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FORWARD AND INVERSE SCATTERING PROBLEMS FOR THE
OBJECTS LOCATED IN A CLOSED MEDIUM

SUMMARY

In this thesis, reconstruction of dielectric objects buried in a perfectly electric
conducting enclosure is realized. Free space magnetic permeability is assumed for all
cases. Our motivation is to observe the influence of reflected field from conducting
boundary. It is predicted that reflections may form as image sources and hereby they
result in better reconstruction. Primarily, synthetic data for scattered field is
measured for arbitrary shaped objects. Then location, geometry and physical
properties of scatterers are investigated for two cases: in an existing circular
conducting boundary and in a free space. The approach used to solve this problem is
based on a semi-numerical technique called method of moments (MoM). All
implementations are coded in MATLAB environment.

MoM is a frequency domain solver that has been widely used since 1960s. It aims to
discretize time-harmonic electromagnetic field integral equations and design a linear
matrix system. Applying linear algebra, matrix equations can be solved at ease.
Integral equation in MoM solution involves Green’s function as its definition of
Fredholm equation. Since Green’s function is evaluated analytically, MoM is
approved as a semi-numerical method.

Scattering problems are grouped into two categories such as forward and inverse
scattering. Forward one is used to compute scattered field under the assumption of
known source, scatterer and medium properties. Conversely, inverse one deals with
acquiring the profile of objects when incident and scattered field data is known.
Forward scattering problems are defined as well-posed problems; since their solution
exists, is unique and stable. However, ill-posedness may arise for inverse scattering
problems. Therefore, they need to be reformulated. Supplementary assumptions must
be done to make the problem solvable. This operation is called regularization. A. N.
Tikhonov proposed a regularization method that is recognized by his own name in
1963. During thesis, we benefit Tikhonov regularization to eliminate ill-posedness of
problems.

Forward scattering problems concerning closed medium can be identified by an
integral equation involving Green’s function as it is mentioned. Therefore, we begin
with finding Green’s function of closed medium. Then, scattered field is calculated
numerically. Integral equation is discretized and total field is computed for each cell.
The decrease in cell size serves better object modeling, so cell side is chosen at most
M16. Accuracy of MoM process is very important for us and verification is
necessary. For this purpose, analytic solution for closed medium is also performed.
By the way, Green’s function is employed as a 2D transverse magnetic (TM)
polarized line source. When a single source is injected into simulation area, some
deficiencies are encountered in imaging. Therefore, multi-source illumination is

Xvil



preferred in most cases. Besides, plenty of observers are located around the scatterer
in a certain distance.

Next, inversion algorithm is applied to achieve shape reconstruction. By doing so,
Born Approximation and Newton methods are utilized. Born Approximation requires
some restrictions to be satisfied. It provides improvements in outcomes if operating
frequency and/or contrast are low. To explore object function, Born method enables
us to use incident field in integral (data) equation instead of total one. In other words,
scattered field is ignored. Then, discretization is performed for integral equation.
However, ill-posedness is shown up while applying linear algebra. Hence, Tikhonov
regularization is implemented. On the other hand, Newton method does not need any
provision, so it is more advanced. It is an iterative method presented to find object
function. It starts with guessing an initial value for sought object function. In every
step, a new guess object function is proposed to reach or get close to real value of it.
We selected a condition for error tolerance to halt the process when object function is
close enough to real value.

After reconstruction for closed medium is fulfilled, conducting surrounding is
removed. Forward and inverse problems are solved for unbounded medium using
appropriate Green’s function. The background medium can be a free space or
dielectrically filled.

Several tests are practiced to observe the impact of conducting boundary on
reconstruction and localization of object in closed mediums. The selection of radius
of conducting enclosure is very important. The most favorable distance between
observers and conducting enclosure “A/4” is also affirmed. In addition, size of
reconstruction area is examined. Born method offers us quality imaging for particular
cases. The increase in contrast deteriorates the results. Therefore, Newton method is
also applied to same settings. The drawback of Newton is to find a convenient initial
value for contrast. If it is not picked properly in the beginning, simulation duration
lasts longer or forever.

In conclusion, forward problem is verified by means of analytic solution. Born and
Newton methods are successfully performed for inversion. The reconstruction and
localization is succeeded. Multi-source effect is analyzed and its performance is
highlighted. Unfortunately closed medium solutions do not provide great
enhancement in imaging as supposed. For most cases, shape reconstruction is not
corrupted at least. There has to be some advantages of closed mediums, because they
preserve the simulation area.
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PEC iLE CEVRELENMIS KAPALI ORTAMLARA YERLESTIRILEN
OBJELERE ILISKIN DUZ VE TERS SACILMA PROBLEMLERI

OZET

Bu tez calismasinda, miikemmel iletken bir yiizey ile kapatilan ortamlara gomiilii
dielektrik cisimlerin goriintiillenmesi gergeklestirilmistir. Tiim O6rneklerde bos uzay
manyetik gecirgenligi kullanilmistir. Bos uzayin iletken bir yiizey ile ¢evrelenerek
incelenmesindeki amag, yiizeylerden yanstyacak alanlarin etkisini
gozlemleyebilmektir. Olusan yansimalarin goriinti kaynaklar1 gibi davranarak daha
iyi sonuglar ortaya ¢ikaracagi dngoriilmiistiir. Oncelikle keyfi cisimler igin sagilan
alan hesab1 giiclii bir nlimerik yontem olan Momentler Metodu yardimi ile
yapilmistir. Daha sonra sagicilarin konumu, geometrisi ve fiziksel 6zellikleri, iletken
cevrelemenin oldugu ve olmadigr iki farkli ortam ig¢in ayr1 ayr1i bulunmustur. Tiim
uygulamalar MATLAB ortaminda gerceklestirilmistir.

Momentler Metodu 1960’lardan beri yaygin olarak kullanilan bir frekans domeni
coziiciidiir. MoM teorisi, zamanda harmonik elektromanyetik alan integral
denklemlerini ayriklastirarak lineer bir matris sistemi tasarlamay1 hedeflemektedir.
Lineer cebir teknikleri uygulanarak, problem matris denklemleri i¢in kolaylikla
coziilebilmektedir. MoM ¢o6ziimiindeki integral denklemi Fredholm denkleminin
tanim1 gere8i Green fonksiyonu igermektedir. Green fonksiyonu analitik olarak
hesaplandig1 i¢in MoM yar1 niimerik bir metot olarak kabul edilmektedir.

Sacilma problemleri diiz ve ters sagilma problemleri olmak iizere iki kategoriye
ayrilmistir. Diiz sacilma bilinen gelen alan (kaynak), sagict ve ortam parametreleri
kabulii altinda sagilan alanlar1 hesaplamaktadir. Diger taraftan, ters sagilma gelen ve
sacilan alanlarin bilindigi durumlarda cisim profillerinin elde edilmesiyle
ilgilenmektedir. Diiz sagilma problemleri iyi tanimlanmis problemlerdir; bu yiizden
¢Ozlimleri vardir, tektir ve kararlidir. Ancak ters sacilma problemleri i¢in koti
kosulluluk (ill-conditioned) olarak bilinen baslangi¢ verisindeki kii¢iik hatalarin
sonugta ¢ok biiylik hatalara sebep olmasi durumu ortaya cikabilmektedir. Coziim
matris sisteminde gerceklestirildigi i¢in, kosul sayisinin ¢ok biiylik oldugu hallerde
matrisler kotii kosullu olabilmektedir. Bu yiizden, ters problemlerin yeniden formiile
edilmesi gerekmektedir. Problemi ¢oziilebilir hale getirebilmek icin ek varsayimlar
yapilmalidir. Bu isleme regiilarizasyon denilmektedir. 1963 yilinda A. N. Tikhonov
kendi soyadiyla anilan bir regiilarizasyon yontemi dnermistir. Bu tezdeki 6rneklerde
ortaya ¢ikmis olan tiim kotii kosulluluk durumlar1 Tikhonov regiilarizasyonundan
yararlanilarak yok edilmistir.

