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Abstract

This dissertation studies and develops novel techniquésalyorithms in the area of mi-
crowave imaging (MWI). In MWI, the objective is to create aiéaptitative) image of the

dielectric profile of the object of interest (Ol) in a non-ttestive fashion. To this end, the
Ol is interrogated using non-ionizing and relatively loawer microwaves which are gen-
erated by some antennas. These incident microwaves will ititeract with the Ol, and

consequently scattered electromagnetic fields will arisielvcontain information about the
Ol. These scattered fields will be collected, and then pse@E® extract their information so
as to create the final image. This process is often referrad tbenversionof the scattered

field data tareconstructhe Ol’s dielectric profile.

Currently, MWI faces some challenges that limit its capgtbib become a widely-accepted
imaging tool. Three of these challenges are: (i) lack of amdntal understanding about the
relation between the measured scattered fields and thezableémage accuracy and resolu-
tion, (ii) insufficientimage accuracy and resolution fomsoapplications, and (iii) difficulty
to collect sufficient measured data due to various prachicatiations. The main focus of
this dissertation is to investigate and develop techniguekalgorithms in an attempt to
address these three challenges.

This dissertation begins by introducing the concept of thesssible reconstruction from

given MWI configurations. This concept is important sincéné best possible reconstruc-
tion fails to provide the features of interest, the actuaidteconstruction will not be able to

provide these features either. To improve the achievablensgruction, one option is to in-

ject prior information into the algorithm. To this end, aljuhutomated inversion algorithm

is presented that is able to incorporate prior spatial ¢stiral) information about the OI. The
proposed algorithm, which is capable of working with botimgdete and partially-available

prior spatial information, is evaluated against synthatid experimental data sets.

A central part of MWI data collection, i.e., transmit ande®e patterns of the antennas, is
then considered. To this end, the use of focused near-fidil lfiams for illumination of



the Ol is first addressed. Using a NF plate and a Bessel bearthausimulated in ANSYS
HFSS, it will be shown that focused NF beams can suppressfdatseof undesired regions
under the Born approximation. Moreover, based on the cgldtietween the electromag-
netic inverse scattering and inverse source problems|libeidiscussed how this focused
approach can reduce the number of required measured dats.pbhen, the simultaneous
use of focused transmit and receive patterns is consideremther suppress the sensitivity
of the measured data with respect to undesired regions. rticgar, using two NF plates
(one for focused transmitting and the other for focusedivewy), a single measured data
point will be made mainly sensitive to a subwavelength cethin the imaging domain
under some constraints and assumptions, namely, one-giiomah objects, limited work-
ing distance, and a localized approximation. This is déferthan typical MWI where one
measured data point is sensitive to all the subwavelendghwithin the imaging domain.

Finally, it should be noted that this dissertation is stnuetl based on the grouped manuscript
style (i.e., sandwich thesis). Therefore, Chapters 2 te ®iiner the peer-reviewed or under-
review journal papers of the candidate. Due to this, somemmroncepts are repeated
throughout this dissertation.



Acronyms and Symbols

Herein, two tables are presented. The first table lists sdrtteedmportant acronyms used
in this thesis, and the second lists some of the importanbsysn

Acronym Description

MWT Microwave tomography.

MWI Microwave imaging.

Ol Object of interest.

ROI Region of interest.

™ Transverse magnetic.

MR-GNI Multiplicative regularized Gauss-Newton inversion.
MR-CSI Multiplicative regularized contrast source inversion.
Tikh-GNI Gauss-Newton inversion using Tikhonov regularization.
SP-GNI Gauss-Newton inversion using spatial priors regularrati
SvD Singular value decomposition.

1D One-dimensional.

2D Two-dimensional.

3D Three-dimensional.

MRI Magnetic resonance imaging.

SNR Signal-to-noise ratio.

CNFR Cylindrical near-field range.

SNFR Spherical near-field range.




Symbol Description

T,7, 2 Unit vectors along:, y andz directions.

J Imaginary unit 2 = —1).

D Imaging domain.

S Measurement domain.

p Position vector in the measurement dom&in

q Position vector in the imaging domain.

r Position vector in the measurement dom&in

7’ Position vector in the imaging domaih.

g(.,.) Green’s function of the background medium.

ks, Wavenumber of the background medium.

A Wavelength of the operation in the background medium.

Einc Incident electric field (electric field in the absence of thgeat of interest).
E Total electric field (electric field in the presence of theembjof interest).
Eseat Scattered electric field{*® £ £ — Enc),

Emeas Measured scattered electric field on the measurement da$nain
() Hermitian operator (complex conjugate transpose).

[|z]| L, norm of the vector:, defined ag|z|| £ vz z.

©) Hadamard product (element-wise multiplication).

()t Inverse operator.

Re Real-part operator.

Im Imaginary-part operator.

x(q) dielectric contrast of the object of interest at locatipn

e-(q) Relative complex permittivity of the object of interest atétiong.
€ Relative complex permittivity of the background medium.

St \oltage reflection coefficient at the input port (of the amin




Acknowledgments

First, | would like to thank my academic advisor, Prof. Pulwjabi, for all of his support,
encouragement, and time during my PhD studies.

I would also like to express my appreciation to my PhD exangraommittee, Prof. Gre-
gory Bridges and Prof. Shaun Lui from the University of Mabia as well as my external
examiner, Prof. Natalia K. Nikolova from McMaster Univeysior their time and efforts in

the evaluation and improvement of this work.

I would also like extend my gratitude to Natural Scienceskngineering Research Council
of Canada, the University of Manitoba Graduate Fellowsdungl the University of Manitoba

GETS Program for their financial support as well as the Camaiiicroelectronics Corpo-

ration (CMC) for the provision of ANSYS Campus Solution.

Last but not least, my biggest thank-you goes to my parentésadd and Nahid.



To my parents



Vil




Contents




Contents iX




Introduction

This chapter begins with providing an overview of microwawaging (MWI). Then, some
of the associated challenges to improve the achievableancand resolution of this imag-
ing modality will be described. An overview of some proposetlitions to overcome these
challenges, which are the novelties of this thesis, wilhtfadlow. At the end of this chapter,

the outline of this thesis will be presented.

1.1 Microwave Imaging

Microwave imaging (MWI) is an imaging method aiming at thedcterization of the di-
electric profiIQ of an object of interest (Ol). Characterizing the dielecrofile means
finding the quantitative values of the Ol’s dielectric prdjes at different locations. This is

done by illuminating the Ol by incident electromagneticdgeht the microwave frequency

! The utilized term “profile” is to indicate that the dielectproperties can have spatial variations.
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rangg, collecting the resultingcatterecelectromagnetic fields outside the Ol, and then pro-
cessing (inverting) thesscatteredields to yield an image of the Ol's dielectric profile. For

example, let us consider one of the experimental data sééextaa by the Institut Fresnel

in France: the so-calleBoamTwinDielTM target [1]. Figuré 1J1 depicts the experimental
setup used to interrogate this taQ;a“the cross section of this target, shown in Figuré 1.2(a),

consists of three circular dielectric cyIinCQrs

Now, let us consider how the measured scattered fields frnaiget are inverted to yield
an image of its dielectric profile. The inversion procesdasative, and the inversion algo-
rithm tries to iteratively minimize the discrepancy betwélge simulated scattered fields due
to a predicted dielectric profile and the measured scatfeglels. Each of these predictions
(reconstructions) forms an image until the inversion atgar converges to the final image.
For example, in Figurds 1.2(b)-(h), we have shown sevenaésagthis target where the last
one corresponds to the image obtained when the inversionithign converges As can be
seen in Figuré_112(b), at the first iteration, the inversilgoathm does not detect the pres-
ence of the target within the imaging domain. However, adritaersion algorithm moves
to next iterations (see Figures1.2(c)-(h)), the presehtieedtarget becomes more and more
visible. At the last iteration of this example, i.e., at i iteration shown in Figure1.2(h),
the reconstruction result shows a good agreement with tlaladielectric properties of the

Ol.

2 The microwave frequency range is from 300 MHz to 300 GHz wiltisiresponds to 1 m to 1 mm oper-
ational (free space) wavelength, respectively. It is wandntioning that the microwave frequency range that
is suitable for microwave biomedical applications suchraat imaging is typically from 600 MHz to 8 GHz
which is a trade-off between the achievable penetratiothdepd spatial resolution.

3 This target was interrogated from 18 different angles, &ed the resulting scattered fields were collected
at 241 data points per transmitter at 9 different frequeni@aging from 2 GHz to 10 GHz with the increment
of 1 GHz. The schematic that demonstrates the required memesrfor collecting these experimental data is
shown in Figuré€ 1]1(b).

4 Two of these cylinders have a diameter of 31 mm, and a relptvmittivity of ¢, = 3 + 0.3. The other
cylinder has a diameter 80 mm and a relative permittivity of, = 1.45 + 0.15.

5 Herein, we have utilized the multiplicative regularizeduSs-Newton inversion (MR-GNI) algorithm to
invert the5 — 10 GHz data sets (six frequencies) simultaneously|[2, 3]. Havfahe reconstruction results
shown here the imaging domain has the sizé5ok 15 cm? discretized int@1 x 61 cells.
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Also, it is worth emphasizing that these images are accomagdny colorbars which demon-
strate the quantitative values of dielectric propertigseréfore, MWI is a quantitative imag-
ing modality. For example, if we look at Figure 1.2(h), we g@ee main colors in the image,
which can be compared against the colorbar to understarabstoeiated relative permittiv-
ity (dielectric constant) values. As can be seen, the dar& bblor corresponds to a relative
permittivity of one which is for the air. The blue color cosponds to a relative permittivity
of aboutl.5 which is for the larger cylinder, and finally the red colore®ponds to a relative
permittivity of 3.3 which is for the smaller cylinders. Asrche seen, the inversion algo-
rithm has reconstructed shape, location, and the dieteptdperties (relative permittivity
values) at each location. The initial guess for this aldoniis trivial; i.e., in the beginning
of this algorithm, it is assumed that the medium everywhe&@r Finally, we note that in
this example, a cross-section of the Ol has been reconstrugbr this reason, we may also
refer to this as microwave tomography (MWT). Note that thedwmmography is derived
from Ancient Greek and consists of two partss/ios’ tomos meaning “slice, section” and

‘vpapw' graphd meaning “to write” [4].

Now we take a closer look at the data collection procedureetme some important terms.
To this end, let us begin by noting that due to the fact thahtieionizing data collection is
performedoutsidethe Ol, this imaging technique is considered as a non-dgstelimaging
tool. Obtaining the scattered data involves the followwg steps. In the first step shown
in Figure[1.8(a), the Ol which resides in the imaging doeraEirBuccessively illuminated
by some known electromagnetic fields (e.g., electromagrietids generated from some
antenna elements) and the resulting field data are thenredpby some receivers located
outsidethe OI. These field data are referred to asttttal field data. In the second step

shown in Figuré 113(b), the same procedure is performechlihel absence of the OI. These

6 The imaging domain is the geometrical domain that contaiesQl. Note that the measured data are
collected outside the imaging domain.
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(a) Experimental setup (b) Schematic of the experimental setup

Fig. 1.1: (a) Free space scattering measurement facility of Ingtitasnel and (b) demonstration
of the experiment performed by Institut Fresnel. These éigurave been taken froml [1]
(©[2005] Inverse Problems.

field data are referred to as theeidentfield data. Having these two field data sets (i.e., the
total andincidentfield data), the scattered field data which represent theiga of the Ol
are obtained by the subtraction of the total field data fromititident field data. That is
Es® 2 F — E™ where ES*® E, and E™ denote the scattered, total, and incident fields
respectively. These scattered field data contain infoomatbout the dielectric properties of
the Ol that will later be processed (inverted) to reconstiiue Ol's dielectric profile which

is the ultimate goal of this imaging technique. This datacpssing often involves calibrat-
ing the collected scattered field data properly and thenyapplan appropriate inversion
algorithms to these data. The inversion algorithm thenenets the information about the

Ol that are encoded in the scattered data and finally reaanstihe OI's dielectric profile.

MWI can be formulated as an electromagnetic inverse prolilerhneeds to be solved in

order to retrie\ﬂthe Ol's dielectric properties. The use of the term “invéiss in the fact

7 Within the context of this thesis, the terms “retrieve” anelconstruct” are used interchangeably, and mean
finding the internal dielectric properties of the Ol fromexxtal microwave measurements.



1.1 Microwave Imaging 5

-0. 3
25
2
15
1
-0.05 0 0.05

20 m, 60 mm

i 31 mm g} 31 mm j x[m]
(&) FoamTwinDielTMtarget (b) 18titeration
e 3 e 3
: ) 25 r 25
l 2 2
15 8 15
1 . 1
-0.05 0 0.05 -0.05 0 0.05
x[m] [m]
(c) 2" iteration (d) 3 iteration
- 3 - 3
~ ‘ 25 , . 25
E
> 2 2
15 & 15
1 . 1
-0.05 0 0.05 -0.05 0 0.05
x[m] x[m]
(e) 5" iteration () 6" iteration
- 3 - 3
~ ‘ 25 , . 25
E E
> 2 > 2
15 & 15
1 . 1
-0.05 0 0.05 -0.05 0 0.05
x [m] [m]
(g) 8™ iteration (h) 12t iteration

Fig. 1.2: (a) Cross-section dfFoamTwinDielTMtarget from which Institut Fresnel collected an ex-
perimental data sete,( denotes the relative permittivity (dielectric constarftjhe object.)
(b)-(h) The inversion of this data sei ¢ 10 GHz) at different iterations of an inversion
algorithm with the last iteration being tHe!" iteration.
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Fig. 1.3: MWI setup for the measurement of (a) the total figddand (b) the incident field='®.
The subtraction of these two measurements is the scatteigdFic® (Tx denotes the
transmitter, Rx denotes the receiver, and ROI denotes therref interest to be imaged.)

that the goal of this problem is to infer the internal prosrof the Ol from exterior data.
Noting that the Ol is theausefor having a certain scattered field, we can also interpist th
inverse problem as retrieving tlsausefrom its effectg5]. This point of view can be better
understood by observing the so-calléata equationwhich governs the information flow
from the imaging domain (denoted 8) to the external measurement domain (denoted by
S) on which the data collection is performed for the two-disienal (2D) scalar inverse

problem [6, Section |

unknown
measured data transfer function
sca 2 / > / 6(7’* /> — 6 /
ENr cS) =k | glr €S, 7' € D)E(r' € D) —————dr’. (1.1)
D €p

81n 2D scalar MWI, also known as 2D TM MWI, the illumination dfe Ol is performed by the electric
field component that is perpendicular to the imaging domiaiaging plane) which encapsulates the Ol. (E.g.,
the z component of the electric field will be utilized for the integation of the Ol if the imaging domain
resides in thery plane.) This is perhaps the most popular form of MWI in therhiture.
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Note that the above equation needs to be repeated for eadmitter as the induced field
in the OI will change depending on the transmitting anteefore starting to discuss this
integral equation, let us note that this equation links twfecent geometrical domainsi)(
the imaging domairD, and (i) the measurement domath In the above integral equation,
E=%®{(r) represents the collected scattered field at the receivatitwer which belongs to
S. Theg(r,r’) is Green’s functiOH of the known background medi@n This known
homogeneous background medium has a relative complex mnyla of ¢. In (1.1),
E(r’) represents the total field within the imaging domain whichiédined as the field
distribution within the imaging domain in the presence e ®l. Also,k; is the wavenumber
of the background mediﬂ Finally, e(r’) denotes the Ol’s relative complex permittivity
that we are looking for in this inverse problem, i.e., theuatinknown of the problem. It
should be reminded that the OI's relative complex permiiiti¢(» ') can be a function of
r’ which is the position vector spanning the imaging donfainConsequently, the relative
complex permittivity of the Ol can vary with respect to thesal variation. Thus, we use
the term relative complex permittivity “profile” to indicathate can change as a function of
position. Also, note that in the data equation, the téf#— is often defined as the contrast
of the OI's dielectric profile (denotes by), i.e., x(r') = % Herein, we refer toy as

the relative complex permittivity contrast profile, or dietric contrast profile, or simply the

contrast.

