(k,,r) at f = 1.24 GHz when o, = 0.
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Figure 3. Maps of §(k,,r) at f = 1.24 GHz when g, = &,.
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Example 4.2. (Only exact value of o, is unknown) Next, we consider the case where only the exact
value of o, is unknown and apply an alternative one o, such that

ky = w [y (8b - iﬁ).
w

Same as the Example 4.1, if o, satisfies we, > o, the identified location becomes

kb WEL — iO'b Ep
r=|—|r'=/—r' '~ [—r' =1 foreach ¥t € D. 4.2)
k, WEL — 107, &p

Hence, it will be possible to retrieve almost accurate shapes and locations of anomalies when o, is
sufficiently small.

Figure 4 shows maps of &(k,,r) with various selections of o, in the presence of D;. In contrast
to the results in Example 4.1, almost the exact location and shape of D, were retrieved if o, < 30,
i.e., when o, was sufficiently small. The location of the retrieved anomaly gets closer to the origin and
its size becomes smaller as the value of €, increases (here, €, = 3&y, 10gy,). Unfortunately, it is very
difficult to recognize D; due to the appearance of a huge artifact with a large magnitude if o, is not
small o, = 100, = 2S/m.

We can observe the same phenomenon in the presence of multiple anomalies D, and D,, as shown
in the Figure 5, and conclude that it will be possible to retrieve the accurate shape and location of
anomalies by choosing a very small (close to zero) value of o, when the exact value of background

permittivity is known.
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Figure 4. Maps of §(k,,r) at f = 1.24 GHz.
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Figure 5. Maps of §(k,,r) at f = 1.24 GHz.

Example 4.3. (Identification of circle and rectangular shaped anomalies) Here, we consider the
imaging of anomalies with different shapes. To this end, we applied f = 1.0 GHz, used N = 36
antennas A,, and selected D as a ball of Examples 4.1 and 4.3 except (&1,07) = (45&9,1.0S/m), and
D, as a square with vertices (—0.05,-0.03), (-0.03,-0.03), (-0.03,-0.01) and (-0.05,-0.01) with
(&2,0%) = (450, 1.0S/m). With this configuration, the scattering parameter data were generated by
using the FEKO (Feldberechnung fiir Korper mit beliebiger Oberfliiche).

Figure 6 shows maps of §(k,,r) when €, # &, and o, = 0. Similar to the results in Example 4.1,
identified anomalies are concentrated at the origin and their retrieved sizes are smaller than the true
one when g, > &,. Moreover, identified anomalies located far from the origin and their retrieved
sizes are larger than the true one when &, < &,. However, opposite to the results in Examples 4.1
and 4.3, it is hard to recognize the shape of D\ and D, due to the appearance of several artifacts in the
neighborhood of anomalies.

Figure 7 shows maps of &(k,,r) when €, = &, and o, # 0. Similar to the results in Example 4.3,
we can examine that it is possible to recognize the outline shape of anomalies by choosing a very small
value of o,. However, exact shape of anomalies cannot be retrieved still.
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5. Conclusions

The structure of the imaging function of SM for retrieving small anomalies from scattering matrix
is revealed when complete information of the background medium is not available. On the basis of its
relationship with the infinite series of Bessel function of the first kind, we have theoretically confirmed
why the accurate shape and location of anomalies cannot be retrieved.

The main subject of this paper is the imaging of small anomaly in two-dimensional microwave
imaging. An extension to multiple, small anomalies will be carried out in forthcoming work. Moreover,
the development of an effective algorithm for retrieving the exact value of background wavenumber
will be an interesting research subject. Finally, we expect that the methodology presented in this paper
could be applied to real-world microwave imaging with inhomogeneous background.
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