Bu calismada oOncelikle kapali ortamlara gomiilii cisimlere iliskin ters sacilma
problemi, ilgili Green fonksiyonu yardimiyla bir integral denklem sistemi seklinde
ifade edilmistir. Ilgili Green fonksiyonu silindirik harmonikler cinsinden bir seri ile
analitik olarak bulunmustur. Probleminin formiilasyonundaki integral denklem diiz
problemi de ifade ettiginden, 6ncelikle diiz problem kanonik bir yapi1 icin Momentler
Metodu ile ¢oziilmistir ve sagilan alanlar elde edilmistir. Bahsedildigi gibi
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Momentler Metodu uygulanirken integral denklemi ayriklastirilarak her bir hiicre
icin toplam alan hesab1 yapilir. Hiicre boyutlarii olabildigince kiigiik se¢cmek
cisimlerin daha iyi modellenmesini saglayacaktir. Bu caligmadaki 6rneklerde
kullanilan objeler kenar uzunluklari en ¢ok 4/16 olan karesel hiicrelere ayrilmistir.
Cismin olabildigince kiigiik parcalara ayrilmasi elbette 6nemlidir ama matrislerdeki
asir1 bliylimeler hesaplama yiikiinii arttirmaktadir ve MATLAB ortaminda islem
yapmak miimkiin olamamaktadir. Bu yiizden, hiicre boyutlar1 genelde A/10 ile /20
arasinda sec¢ilmektedir. MoM yonteminin formiilasyonunun ve olgiilen sagilan alan
verisinin dogrulugu ¢ok onemlidir. Niimerik yontemin dogrulugunu teyit etmek i¢in
dairesel silindirik bir objeye iliskin analitik ¢oziim gergeklestirilmistir. Green
fonksiyonu iki boyutlu enine manyetik polarize ¢izgisel bir kaynak olarak
kullanilmistir. Goriilmiistiir ki simiilasyon alanina tek bir ¢izgisel kaynak enjekte
edildigi durumlarda cisim goriintiillenmesi yapilirken bazi durumlarda iyi sonuglar
ortaya ¢ikmamaktadir. Bu sebeple, cogu Ornekte cisimler birden c¢ok kaynak
yardimiyla uyarilmistir. Dahasi, birden ¢ok gozlem noktasi sagicinin etrafina esit
araliklarla yerlestirilmistir.

Diiz problem ¢6ziimii yapilip sacilan alanlar Olgiildiikten sonra kapali ortamlara
gomiilii cisimlerin konumlar1 ve fiziksel 6zelliklerinin belirlenmesi igin probleme
tersleme algoritmalar1 uygulanmistir. Ters sagilma problemi ilk olarak ancak 6zel
baz1 kisitlama ve kosullarda gecerli, fakat oldukca basit bir yontem olan Born
Yaklagimi ile daha sonra da daha genel bir metot olan Newton yontemi ile
¢Oziilmiistiir. Born Yaklasimi, ¢alisma frekansi ve aranan cisim fonksiyonunun diisiik
oldugu durumlarda iyi sonuglar vermektedir. Born metodu cisim fonksiyonunu
bulmak i¢in, problemin integral denklemindeki toplam alanlar yerine sadece gelen
alan verisi yazilmasia olanak saglamaktadir. Diger bir deyisle, sacilan alanlarin
thmal edilebilecek kadar kiiclik oldugu varsayilmaktadir. Daha sonra diiz problem
¢Oziimiinde oldugu gibi integral denklem ayriklastirilir ve matris sistemine gegilir.
Ama Onceden de bahsedildigi gibi lineer cebir teknikleri uygulanirken bazi kotii
kosullu matrislerle karsilasilmaktadir. Bu sebeple Tikhonov regiilarizasyonu
uygulanmistir. Diger yandan, Newton metodu herhangi bir kosul gerektirmez, bu
yiizden daha gelismis bir metot olarak kabul edilir. Newton ydntemi, cisim
fonksiyonun bulunmasi i¢in sunulmus iteratif bir yaklagimdir. Aranan cisim
fonksiyonu icin bir baslangic degerinin belirlenir. Metot, gerekli adimlar
tekrarlayarak gercek degere yaklasmayr hedeflemektedir. Her dongli de cisim
fonksiyonu giincellenmektedir ve belirli bir hata olasilifina gore gercek degere yeteri
kadar yaklasildiginda dongii durdurulmaktadir.

Ters sacilma probleminin ¢oziimii kapali ortamlar i¢in verildikten sonra miikemmel
iletken yiizey kaldirilir. Dliz ve ters problem ¢oziimii bos uzay i¢in uygun Green
fonksiyonu yardimiyla gergeklestirilir. Cisimlerin yerlestirildigi ortam bos uzay
olabilecegi gibi dilektrik bir malzeme ile de doldurulmus olabilir.

Miikemmel iletkenlerle kapatilan ortamlarin, cisimlerin konum ve fiziksel
Ozelliklerinin belirlenmesindeki etkileri bircok ornek yardimiyla test edilmistir.
Burada, iletken yilizeyin yarigapinin se¢imi ¢ok onemlidir. Gozlem noktalari ve
iletken tabaka arasindaki en uygun uzakligin A/4 oldugu kabul edilir ve bu ger¢ek
orneklerle desteklenmistir. Tersleme algoritmasinin uygulanmasi i¢in belirlenen
yiizey alanin biiyiikliigii de ayrica incelenmistir. Born Yaklagimi belirli durumlar igin
iyi sonu¢ vermektedir. Cisim fonksiyonundaki artis ile birlikte sonuglar kotii yonde
etkilenmekte ve cismin goriintiillenmesi miimkiin olmamaktadir. Bu yiizden, ayn
konfigiirasyon ve ortam parametreleri i¢cin Newton metodu uygulanmigtir. Newton
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yonteminin zayif yonii ise cisim fonksiyonu i¢in uygun bir baslangi¢c kosulu
secilmedigi takdirde ¢oziime ulasmanin ¢ok uzun siire alabilecek olmasidir. Bunlar
disinda, ortamda birden ¢ok sacicit var iken Born ve Newton metotlariyla cisim
goriintlilenmesi gergeklestirilmistir.

Kisaca toparlamak gerekirse, ilk olarak diiz problem ¢oziimiiniin dogrulugu analitik
yontemler yardimiyla kontrol edilmistir. Ters problem ¢6ziimiinde Born Yaklasimi
ve Newton yontemleri basarili bir sekilde uygulanmistir. Miikemmel iletken ile
kapatilan ortamlara yerlestirilen cisimlerin konum, geometri ve fiziksel 6zellikleri
elde edilmistir. Maalesef kapali ortamlar varsayildigi gibi sagicilarin belirlenmesinde
biiyiik iyilestirmeler saglayamamistir. En azindan ¢ogu 6rnek i¢in biiyiik zararlar da
vermemektedir. Dielektrik veya iletken sinirlar simiilasyon alanini etkilesimlerden
korumaktadir, bundan dolay1 bazi avantajlart olmalidir.
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1. INTRODUCTION

Inverse scattering problems deal with retrieval of object profile exploiting scattered
field. Plenty of numerical methods are developed to achieve reconstruction of
scatterers. Most popular techniques are explained in [1-4]. The advance in
technology allows researchers apply inversion algorithms to variety of fields at ease.
Some of the practical application areas are medical imaging, geophysics, space

research, remote sensing, and image processing.

The easiest case for inverse scattering problems is related to unbounded medium,
which means only scatterers exist in simulation space. Any kind of incident field
excites the objects and scattered field is measured. Using scattered field, the
geometry, physical properties and location can be revealed. However, in practice
there can be undesired reflectors such as walls, surfaces and other materials. As an
example, it can be needed to investigate objects behind the walls (through wall

imaging - TWI) or under the ground [5,6].