It should also be emphasized that the data equation, inrigmtesents multiple equations.

% The Green’s function represents the response of the imagstgm in the absence of the Ol due to a Driac
delta excitation.

10 The background medium is a medium in which the Ol has been isede This medium can be air or
any matching fluid that suits the MWI application. (E.g., @radr oil can be a matching fluid for biomedical
applications.)

11 The relative complex permittivity is defined as= €. — I wheree, and o represent the relative
permittivity and the conductivity of this complex value hetangular frequency of respectively. Alsgi? =
—1.

12 The wavenumber of the background mediurkhjs= wy/Ho€o€, Wherepg andeg are the permeability and
permittivity of vacuum, and, is the relative permittivity of the background medium in aithe Ol resides.
(Note that the background medium is assumed to be nonmagmétis thesis, i.e,. = 1.)



1.1 Microwave Imaging 8

Y

Dieletric profile Transfer function > Scattered data

(cause) (effect)

Fig. 1.4: Demonstration of the data equatidn {1.1) in the form of asi@nfunction. Note that the
transfer function itself is dependent on the input.

For example, if we change the angle of illumination, the im&¢ total field in the Ol, i.e.,
E(r'), will change. Similarly, if we change the receiving positithe vector will change,
and thus Green’s functiog(r, ') will change. Finally, the change of the frequency will

also affect this equation.

The data equation may be interpreted as an equation thatsddrdunction operates on the
unknown quantity and yields the measured data. Howevenoitilsl be noted thak/(r '),
which is a component of this transfer function, is itself adtion of the unknown quantity

through the so-calledomain equatiat,

E(r e D)=E"(r € D)+ kg/ g(r e D,r' € D)E(r' € D)x(r' € D)dr', (1.2)
D

where bothr andr’ belong to the imaging domaiPR. As can be understood from (1.2),
E(r) that partially governs the aforementioned transfer fuorcin (1.1) is itself a function
of the unknown quantity(r’). That is why, in practice[ (1l1) is often solved in an iter-
ative fashion by updatind’(r’) (thus, updating the transfer function) as well@s’) at

each iteration. Alternatively, one may also assume sompl#ied forms of £(r’) such as

13 This nonlinear relation betwedn andy makes our problem a nonlinear inverse problem.
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approximating it withE™(r ’), and then solve the resulting linearized inverse pro@em

MWI has several potential applications such as industoatdestructive testing, biomedical
diagnosis, security screening, through wall imaging, alé ageremote sensing of oil spills,
soil moisture, and sea icel[5,7-+19]. Particularly, the baja of MWI to provide quantita-
tive images of the Ol can be useful for clinical applicatiomg., to evaluate the effectiveness
of cancer treatment [20]. Moreover, due to the fact that in MW are using non-ionizing
radiation, as opposed teray computed tomography and also due to its cheaper opeadti
costs compared to magnetic resonance imaging (MRI), thegjing tool can be beneficial
for frequent large-scale monitoring applications. On ttleeohand, MWI can also be uti-
lized in conjunction with other imaging modalities, e.g.ttwultrasound tomography or
magnetic resonance imaging for the detection and diagpagimses [21-23]. However, all

of these benefits come with challenges, some of which willibeugsed in the next section.

1.2 Novelties and Contributions

The above section briefly introduced MWI and its applicagioM/e now describe three of
the main challenges facing this imaging modality. Each ekéchallenges will be stated
in the form of a question. After each question, an approadhbsipresented which can
be thought as a possible solution to overcome the statetengak. These solutions are
basically the novelties and research contributions ofttiesis. (The list of the candidate’s

publications that is directly related to this thesis candaenfl in AppendixA.)

4 This approximation is known as the Born approximation.
15 The reconstruction result presented in Figure 1.2(b) wésiodd under the Born approximation.
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1.2.1 Challenge I

One of the main challenges in the design of an MWI system iatowwhat the best possible
reconstruction that one can hope to achieve from the given Bitem for a typical

Is. This is important since if the best possible reconsipadails to provide the features of
interest (e.g., a required spatial resolution level), tterdesigner will know that the system
needs to be re-designed so that the best possible recdistrassociated with the new
system can provide the details of interest. To understamahiportance of this best possible
reconstruction, let us assume that an inversion from an My§tesn fails to provide the
details of interest. At this point, we do not know if the pretnl is with the incapability of
the inversion algorithm to retrieve all the information temts from the measured r
the problem lies in the fact that we did not have enough medsdata in the first pIa@a

In summary, to enhance the achievable resolution and anctnam MWI, we need to first
develop good understanding about the relation betweendd setasured scattered field data

and the best possible reconstruction.

In this thesis, we have introduced the concept of “best” idesseconstruction. The pro-
cess through which the best possible reconstruction of arl MMtem can be obtained has
been depicted in Figute 1.5. This process needs a numeaidaiation object that resemble
the features of the OIl. This numerical calibration objegpleced in the imaging domain
in the electromagnetic simulation software and will be irdgated by the utilized antennas
in MWI. This step is shown by the forward electromagnetic (Edlver in Figuré 1)5. As

shown in Figuré_1]5, this forward EM sol{&iis affected by the several design parameters

16 MWI systems are often designed for specific applicationsh sts breast cancer imaging systems. There-
fore, for a given MWI system, it is reasonable to define a tp@l, or a few typical Ols.

17 For example, an inversion algorithm that over-regularitesproblem will not be able to use all the
information contents of the measured data.

18 For example, a simple Ol may be imaged with a few antennas, saptennas. On the other hand, if we
have a more complicated Ol, we often need more antenna8gsayjennas

19 The forward EM solver solve§ (1.2) for a given object (i.ekn@mwn ) and a given excitation (i.e., a
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Tx-Pattern B.C.’s Rx-Pattern nRx

i . .

,\m—>l Forward EM solver | — 3y E**¢ 3| Linearized data equation [—> ATy SVD |—> v
(Calibration

object) T T

freq nTx

Fig. 1.5: Demonstration of the process through which the best p@sséadonstruction can be ob-
tained by the use of a numerical calibration object that heimdar dielectric profile as the
Ol. In this process, the calibration object is placed in thading domain and is syntheti-
cally interrogated by the antennas of the MWI system. (Ttap s shown by the forward
EM solver block.) This process provides us with the true nrappperator in[(1]1) de-
noted byA'™®. By taking the SVD ofA"¢, the right singular vector§"“¢ over which the
dielectric profile can be expanded for a given MWI system lallobtained.

including illumination patterns (Tx-Pattern), numberlafiinination angles (nTx), boundary
conditions (B.C.’s), and the frequency of operation (fregjhen this process, i.e., the for-
ward EM solver process, is completed, the true electricdigldhin the calibration object
denoted byE'"™e are computed. Knowing this true electric field within theloadtion object,
the data equation (1.1) becomes linearized with a know . This known linearized
operator has been denoted B¥® in Figure[1.5. The superscript “true” iA"™*¢ is due to
the fact that this operator represents the correct mapgegator that we are trying to im-
plicitly reconstruct in the inversion process for a given M§#tup. Using the singular value

decomposition (SVIF} of the operatord™®, the right singular vectors are found.

These right singular vectors create a space in which theplossible reconstructed contrast

profile has to lie. Therefore, if these right singular vestdo not possess enough details to

known E'™®), and then finds the total fiel# in the object.

20 This known operator includes Green’s function of the backgd medium, the background wavenumber
ky, and the computed true electric field.

21 The SVD of A,,,xn is denoted by V¥ where the superscrip denotes the Hermitian (complex
conjugate transpose) operatbf,is anm x m orthonormal matrix consisting of left singular vectors bét
matrix A. That is,U is the collection ofu; vectors where:; denotes theé™ left singular vector. In addition,
V is ann x n orthonormal matrix consisting of the right singular vestof the matrixA. That s,V consists
of severab; vectors where; denotes theé'" right singular vector. FinallyE is anm x n rectangular diagonal
matrix containing the singular values of the matAxon its diagonal entries. Th& singular value is denoted
by o;. These singular values are non-negative real numbers oéddimg magnitudes; i.er; > 0;41.
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be able to act as an appropriate basis for the unknown copuafde, the unknown profile
cannot be reconstructed well. To understand this bettarsleonsider a simple geometrical
example. Assume we would like to get the point (1, 1, 1) from dhigin in the 3D space
but we only have access to two vectatsandy which are the unit vectors along theandy
axes. Itis then obvious that we can never getto (1, 1, 1) asavm@thave access o Then,
the best possible point will be (1, 1, 0) using these avadlabttors. Therefore, in summary,
if the right singular vectors are not sufficient for the rewal of the desired details of the
calibration object, we need to change the MWI design pararaée.g., increase the number
of illumination angles) so as to add more right singular @esctvith higher spatial frequency

contents in order to meet the required resolution and acguwthe reconstruction.

This introduced concept is a necessary condition that acssguideline in the design pro-
cedure of MWI systems. In addition, by the use of this contlepteffects of several MWI
parameters on the achievable resolution and accuracy fianimtaging tool can be inves-
tigated. This work was published in thEEE Transactions on Antennas and Propagation
and constitutes Chapter 2 of this thesis. We published #p&pduring my PhD studies but
it also includes some aspects of my MSc thesis [24]. In paei¢cthe concept of the best

possible reconstruction was developed during my PhD studie

1.2.2 Challenge I

Another challenge associated with MWI is to understand whatbe done in order to im-
prove the accuracy and resolution of the achieved recarigiruif the desired features have
not been captured in the best possible reconstructiondor the actual reconstruction from

an imaging algorithif). Broadly speaking, in addition to the signal-to-noisearaif the

22 |t should be mentioned that the best possible reconstruntiy satisfy the required accuracy and resolu-
tion but the inversion result does not.
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measured data, the achievable accuracy and resolutionNt@drhdepend on two impor-
tant facts: () the existence of the required information to achieve thsrdd resolution and
accuracy in the collected data ang the capability of the utilized inversion algorithm to
retrieve the needed information from the collected datawAs discussed in the previous
challenge, the proposed concept of the best possible reaotisn is concerned with the
first mentioned fact, i.e., the existence of the informaitiothe collected MWI data. The
information content of the collected data can be increasexigh several methods, e.g, in-
corporatirgmore transceivers in Mg\ br performing the data collection process at multiple

frequenci

Now, the challenge is that hardware and physical limitatido not allow us to keep adding
information to the inversion process through extra measargs. For example, hardware
limitations may not enable us to keep adding the number araras due to their size and
mutual coupling. On the other hand, we might need higheufagies to reconstruct a small
detail. However, these higher frequency electromagnesices may not see the internal
details due to their limited penetration depth. In such sase need a different mechanism
to inject extra data to the inversion process. One way to dis o provide the so-called
virtual data to MWI. To understand this better, let us consider traamgte we discussed
earlier: getting to the point (1, 1, 1) from the origin when wr@y have access t® andy
vectors. As noted earlier, this is not possible. Now imagireg we injectz vector as the

virtual data to the system. We are then able to get to (1, 1sibpd, ¢, andz.

In this thesis, prior information about the Ol is injectetbithe inversion algorithm. There

are various forms of prior information. Herein, we consitter priorstructuralinformation

23 This increases the sampling resolution of the collected.dat

24 Including the low frequency and high frequency informaiiothe collected data from the Ol has its own
advantage: performing MWI at lower frequencies leads toteebpenetration depth while higher frequencies
can result in enhanced resolution.
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about the C@ To this end, the most important aspect is how to inject tpeise data so that
the algorithm is automated and can handle situations wherdoanot have access to prior
information within the whole imaging domain. The detailsoofr proposed method will be
discussed in Chapter 3 of this thesis, which is acceptedegbtirnal of EEE Transactions
on Antennas and Propagatigim press). In the proposed method, the prior structuralrinf
mation only considers the geometrical aspects of regiomisenmaging domain and does
not assume any quantitative values associated with eamnrdgshould also be mentioned
that the presented algorithms in Chapter 3 are fully autechahd do not require any man-
ual adjustments by the user. Moreover, the developed #hgosi are capable of working
with both complete and partial prior structural informatiabout the OI. The importance

this capability will be discussed in Chapkér 3.

1.2.3 Challenge Il

Let us begin the third challenge by considering a scenamdich we neither have access to
sufficient measured data nor have any prior informationigirdata) to use in the inversion

process. Then, what can be done in such a scenario?

To answer this question it might be better to first understiwedimportance of having a
balance between the number of collected data points (wirietihee known quantities of
an MWI problem) and the electrical sgeof the imaging domain (which determines the
number of unknowns of that MWI problem). To this end, let ussider the following two
examples: the first one is regarding three dimensional (8D)éctorial MW and the

second one is regarding two-dimensional (2D) scalar MWI.