Most inverse problems are defined as ill-posed unlike forward ones. A French
mathematician J. Hadamard propounded the definition of well-posedness [7].
According to him, if a problem is solvable, its solution is unique and stable; then this
problem is approved as well-posed. Forward scattering problems are in this category.
On the other hand, inverse problems represented by first kind of Fredholm equation
are ill-posed. There are several methods to overcome ill-posedness such as singular
value decomposition [8] and regularization [9]. Thanks to regularization, additional
terms are inserted to solution and problem is tried to approach a well-posed one.
Here, one of the most widely used methods, Tikhonov regularization [10], is

employed.

The impact of existence of enclosures has become a hot topic in recent years because
of its success of modeling biomedical imaging particularly. In this thesis, we
proposed an electrically conducting surrounded configuration to enhance our

imaging. Reconstruction in a closed medium is examined before [11,12], but it is



mostly preferred to use dielectric surfaces for enclosures. There are few researches
on conducting surfaces [13,14]. The idea of enclosures is largely utilized for
diagnosis of abnormalities in tissues (e.g. tumors) that relates to microwave
tomography (MWT) [15]. Therefore, we constitutively concentrate on targets
embedded inside a PEC shape. From one point, reflected field from boundaries acts
as multi-sources, so imaging can be improved. In addition, PEC boundary prevents
some interactions can be experienced in unbounded mediums. Briefly, we aim to
research into usage of surroundings provides us enhancement in reconstruction or

not.

Our concern related to identification of 2D arbitrary dielectric cylinders (€05, o), 10)
enclosed by a circular PEC surface is visualized in Figure 1.1. It is assumed that
infinite long cylinders are taken into account. Thus, 3D problem is reduced to 2D by
neglecting changes on one dimension. The circular PEC cylinder radius of “a” can
be filled by a free space (gp) or lossless dielectric background (e»). However, free

12

space magnetic permeability “up” is used in both targets and background for all
cases. Targets are excited by a 2D TM polarized single line source at first. However,
it is known that multi-sources provide better reconstruction. Thus, array of sources

are equally placed on circle with radius “c”. In addition, plenty of observers are laid

on a circle.

POINTS

Figure 1.1 : A problem geometry.

Solution to exploration of few certain shapes can be found via analytical and

numerical ways. A dielectric circle is one of them. However, arbitrary shaped objects



can only be reconstructed using numerical methods so we benefit from methods of
moment. Thus, the problem is defined as an integral equation including Green’s
function. Section 2 starts with evaluation of Green’s function of closed medium and
goes on forward problem solution using MoM. To measure scattered field, MoM
procedure requires discretization of integral equation and transformation to matrix
system. All scatterers are divided into small segments where electric field along a
cell remains constant. The smaller cell size enables us to model object in a better
way, so it is commonly selected around Amin/10 ~ Anin/20. Total field for each cell
using object equation is computed. After, scattered field in observers is measured
through discretized form of data equation (DE). MoM process for arbitrary objects is
put forward by Richmond and presented in details [16]. Furthermore, analytic
solution allows us to verify our numeric result is correct or not. Section 2 ends with

analytical solution of scattered field for a special case.

Moreover, two of the inversion algorithms that are Born Approximation and Newton
methods are applied to reconstruct scatterers. Born method has some conditions to be
hold if improved imaging is desired. The operating frequency and/or contrast of
sought object are low, and then this method works well. To perform an inversion, a
suitable reconstruction domain () that probably includes scatterers must be
designated. The scattered field is described as a DE involving the points in
reconstruction and observation. This integral is also discretized like forward problem
solution. Born method provides us to use incident field in DE instead of total one
neglecting scattered field. Since our problem is inverse, ill-conditioning is aroused
while applying linear algebra. Hence, Tikhonov regularization technique is utilized
to eliminate ill-posedness. Although Newton gains an advantage over Born
Approximation, it has also a handicap. Newton method is required to estimate initial
value for contrast. Then, it is tried to approach real value iteratively. In each
iteration, a new contrast is offered, so the choice of estimated contrast is very vital.
In addition, we specify an error tolerance to stop the iteration when the estimated
contrast is close enough to real value. Besides, ill-posedness is encountered again
and Tikhonov regularization is applied for Newton case. Section 3 is allocated to
inverse scattering techniques for both Born Approximation and Newton. In addition,

their multi-sources formulations are given.



In section 4, various tests are done to find out the influence of PEC surface on
imaging in closed mediums. The object reconstruction is also carried out in
unbounded mediums for comparisons. Forward and inverse problems are solved
using a proper Green’s function. The background may be free space or dielectrically
filled. First part of section 4, Green’s function related to PEC enclosure is studied.
Ref. [13] gives an example to observe the Green’s function of many observers placed
on a rectangular shape. Here, a similar modeling is implemented and results are
compared. Secondly, using an analytic method we make sure our outcomes are
acceptable. Last two subheadings are interested in examples of Born and Newton
inversion methods. A PEC enclosed system in [13] is established and reconstruction

is done. Ref [13] is very beneficial for us to check ourselves.

The values of design parameters in Section 4.3 and 4.4 are selected intentionally for
most cases. To enhance reconstruction one needs to pay attention choices of
measurement system parameters. For this purpose, Crocco and Litman published a
paper [17] refers the design parameters of closed and unbounded mediums.
According to them, the most appropriate distance between radius of observers and
PEC boundary is “4/4”. Moreover, the size of reconstruction area should be far away
from observers more than a half wavelength. As it is mentioned before, Born method
provides good inversion for particular cases such as in low operating frequency. Ref.

[13] gives some examples on MWT, so they are compared using Newton procedure.

In section 5, thesis is concluded by means of extended analysis of all collected

outcomes.



2. FORWARD PROBLEM

Forward problem concerns acquiring scattered field by use of incident wave and
known properties of scatterers. Even if this thesis is intended to solve inverse
problems related to closed medium, scattered field computations are inevitable. For
this reason, we start with finding Green’s function (GF) of closed medium. GF for
free space has already explained in [18], so this section will clarify formulations
relevant to PEC enclosures. Moment solution for scattered field in free space is
discussed in [16] in-depth. Here, we will carry out similar steps regarding reflected
fields from PEC boundary. Lastly, analytic solution for closed medium will be

submitted.

2.1 Green’s Function of Closed Medium

Green’s function satisfies inhomogeneous Helmholtz equation when the right side of

equation is source function. 2D line source can be expressed using Dirac’s function.

Vig(x; y)+ kgl y)=—6(x-y) @2.1)
:—5()61 'y1)5(x2 'yz)

where “x(x;, x2)” is observer, “y(v;, y2)” is source in 2D Cartesian coordinates.

GF can be described as infinite series summation in terms of cylindrical harmonics.
When observers are placed between sources and PEC boundary, both standing and
outgoing waves exist. If radius of observation points is smaller than sources’, only
standing waves occur. These two facts and Fourier series expansion allow us to

identify Green’s function. It is written as in cylindrical coordinates:

(A 1 S ) / 7\ _in
(PP H)=— - > s(p.n;p 4™ 2.2)



AH(kp)+BJ,(kp) , p<p<a @2.3)

5 on ) =
gonipd) {Canﬂfp) , 0<psyp

where (p,n) shows observation point, (p', ¢') relates to source in cylindrical
coordinates and “a” is radius of PEC surrounding. J, and H!” are the Bessel and

Hankel functions of first kind respectively. As it is seen from Equation (2.3),
standing waves are represented using Bessel function and outgoing ones are declared

through Hankel function. Let us insert Equation (2.3) into (2.2):

2— > [4,H (kp)+B,J,kp)]e™ . p<psa 24)
gpbip )=y "
— Z CJ, (kp)e™ , 0Lp<L)p

There are three unknown coefficients in Eq. (2.4). Therefore, matching and boundary
conditions are written down to find coefficients. Equations (2.5a) and (2.5b) are

matching conditions for source point (p', ¢'). The boundary condition in surface of

PEC enclosure is given in Eq. (2.5¢).

gp=p+0)-g(p=p-0)=0 (2.52)
B p=pr0)-Lip=p-gy="tem| Lo (25b)
op op Py P

. (2.5¢)
gp=a)=0

Equations from (2.5a) to (2.5¢) are realized using definition of g given in Eq. (2.3).

Three equations for three unknowns are solved for 4,, B, and C.

A, =2 kp)e ™ 2.6)
—in H”)(ka) ing
Bn - 2 J (k) ﬂ( )
(1)(k ) —ing'
HY ' ¢
C, = 2{ (kp)— 7 (ka) n(kp)}e



After finding coefficients, Eq. (2.4) is revisited and incident and reflected parts are
separated.

o gincl+gref, p'Spga
g(p,¢;p,¢)={

2.7)
izt & » VS p<p!
where
i - y in(p—¢'
8t = ZZ; L(kp)H ! (kp )e" " 2.8)
l o in
gincZ Z z Hﬂ)(kp)'] (kp)e (00
__i i Hﬂ)(ka)J (k 9J (k )ein(¢—¢9
gref 4 ~ Jn (ka) P n P
Equation (2.8) is also known fact from Addition Theorem [19]
- =2,k JH (kp. )" 29)
where p. = max(p,p) , p-=min(p,p))
Eq. (2.6) can be represented in a compact form:
! / i !
g(p.¢: p.4)= —H(S” (klp-p|) (2.10)

Z If,”(,f‘ )) (kp)J, (kp)e" ™, 0<p<a

2.2 MoM Solution for The Scattered Field

When incident wave hits an object, it causes induced current. This current creates

scattered field that can be pointed out in Cartesian coordinate as following

w'()=k | g yvpuwdy xel @.11)

Here, “x(x1,x2)” is observation point and source is denoted by “y(y1,y2)”

gxy)” s
GF of problem. “ky”

is wave number of lossless background medium and “v(y)”



object function (contrast) and their definitions are given in Equation (2.12). Total

field is demonstrated by “u(y)”.

(y):kjbj(y)_l . veD 2.12)
k; ()
where Iy () = 6,y +i0o (0, and ()= 0s,u,

Total field is sum of incident and reflected field. Thanks to this property, the

unknown total field in scatterer is separated from known incident field (2.13). “¢, ”

is relative permittivity of object. It is used in object function formula obtained via

Equation (2.12).
u)-k; [ ez, - Dutydy=u'(x) xeD @.13)

In previous section, GF of closed medium is found in cylindrical coordinates. Thus,

Equation (2.13) is also converted to cylindrical one.
u(p)-k; | &(p.p)z,, -Du(p)pdpdd =u(p) peD 2.14)

Even if the object equation is transformed, it still is not possible to calculate total
field. In order to succeed in our objective, cross section area of arbitrary target is
divided into small rectangular segments where field component is constant. Then,
total field in integration can be extracted and integration is carried out at ease. The

discretized case is given below:
N
u,(p)-ki [ 8(p.PNE,, - Du,( P)pdpdd =, (p) (2.15)
n=l "

Now, the equation can be demonstrated in terms of system of linear equations. The

total cell number is selected as “N .
ZCmnun =u  where m=12,.,N (2.16)

The entities of “C” matrix are found by integration of GF (see Equation (2.15)). GF

of closed medium is composed of two parts. The first one is free space term and



another is aroused from reflections from PEC boundaries. Integration of free space
part is given in Ref [16] in details. This part is directly adopted from there. For
reflected one, there is no singularity in integration. Therefore, it is enough to
compute the “grs” in Eq. (2.8) and multiply by cell size. The entities of “C”" matrix

are specified in Eq. (2.17). “p'” and “¢'” are radius of source from origin and

“«“

angle of it, whereas “p ” and “¢ ” are observation point’s properties (see Figure

2.1). While evaluating integration, rectangular cells must be converted to circular one

[16], so radius of circular cells “a_ " is needed to find. “Ax, ” and “Ax, ” are lengths

m

of cell’s side.

1+(s,, -D(-i/ rk,a, H"(k,a, )+2i] n=m
ik’ H" (k,a ol b
(6, - DAY, Z ﬂ({ )) (e, 00T, (k)™ 7 @2.17)
_ nn=—0 Vl}’l b
" \(-inka, 1 2, - DI, (ka, HY (k,p,,) o m
lkz = (1) a inn( ¢—¢),
e Lo, -avar, 3 ﬂ”j )) T (6P, ()™
nn=—o0 nn b

Figure 2.1 : The discretized form of object.

The formulations of source and object parameters are written in following:

p':\/y12 +y22 ¢=atan2(y,/ y,) (2.18)

p=+x+x," ¢=atan2(x,/x,)



Total field for each cell is calculated by:
u=C"u' (2.19)

Next, scattered field is found through DE (2.20). Spatial parameters in DE are
pictured in Figure 2.2. “x” is a vector sized “Rx/” and its elements are on
measurement line “/"”. The size of “y” is “Nx/” and they denote center points of

“ i3

each cell in object. is a vector sized by “Ox/” and related to 2D line sources.

Y=y

Measurement

Line (T)

Figure 2.2 : Visualization of DE’s parameters.

u(x; y)—z( )Z( —Du,a,J,(ka, )H k,p,) (2.20)

lk2 H" (k i -9
Ax, Z Dy (P, e D.(&, -
n=l1

nn=—0 n b

Lastly, it is better to mention form of incidence field. It is also composed of free

space and reflected terms. Equation (2.21) denotes incident field clearly.

' (yiz) =< HJ (Klp-p) @.21)

i Z H (ka)

Jnn &p)Jnn (kp)elnn(¢ ¢)
nn —00 Jnnﬂ€ )
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2.3 Analytic Solution for A Special Case

Several geometries have both analytic and numeric solutions for total/scattered field
computations. To ensure accuracy of moment method, analytic solution is also
performed. Along this section, analytic solution of closed mediums having PEC

borders will be explained.

Figure 2.3 : The scattering problem from dielectric circular cylinder and
possible positions for an observer.

The scattering problem from dielectric circular cylinder radius of “b” and three
regions according to position of observation are visualized in Figure 2.3. The first
part represents the condition where observation is greater than source “c” and
bounded by PEC enclosure having a radius of “a”. The second one concerns radius
of observer is greater object but less than source. For these two regions, both incident
and reflected fields are involved. Therefore, Bessel and Hankel functions of first kind
are used to define total field denoted by “u ”. Finally, for the observations inside the
dielectric only reflected fields (Bessel functions of first kind) are taken into account.

The combination of three region definitions is inserted to infinite summation by

using Fourier series expansion.

AnHr(ll)ﬂ(bp) +Banﬂ(bp) 4 c < p < a [I]
Ean (kobjp) 4 0 < p < b [III]
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Applying Fourier series expansion, we obtained:

o0

1 & |
u(p.gi P4 =—— > i p,n; o, ¢)e" 2.23)

n=—00

It is better to remind that source is located at distance “c” and its incidence angle is

zero. Total field can be denoted as follows:

NgE

| 4,H k,p)+BJ,(kp)|e" , c<p<a

n

00

(2.24)

u( p.gic.0)= [CH) tk,p)+D,J,(kp)]e" . b<p<c

n -00

Vi~ ¥/~ ¥[~
s

NgE

En‘]n(kobjp)em¢ ’ OSpr

n=—0o0

There are five equations with five unknowns. It is required to written down matching
and boundary conditions (BCs). Matching conditions are relevant to source point

¢”. On the other hand, BCs are can be written in PEC and dielectric boundaries

thanks to continuity of electric and magnetic field components.

u(p=c+0)—u(p=c—-0)=0

(2.25a)
ou ou -1 -1
—(p=c+0)——(p=c-0)=—e ™| =—
op (p ) op (p ) c . C (2.25b)
u(p=a-0)=0 (2.25¢)

=b+0)—- =b-0)=0
L(;(p +0) u(g ) (2.250)
u u

—(p=b+0)—(p=b-0)=0
op (p ) op (p ) (2.25¢)

The coefficients of infinite summations are found via Equations (2.22) and (2.25a-e).