25 This structural information can be for example obtainedtigh other high-resolution imaging techniques.

26 The electrical size is the ratio of the actual dimension wéipect to the wavelength of operation.

27 In contrast to 2D scalar MWI which deals with one componethefelectric field, 3D full vectorial MWI
considers all three components of the electric field.
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Assume a 3D full vectorial MWI system with a 3D imaging domaiis )\, x 5\, x 5\, where
X\ is the wavelength of operation in the background medium. pSs@ that the imaging
domain is discretized into 20 cells per wavele%thhich results in al00 x 100 x 100
discretized 3D imaging domain that is equivalent 6f complex permittivity unknowns. It
should be noted that the vector electric field at each cellsis anknown. This results in
having3 x 10° extra unknowns which are nonlinearly relatedl 6§ complex permittivity
unknowns. Now, if we are able to accommodate 3 ring@pfantennas around this 3D
imaging domain (total o8 x 24 = 72 antennas) and assuming that when one antenna s in
the transmitting mode the rest of the antennas are in thévhregenode, the total number
of collected data poir@ will be 72 x 71 = 511, which is the number of the known
quantities of the corresponding MWI problem to be solvedtifias imaging systef1. As
can be understood by comparing the number of known and unkigoantities (i.e.5112
and10° respectively) in this 3D MWI system, there is a significanbatance between the
unknown and known gquantities in this imaging system. This @sult in degrading the

achievable resolution and accuracy in this 3D imaging e

Now, let us consider the similar scenario for 2D scalar MWAAgx 5\, 2D imaging domain

similarly discretized into 20 cells per wavelength, thesulting in al00 x 100 discretized

28 The rule of thumb of 10 discretized cells per wavelength migit be fine enough in order to resolve the
small features of the Ol.

2% The feasibility of collecting these many data points is alependent on the capability of the utilized
switch network in MWI, i.e., the switch network should beatd handle th&2 inputs. However, if we use a
network switch that can only tal& inputs, then the maximum collected data points wilBls&4 x 23 = 1656.

30|t should be noted that in aN-port reciprocal network the number of independent sdatjeroefficients
will be equal to(NJrTl)N [5]. This is also the case for an MWI system with antennas. In our work, we
assumed that;; data are not measured and ogly data (for: # j) are measured and inverted. In addition, we
assume that botk;; ands;; are used for inversion as their associated induced corswastes within the Ol
are different. Note that;; data are often converted to field values using a calibragiohrtique. In our case,
the simulated data are field data and the experimental ioverses field values obtained from measusgd
data.

31 Using more antennas in 3D MWI is challenging due to some layséestrictions such as the placement
of the Ol and the size of the antennas as well as their mutuglicw.

32 Of course, this significant imbalance can be alleviated leyuke of regularization techniques which in-
troduce virtual data, e.g., the use of Laplacian reguladzsumes that these unknowns vary smoothly within
the imaging domain.
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imaging domain. We will then hav)* complex permittivity unknowns. It should be noted
that we also hav&0?* extra complex unknowns for the normal component of the etefitld

to the imaging domain which are nonlinearly related@b complex permittivity unknowns.
(As noted earlier in 2D scalar MWI only one component of thecgic field, i.e., the one
that is perpendicular to the imaging domain, is assumed tthé&&ominant component.)
Assuming that we can fit4 antennas on a ring surrounding the 2D imaging domain (simila
to the 3D case but only having one ring of antennas), we wileRd x 23 = 552 data points

which are the known quantities of the corresponding 2D sdA&| problem.

As can be seen, the imbalance between the number of knownr&kmsbwn quantities has
been improved when 2D scalar MWI is utilized instead of 3D ¥elctorial MW. This
can be better understood by comparing the ratios of the wmk&ito knowns for these two
examples of MWI. In 3D full vectorial MWI, the ratio of the unkwn to known quantities
is about196 (i.e., %), whereas in 2D scalar MWI this number is about 18 (i%@%,).
Therefore, shrinking the imaging domain from 3D to 2D hagpé&edlus in alleviating this

issue: improving the balance between the known and unknaantdgies, and potentially

enhancing the achievable accuracy and resolution fromrttaging tool.

As can be seen for both 2D scalar MWI and 3D full vectorial MWEg often have more
unknowns than knowns. One way to handle this issue is totimjgcal information as we
discussed under challenge Il. We also note that typicallagigation schemes can also be
viewed as methods of adding some generic forms of virtuarimétion. For example, let us
consider the under-determined system of equatidmns= b mapping the unknown quantity

x to the measured datawhere A € C52*1000 andp ¢ C°52. This system of equations,

33 For 2D scalar MWI to be acceptable, one of the main assunptsoto haveg—; — 0 when the imaging
domain lies in thery plane. This assumption has been previously used for bredstoaearm imaging, but
in any case it does introduce modeling errors to the invaraigorithm. On the other hand, 3D full vectorial
MWI reduces this modeling error, but as noted above suffens fincreased imbalance between the known
and unknown quantities.
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when used with standard Tikhonov regularizgﬁamurns into the following least squares

problem

2

A b
T = argmin x— (1.3)
’ BI 0

where||.|| denotes thé., norm, 52 is the regularization weigh{; is the identity matrix;

is the regularized solution ardg mgcin denotes minimization over[25]. It should be noted
that the matrixA has been augmented with the identity matrix to form a newisnaith the
dimension ofC!0552x100%0  Erom an information point of view, our original measuredada
points have been virtually increasedIt@h52 by the use of a regularization operator to deal
with 10000 unknowns. However, this might not be always ideal as thermé&dion coming

through these regularization techniques are very generic.

Another way to handle the challenge of having too many unkrsoand limited knowns is
to further decrease the number of unknowns. This thesisestigithe use of the transmit and

receive patterns of the utilized antennas toward this gdak will now be briefly discussed.

We have proposed to use one of the MWI's design parametensglgathe incident field
distribution within the imaging domain as a tool to reduce tlumber of unknowns to be
retrieved. In other words, this thesis suggests that ondal@advantage of the incident
field distribution to partially control the sensitivity ohé measured data with respect to
different regions within the imaging domain and consedqydy@ able to suppress the effects
of some parts of the imaging domain on the collected datas G&in be viewed as having

less number of unknowns within the imaging domain. Theegfone immediate advantage

34 |n the standard Tikhonov regularization method, we solve= b by minimizing | Az — b||> and||z||>
overz simultaneously. That is, we find by minimizing | Az — b||* + 52 ||z||* where3? is a real number
called the regularization weight.
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(a) Non-focused transceivers (b) Focused transmitter, non-focused receiver

Tx

Rx

(c) Focused transceivers

Fig. 1.6: MWI setup with three modes of transceiving: (a) demonstréte mode in which non-
focused transmitter and receiver have been used, (b) dapitsetup that incorporates the
focused transmitter while using non-focused receiver,(eptepresents the mode in which
focused transmitter and receiver have been utilized forintezrogation of the imaging
domain. (Tx denotes the transmitter, and Rx denotes thevezcé x 4 square grid denotes
the imaging domain of the MWI system.)

of this method is to have an improved balance between the ikr@md unknown quantities

in MWI that can potentially lead to improvement of the aclailele accuracy and resolution
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of MWI. The incident field distribution in MWI is directly related the properties of the

antenna with which the Ol is irradiated. One of the main @mgks is the fact that the Ol is
placed close to the antenna (i.e., in the near-field zoneechtitenna, and not in its far-field
zon¢). Therefore, the near-field (NF) distribution of the ant@meeds to be considered in

the design procedure of M

Inspired by recent developments in tailoring the NF distiitins of radiators, we have sug-
gested to use a focused NF distribution (as opposed to actusdéd one) for the illumi-
nation of the Ol in order to reduce the effects of the regiamside the region of interest
(ROI on the collected data in MWI. To better understand this, wesftlemonstrated the
proposed idea in Figurés 1.6(a) and (b) where the former stiogvnon-focused NF distri-
bution and the latter depicts the focused NF distributios.cAn be seen, when the antenna
with a focused incident distribution is utilized in MWI, nmdy 4 cells out of16 cells within

the imaging domain are illuminated. On the other hand, tleeofia non-focused transmitter

35 This approach will provide more potential advantages idiclg: () enabling the use of simpler inversion
techniques, i{) reducing the modeling errors, anii \ mitigating the non-uniqueness issue associated with
MWI. Note that the MWI problem can be thought as multiple irseesource problems. This is due to the
fact that every time that the Ol is illuminated, a set of castrsources is induced in the Ol which acts as the
source for the scattered field data. It is well-known thatitiverse source problem has a non-unique solution
due to non-radiating sources [26]27]. It should be pointgdiwat in MWI the non-uniqueness of the inverse
source problem is generally alleviated through the use dffijphesilluminations. This is due to the fact that the
contrast sources arising from multiple illuminations h&wehare one common factor which is the unknown
Ol’s dielectric contrast [26].

36 |n addition, we have previously shown that the use of a foturseident field can enhance the singular
value dynamic of the ill-posed problem; see the author’s Mh®sis [24].

37 The far-field zone of an antenna starts from a distance aveay the antenna, sastr, and then goes
to infinity. In the far-field zone, the fields radiated by théeamma can be approximated by plane waves. To
find rrr, we often need to find the largest value between the followimyquantities: i) 2D2 /X and (i) 10\
whereD is the largest dimension of the antenna arisl the wavelength of operation in the medium. For small
antennas, the first quantity, i.@(A\ is the largest number, and therefore for small antennadatHeeld zone
starts froml10\. In other words, for small antennas, the near-field zoneao¥er distances that are smaller
than10\ from the antenna. On the other hand, for large antennasetiumd quantity, i.e2D2/\ will be the
dominant value [24].

38 The use of near-field (NF) antenna(s) as opposed to far-fiéljlgntenna(s) is one of the novelties of this
thesis as to the best of our knowledge this is the first timeahantenna designed from a given desired NF
distribution has been investigated for MWI.

39 |n the terminology of this thesis, we refer to the subset efithaging domain that we would like to make
the collected data sensitive to as the region of interest}RO
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results in the illumination of the whole imaging don@inThis method has been presented
and discussed in details in Chapitér 4, which has been peblishthe journal ofSensors
(special issue of Microwave Imaging and Detection). Aduditlly, in the author’s opinion,
the use of a focused incident NF distribution is importansfame MWI applications since it
may be viewed as a smaller ruler with which finer details of@ean be see@ However,
this aspect still needs further investigation and our pisdimited to one example in this

thesis.

Finally, in this thesis, we have considered another degrdéeedom in MWI design, i.e.,
the receiving pattern of the antennas. This thesis sugtestsising receiving patterns in
conjunction with transmitting patterns can be helpful taHer tailor the sensitivity of the

collected data with respect to the ROI.

In Chaptelb, we will show that using these two degrees ofifsee(i.e., transmit and receive
patterns) concurrently can be viewed as an MWI hardwaregdpe@ that provides

a mechanism to further suppress the sensitivity of the medsdata with respect to the
regions outside the ROI. This can be better understood byahmparison of Figurds 1.6(a)
and (c) that depict the two modes of transceivers, i.e.,foonsed transceivers and focused
transceivers in MWI. In the non-focused MWI setup demonsttan Figure 1.6(a), the
receiver is sensitive to all thi6 cells in the4 x 4 grid. However, let us now consider the
focused transceivers as shown in Figuré 1.6(c). Under diiecbapproximatio@ (e.g.,

the Born approximation), the receiver is now sensitive t@weir cells compared to the

40 Note that due to multiple scattering events within the Olaufed incident field does not necessarily result
in the focused total field within the OI.

41 Note that this is different than the numerical aperture imithe context of Abbé’s diffraction limit. In this
method, our purpose is to confine the geometrical suppomfast sources suing focused beams.

42|t is important in MWI design to make sure that we have takea the account both dfiardware pa-
rameters e.g, incorporated transceivers in MWI asdftware parameterse.g., utilized inversion algorithm,
completely. This is due to the fact that for any applicatioere is a trade off between the requirements in each
of these two categories that can lead us to the optimum désidWI.

43 The utilized localized approximation is discussed in Chept
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previous cases. As noted earlier, this simplified demotigtréias been provided for better
understanding of the proposed method and does not takedotwmat phenomena such as
multiple scattering events within the Ol. The details of westigation for this method is

presented in Chaptel 5. This work is currently under review.

1.3 Outline

This chapter described the scope of my thesis and its roadifapsecond chapter of this
thesis, Chaptdr] 2, is a peer-reviewed journal paper th&ides the research work of my
MSc and PhD studies. In this paper, a mathematical framevgarkroduced with which
the achievable accuracy and resolution from MWI can be aedly The main contribution
of my PhD research work in this paper was the introductiorhefdoncept of the best pos-
sible reconstruction which is a necessary condition thatlesd¢o be satisfied in the design
procedure of MWI systems. Therefore, the discussion oroihie bf the best possible recon-
struction in Chapterl2 should be viewed as part of my PhD dmrttons, and the remaining
parts of this chapter should be viewed as the backgroundniation. Chapterl3, which is
one of the accepted (in press) papers of the candidate, ceowed with the MWI inversion
algorithm development. This chapter proposes a methoddotinirtual data into the MWI
algorithms in order to improve their achievable accuraay asolution. In the proposed
method, the prior structural information about the Ol hasrbecorporated in the utilized
imaging algorithms, i.e., the MWI software. The developlgbathms in this chapter are
able to work with both complete and partial structural infiation about the OI. On the other
hand, Chaptdrl4 is a peer-reviewed journal paper that méoolyses on the MWI hardware
aspect. In this chapter, the advantages of using focusadeimcnear-field (NF) distribu-
tions in MWI are discussed. These advantages include ssgipgethe sensitivity of the

collected data with respect to the regions outside the ROCHaptef b, it is demonstrated
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that the simultaneous use of receiver and transmitter withded patterns can be beneficial
in tailoring the sensitivity of the collected data with respto the regions outside the ROI
even more. (Note that both of these two parameters are delatthe hardware aspect in
MWI.) This chapter, which is an under-review journal padso discusses that the use of
focused receiving patterns in conjunction with transmgtpatterns, which can be useful in
making the reconstruction with simpler inversion algarihimore accurate. In Chapiér 5,
it is demonstrated that the MWI hardware (i.e., incorpataetennas in the system) can be
as useful as MWI software (i.e., utilized imaging algorig)nm improving the achievable
accuracy and resolution from MWI. Specifically, in Chaptew® have suggested that in-
stead of using the transceivers to solely interrogate thev®Ican take advantage of their
transmitting and receiving patterns to tailor the senigjtiof the scattered field data with

respect to the unknowns.

In summary, this thesis is structured based on the groupediscapt style (i.e., sandwich
thesis). Therefore, Chapters 2 to 5 are the candidate’srpeiewed or under-review journal
papers. These papers collectively contribute toward tlaé¢ @fahis PhD thesis as described
in Sectior 1.2. Following is the list of these papers in thdeorf their appearance in this

thesis:

e Nozhan Bayatand Puyan Mojabi, “A Mathematical Framework to Analyze thehiev-
able Resolution from Microwave TomographyEEE Transactions on Antenna and

Propagationvol. 64, no. 4, pp. 1484-1489, 2016.

e Nozhan Bayatand Puyan Mojabi, “Incorporating Spatial Priors in Micrax@gdmag-
ing via Multiplicative Regularization,” Accepted to be dighhed inlEEE Transactions
on Antenna and Propagatiopp. 1-12, 2019 (Manuscript ID. AP1905-0924.R1), in

press.
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e Nozhan Bayatand Puyan Mojabi, “On the Use of Focused Incident Near-Hia¢d

tributions in Microwave Imaging,Sensorsvol. 18, no. 9, pp. 1-26, 2018.

e Nozhan Bayatand Puyan Mojabi, “Focused One-Dimensional Microwave limgg

by Near-Field Plates,” Under-review.