A - Cn H):U (kbc) + Dn Jn (kb c) (2.263)

" [55]
B =—A[IT] (2.26b)

n n

- (s8] kT bk, g

Jk,b) "

obj

(2.26¢)

' | | J (k. b)
k,| H" (k,b)-[TT1J (k,b) | +k, ——"—
b[ n (kb) [ ] n(kb ) ] obj Jn ﬂ(nbl_ b )

[-H" (k,b)+J, (kITT] ]
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D = —Cn[TT]+%Z[SS] (2.26d)

n

o _[CH tb)+ DI, (kb)) (2.26¢)
" Jrl(kvbjb)
H(I)(k a)
h 7T =327 , SS H (k ¢)—TT1J (k
yhere J (k,a) [ o (k,e)=[TT1J (0 bc):l

These coefficients are inserted to Equation (2.24) and total field is calculated.
However, our interest is scattered field. Since total field is composed of incident and
reflected parts, if incident field is found then scattered one is acquired as well. 2D

line source is applied as a source injection. Therefore, incident field remains same as

Equation (2.21).

13



14



3. INVERSE PROBLEM

Inverse scattering problems aim to investigate the location, geometry and physical
properties of scatterers under the assumption of known scattered field. Thus, the
steps of acquiring scattered field is expressed in previous section in depth. In this
section, using measured scattered field, object profile will be obtained. For this
reason, it is needed to define a new domain called by reconstruction that is likely to
contain scatterers. Various strategies are developed to approach inverse scattering
problems such as first-order Born Approximation, Rytov Approximation, extended
Born, Newton, CSI and MR-CSI. Inverse scattering problem for a closed medium is
first solved with a Born Approximation method that is valid for some special
restrictions are satisfied. Then, a more general method named by Newton is

employed. Multi-source effects on these two method are also clarified.

3.1 Born Approximation

Born Approximation (BA) shows good performance if the sought objects are weak
scatterers [20]. In this way, total field in integral equation can be replaced by incident
one, because scattered field is small enough to ignore. This restriction can be stated

as follows:
ko] 1 3.1

Eq. (3.1) shows that if operating frequency and/or object function is low then BA

method works well.

3.1.1 Born approximation procedure

In order to apply an inversion algorithm, one should write down scattered field

formula in terms of reconstruction domain.

u'(x)=k; IQ glx, y)ou@y)dy wherex el and dy =dy,dy, (3.2)
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The reconstruction area “Q” must be selected wide enough, since sought object must
be included. “u’(x) ” is scattered field in observation line “T"”. “v(y)” is object

function in reconstruction domain . When low-contrast scatterers are taken into

account, total field approximates incident field in Eq. (3.2) according to BA.
u'(x)=k; .L: g(x, y)o()u' (vy)dy where x el and dy =dy,dy, (3.3)

To solve “v ”, reconstruction area is divided into “N” small segments like forward
problem solution and incident field is constant over a cell. By this means, both object
function “v ” and incident field “u’ ” can be extracted from integration. Now it is
easy to integrate Eq. (3.3). The only difference from MoM solution is that of “y” are

the points placed in reconstruction domain.
2 - i
w )=k D o, e, gk, )dy, (3-4)
n=1 "

It can be seen from Eq. (3.4), scattered field on observer line is transformed form of
object function “o ”. Thus, unknown object function can be determined through

applying linear algebra technique.
Tvo=u’" = v=T"u (3.5)

[T )

u’” is “RxI” matrix which is obtained via forward problem in “R’ observation
points. The size of “7” matrix is “RxN” because of reconstruction domain

discretization. The entities of “7T” are calculated by means of Eq. (3.6).
T, =klu'(, )J'D gy, )dy, where r=12,.,R (3.6)

Unfortunately, the solution for object function given in Eq. (3.5) is not enough to
overcome our inverse problem. Since inverse of “7” matrix does not exist; and it
causes ill posedness. This can be eliminated by variety of ways. Tikhonov

regularization is one of them and used to handle ill posedness during this thesis.

(aI+T*T)U =T"u’ 3.7)
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Tikhonov procedure starts with the multiplication by both sides by complex
conjugate of “7”" matrix. Then, a diagonal matrix is added to left side. The diagonal

9

entities of this matrix are all identical and equal to “a” that is a very small number,

« 9

zero for ideal case. Therefore, through Section 4 “a” is selected as much small as

which do not cause an ill posedness again.

v=(al+T'T) T'w (.8)

3.1.2 Born approximation for multi-source case

Realizing small changes on BA procedure, one can attain better results. Multi-source
injection to simulation area provides enhancement in shape reconstruction, so Eq.

(3.4) is revised a bit.

N
us(xr’zq):kbzzu(.yn)ul(.ynlzq)-[[) g(xr’yn)dyn Where q:1’2""’Q (3.9)
n=1 "

The supplementary term “Zz, " defines source points that are valued from 7 to “Q".

Besides, it is worth noting that forward problem solution must be also revisited. It is

seen from the left side of Equation (3.9).

The computation of entities of “7"” matrix is now altered to:
Ty =kt 0,2,)[ | 80, )dy, whereq=12,...0 (3.10)

The size of “T"” matrix is now “(RxQ)xN”. Extra rows are inserted to “7"” matrix
due to “Q” source points. The effect of one source on “R” observation results in
“R” rows. It means effect of “Q” sources on “R” observation give rise to “RxQ”

rows. “T” matrix can be represented clearly as follow:

17



k;uio/l’ZJID[ g(x,y,)dy, k;u[(yZ,ZI)ID7 g(x,y,)dy, ..

k;ui(y],ZI)ID[g(x Y )y, k;ui(yz’ZJID?g(x Vo )dy,

szu[(J/pZz)ID[ g(xg, v, )dy, k;ui(yz’ZJIDz 8(xg, ¥, )dy, ...

k;ui0}1122)ID1 g(x,,y,)dy, k;ui(yz,ZZ)IDz g(x,y,)dy, ...

k' (v,,2, )le g6y, )dy, ku'(v,.z, )jDz g0, v, )dy, ..

kbzui(yN’Zz )J.DN g(x, yy )dyy

kbzui(YN’ZJIDN 8(%,, Yy Jdyy

kbzui(yzv’ Z )J.DN g, Yy )y,

kbzui(yN’Zz )IDV g(x,, yy )dyy

k' (.2 ), 803y )y

Even if multi-source technique is carried out, ill posedness of the problem remains.
Same procedure as single source is performed in Eq. (3.8).
3.1.3 Born approximation - closed and unbounded medium

The solely difference between closed and unbounded medium for BA method is
integration of Green’s function. In the solution of inverse problem requires finding of

“T” matrix as it is expressed in previous section.

Firstly, let us remind to Green’s function “g.” of closed medium.

/ fy — i ’
gc(p,¢,'p,¢)——H5“ﬂfh lp-p|)

i H (k, a)
4nnzz—oo Jn ﬂ€b )

@3.11)

Sk, 00T, (kyp )™ 0< p<a
The calculation of “7” matrix entities is given in Eq. (3.12). There is no singularity
between observers and sources. Thus, taking an integral over a small cell of

reconstruction domain is enough. “7° ” matrix can be found as:

TS = (Axdpk

(3.12)
. . (1) ) T
L g i< H,(ka) im(4,,~4..)
._4H0 k|, -z,)) y Z@ s )J Gz, )T (e, Je |
. H(I) i * (k,a) LUy o)
_4 (kb ) m;)o J (kb) ﬂcb 1) nnﬂcbyn) |

On the other hand, for unbounded medium Green’s function “g,” is expressed as:
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) 0<p<w (3.13)

! i !
gu(p,p)jHé”(klp-p

Now, the computation of “7" ” matrix is revised:

u i i
7:”1 :(A'XAy)kbz [ZHSU(kb yn 'Zq‘)j[zng)(kb xr _yn )j (3‘14)

The rest of the formulations are same for two cases PEC enclosure exists or not.
3.2 Newton Method

Newton method can be applied to high or low contrast objects without any limitation,
so it is a more general approach when compared to Born Approximation. It requires a
prediction of object function at first. Then, it aims to reach or get closer the exact
value of object function. There is no restriction for operating frequency or physical

property of sought object.

3.2.1 Newton procedure

The scattered field was demonstrated before thanks to DE. Let us go further one
more step. The right side of DE points out that an operator “F” applied to object
function “v ”, so the left side of DE is altered. In addition, interested area is now

reconstruction domain “Q”.

F(v)=k] IQ glx, y)ou@)dy wherex el and dy=dy,dy, 3.15)

The predicted initial value of object function “0” ” and Fréchet derivative allows us

to linearize the Equation (3.15).
F(u” )+ F'(v”)s0” =u' 3.16)

“F(v”)” is a solution of Eq. (3.15) under the condition of estimated object function.

I3 0) »
u®

There is only one unknown term that is an initial value for total field. The

computations done for “u” ” are almost identical to MoM procedure in forward

problem solution. Now, the reconstruction is divided into “N” small pieces where
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total field over a cell be constant. To achieve, entities of “4” matrix should be

calculated regarding reconstruction area. “X, s are the center points of a “D,” cell.

A, = kbzu,:wJ.D g, ,y, )dy wherem=12,.,N (3.17)

Under the condition of known incident field “u’ ”, total field can be found via Eq.

(3.18).

N
ZAWU,(,O) = u;, wherem=12,..,.N (3.18)

n=1

Furthermore, Fréchet derivative should be explored. According to its definition, it can

be expressed as:
Fi(u”)su” ;[ ey ()50 dy (3.19)

Equation (3.19) is inserted to Eq. (3.16) and the Fréchet derivative is placed alone in

the left side. Here, “u° " is scattered field data in observation points.
k; fg g u” y)svdy =u" —F(v"”) (3.20)

Eq. (3.20) is now represented as a system of linear equations. There is a new matrix
“B” sizes “RxN”. “R” is the number of observation points. Besides, “sv” ” is

“Nx1” matrix over a reconstruction domain.
B, = kjL gy, u”@, )dy wherer=12,.,R (3.21)

The only step is necessary to be performed is solving Eq. (3.20) for “sv®” ”.
Unfortunately, ill posedness arises again. To cope with ill-conditioned problem,

Tikhonov regularization method is revisited.

Bé‘U(I) _ [I/ls _F(U(O) )] = (aI+B*B)5U(1) — B*[uv _F(U(O) )] (3.22)

“sv” ” is found via applying inverse of additional term for two sides. It is finalize in

Eqn. (3.23).
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v =(al+B'B) B'lu’ ~F(v" )] (3.23)

It is mentioned that Newton method is an iterative approach, so predicted object

function should be updated. It is achieved by performing Eq. (3.24).

o® = ® 4 s (3.24)

At the end of n iteration step, Eq. (2.24) can be expressed as in general.

M) _ o 0-1) ()
o™ =v"" + v (3.25)

3.2.2 Newton method for multi-source case

The success of multi-source illumination is explained before. Like BA method,
formulation of scattered field is modified. Not only scattered but also total field over

a small cell are affected.

mn-"n

N
ZA um)(yn,zq) :ufn(yn,zq) wherem=1,2,...,.N (3.26)
n=1

where “z;” shows source point that changes from 1 to “Q”. Total field over a cell is
computed using Eqn. (3.26). After that, to find Fréchet derivative “B” matrix should

be expressed in terms of multi-sources.
B, = k,fJ.DQ gy, u”(y,.z,)dy, wherer=12,..,R (3.27)

Size of “B” matrix is expanded to “(RxQ)xN”. For each source, new rows are added

to “B” matrix.
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Multi-source injection cannot overcome ill posedness, so identical Tikhonov solution

is an easy way to handle.

3.2.3 Newton method - closed vs. unbounded medium

For different mediums, GF definition varies as it was said. GF for closed and
unbounded mediums are given in Section 2. Entities of “B” matrix are influenced by
these definitions. “B” matrix is given below for both mediums separately. “B " is

related to closed medium, whereas “B* " is relevant to unbounded one.

B, = (Axdp)k;

(3.28)
) i H? _ __' (kba) inn( 4, -4, )
{4 o (k,|x.-v,|) nnz_oo 7 (ka) S n(kyx. ), (k, v, Je
u(())(yn)
= (UxAy)k;
i‘ l Hnn (kba) i’"”(¢x, _¢yn)
| L’ ) Tyl e }
g b i & HY(ka) (4, —4.)
A |:4 yn _Z|) 4’1;@ Jnn(k )Jnn(kbz)‘]nn(khyn)e j|
B! = (AxAy)kz( )ju(")(yn) (3.29)

= (Uxdy)k? (i

)j A [ﬁ v, -zl))

The rest of the computations is same for two cases PEC enclosure remains or not.
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4. NUMERICAL RESULTS

In this section, a variety of numerical applications are carried out to test accuracy,
performance and utilities of PEC surroundings for inverse scattering problems
related to arbitrary objects. Not only closed but also unbounded mediums are taken
into account. The differences and similarities between the results of these
configurations are examined. We mainly aimed to explore geometry, location and
physical properties of lossless dielectric objects buried in closed medium. The
formulations presented in Section 3 enable us to achieve it. Another vital objective

that is verification of forward problem solution is also satisfied through Section 2.

This section involves four subheadings. Primarily, Green’s functions of closed and
unbounded mediums are analyzed. The similar outcomes in Ref. [13] are attained.
Secondly, the forward problem solution of moment method is verified owing to
analytic solution for closed mediums. Then, various examples are done to check the
advantages of closed medium with respect to unbounded one if possible. These
examples may comprise of several inhomogeneous scatterers instead of a single
dielectric circular/rectangular one. Born Approximation and Newton methods are

used in turn. Moreover, single vs. multi source comparisons are practiced.

Lastly, Crocco and Litman (2009) published a paper about design issues related to
embedded microwave systems. To get better results for closed and unbounded
mediums, the importance of simulation parameters’ selection is mentioned there.

During this thesis, we followed their suggestions in some cases.

4.1 Green’s Function for Closed and Unbounded Mediums

Green’s Function for closed medium is formulated in Section 2.1. Here, the
magnitude of GF over a rectangular area is plotted. At / GHz, a 10-cm’ cross-section
is considered inside a circular PEC enclosure of radius 20 cm (see Fig. 4.1). PEC

cylinder is filled a lossless background of &, =3. A line source is applied at a point of

7.5 c¢m from origin in x-direction. 2500 observation points are placed to 10-cm’
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square. Most parameters are identical to Ref [13], but some information is not
available. Therefore, we had to make up for missing parts such as the number of

observers.
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Figure 4.1 : A configuration for Green’s Function comparison between closed
and unbounded mediums [13].
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Figure 4.2 : Green’s Function over a /0-cm2 cross section for (a) closed
medium (b) in the absence of PEC cylinder.

Figure 4.2 shows Green’s function for closed and unbounded mediums. In

unbounded case, Green’s function is expressed as:

l
G(p,p9=;H£”ﬂc|p-p'l) 0<p<oo CRY
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The results in Fig. 4.2 (b) seems to be like [13], but (a) is quite different. It can be
caused by the locations of observation points or limits of infinite series in GF
formula. As it can also be seen from Fig. 4.2, closed medium has greater energy than
unbounded one. Both forms have singular values at the source point. These two are

also supported by [13,14].