Chapte 6 summarizes the works that have been done in thésrtiiion and the future
avenues that can be pursued in this research area. Fihalguld be noted that this disser-
tation includes eight appendices entitled Appendix A to épgtix[H, which are mainly the

appendices of the author’s published, accepted or sulthpittenal papers.



Concept of Best Possible Reconstruction

This chapter encloses a peer-reviewed journal paper palismlEEE Transactions on An-
tennas and Propagatiothat consists of the author’s work during his MSc and PhDistid
As has been stated in Section 112.1, one of the main chalehgeMWI faces is to under-
stand the best possible reconstruction that we can achiened given MWI system with
specific designed parameters, e.g., the minimum numbean$dteivers which needs to be
incorporated into an MWI system in order to achieve a desimadje resolution. This chap-

ter proposes the concept of the best possible reconstnuotmrder to address this issue.

Herein, a mathematical framework that can be utilized tduata the effects of different
MWI parameters such as the frequency of operation and nuofliEansceivers within the
system has been introduced. The main contribution of tHeoastPhD work in this paper is

the introduction of the concept of best possible reconB'tr[Q: This concept can act as a tool

1 ©[2016] IEEE. Reprinted, with permission, from Nozhan Bayat anda@Pullojabi, “A Mathematical
Framework to Analyze the Achievable Resolution from Micem& Tomography,JEEE Transaction on An-
tenna and Propagatigrvol. 64, no. 4, pp. 1484-1489, 2016.

2 This concept is introduced in Section2.4 of this paper aad thhas been evaluated in the Results section
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in the design procedure of MWI systems using which the desigan evaluate the effects of
different MWI's parameters on the best achievable recanstn accuracy and resolution.
In other words, this concept serves asegessargondition to be checked prior to the actual
hardware design. It should be mentioned that even if the festible reconstruction is
successful in providing desired details about the objeictchienaged, there is no guarantee
that these desired features will be retrieved during theshatversion process. The abstract
of this paper is as follows, which will then be accompaniedh®/remaining sections of the

paper.

Abstract A mathematical framework is proposed to investigate hdfedint parameters
affect the achievable resolution from microwave tomogyafMWT). This framework at-
tempts to incorporate multiple scattering events withia tibject of interest (Ol) into its
analysis by taking into account the effect of the inducedltbéld within the OI. To this
end, a linearized operator, which maps the OlI's permittipitofile to the measured data,
is first constructed. The framework then revolves aroundhtiraber of the right singular
vectors of this operator, and their spatial frequency austéhat can be utilized in recon-
struction. Furthermore, this framework is used to intraiihe ‘best’ possible reconstruction
that can be achieved in a given MWT system when imaging aay@t. This concept can

then provide some insights and guidelines for MWT systenmgdes

2.1 Introduction

Microwave tomography (MWT) is an imaging method that creajaantitative images of
the dielectric profile of an object of interest (Ol). This igiag modality offers several po-

tential applications ranging from industrial non-destivesevaluation to biomedical imag-

against synthetic data sets as well as the Conclusionso8ecthe remaining part of this chapter should be
treated as the background materials as they are related tuthor’'s MSc work.
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ing [16,[28+-30]. To make MWT a viable imaging method, it is on@ant to have solid
understanding about its achievable resolution limit fdfedent measurement scenarios and
different Ols. To this end, it is important to have a mathecahtframework using which
such analysis on the achievable resolution can be perforne@n earlier work[[31], a
mathematical framework for studying the achievable ragmiurom linear inversion meth-
ods was presented. The authors|of [31] then investigatedtirrghoice of nonlinear in-
version algorithms can result in enhanced resolution coetpi® the use of linear inversion
methods. In contrast to [31], this paper attempts to prosideathematical framework di-
rectly for nonlinear inversion algorithms. A few other pegpee.g.,[[32, 33], have quantified
the resolution achievable from a given experimental MW Ttesysfor a few targets. In con-
trast to those papers, this paper does not aim to quantifp¢hievable resolution from a
given experimental system, but attempts to provide a madkieat framework using which
the achievable resolution limit from any MWT systems can bgdy studied. The core of
the framework proposed in this paper is borrowed from a nmattiieal framework that was
recently used to solve the discretized linear Fredholngnateequation of the first kind [34].
In this paper, this framework is adapted to the discretizauinear integral equation asso-
ciated with the MWT problem. As noted above, the proposechéraork attempts to take
into account the nonlinearity of the MWT problem in its reg@n analysis, thus, provid-
ing more accurate understanding of the achievable resalfitom MWT compared to the
aforementioned works. In addition, based on this framewtwk different concepts will
be introduced, namely, the direct expansion of the conpasditle and the ‘best’ possible
reconstruction, which can be used to provide some guidehnd insights on how to design
an MWT system. Throughout this paper, we assume that the pragagation inside the

MWT chamber is two-dimensional transverse magnetic.
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2.2 Nonlinearity and Resolution

Let’'s consider the so-called MWT data equation that mapgsliblectric profile of the Ol,

located within the imaging domaiB, to the scattered data measured out@idkes

E*¥(p) =k} /D 9(p.9)E(q)x(q)dq, (2.1)

whereE5{(p) is the scattered electric field at the measurement dorhgis the wavenum-

ber of the background mediun{q) is the unknown dielectric contrast profile of the Ol.
The position vectorp and g span the measurement and imaging domains respectively,
and g(p, q) is Green’s function of the background medium. The total fielside the
imaging domain is denoted b¥(q). The contrast profile(q) of the Ol is defined as
x(q) = (e(q) — &) /e, Wheree(q) is the unknown relative permittivity profile of the Ol, and

€y IS the known relative permittivity of the background mediufo analyze the achievable
resolution from MWT, we need to analyze the operator thatswle unknown contrast pro-
file, x(q), to the measured scattered ddf&>®{p). As can be seen frori (2.1), this operator
depends on both the Green’s functig(p, q) and the total field within the imaging domain
E(q). In other words, the information flow from the imaging dom#irthe measurement
domain is mainly controlled by these two functions. The n@iallenge in analyzing this
operator is that the total fiel(q), which partially defines this operator, is itself nonlirigar
related to the unknowg(q). This makes this operator dependent on the Ol. (This is one of
the reasons that different resolving abilities have beesented for the same experimental
MWT system when imaging different Ols; e.g., see [32].) Bhse the above discussion,

it can be concluded that the measured data is nonlineadyectko the unknown contrast.
Therefore, our first step toward providing a mathematicatkework is to decide how to

handle this nonlinearity.
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Herein, we aim to linearizd (2.1) without imposing significapproximations orf(q).
That is, we would like to incorporate as many multiple sgattgevents as possible into our

analysis. To this end, we use the following procedure.

1. The measured datBs®{p) is inverted using a nonlinear inversion algorithm. A
nonlinear inversion algorithm iteratively attempts to rabohultiple scattering events
within the OI. Herein, the multiplicative regularized Gatidewton inversion (MR-

GNI) algorithm [2| 35] is used as the nonlinear inversioroaiiym.

2. The total fieldE(q) at the last iteration of the MR-GNI algorithm is calculatddhis
calculated total field is denoted l#y(q). For a given inversion algorithm, assuming
that the regularization weight is chosen properly, thiswalted total field will be
the most accurate estimate of the multiple scattering eweithin the Ol that this

inversion algorithm can recover.

3. This calculated total field will then be used[in (2.1) teekmnize the data equation with

respect toy(q). That is, the linearized equation will be

known linearized operator
7\

known measured data < unknown
scal 2 n
E*p) = kb/Q(p,q)E(q) x(q) dq. (2.2)
D

We now have a linearized map between the unknown dielectafilgp and the measured
data. (It should be noted that this type of linearization lbe@sn previously used for image
enhancement of MWT final reconstructions|[36].) We now needrtalyze this linearized
operator in conjunction with the measured data in order ttetstand how different param-
eters affect the achievable resolution. To this end, werelige [2.2) asAy = b whereb is

a complex vector of lengthn containing the measured data pointss a complex vector of

lengthn containing the contrast values at each discretized cdtiiihaging domain, and

Is am x n.complex matrix, which is the discretized form of the intdgguation operator in
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(2.2). As can be seen, the matixdepends on Green'’s function of the background medium
and the total field=. Using the singular value decomposition (SVD) of the mattixthe

discretized contrasg can be written as [37]

min(m,n)
ullh

X = Vi, (23)

i=1 g

whereu; andwv; are the left and right singular vectors df respectively and; is theith
singular valug Note that the upper limit of the above summatiomisi(m, n) to exclude
the zero singular values from the summation. This indicdtasthe solutiory lies within
the space of the firshin(m, n) right singular vectors;, and is equal to the summation
of these right singular vectors, each of which weighteduBy/o;. Finally, we note that
when a regularization scheme is used in an inversion algoriit is more appropriate to
consider the SVD of the augmented operator that accountiséqresence of the regularizer.
However, this will make the analysis more complicated aso dependent on the utilized

regularization scheme. In this work, we have not taken titis account.

2.3 MWT Resolution Analysis

The key idea behind using_(2.3) for resolution analysiswéhin the fact that the right sin-
gular vectorsy; have properties similar to the Fourier series’ basis fumsti Specifically,
right singular vectors; of small indices have mainly low spatial frequency components;
as the index increasesy; will then have higher spatial frequency contents [34]. Efere,

as the index increases, the summatidn (2.3) will try to incorporate mugh spatial fre-
qguencies into the solutiop. To use this idea in the rest of this paper, we need to have a

tool to evaluate the spatial frequency contents of righguliar vectors in different measure-

3 These singular values are non-negative real numbers oéddsg magnitudes; i.ez; > ;4 1.
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ment scenarios. To this end, we use the power spectrum ofgtitesingular vectors as used
in [34]. Herein, to be able to compare the spatial frequemeyents of the power spectra of
differentwv; within the same plot, we choose to plot only one cutwff., f,)|* for each;.

(f. and f, are spatial frequency indices andienotes the Fourier transformaf) Specifi-
cally, we plot|o;(f., f, = 0)|* against differenff,, ands indices. As will be seen later, this
plot is similar to a rotated “V” letter where the apex of the™kpresents the zero spatial
frequency component. As the indéincreases, the aperture of the “V” increases; thus, in-
corporating higher spatial frequency components. It isettoee clear that incorporating as
manywv; as possible into the reconstructeds desirable so as to achieve a high resolution
image. We now need to address the number of right singuldorgethat can be incorpo-
rated into the reconstructed contrast From [2.3), it might be mistakenly concluded that
we can always incorporatein(m, n) right singular vectors into the reconstructed contrast.
However, this is not the case due to the ill-posedness of thielggm which results in the
blow up of the coefficients’b/o; for largei indices [37]. Therefore, although it is critical
to incorporatey;s with large: indices into the reconstructed contrast, we cannot incélide
the v;s due to the instability of the associated mathematicallprob This indicates that
the final solution will suffer from not having some high spafrequency components. If
those high spatial frequency components are needed tossfiothg reconstruct a feature in
the Ol, that feature will not be properly shown in the recansied image. We now need a
tool to determine how fast’b/co; coefficients blow up. This is important because the faster
these coefficients blow up, the smaller numbengfcan be used in the reconstruction. To
this end, we simply plot the magnitude of the coefficieni$/o; versus the index. This
plot in conjunction with the power spectrum plot enablesaisampare different scenarios

for MWT applications in terms of the achievable resolution.
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2.4 Direct Expansion and ‘Best’ Possible Reconstruction

As noted above, the number of right singular vectors usetierekpansion of the recon-
structed profile needs to be truncated to deal with the degmess of the problem. At this
point, it is important to be able to check what we could hawenstructed if we were able
to use all thanin(m, n) right singular vectors in the reconstruction. To this end,psoject
the true contrast profile, denoted k¥, into the space spanned by all thén(m, n) right
singular vectors. The result of this projection, which wkerdo as the direct expansion of
the contrast profile, is denoted iy, and will bex ™ = STmm(mn) (,Htuey,. - Oncey ™

is calculated¢”": can be easily obtained.

It is also worthwhile to discuss a simple method for the eatdun of the ‘best’ possible
reconstruction of an Ol in a given MWT setup. This is impottaimce we first need to
confirm whether or not this ‘best’ possible reconstructian mesolve the features of interest
prior to inversion. In fact, if the ‘best’ possible reconsttion cannot achieve the required
resolution level, the data inversion will not be able to resdhese features either. As will
be seen later, this can provide some insights on how to desigdtWT system to achieve
a desired resolution level. To find the ‘best’ possible retarction, we first give the true
contrasty™® to the forward solver to generate the true total field witthia OI. This true
total field is denoted byE'™e, We can now linearize the data equation by utilizift}'®
instead ofE in ([2.2). This new linearized operator is then referred to44%¥°. The true
contrast profile is then projected into the space spanneldedfjrstmin(m, n) right singular
vectors ofA"™ ¢, denoted by!"®. The result of this projection, which we refer to as the ‘best
possible reconstructiogP®s! will have a mathematical expression similar to thay 6f with
only one differencev™® will be used instead af;. Oncex®is obtained¢?®stcan be easily
found. We note thai®s'is not necessarily the same @& sincey®®stcan only lie within

the space of the firshin(m, n) right singular vectors; howevey™® may have components
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which lie within the space of the right singular vectors witHices greater thamin(m, n).
As also noted earlier, #*s!cannot achieve the desired resolution level, the inversfahe
data cannot achieve the desired resolution level eithas i$tdue to the fact that obtaining
e*®stis based on knowing the true total field within the OI; howeiran inversion process
we can only aim to have af that is as close as possiblefi§e. (As will be discussed later,

this idea can be used to design application-specific MWTesyst)

2.5 Results

We now apply the above framework to both synthetic and erpanrtal data sets. The syn-
thetic data is collected from a target, which we refer to @Hkarget. This target, shown
in Figure[2.1(a), has been previously used in other pulddicaf e.g., inl[32,33]. Similar
to [32], we assume that the-target is lossless and has a relative permittivit gfwithin
our frequency range of interest. (For all the results priegsem this paper, the inversion
algorithm starts with an initial guess of zero contrast.)foBe starting our analysis, it is
important to make sure that the number of utilized transzsivs sufficient for the ‘best’
possible reconstruction to resolve the features of thisli®bur simulations, we assume
that all the antennas are equally spaced around a circletiathadius of 0.15 m. Now, if
the number of antennasiid 'z, the total number of collected scattering data points véll b
nTx x (nTx — 1)@. We now choose three possibié'z, namely, 8, 16 and 24 at the fre-
quency of 5 GHz. The ‘best’ possible reconstructed profff! for each of these cases has
been shown in Figure 2.1(b)-(d). As can be seen, the ‘bessipte reconstructed profile
fails to resolve these features whef'z is 8. Thus, if 8 transmitters are used for imaging
this target, the reconstruction will also fail. Herein, weose the number of transmitters to

be 16 unless otherwise stated. As can be seen, the concéft pfovides some guideline