4.2 A Verification of Scattered Field - Analytic vs. MoM

The accuracy of scattered field obtained from solution of forward problem is
substantially crucial for collected synthetic data. Since, we must begin with an
affirmation of our numeric results with analytic ones. There are few geometries have
their own analytic solutions to compute scattered field. Analytic solution of circular
dielectric cylinder exists and it is found in Section 2.3. On the other hand, Section 2.2
demonstrates method of moment solution of dielectric objects having an arbitrary

shape.

Now, let us verify our formulations and coding. At 300 MHz, a circular dielectric

(¢, =2) radius of 30 cm is put in free space. It is required to divide scatter into small

pieces. For any object, even if the geometry is circular, rectangular meshing is
implemented to eliminate singularities in moment procedure. The size of each cell is
chosen as 4/20. A circular PEC enclosure radius of /.4 m surrounds the simulation
area. A single line source is injected at a distance of 50 c¢m from the origin. The
incidence angle is 0°. Three hundred and sixty observation points are placed on a

circle radius of 70 ¢cm. A visualization of all mentioned stuff is drawn in Fig. 4.3.

Analytic method involves several infinite series summations for coefficient
calculations. The limits of series are determined by observing total fields. We
specified an interval where total field remain unchanged even if we alter the limits.
In order to minimize simulation duration, the smallest value of interval is selected as

a limit of series.

Analytic solution provides us total field directly. To obtain scattered one, incident
fields must be extracted. Incident field is given in earlier sections. Therefore, simply
subtracting incident one from total field ensures us scattered one. According to these
explanations, absolute value of scattered & total fields vs. observation points is

plotted analytically and numerically (see Fig. 4.4).
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Figure 4.4 : Absolute of (a) Total field (b) Scattered field vs. observation
points for an example visualized in Figure 4.3.

As we expected, maximum values of scattered field are found in some observers in
front of a source. For a selected discretization (420 for each cell), analytic and

numeric solutions agree well. By the way, limits of series is now (-25,+25).

4.3 Born Approximation Results for Closed and Unbounded Mediums

Now, we are prepared to solve inverse problem using provided synthetic data.
During this part, Born Approximation technique will be used as highlighted in the
headings. First closed, then unbounded medium solutions will be tested and

compared.
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We start with a circular dielectric cylinder investigation in PEC enclosure radius of
1.45 m. Forward solution is performed to get scattered field at 300 MHz. A dielectric
whose relative permittivity is 7./ is divided into small segments. The size of each
segment is A/25. This scatterer is excited by a single line source from a point of 80
cm and an angle of 0°. Then scattered field is recorded in 40 observation points at /
m away from object. Next, size of reconstruction area is determined. Each side of this
area is 80 c¢m for first example (see Fig. 4.5). Then, Born method is carried out based
on procedure steps in Section 3.1. In order to suppress ill-posedness of the problem,

Tikhonov regularization is implemented using a scaling factor (a= 10"").
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Figure 4.5 : First example with single line source for Born Approximation.

After a closed medium solution is done, we remove PEC surrounding and solve the
problem in free space. This step will be done for all examples. Since there is no loss

in scatterer, only real parts of the object function (contrast) function is plotted.

As it is acquired from Fig. 4.6, both solutions are good at finding the locations but

not perfect at geometry and physical properties that must be 0./ for object function.

As we claimed that multi source illumination can be helpful for us to attain better
results. The only change from a previous example is increase in number of sources.
Five transmitters are arranged in an order over a radius of 80 c¢m in Figure 4.7. Here
is an important point is that regularization parameter should be increased for closed

medium solution (a=107).
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Figure 4.6 : The real parts of object function attained using single line source
for (a) closed (b) free space medium.
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Figure 4.7 : An example with multi line source for Born Approximation.

The real parts of object function are plotted again in Figure 4.8. For both
configurations, imaging is improved. The geometry and physical properties are now
closed to real value. Hence, during this thesis we mainly prefer multi-source

technique instead of a single one even if it lasts long period.

In first example, size of PEC enclosure is chosen randomly. At the beginning of this
study, we were curious about impact of closure will enhance our reconstruction or
not. Therefore, choice of surrounding radius was actually our main concern. We
performed some examples and surprising outcomes are encountered. The results of
most selections are acceptable. However, a few of them ruin inversion algorithm. At

that point, we come across a paper [17].
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Figure 4.8 : The real parts of object function attained using multi line source
for (a) closed (b) free space medium.

Crocco and Litman claim that the distance between surrounding and observers is

important. If the distance is “A/4”, then it results in ideal circumstance while “A4/2”

brings out a worst-case scenario. Following example is done to see the effect of

radius of PEC enclosure.
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Figure 4.9 : A sample scenerio to observe effect of PEC radius.

At I GHz, PEC cylinder radius of 72 cm (2.4/) surrounds a circular dielectric having

a radius of 6 cm and relative permittivity of /./. Five line sources are used. Forty

observers are aligned on a radius of 36 cm. Now, the distance between observation

and PEC surrounding (A,s) is 1.24, which is arbitrarily selected. The real part of

object function is demonstrated for closed and free space medium in Fig 4.10. Then,

fixing all parameters except PEC radius simulations are performed repeatedly. In Fig.
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4.10 (a) shows free space result and from (b) to (e) are related to closed one. The

distance between observers and PEC surrounding is changed from 0.254 to 3.804.
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Figure 4.10 : The real parts of object function acquired for Fig. 4.9 (a) PEC is
removed (b) Apa=1.24 (c) Apa=3.84 (d) Apa=0.251
(e) Apa=0.54.

xglm]

]

Figure 4.10 promotes what we discussed in earlier. The best outcome for closed
medium occurs when A,,=0.254 pictured in (d), whereas the worst one is shown up

when A,,=0.54 drawn in (e). Although in (b) and (c) the contrast is lower than

expected, determination of location and geometry is reasonable.
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Regularization Pararmeter = 102

Figure 4.10 (cont.) : The real parts of object function acquired for Fig. 4.9
(a) PEC is removed (b) Apa=1.24 (c) Apa=3.8A
(d) Apa=0.257 (e) Apa=0.54.
The size and location of reconstruction area is another issue that needs to be

discussed. To test the effect of reconstruction size, a sample scenario is set up. At /

GHz, a circular dielectric (¢, =1.1) whose radius is 6 cm is on center of simulation
obj

area. A conducting enclosure radius of 72 c¢m surrounds the object. A single line
source illuminates the object at a distance of 24 cm. Its incident angle is 0°. Forty
observers are evenly located on a radius of 36 cm. To apply an inversion algorithm, a
24 cm sized rectangle is selected. This example is drawn in Fig. 4.11(a). Object
profile reconstruction is realized when PEC enclosure exists and real part of object
function is plotted in Fig. 4.12(a). Then, free space solution is done and real part of
contrast is given in Fig. 4.12(b). As it is seen, both configurations locate the object
and object profile is not bad. Next, reconstruction size is expanded to 36 cm. All
other parameters are fixed. The discretized cells of reconstruction area are quite close
to observation points. It is pictured in Fig. 4.11(b). The results related to this example

are given in Fig. 4.13.

When the distance between visionary radius of reconstruction area and observers
(Arp) is decreased, free space solution is prominently affected. Its localization is
reasonable, but object function is hugely deteriorated. In [17], size of reconstruction
area is examined and it is stated that A,, should be greater than 0.54 for unbounded
configurations. The value of A,, is undesirable for Figure 4.13. Hence, defects in

object function is indispensable.
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Figure 4.11 : A sample scenerio to explore the effect of reconstruction
size (a) Lo =24 cm. (b) La=36 cm.
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Figure 4.12 : The real parts of object function attained when reconstruction
size is 24 c¢m for (a) closed (b) free space medium.

It is claimed that multi-scatterers can be reconstructed through our implementations.

To observe performance of closed mediums, an example is performed. At 900 MHz,
two rectangular objects (¢, =1.2) in size of /0 c¢m are put inside a PEC enclosure
radius of 75 cm. Forty observers are 0.251 (8 cm) far away from conducting

boundary. Ten transmitters are located at a distance of 50 cm. The reconstruction

area is selected as 40 cm for each side that possibly includes scatterers (see Figure
4.14).
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Figure 4.13 : The real parts of object function attained when reconstruction
size is 36 cm for (a) closed (b) free space medium.
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Figure 4.14 : An example involving two scatterers.