4 See Footnote 30 in Chapfér 1 for a detailed explanation.
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Fig. 2.1: (a) Real part of the true relative complex permittivity plafi (b)-(d) ‘Best’ possible
reconstruction,eEeSt, when the number of antennas is set to 8, 16, and 24 resgegctive
(f =5 GHz)

for the MWT system design; e.g., by avoiding 8 transmitterstifiis measurement config-
uration when imaging objects similar to thiStarget. To generate the synthetic data set
to be inverted, we discretize tHe-target into150 x 150 cells within a12.6 x 12.6 cm?
domain. (Unless otherwise stated, we assume that the titd@smare line sources.) In all
the examples concerning the inversion of this synthetia dat, the inversion domain is
14 x 14 cn? that is discretized intd00 x 100 cells. Let’s start by studying the role of noise
in the achievable resolution gt= 5 GHz. To study the effect of noise, we add synthetic

noise to our data set based on the formula given_in [38]. #pelty, we consider four
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Fig. 2.2: (a) Power spectrurtv;(f., f, = 0)|? atn = 0%. (Each column of this image represents
the power spectrum of a given with respect tof,..) (b) Variation of |ul’b|/o; for four
different noise levels. (c)-(d) Reconstructed real pathefpermittivity profile forn = 0%

andn = 20% respectively. (e)-(f) Direct expansion of the real parthef permittivity profile
for n = 0% andn = 20% respectively. Tz = 16 and f = 5 GHz.)
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Fig. 2.3: (a)-(c) Power spectré;(f., f, = 0)|* at 500 MHz, 3 GHz, and5 GHz respectively;
(d) Variation of|ufb|/o; at six different frequenciesn{’z = 16 andn = 3%.)

different noise levelsy = 0%, 3%, 10%, and20%. The power spectrum of the right
singular vectors when the noise leveDig is shown in Figuré 2]2(a). (Note thatin(m, n)

is 240 for this example.) Although not shown, the power specdrresponding to the other
three noise levels have similar spatial frequency contenthe one shown in Figure 2.2(a).
Also, as can be seen in Figurel2.2(a), the power spectruns llidaka horizontal “V” letter
as pointed out earlier. Now, the question to be answered &heh or not we can use all
these spatial frequency components in the reconstrucfign ®o answer this question we
plot |ub|/o;, which are the coefficients of the summatibn2.3); see Ei@R(b). As can

be seen in Figure 2.2(b), as the noise level increases, toesiicients tend to blow up at
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smaller: indices; thus, less number ofs can be incorporated into the reconstructetd
avoid instability. Consequently, as the noise level insesaless high spatial frequency con-
tent can be incorporated into the solution; therefore, tieeavable resolution will degrade
as the noise level increases. (Note that evemfer0% we still have some numerical noise,

e.g., round-off error.)

Now, let’s take a look at the reconstruction of this targdte Teconstructed permittivity pro-
files, denoted by have been shown in the middle row of Figlrel 2.2 for the twe®@oi
levels. (The reconstructed imaginary part of this losstasget is small, and not shown
here.) As can be seen, as the noise level increases, thesteadion accuracy suffers. In
this example, the three small fingers in the bottom left otthe object have not been recon-
structed at any of these noise levels. Also, for the noisel @\20%, the finger in the bottom
left of the target starts to disappear, and also the two faigethe bottom right of the target
start to combine into one bigger finger. The direct expansidhe reconstructed real-part of
the permittivity is shown in the last row of Figure 2.2 fpe= 0% andn = 20%. As opposed
to the reconstructed profiles, these direct expansionsreaetved the three small fingers in
the bottom left of the OI. (Note that the discretizationf used to create the direct expan-
sion is chosen to be different than the one used to creatgtileesic data set so as to avoid
the inverse crime.) The above observation is very importdrghows that in the example
considered here, the noise level is the main reason for nog lable to resolve the three
small fingers in the OI. This is due to the fact that the presa@iaoise limits the number of
v;S that can be used in the expansion of the unknown profile heretords, the presence of
noise limits the dimension of the space into which the unkmpvofile is projected. As also
noted earlier, the presence of the regularizer affectsitfgriar vectors into whicla°“°"°is
pojected; however, this is not the case &pt. This explains why'®®Saty = 0% is more

homogeneous than its correspondifity; compare Figures 2.2(c) and (e). We now consider

the effect of the frequency of operation on the achievatdelwmtion. Similar to the previous
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Fig. 2.4: (a)-(b) Reconstructed real part of the permittivity profie500 MHz and5 GHz respec-
tively; (c)-(d) Direct expansion of the real part of the pétivity profile at 500 MHz and

5 GHz respectively; (e)-(f) ‘Best’ possible reconstructiatb00 MHz and5 GHz respec-
tively (nTx = 16 andn = 3%.)
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example, we assume that the Ol is irradiated by 16 transseivowever, in this section,
we fix the noise level to be3%. The frequency is then changed from 500 MHz to 5 GHz.
Let's first take a look at the power specti(f., f, = 0)| at three different frequencies
that are shown in Figufe 2.3(a)-(c). As can be seen, as tlex indcreases, the amount of
high spatial frequency contents withinis generally increased in the form of a horizontal
“V” letter. Now, let’s consider how many of these right singuvectors can be used in the
reconstruction of the unknown profile. This can be undestopplotting the coefficients
|uflb| /o; versus the index. As can be seen in Figule 2.3(d), as the frequency increases,
these coefficients tend to blow up at a larger indeXhat is, as the frequency of operation
increases, the reconstructed profile has the chance tothe@wai space of;s having a larger
dimension, thus, having the chance to resolve more featiites reconstruction results at
500 MHz and5 GHz are shown in Figure 2.4(a) and (b), respectively. As aasden, as
the frequency increases, we have better reconstructiors iJltonsistent with our obser-
vation regarding the ability to incorporate more right sitag vectors into the expansion of
the reconstructed contrast as the frequency increases, INsvconsider what we could
have achieved if we were able to use all the right singulatoreat these two frequencies.
That is, we'd like to address whal’ would be for500 MHz and5 GHz. This has been
shown in Figuré 2]4(c) and (d). As can be seen, for each frexyie” is better than its
corresponding!®®°"s This is, of course, due to the fact thé&°"Scannot utilize all the right
singular vectors whereas we have used all the right singekaorto createc’". Itis now
worthwhile to consider the ‘best’ possible reconstructbithese two frequencies as shown
in Figure[2.4(e) and (f). As opposed to the reconstructeéilprand the direct expansion,
the three small fingers are visible in the ‘best’ possibl®nstruction at both frequencies.
Having this in mind, and noting that the ‘best’ possible mstouction relies on the true total

field in the object, as opposed to the reconstructed (estumabtal field in the case of the

5 Herein, we have utilized all the right singular vectors uprtim(m,n) of the reconstructed matriA to
V’UT',
create the V.
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Fig. 2.5: (a) Power spectrurfv;(f., f, = 0)|? for m = 1000; (b) Variation of |u”b|/o; for m = 0

andm = 1000; (c)-(d) Reconstructed real-part of the permittivity plefior m = 0 and
m = 1000 respectively. 4Tz = 32, f = 5 GHz, andy = 3%.)

direct expansion, it can be concluded that the accuratereegf the total field in the Ol
(or, equivalently, the multiple scattering events withe Ol) is very important in achieving

a high resolution image.

In all the previous examples, we have assumed that the miciigdd distribution by which
the Ol is illuminated has the distribution of a line sourcee Ww consider the use of a
focused incident field distribution, which can be modellgdultiplying the incident field

distribution of the line source byos™ ) wherev is the angle between the boresight axis
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of the transmitter and the line that connects the transntitt¢he observation point [ig]
The parametem controls the focusing level; the larger, the more focused incident field
distribution. Now, let's assume that 32 transceivers atzed to collect the scattering data
set. Herein, we consider single-frequency inversion at & @Hen the noise level is set to
3%. The power spectrum plot fon = 1000 is shown in Figuré 2]5(a). The power spectrum
for m = 0 is similar to that ofm = 1000, and is not shown here. In addition, as shown in
Figure[2.5(b), the coefficientsb|/o; blow up for largeri whenm = 1000 as compared
to the case whem = 0!/ This indicates that with the increased focusing level, veeraw
able to utilize more right singular vectors to reconstriaet inknown contrast. This should
now demonstrates itself in the reconstructed permittivging these two different focusing
levels, shown in Figurie 2.5(c) and (d). As can be seen, tleethmall fingers in the bottom

left of the profile are visible whem = 1000; but, they are not visible whem = 0.

We now consider the experimentaamTwinDielTM data set collected by the Fresnel In-
stitute [1]. The target consists of three dielectric ciacudylinders. Two of these cylinders
have a diameter of 31 mm, and a relative permittivity3af 0.3. The other cylinder has a
diameter of 80 mm and a relative permittivity bft5 + 0.15. This target is irradiated from
18 different angles, and the resulting scattering field Ikected at 241 points at 9 different
frequencies ranging from 2 GHz to 10 GHz with the step of 1 GHa’s first observe the
power spectra corresponding to the single-frequency (2)@Ha multiple-frequency inver-
sion of this data set, shown in Figurel2.6(a) and (b). As caselea, the multiple-frequency
inversion provides higher spatial frequency contents @megbto the single-frequency inver-
sion. Also, the coefficients:’b| /o; associated with the multiple-frequency inversion blow

up later compared to those associated with the 2 GHz inve(siot shown here). Conse-

6 This focusing parameter denoted fyshould not be confused with the number of measured dataspoint
which has also been denoteddyand has been used in several places in this chapter in theofarrin(m, n).

” Note that such large focusing values may not be practical. For example, see the note ondhidng
distance in Chaptéd 5. Herein, we have used such large fogusivalues merely for the sake of discussion.
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Fig. 2.6: FoamTwinDielTMexperimental data: (a)-(b) Power spedtig .., f, = 0)|? for 2 GHz

and multiple-frequency inversion respectively; (c)-(ddanstructed real-part of the permit-
tivity profile for 2 GHz and multiple-frequency inversion respectively.

guently, the multiple-frequency inversion can utilize mbigh spatial frequency contents,

thus, resulting in enhanced reconstruction, as can be selertompared in Figufe 2.6(c) and

(d).



2.6 Discussion and Conclusion 42

2.6 Discussion and Conclusion

We have proposed a mathematical framework to analyze thievatite resolution from
MWT. Based on this framework, the effect of different paréeng on the achievable reso-
lution can be investigated. As noted earlier, the infororafiow from the Ol to the mea-
surement domain is partially governed by the induced togdd fivithin the OI; thus, the
information flow depends on the Ol’s permittivity profile aghv Since the OI's permittiv-
ity profile is the actual unknown of the problem, predictihg ichievable resolution for an
arbitrary Ol is not feasible using the proposed frameworkgerhaps, any framework). In
other words, performing resolution analysis should be $eduon application-specific sce-
narios for which a numerical calibration object, or a few ruital calibration objects, can
be defined. These calibration objects, which should reseihiel overall dielectric profiles
of the objects to be imaged, can then be utilized in conjonatiith this framework to infer

the achievable resolution.

Based on the proposed framework, the following procedunebeasuggested so as to deter-
mine the MWT system parameters given a desired resolutiost, B numerical calibration
object is defined, which serves g$°. The next step will be to find®®st If **s'does not
capture the required resolution level, more scattering daeds to be collected, e.g., using
more transceivers or frequencies urffftcaptures the required resolution level. Therefore,
the concept of®*s'provides some guidelines, and acts as a necessary corfdititve MWT
system design. Having ensured th2®! meets the required resolution level, the collected
scattering data can then be inverted to fiff€*">ande”. If '*°"Sdoes not capture the re-
quired resolution level, but” does, this might be an indication that more right singular
vectors should be incorporated ir{™°" One way to achieve this is to decrease the degree
of the ill-posedness of the problem, e.g., by reducing theral/noise of the data, using

more focused incident field distributions, etc. If neithEf°" nor €’ can reconstruct the
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resolution level of interest, that may indicate that theoretructed total field distribution
within the Ol, E, is not sufficiently close to the true total field within the, @, This
might be handled by reducing the overall noise, which ineicheasurement noise, calibra-
tion error, regularization error, round-off error, modtgjj error, etc. However, some sources
of the overall noise, e.g., round-off error, cannot be catgly removed. If after all these
efforts, €,°°°"Sis still not able to meet the desired resolution level, the Mgystem design
needs to be iteratively modified unt[F*°"®is satisfactory. This iterative modification often
includes either collecting more scattering data or utilia priori information about the Ol

(‘virtual’ data) in the inversion algorithm.
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Incorporate Spatial Priors

This chapter encloses an accepted journal papeéERE Transactions on Antennas and
Propagatiod. As has been mentioned in Sectlon 11.2.2, one of the chakefageng MWI

is the lack of sufficient achievable accuracy and resolufiom this imaging tool to be-
come commercial in some applications (e.g., biomedicaljingd. One way to enhance
the achievable accuracy and resolution from MWI is to injactre information about the
object being imaged into the inversion algorithm. In thiapter, one of these methods, i.e.,
incorporating prior structural information into the ingen algorithm, is considered. (For
example, this type of prior information can be obtained tigto another imaging modality

such as MRI.)

To this end, a fully automated inversion algorithm is praggbghat can incorporate spatial

1 ©[2019] IEEE. Reprinted, with permission, from Nozhan Bayat anddPuyiojabi, “Incorporating Spatial
Priors in Microwave Imaging via Multiplicative Regularizan,” IEEE Transactions on Antennas and Propa-
gation pp. 1-12, 2019 (Early Access at the time of thesis submijsio
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priors (SP) information about the imaging domain in ordentprove the achievable recon-
struction accuracy. As will be seen, the proposed algorithaapable of working with both
fully-available and partially-available spatial priortn summary, the proposed algorithm

has the following two main advantages in comparison withetkisting algorithms.

e The proposed algorithm uses a multiplicative regulartmaterm to incorporate spatial

priors. The weight of this regularization is automaticalgtermined.

e The proposed algorithm uses an additional layer of regadtian in order to deal with

the absence of spatial priors within sub-regions of the ingagomain.

The abstract of this paper is as follows, and then the remgiséctions of this paper are

presented.

Abstract This paper presents a microwave imaging algorithm thaticeorporate prior
structural information, also known as spatial priors (2Bput the object being imaged to
enhance the achievable image quantitative accuracy. Tgosithm (i) is fully automated,
and (ii) can work with both complete and partially-avaikabtructural information. The core
idea of this imaging algorithm is to use a multiplicativeukgization term to incorporate SP,
and a second one to handle the lack of structural informati@ngiven part of the imaging
domain. This algorithm, which has been implemented for W dimensional transverse
magnetic case, is evaluated against single-frequency attipta-frequency synthetic and

experimental microwave imaging data sets.
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3.1 Introduction

Microwave imaging (MWI) can be used to create a quantitativege of the complex per-
mittivity profile of an object of interest (Ol). MWI is currély being investigated for sev-
eral applications such as biomedical imaging and industi@nitoring applications, e.g.,
seel[5,7,9,13,40]. In MWI, the Ol is often surrounded by savantennas. Each antenna
successively illuminates the Ol with the remaining antsro@lecting the emanating fields.
The resulting scattered fields are then processed (inydayegh inverse scattering algorithm
to create (reconstruct) a quantitative complex permittivhage of the OI[[411]. For success-
ful imaging, electromagnetic waves need to sufficientlygigate into the Ol for effective
interrogation of the OI. This requirement limits the maximérequency of operation. (For
example, frequencies around 1 to 2 GHz have been mainlyaemes for microwave breast
imaging.) Subsequently, this maximum frequency congtican limit the achievable spa-
tial resolution. Therefore, inverse scattering algorishior, simply referred to as inversion
algorithms herein) may not be able to reconstruct the coxpmemittivity of small regions
(e.g., a small tumour) but instead may reconstruaféectivepermittivity of a larger region
enclosing that small region. This will ultimately make thaghosis based on the complex

permittivity value difficult.

To handle this challenge, it has been suggested that hgghuteonstructuralinformation,
also known asspatial information, can be first obtained from a high-resolutioragimg
modality, e.g., magnetic resonance imaging (MRI) and sitzaad tomography. This struc-
tural information, which divides the imaging domain intorieas regions with unknown
complex permittivity values, can then be fed as prior infation to microwave imaging
algorithms so that the complex permittivity associatedimitach region can be more accu-
rately reconstructed [22,42-46]. In this paper, we reféhi®structural prior information as

prior spatial information or simply aspatial priors(SP). One way to incorporate these SP
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into an inversion algorithm is to include them as a penaltyntéegularization term) so that
this penalty term favours similar complex permittivity wak within each region in the opti-
mization process [44,45]. On the other hand, SP may alsodeeporated into an inversion
algorithm in other ways; e.g., in [47], the SP were utilizedtteate a numerical inhomoge-
neous background (instead of the actual background) fomibeowave imaging problem.
Then, the inversion algorithm iteratively builds upon thisnerical background to converge
to an appropriate complex permittivity image. In contrasttie penalty-term approach,
the numerical background approach requires the user tgrasstial complex permittivity
values to each region of the SP to form this numerical baakgto In this paper, we use
the penalty-term approach, and therefore, we do not requiyerior information about the
complex permittivity values. Thus, we always start our nsu@n with a trivial initial guess

(zero dielectric contrast).

Inspired by the work presented (n [45], we have recently el a multiplicative regular-
ized Gauss-Newton inversion algorithm that incorporate44®]. Our proposed algorithm
has two important features. 1) It does not require the SP tavhdable over the whole
imaging domain. That is, the proposed algorithm can hapaltgally-available SP. This can
be useful for biomedical imaging applications where the S/ not be available in a sub-
domain which is suspicious to have a tumour. 2) Due to theiptiglitive implementation of
the SP penalty term, this algorithm is fully automated, dreduser does not need to set any
parameters such as the regularization weight. (This is rtapbin nonlinearinversion al-
gorithms as choosing an appropriate regularization weightoe quite challenging.) In this
paper, we present this algorithm in details, and evaluatpatformance against synthetic
and experimental data sets. This paper is structured asvill We start with a problem
statement followed by a section motivating why the propagggroach is useful. We then
present the mathematical formulation of our algorithmdekd by a section on its synthetic

and experimental evaluation, and finally present our canehs. The time dependency of



3.2 Problem Statement 48

exp(jwt) wherej? = —1 is considered throughout this paper, and the implememtafithe

proposed algorithm is for the two-dimensional (2D) tramsgenagnetic (TM) case.

3.2 Problem Statement

Assume we have (i) a set of microwave scattered field dataatelll from the illuminated
imaging domain which can be either at a single frequency onuwdtiple frequencies, and
(ii) a set of spatial priors (SP) which can either includetspanformation about the whole
imaging domain (referred to aompleteSP), or include spatial information merely about
a part of the imaging domain (referred to partial SP). The goal is then to develop an
automated electromagnetic inverse scattering algoritfatndan benefit from these complete

or partial spatial priors to reconstruct the complex petiwiiy profile of the imaging domain.

3.3 Motivation

Let us now motivate the utilization of complete and partiBl i MWI using a synthetic
example. Consider the lossless Ol (referred to as the “Wgetaushown in Figuré 3l1(a) at
the frequency of 1 GHz. This Ol consists of three small fingmosinted on a rectangular
base with three different relative permittivitiesas2.0, 3.0, and4.0. (This object is lossless,
and therefore the imaginary part of its complex permitigitofile is zero; i.e., Inte,.) = 0.)
The separation between two adjacent fingers, j40 where\, = 0.3 m is the wavelength
in the background medium (air). We illuminate this Ol with t82nsceivers, and invert the

resulting scattered data using two different ‘bIHuihversion algorithms: the multiplica-

2 In the context of MWI, the 2D TM inversion is referred to imagia cross section where the incident and
scattered electric fields are assumed to be perpendicutlaistoross section.

3 In the context of this paper, ‘blind’ inversion algorithmefer to those algorithms that do not assume any
specific prior information about the object being imaged. Wik be seen later, we have used three blind



3.3 Motivation 49

-0.3 5
-0.3
. 4.5
0.2 02
4
N -0.1
0.1 ) 35
3
0.1 : 0.1 25
2
0.2 0.2
. 1.5
0.3
0.3 1
-0.2 0 0.2 -0.2 0 0.2
x [m] x [m]

y [m]
o
y [m]
o

(a) Ree,.), True profile (b) Re(e,), MR-GNI
-0.3 5
4.5
-0.2
4
-0.1
35
E E o 3
> >
25
0.1
2
0.2
1.5
03 1
-0.2 0 0.2
x [m] x [m]
(c) Ree, ), MR-CSI (d) Ree,), SP-GNI

Fig. 3.1: (a) The true relative permittivity profile of the losslesgeath of interest (OI), which is
referred to as the “W” target (1st form). Its adjacent fingenes separated by, /10 where
Ay is the wavelength in the background medium (air). The reicocied images obtained by
the (b) MR-GNI algorithm, (c) MR-CSI algorithm, and finallg)(the proposed algorithm
(SP-GNI) when using the complete spatial priors (SP).

tive regularized Gauss-Newton inversion (MR-GNI) aldamit [2, 3] and the multiplicative
regularized contrast source inversion (MR-CSI) algorifd®,/50], with the reconstructed
relative permittivity results shown in Figures B.1(b) anjirespectively. (The details of this
study will be presented in Sectibn 35.1.) As can be seentalte limited achievable spa-
tial resolution, the relative permittivity values of thabeee fingers cannot be reconstructed

well. Therefore, diagnosis based on the reconstructedifiity values can be difficult. If

inversion algorithms in this paper: MR-GNI, MR-CSI, and fileNI algorithms.
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Fig. 3.2: (a) The true relative permittivity profile of the losslesgeath of interest (OI), which is
referred to as the “W” target (2nd form). Its adjacent fingemrs now separated by, /5.
The reconstructed images obtained by the (b) MR-GNI algorjt(c) MR-CSI algorithm,
and finally (d) the proposed algorithm (SP-GNI) when using ¢omplete spatial priors
(SP).

we now utilize our proposed inversion algorithm with the gdete SP, the image shown in

Figure[3.1(d) is obtained which accurately reconstruasétative permittivity values.

It is instructive to note that if the fingers are separated\bp as shown in Figurge_3.2(a)
(as opposed ta,/10 in the previous case), the reconstruction results usingtReGNI
and MR-CSI algorithms (blind inversion algorithms) as waslthe proposed algorithm be-

come more similar as shown in Figufes]3.2(b)-(d). Fina#lyus consider a more difficult



3.4 Mathematical Formulation 51

5
4.5
4
3.5
3
25
2
15
1
-0.2 0 0.2

X [m]

0.3
0.2
0.1

E o

>
0.1

0.2

0.3

Fig. 3.3: Use ofpartial spatial priors (SP) to reconstruct the relative permtttiaf the “W” target
when the separation between the fingera;i10 (1st form). The white dotted rectangle
has been superimposed on the reconstructed image to shaxethén which we have no
prior spatial information; i.e., the SP is assumed to belaig everywherexceptinside
the white dashed box. (As will be seen later, the MRSP-GNbritlgm has been used to
reconstruct this image.)

scenario where we have partial SP, which include strucinfafmation about the whole
imaging domairexceptwithin the white dotted rectangle shown in Figlrel3.3. The-pr
posed algorithm can handle the partial SP, and yields trenstucted relative permittivity
shown in Figure 313. As can be seen, this algorithm, withawirig access to the SP in the
white dotted rectangle, can successfully reconstruct tigefiwithin this rectangle and can
also reconstruct the relative permittivity values of thieesttwo fingers. Furthermore, note
that the utilized partial SP do not include any informatitwoat the separation between the
fingers; however, the proposed algorithm is still able tanstruct the separation between

the fingers using the available partial SP.

3.4 Mathematical Formulation

Herein, we first review the fundamentals of the MR-GNI algon [35], [2/3]. The reason

for having this review is that the proposed algorithm is tougon the MR-GNI framework.
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We then discuss the proposed SP multiplicative regularizging which we develop the

so-called SP-GNI and MRSP-GNI algorithms.

3.4.1 Review: Data Misfit Cost Functional

The MWI problem is often cast as an optimization problem. @tw@ of the optimization is
the so-called data misfit cost functional, often defined ad.thnorm discrepancy between
the measured scattered data and the simulated scatteeedugatto a given contragt The

contrasty is theunknowncomplex permittivity contrast profile defined as

x(r) 2 M) (3.1)

€

wherer is the position vector in the imaging domaitr) is the unknown relative complex
permittivity of the Ol, and, is the known homogeneous relative complex permittivity of
the background medium. Denoting the measured scatteradgdt™?*and the simulated

scattered data due to a contrgdty £5%(y), the data misfit cost functional is defined as
CLS(Xn) = ”Emeas_ Escat(X)”? 7 (32)

where||.|| denotes the., norm, andy = (||E™y|*)~" is the normalization factor. (In the
above cost functional, the summation over the number ost@imer has been dropped for

the simplicity of notation.)

3.4.2 Review: GNI Algorithm

In the Gauss-Newton inversion (GNI), the contrast is iteedy updated by minimizing the

data misfit cost functional. At theth iteration of the GNI algorithm, we update the contrast
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as

Xn+l = Xn T VnAXna (33)

wherey,, is the known estimate of the contrast profile available atritfeiteration, Ay,
is the correction to be found, ang is an appropriate step IenthThe correctiomAy,, is
found by solving

whereH,, andg, are the Hessian matrix and the gradient vector of the costifumal at the
nth iteration of the algorithm respectivgy'.l'he Hessian matrix and the gradient vector at
thenth iteration are calculated based on the Jacobian (sahgitivatrix at thenth iteration

which is often denoted bynH Then, [3.4) becomes

where the superscrigf denotes the Hermitian (complex conjugate transpose) tipeeand

the discrepancy vectat, at thenth iteration isd, = E?(y,,) — EmeaS

3.4.3 Review: MR-GNI Algorithm

It is known that [(3.5) is ill-posed and needs to be regulariz€o this end, the MR-GNI
algorithm directly regularizes the data misfit cost functibusing the so-called weightdd
norm total variation multiplicative regularizer [35[,/ [23,54], which we refer to as MR in

this paper. The MR is represented by the following cost fiametl which changes at each

4 To determine an appropriate step lengghwe utilize the method presented in [51, Section. 6].

5 In the calculation of,,, the second derivative of the scattered field with respegt ie., 92 E5¢2Y 92,
is neglected; thus, this algorithm is named GNI. See[seeApRendix D.1] for the derivation of this second
derivative.

6 The Jacobian matrix represents the first derivative of théesed field at the receivers with respect to the
contrast, i.e. ) E5° 9 for its derivation, se€ [52, Appendix D.1].
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iteration of the algorithm (thus, having the subscript

1 [ IVx()]* +47

CMR —
v =T VP

(3.6)

where [, is the integral over the imaging domain, A is the area of the imaging domain,
52 is a steering parameter given in([2|35, 53], &nds the gradient operator. The data misfit

cost functional is then regularized as
Ca(x) = C(x) CYR (%) (3.7)
Due to the presence of this MR, (8.5) will change into a regzda form as
[T+ Bl Axn = =33 dyy = BuLnxn (3.8)

whereL,, and3,, are the resulting regularization operator and its weighh@tth iteration.

The operatoi’,, when acting on a vector of appropriate sizes given by

1 1
Lot Ly
=2V amree

V] (3.9)

where V- is the divergence operator. In addition, the regular@atveight isg, =
C'S(x,)/n. In summary, the two features of the MR-GNI algorithm areaWws. (i) The
regularization operatof,, has both edge-preserving and smoothing properties. (i§ dlh
gorithm is fully automated, e.g., the regularization weighis automatically determined by

the algorithm. (For more comparative discussions, seébF}9,
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3.4.4 SP-GNI Algorithm

3.4.4.1 General Idea

Assume that there exist SP about the OI. Herein, we incotp@a into the GNI algorithm
using a multiplicative regularization term. Similarly td5], our regularizer favours the
equality of the complex permittivity values of the pixelsggtetized cells) located in the
same region. To better understand this, consider FiguievBete three regions (purple,
pink, and yellow regions) are shown indax 3 discretized imaging domain with each cell
representing a contrast valug, (to yo). In the same figure, consider the system of equations
Ay = 0 where its first row simply enforceg,; and y, to have the same value through
x1 — x4 = 0. Similarly, the other rows establish the equality betweamglex permittivity
values in the other two regions (pink and yellow). It is, &#fere, clear that minimizing
|Ax||* in conjunction with the data misfit cost functional, and asBg an appropriate

relative (regularization) weight, can take into accourt8® in the inversion process [45].

3.4.4.2 Multiplicative Implementation

Herein, we incorporate SP in the form of a multiplicativeukegization term, and therefore
minimize

Ca(x) = C(x) CP(x), (3.10)

where the SP multiplicative regularization at thi# iteration of the GNI algorithm is given

as

57y = Ip® (AX)|* + 2

w(X) = L (3.11)
lp ® (Axa)|I” + 2
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Fig. 3.4: (Top) A3 x 3 discretized imaging domain consisting of three spatiabreg purple, pink,
and yellow. (Bottom) A matrix equatiomAy = 0 that enforces the equality of the contrast
values located in the same region. The color of each row isdnee as the color of the
corresponding region. For example, the first row of this mmgthe purple row) enforces
the equality ofy; andx4 in the purple region.