Both closed and free space solutions provide good conclusions for different
regularization parameters. The regularization parameter « is set to 0.002 at first and
results are given in Fig. 4.15. As it is observed, closed medium solution is quite well.
The geometry, contrast and localization are found. However, contrast value for free

space is not good enough as closed one to reconstruct the object profile.
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Figure 4.15 : The real parts of object function acquired for (a) closed (b) free
space medium includes two scatterers (a=0.002).

Conversely, when a is changed to 107, free space solution is apparently enhanced.
These two configurations locate the objects in a better way, but an unexpected defect

on contrast arises in closed medium.
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Figure 4.16 : The real parts of object function acquired for (a) closed (b) free
space medium includes two scatterers (0=10").
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4.4 Newton Method Results for Closed and Unbounded Mediums

It is expressed as before, Born method has some drawbacks. It requires some
restrictions to be hold. Therefore, a more advanced method called Newton is

practiced throughout this part.

Let us examine the Born performance on a simple case where high contrast objects
are investigated. At / GHz, a lossless dielectric having a permittivity of 3 and radius

of 6 c¢m is placed on center of PEC surrounding in Figure 4.17. Conducting radius is
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45 cm. Forty observers are on a radius of 36 cm (A,,=0.254). Five transmitters are

located on a radius of 24 cm. A rectangular reconstruction area in size of 24 c¢m spans

scatterers conceivably. Not to forget, Born results in better

operating frequency are low.
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Figure 4.17 : A high contrast object is inserted into a conducting enclosure.

For closed and free space mediums, imaging is carried out using Born

Approximation in Fig. 4.18. It states that Born method does not work for high

contrast objects. Therefore, Newton procedure is applied using same parameters. It is

important to select initial value of object function. For this example, it is assumed to

be 1.5. Tikhonov regularization is also required to be proceeded. The regularization

factor “a” is set to 10~°. The results are given in Fig. 4.19.
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Figure 4.18 : The real parts of object function obtained using BA for (a) closed
(b) free space medium involves high contrast scatterer.
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Figure 4.19 : The real parts of object function obtained using Newton method
for (a) closed (b) free space medium involves high contrast
scatterer.

Ref. [13] states some examples using MR-CSI method in closed and unbounded
mediums. The outcome of [13] is that these two configurations provides good
reconstruction. To observe the consequences using Newton method, a square
dielectric object reconstruction is exercised when background medium is filled by a
dielectric material. Let us visualize the example. At I GHz, a square dielectric

scatterer permittivity of “¢ =2" is put in simulation area having a relative
obj

permittivity of “¢g, =3”. The each side of square is around /4 cm (0.84). A PEC

boundary radius of 35 ¢m (24) surrounds the scatterer. Forty observation points are
located on a circle radius of 30 cm (1.751). Five line sources are injected into
simulation area at a distance of 28 cm (1.654). The scattered field data is collected on

observers. Then, reconstruction area is determined as 20 c¢m (1.24) for each side. The
initial guess for object function is picked as 0.2. When ||51)|| is close enough to real

one, iteration is stopped.

Fig. 4. 21 shows that free space solution is slighty better in geometry reconstruction,
but value of contrast is worse than outcome of closed medium. The real value of

object function shoulde be “v=-0.3".
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Figure 4.20 : A square dielectric object exists in a conducting enclosure.
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Figure 4.21 : The real parts of object function obtained for (a) closed (b)
unbounded medium relative permittivity of “3”.
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As a last example, multi-scatterer investigation is realized. Similar setup in [13] is
established. At I GHz, two circular dielectric objects (¢, =5) in radius of 4 ¢m is

inserted into conducting surrounding having a radius of 30 c¢m. The background is

now not a free space, its relative permittivity is “&, =4 . Forty observation points are

in a radius of 23 cm. In addition, ten source points are placed in a circle of radius of
25 cm. The reconstruction area is chosen as 28 cm for each side. Initial guess value

for object function is 0./. It is drawn in Figure 4.22.
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Figure 4.22 : A sample is to observe an effect of multi-scatterers using Newton
method.
The value of contrast should be 0.25. The results related to this sample is plotted in
Figure 4.23.
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Figure 4.23 : The real parts of contrast obtained for (a) closed (b) unbounded
medium having a relative permittivity of “4”.
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Next, inside of enclosure is filled with free space and relative permittivities of

scatterers are changed to “&, =3". The initial guess of object function is also altered

to 1.5. Applying inversion technique, for the same ||5U|| value closed and unbounded

mediums are plotted in Fig. 4.24. The localization is found but geometry is not found

for free space medium. The closed medium solution gives better reconstruction in
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finding geometry. So,

51)” is decreased for free space. Although the reconstruction
of geometry is improved, contrast of scatterer is deteriorated.
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Figure 4.24 : The real parts of contrast obtained for (a) closed medium ||5U|| =0.80.
(b) free space ||5U|| =0.80. (c) free space ||5U|| =(0.25.
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5. CONCLUSIONS

This thesis discussed the subject of imaging of arbitrary objects located in a closed
medium. In addition, reconstruction is performed for an unbounded medium
eliminating conducting boundary. The outcomes are discussed and compared via
various examples. For this purpose, Green’s function of closed medium is found at
first. Next, forward problem solution is done to acquire scattered field data thanks to
Method of Moments. To validate the accuracy of MoM, analytic solution is carried
out for a special case. The suitable cell size for discretization and limits of infinite

series are also examined.

Besides, Born Approximation and Newton methods are utilized to find object
profiles for inverse scattering problems. BA is a very simple and useful method when
some restrictions are satisfied. If operating frequency and/or contrast of sought object
is low, this method works well. Its application is very easy to implement. Total field
in Fredholm integral equation is replaced by incident one. Then, object function can
be obtained. A single line source illumination is not good enough to imaging for
some cases. Therefore, more than one 2D line sources are injected to simulation and
enhancement in reconstruction is observed for both closed and unbounded mediums.
The main purpose of this thesis is to evaluate the impact of PEC enclosure. Thus,
radius of PEC boundary is very critical. Not only radius of PEC, but also distance
between PEC and observers is vital. Observers are located at a certain distance and
conducting boundary is enlarged gradually. The most suitable distance is “A/4” like
in mentioned by references. In addition, size of reconstruction area is explored.
When reconstruction area is getting closer to observers, free space solution is hugely
affected and contrast of object cannot be obtained properly. It is also claimed that
multi-scatterers can be imaged. The outcomes are successful in locatization for both
closed and unbounded configurations. However, when geometry and physical
properties are considered, these two mediums result in better imaging for different
regularization parameters. The smaller values of regularization parameter bring about

some defects in closed medium. As it is declared in a very beginning of this part,
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Born Approximation does not work to find high contrast objects. Newton is selected

as an alternative method of BA for those cases.

Newton method is a more general approach that solves inverse problems iteratively.
There is no approximation or restriction, so it is more complicated. MWT examples
can be achieved thanks to this method. Newton procedure begins with a guessing of
an initial value for object function. In every step, object function is updated and tried
to get closer to its real value. Both closed and unbounded mediums provide similar
results in localization. Then two close scatterers are investigated. For high contrast
objects, error tolerance of object function is set to a specified value. Then,
unbounded medium cannot resolve geometry of object. After error tolerance is
decreased for unbounded case, geometry is obtained. However, contrast of sought
objects is not achieved correctly. Closed medium provides better enhancement in

reconstruction for those cases.

All in all, low contrast object imaging is not well improved when medium is
surrounded by a conducting. However, better reconstruction of high contrast objects
is performed by means of a conducting enclosure. For the further study, solution of
3D inverse scattering problem in closed medium can be implemented using different

inversion algorithms.
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