In this SP cost functionak? is a steering parameter, apdis a confidence vector with
elements between 0 and 1 (i.e.< p; < 1) that represents our confidence level regarding
SP at different parts of the imaging domain. (The choice/ofindp will be discussed
later.) In addition, the operata is the Hadamard product which represents the element-
wise multiplication of the corresponding elements of twotees of the same length. With

the use of this SP regularization terin, (3.5) will change the following regularized form
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The regularization operator at thh iteration of the algorithm is thefi,,. This operator

when acting on a vector of appropriate size, e.g., the vegtisrdefined as

1

S,z 3 [ 5
1P ® (Axn)ll” + 2

JA"(p© (p® (Ax))). (3.13)

As can be seen, due to the multiplicative implementatiohigf$P, the regularization weight
at thenth iteration is automatically set t&), = C->(x,,)/n. We refer to this algorithm as the

SP-GNI algorithm in this paper.

3.4.4.3 Justification

Let us now justify why minimizing[(3.10) can take into accotire SP. For simplicity, con-
sider that we have full confidence about the SP in the wholgiingedomain (i.e., assume
is a vector of ones). Then, it can be shown that minimizZing@Busing the GNI algorithm

is the same as minimizing the following cost functional

Ca(X) = CS(x) + 7 | AX]I* (3.14)
where the weight,, will be
- ”—52" (3.15)
[ AXAI" + 72

Noting that minimizing||Ax||” is equivalent to enforcing the SP, it can be seen fhatl(3.14)
enforces both the data misfit cost functional and the SP. ditiad, noting that minimizing
(3.10) is equivalent td (3.14), we can conclude that our psed SP-GNI algorithm enforces

both the measured scattered data and the SP.
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3.4.4.4 Parameters

There is one positive real parameter in the SP regularizgmbeds to be set, i.ey?. To

set up this parameter, we follow a similar approach as us#tkichoice o2 in (3.6). As
noted in [2[35,53,54]y2 is chosen to b€-S(x,,)/(AzAy) where AzAy is the area of a
discretized cell in the imaging domain lying in the plane. The presence 6f°(y,,) in this
expression results in having smalt&rvalues as the inversion algorithm gets closer to the
solution. The presence dfzAy in the denominator of? can be justified by noting thaf
should be added tV,|?, seel(36). The calculation &fy,, requires one division byAx

in the 2 direction, and another one hyy in the j direction. Based on this observatioh

is chosen to have thazAy component in its denominator to be somehow consistent with
|Vxn|?. Similar to the above, we choos@ to beCS(x,,) ¢ where/ is the length of the
contrast vectoly. Note thaty? should be added tip ® (Ax,)|” as opposed tdV,|>.
Since this norm value is somehow related to the length of dotov y,,, we have decided

to include/ in the expression of?. (Compared to our conference paper on this tdpic [48],
we have changed the choicegf.) In addition, as noted earlier, the vecjois chosen to
represent the confidence vector corresponding to diffeeggibns of SP. In this paper, the
elements of the vectgrhave been chosen to be either zero (no SP at a particulanjegro

1

3.4.5 MRSP-GNI Algorithm

If SP regarding a sub-region within the imaging domain is aailable, the SP regular-

izer S,, will not be applied to that sub-region, leaving that partted tmaging domain un-

7 Based on our numerical evaluations not presented in thisrpapme non-zero choicesmfe.g.,p; = 0.5)
have had similar performance ps= 1. We speculate that this is due to the presence of the garaetor in
the numerator and denominator of the oper&or
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regularized. Thus, the inversion algorithm may yield uliatde (unstable) results. This can
be better understood in the extreme case of not having aapleprior spatial information.
In this casep will be a zero vector, and therefo@"(y) reduces to 1, and, () in (3.10)
becomes equal t6-°(y). Thus, we again arrive at our un-regularized cost functiohiais
demonstrates the weakness of the SP-GNI algorithm, and sithgar algorithms, when we

do not have access to SP over the whole imaging domain.

3.4.5.1 Approach

To enable the SP-GNI algorithm to handliartial SP, we propose to use a second layer of

regularization in conjunction with the SP regularizatieth To this end, we minimize
Ca(x) = C5(x) CRR(X) € (X)- (3.16)
Then, [(3.12) will become

- Jann — BuLnXn — BnSnXn- (3-17)

As can be seen, we now have two regularization operat8ysdefined in [(3.D) andS,
defined in[(3.1B). It is instructive to note that if we have & all,p will be a zero vector,
which makesS,, a zero operator; thereforg, (3117) will turn into (3.8), whnis still properly

regularized due to the presencef.

8 The idea of using a second layer of regularization has alsa bdilized with another type of prior in-
formation: when the prior information is the complex petiwity values of the Ol, and the objective is to
reconstruct the geometrical shape of the[Ol [56]. This tyfgev@rsion algorithms is often referred to as shape
and location reconstruction.
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3.4.6 Multiple-Frequency MRSP-GNI Algorithm

To develop the MRSP-GNI faimultaneousnultiple-frequency inversi(Qmwe first need to
consider our assumption regarding how complex permitivéiues change with respect to
the frequency. We consider the complex permittivity at tiegjiency off to be in the form
ofe=¢ —7 ﬁ where the real-valued ando (conductivity) are assumed to be constant
with respect tof within the frequency bandwidth of interest. Based on thsuagption
which was also used in [58], within the frequency bandwidtbperation, the real part of the
complex permittivity does not change with respect to thgdency whereas its imaginary
part does. (This is a simple model; more accurate models asithe Debye model are
also available [29].) To be able to incorporate the varratd the complex permittivities
of the Ol and the background medium with respeciftaur multiple-frequency MRSP-
GNI algorithm performs the optimization with respect to tieal and imaginary parts of
X, denoted byyr and y; respectively. Furthermore, since based on the above cample
permittivity model, the contrast profiles at different fuescies are related, we can formulate
the cost functional merely based q® (1) and x; 1) which denote the real and imaginary
parts of the contrast at the lowest frequerf¢cy To this end, we need to be able to calculate
the derivative of the scattered field at ttté frequency with respect tog (1) andy; ;). This

can be done using the chain rule by the frequency-dependefitatentss ;) and(, as

aEscat aEscat 6/2 + 6//2
B = Qlp —, where ) = -7
XR,(1) XR.(k) e+ (5)%€
aEzcat aEscat fl
= k_ where () = —¢ (3.18)
Ix1,1) ® OX1,(k) )= g S

91n contrast to the frequency hopping technigue [57] in wioh inversion at a single lower frequency
is used as an initial guess for the inversion of the next hiffeguency data set, the simultaneous inversion
approach inverts the whole multiple frequency data setthmye Based on our experience, simultaneous fre-
quency inversion often outperforms frequency hoppingrisiea.
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where the relative complex permittivity of the backgrouneldhum atf; is denoted by, =

/ /] " __ o
€, — Jje, whereegy = 22—

Herein, for the simplicity of notation, we refer §g; (1) andx; ) asxr andy;. Therefore,
we can use the same cost functionalas (3.16) but replacetherdsfit cost functional with

its multiple-frequency form as

2

K
CS(xr, x1) 2 Za(k) HEEE?aS— EG (3.19)
k=1

wherek denotes the frequency index with the total number of fregigsnset tak'. Similar

to [35], the normalization factax ;) is chosen to be

1 s
2 K _9"
mea 1 Js
‘E(k) ﬁ Do [,

) = ‘ (3.20)

The real and imaginary parts of the contrast atttteiteration are updated by applying the

correctionAx g ,, andAxf,n These corrections are found by solving

Hiin Hion| |AXRn _ Jin (3.21)

H21,n H22,n AXl,n 92.n

10 Note that the subscript which does not have parentheses is for the GNI iteration mun®n the other
hand, the subscrigt:) with parentheses, which has been dropped for the simplidityotation, is for the
frequency index.
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where the block Hessian matrices can be fou@ as

K
Ha,, = [Z g CE Re[IH (k)Jn,(k)}} + Bl + BnSn. (3.22)

In addition, the two concatenated gradient vectors in (3a2é

K
G1n = [Z )k Re[J,’if(k)dn,(k)]} + LuXRn + SnXRin
k=1
K
9o.n = {Z a(k)C(kﬂm [J,ﬁ(k)dn,(k)ﬂ + 'CnXI,n + SnXLn (3.23)
k=1

where the frequency-dependent discrepancy vetiqr is the same ag, in Sectior 3.4.P

which is evaluated at thieth frequency.

3.5 Results and Discussion

Herein, we evaluate the proposed SP-GNI and MRSP-GNI dlgos for two synthetic
examples and an experimental QneThese evaluations are performed for complete and
partial SP. To be able to better understand the advantagesiraj SP, all these data sets

are also inverted with no prior information (using ‘blinaiversion algorithms such as the

1 For the derivation of the Hessian matrix for the single-trelacy data misfit cost functional with respect
to the real and imaginary parts of the contrast, see the Afipén[59].

12 The performance of these algorithms have been studieddatperimental forearm data set as well, see
AppendiXD). As this study was preliminary we did not inclutlem in the main body of the thesis.
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MR-GNI algorithm). For all the synthetic test cases, SP a&megated on the same grid as
the imaging grid, which is different than the grid used togyate the synthetic data to be
inverted. Finally, as noted in Sectibn 314.4, for all thesirsion using SP, the elements of the

vectorp are set to be either 1 or 0.

3.5.1 Synthetic Example: “W” Target

This is the same example considered in Sedtioh 3.3. Her@impravide details on how the
inversion was performed. At GHz, the “W” target is interrogated by 32 transceivers (line
sources) which are placed on a circle having a radi@s gfwhere), is the wavelength in the
background medium. (The centre of this measurement csa¢ the centre of the imaging
domain.) When one antenna transmits, the remaining argeenaive, thus collectingp x

31 = 992 complex data points. This scattered data set was creatad asmethod of
moments (MoM) solver where the Ol was placed i66ax 66 cn? domain discretized into
91 x 91 square cells. Once the data set is created, we atidetbise to it according to the
formula presented in [38]. For all the inversion algorithihe imaging domain is chosen to
be a60 x 60 cn? domain discretized int80 x 80 square cells. As described in Secfion 3.3, we
consider two forms of this “W” target. (i) In the first form, wdh is shown in Figuré_3]1(a),
the separation between the adjacent fingers is sef/t). (ii) In the second form, we have

increased the separationXg/5 as shown in Figure 3.2(a).

3.5.1.1 Inversion with No Prior Information

As described in Section 3.3, the MR-GNI and MR-CSI algorishsuffer from limited
achievable resolution for the first form of the target, butfgen well for its second form

where the separation between the fingers are doubled: cenhpagurd_3.11(b)-c with Fig-
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Fig. 3.5: (a) Complete spatial priors (SP) for the “W” target (firstrfigrdepicting four regions within
the imaging domain. (b) Partial spatial priors for the “Wiget (first form) where no spatial
priors are available within the white box. Note that the nemdif regions in the partial SP
has now been decreased from four to three.

urel3.2(b)-(c). Note that we have only shown the reconsdieal parts of the reconstructed
complex permittivity. The reconstructed imaginary pares small, and thus are not shown

here for brevity.

3.5.1.2 Inversion with the Complete SP

The complete SP for the first form of this target is shown iruFég3.5(a). As can be seen,
the SP identify four regions tagged by Regions | to IV in thaga colorbar without making
any assumptions about their complex permittivity valudse P-GNI algorithm then takes
these SP, and reconstructs the quantitative relative ptenties as shown in Figurie 3.1(d).
Similarly, the SP for the second form of this target is crégtot shown here) and fed to
the SP-GNI algorithm with the reconstruction result showrrigure 3.2(d). As expected,
the SP is enforced successfully, and the reconstructetiveefzermittivity values are more
accurate than the blind inversion results considered abdehave also used the complete

SP with the MRSP-GNI algorithm, which resulted in similac@astructions as the SP-GNI
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Fig. 3.6: (a)-(b) True real and imaginary parts of the relative complermittivity of the numerical
breast model at.1 GHz. (The tumour has a diameter of approximatelis\, and has
been assigned a relative complex permittivity of #3et — j18.8.) Single-frequency blind
inversion results obtained using the (c)-(d) MR-GNI algoris, (e)-(f) MR-CSI algorithm,
and finally (g)-(h) Tikh-GNI algorithm.

algorithm, and thus are not shown here.

3.5.1.3 Inversion with the Partial SP

Finally, we evaluate the performance of the algorithm fa finst form of the target (i.e.,
Ap/10 separation between the adjacent fingers) when we have ooéssitopartial SP.

The partial SP to be used are shown in Figuré 3.5(b) where/tiite boxshows the region



3.5 Results and Discussion 66

Region V/ Region IV 60
-0.04 -0.04 -0.04

egion
-0.02 -0.02 -0.02

y [m]
o
]
[m]
°

y[m]
o

jor jon
-0.04 -0.02 0 002 004 -0.04 -0.02 0 002 004 -0.04 002 0 002 0.04
x[m] x [m] x[m]

(a) Complete SP (b) Partial SP (c) Ree,.), SP-GNI

25
- 20
h 15
10

‘ 5

: 0

-0.04  -0.02 0 0.02 0.04 004  -0.02 0 0.02 0.04 0 0.02 0.04
x[m] x[m]

(d) —Im(e,), SP-GNI (e) Ree, ), MRSP-GNI ) —Im(er), MRSP-GNI

-0.04

-0.02

ym]

y[m]
°
8

ym]

0.02

0.04

25
-0.04

-0.02

y[m]

0

y[m]

0.02

0.04

-0.04  -0.02 0 0.02 0.04 -0.04  -0.02 0 0.02 0.04
x [m] x [m]

(9) Re(e,), MRSP-GNI (Partialh) —Im(e,.), MRSP-GNI (Par-
SP) tial SP)

Fig. 3.7: (&) The complete spatial priors (SP) for the breast modelstgpthe existence of five
regions within the imaging domain. (b) The partial SP withwhite box showing the region
in which there are no spatial priors. Single-frequency @Hz) inversion: the reconstructed
real and imaginary parts using the (c)-(d) SP-GNI with theaplete SP, (e)-(f) MRSP-GNI
algorithm with the complete SP, and finally (g)-(h) MRSP-Gii\gorithm with the partial
SP. (The dashed white lines indicate the region in whicletlee no SP available.)

in which we do not have any prior spatial information. As canseen by comparing the
colorbar of the partial SP with that of the complete SP (Fef@ub(b) vs Figuré 315(a)), the
partial SP includes only three regions as opposed to fouomeg As expected, the SP-
GNI cannot successfully handle this scenario due to thenalesef regularization for the
pixels located within the white box (not shown here). On theeohand, the MRSP-GNI

successfully handles the partial SP with its reconstracsicown in Figuré 313 where we
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Tab. 3.1: The relative complex permittivity of the breast model at GHz according to [40] where
the relative complex permittivity is denoted by= ¢’ — j¢”.
Tissue ¢’ (real part) ¢” (imaginary part)

Background 23.3 —18.46
Skin 35.0 —23.00
Fat 12.6 —10.13
Fibro 32.7 —20.92
Tumor 53.4 —18.80

have used dashed white lines to indicate the domain in whietetwere no SP available. It
is worthwhile to remind that the reason behind the succe#iseoMRSP-GNI algorithm in

handling the partial SP lies in its use of two layers of rega&ion.

3.5.1.4 Inversion with imperfect SP

In addition to the complete and partial SP, we have testedehsitivity of our proposed

algorithm with respect to imperfect SP. See Appendix B foremetails.

3.5.2 Synthetic Example: Numerical Breast Phantom

The Ol is a transverse cross section of a MRI-derived nuradnieast phantom provided by
the University of Wisconsin Cross-Disciplinary Electragnatics Laboratory (UWCEM) [60,
61]. The real and imaginary parts of the true numerical ineaslel at 1.1 GHz are shown
in Figured 3.6(a)-(b) respectively. (We have used MATLARdtioninterpnto reduce the
resolution of this model.) As can be seen, this phantom stssif skin, fat, tumour, and
fibroglandular tissues. The assigned complex permittivithues for each tissue type at
1.1 GHz are listed in Table 3.1. To generate the synthetittesea data to be inverted, we
have created the breast model ohi&x 8.8 cm? domain discretized into 842 x 142 grid.

The breast model was irradiated by 36 transceivers locatedoircle of radiud 2 cm, thus,
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Fig. 3.8: Multiple-frequency inversion (at 1.1, 1.5 and 2 GHz). Restancted real and imaginary
parts using the (a)-(b) MR-GNI algorithm (blind inversio)-(d) SP-GNI algorithm with
the complete SP, (e)-(f) MRSP-GNI algorithm with the conpI&P, and finally (g)-(h)
MRSP-GNI algorithm with the partial SP. (The dashed whiteedi indicate the region in
which there are no SP available.)

having36 x 35 = 1260 complex data points at a single frequency. Similar to theiptes
case, the synthetic data is generated by an MoM solver at HHZv@th 3% noise added to
the data. For all cases, the inversion is performed @8 & 9.8 cm? domain discretized into

a65 x 65 grid.
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3.5.2.1 Inversion with No Prior Information

We first invert this data set using the MR-GNI and MR-CSI alfpons that do not use any
prior spatial information. These blind reconstructiorufesare shown in Figurés 3.6(c)-(f).
As can be seen, the tumour cannot be resolved at this freguéNote that that diame-
ter of the tumor is aboul.15\, where ), is the wavelength in the background medium at
1.1 GHz.) To further investigate the inversion of this dagawithout any prior spatial in-
formation, we invert it by the GNI algorithm using Tikhonaegularization, which we refer
to asTikh-GNI algorithm. (For the details regarding the implementatibour Tikh-GNI
algorithm, see AppendixIC.) The reconstruction resultgiiie Tikh-GNI algorithm, shown

in Figured 3.6(g)-(h), is consistent with the MR-GNI and MIFS{ results, and is incapable

of resolving the tumour.

3.5.2.2 Inversion with the Complete SP

The complete SP regarding this breast model is shown in €iLi(a). The inversion of this
data set in conjunction with this complete SP has been sheimg the SP-GNI and MRSP-
GNI algorithms in Figuré_3]7(c)-(f). As can be seen, both 8 GNI and MRSP-GNI
provide more accurate reconstruction of the complex pé&rnitytvalues of the breast model
compared to the blind inversion algorithms considered ab&urthermore, the SP-GNI al-
gorithm provides more accurate complex permittivity restoaunction than the MRSP-GNI:
the reconstructed complex permittivity of the tumour is@athi®.64 — j21.15 using the SP-
GNI, and is about0.93 — j18.92 using the MRSP-GNI algorithm. In addition, the skin layer
is visible in the SP-GNI reconstruction whereas it is nothe MRSP-GNI reconstruction.
The outperformance of the SP-GNI algorithm compared to tRSM-GNI algorithm is due

to the fact that the MRSP-GNI algorithm is using two layersegfularization which work
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together to reconstruct the Ol. However, in this case, teaishe second layer of regu-
larization is not needed since we have access to the conffieféo better understand this,
we need to recall that the second layer of regularizatiorgisreeric MR that has smoothing
(Laplacian operator), and edge-preserving propertiesréfftre, the smoothing property of
this extra regularization might result in losing the skigdain the reconstruction, and/or
smoothing out the tumour into the fibroglandular tissuesis Tan be seen by comparing
the real part reconstruction using the SP-GNI, shown in feii7(c), with that using the

MRSP-GNI, shown in Figure3.7(e).

3.5.2.3 Inversion with the Partial SP

Let us assume that we know the SP everywhere except in anraw@adahe tumour, which
has been shown with a white rectangular box in Figuré 3.7f4s) we already noted, the
SP-GNI algorithm cannot handle this case since it canndiapyy regularization scheme
for the cells inside the white box. Therefore, for this case use the MRSP-GNI which is
equipped with two regularization schemes. The reconstmictsing the MRSP-GNI for the
partial SP has been shown in Figlrel 3.7(g)-(h). In this figweshave identified the region
in which we have no SP with a dashed white rectangle. AlthahghMRSP-GNI cannot
reconstruct the complex permittivity value of the tumouthis region, it is still capable of

yielding a stable reconstruction.

3.5.2.4 Multiple-Frequency Inversion with No Prior Infoation

In order to improve the accuracy of the reconstructed imagenow consider multiple-
frequency inversion at the following three frequenciesl GHz, 1.5 GHz and2 GHz.

Similar to the previous cases, we first invert this multisleguency data set without us-
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ing any spatial prior information with the result shown irgiies_3.8(a)-(b). Comparison
of this multiple-frequency reconstruction with its singtequency counterparts, e.g., see
Figure[3.6(c)-(d), clearly demonstrates the improveméathievable resolution and quan-
titative accuracy due to the incorporation higher freqyesattering data. (Note that the
frequency of operation is still not high enough to be abledoonstruct the geometrical

details of fibroglandular tissues.)

3.5.2.5 Multiple-Frequency Inversion with the Complete SP

Using the complete SP shown in Figlrel3.7(a), the SP-GNI aR&RGNI algorithms re-
sultin the reconstructions shown in Figlrel 3.8(c)-(f). Apexted, the structural information
are now utilized, and also the overall quantitative acouiaceasonable. The reconstructed
complex permittivity of the tumour using the SP-GNI and MRSRI algorithms are about
48.86 — j24.26 and48.38 — j24.49 respectively; thus, the reconstructed permittivity has an
undershoot in the real part and an overshoot in the imagipary On the other hand, the
reconstructed complex permittivity of the tumour using Be-GNI algorithm considered
above was about4.29 — j16.35 (undershoot in both real and imaginary parts). As can be
seen, since the scattered data contained high-fre(]ifmmiation, all of these reconstruc-

tions have resulted in reasonable quantitative accuracy.

3.5.2.6 Multiple-Frequency Inversion with the Partial SP

We again consider the partial SP shown in Figuré 3.7(b) wtinenes are no spatial informa-

tion in the white box. (The white box encloses the tumour.g Bf*-GNI algorithm cannot

13 The overshoot and undershoot in the reconstructed perityittan be related to the regularization weight.
For example, an over-regularized problem (i.e., using taomregularization weight) might result in a solution
that is an under-estimate of the true solution. This can ktetenderstood by studying thecurve associated
with ill-posed problemg[62].



3.5 Results and Discussion 72

handle this partial SP due to the absence of any regulazapplied to the white box re-
gion. However, as can be seen in Figure 3.8(g)-(h), the MBSIP<an successfully use
the partial SP, and not only reconstructs the complex pawitytwhere the SP is available
but also reconstructs the complex permittivity where thasSfot available (i.e., the white
box area which is shown by the dashed white lines in Figurg®@).) In particular, the
reconstructed complex permittivity of the tumour usingtimethod is about9.20 — j17.23.

A counter-intuitive observation is that the reconstruatechplex permittivity value of the
tumour using the MRSP-GNI with the partial SP is more aceuttzén that using the MRSP-
GNI (and SP-GNI) with the complete SP. We have two speculatiegarding this observa-
tion. First, in addition to the complex permittivity valuthe shape of the reconstructed
object matters in its scattering signature. For examptegiinversion algorithm mistakenly
reconstructs the shape of an Ol smaller than its true sieagitonstruct contrast may then
overshoot to compensate for the smaller reconstructed é=ecan be seen, the shape of
the reconstructed tumour is different in the partial SPiisi# as compared to the complete
SP inversion.) Second, there are always some errors in tisen8@it is generated in a grid

that is different than that of the true object.

3.5.3 Experimental Example: FoamDiellntTM Date Set

We consider one of the experimental data sets that has bdleoted by the Fresnel In-
stitute [1], known ag~oamDielIntTM This target, shown in Figufe_3.9(a), consists of two
dielectric circular cylinders. The larger cylinder has ardeter ofS0 mm and a relative
permittivity of 1.45 4+ 0.15. The smaller cylinder shown in red has a diametedlbimm
and a relative permittivity o + 0.3. This target is irradiated from 8 different angles and
the resulting scattered field is collected at 241 points afférdnt frequencies ranging from

2 GHz to 10 GHz with a 1 GHz increment. The measured data points areddeat a two-
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Fig. 3.9: (a) FoamDiellntTMtarget from the Fresnel institute, (b) blind inversion ati3Z3no prior
information) using the MR-GNI algorithm, (c) the completgatial priors (SP) showing
three regions within the imaging domain, which were derifredh the blind 5 GHz inver-
sion, and (d) the partial SP with the white box showing theéamegn which we have no
spatial priors.

third of a ring with a radius of.67 m. For all of the reconstruction results presented in this

section, the imaging domain has the size ®fx 15 cn? discretized int@1 x 61 cells.
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Fig. 3.10: 2 GHz inversion results where the reconstructions of thépads of relative complex
permittivity profile, Rée,.), are shown. (The reconstructed imaginary parts are snmall, a
are not shown here for brevity.) (a) blind inversion using fhR-GNI algorithm, (b) blind
inversion using the MR-CSI algorithm, (c) blind inversiosing the Tikh-GNI algorithm,
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3.5.3.1 Approach

We first use a higher frequency data set (5 GHz) to merely ergadtial priors about this
target, and then use these obtained spatial priors to iavevier frequency data set (2 GHz).
In a practical scenario, the SP is expected to be provided diffexent higher-resolution
imaging modality. However, herein, we simply use a highegfrency data set to create an
image to imitate a high-resolution image obtained from #edént imaging modality such

as MRI or ultrasound tomography.

3.5.3.2 Obtaining the Complete SP

To obtain our SP, we perform a high-frequency (5 GHz) blingeision as shown in Fig-
ure[3.9(b). This quantitative image was then fed to the MABL#Inction kmeansn the
form of kmeansimage 3). The number 3 in the argument kineandunction indicates the
number of regions that exist within the imaging domain, uidlchg the background medium.
The output of this MATLAB function is a matrix filled with 0, Bnd 2 that represents the
existence of three regions inside the imaging domain. We tiaan tagged these values with
the names BackGr, Foam, and dielectric as shown in the alabFigure 3.9(c), which

serves as our complete SP.

3.5.3.3 Creating the Partial SP

We have created partial SP as shown in Figure 3.9(d) fromdhmeptete SP. As can be seen
in the partial SP, we have no spatial priors in the white boateNhat this white box encloses

the internal cylinder.
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3.5.3.4 Inversion with No Prior Information

Before showing the inversion using the SP at the lowest rqu (2 GHz), let us first check
the inversion at this frequency without any prior infornoati The reconstructions using the
MR-GNI, MR-CSI, and Tikh-GNI algorithms have been shown igu¥e[3.10(a)-(c). (The

reconstructed imaginary parts are small due to the losskatsse of the target; thus, they
are not shown for brevity.) As can be seen, these images daccatately reconstruct the

permittivity values of the two cylinders.

3.5.3.5 Inversion with the Complete SP

We now use the complete SP with the SP-GNI and MRSP-GNI algos. The recon-
struction results shown in Figure 3110(d)-(e) clearly shbe/two cylinders with accurate

permittivity values.

3.5.3.6 Inversion with the Partial SP

Finally, we consider the partial SP shown in Figure 3.9(inifar to all the previous cases,
the SP-GNI cannot handle the absence of prior informatiadhenwvhite box. On the other
hand, the MRSP-GNI is capable of handling the partial SP withreconstruction result
shown in Figuré_3.10(f). As can be seen, the presence of tamal dielectric cylinder is

clear. In addition, the reconstructed permittivity of théeirnal cylinder, over which we had
no spatial priors, is similar to that of the blind inversidrown in Figurd_3.9(a). (The un-
dershoot in the reconstructed complex permittivity valtithe internal cylinder is probably

due to the over-estimate of the reconstructed size of tkesnal cylinder.)
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3.6 Conclusion

We have presented a multiplicatively regularized Gausstbie inversion algorithm that
is capable of incorporating prior spatial information abthe object being imaged. An
important aspect of this algorithm (MRSP-GNI algorithm)hat it can handl@artial prior
spatial information. This was achieved by creating two faye regularization, one of which
incorporates the prior spatial information, and the oteer generic regularization to handle
the lack of prior information in a given region. This can befus for biomedical imaging
applications since we might not have any prior spatial im@tion in a region which is

suspicious to be the location of a tumour.

In addition, this algorithm is automated; that is, it doesnegjuire the user to input any pa-
rameters, e.g., an appropriate regularization weighteastart of the inversion process. This
is important since inversion algorithms are often appleeddrious data sets collected from
various objects under different signal-to-noise ratidsug, each measurement scenario may
require a different regularization weight. Thereforesitlesirable to have a mechanism to
automaticallychoose an appropriate regularization weight. Similar keopublished mul-
tiplicative regularization approaches, this algorithmoahas the same advantage of setting

its own parameters in an automated fashion.

Finally, the incorporation of spatial priors in microwawveaging can be useful when blind
inversion algorithms are incapable of reconstructing &agures of interest. This might hap-
pen for example (i) when the feature size is small compareldgavavelength of operation
(e.g., about one-tenth of a wavelength), or (ii) when we dohawe sufficient transceivers

to illuminate and collect the resulting scattered fieldsfrgufficient angles.



On the Use of Focused Incident

Near-Field Beams

This chapter encloses a peer-reviewed journal paper noligh Sensorghat consists of
the author’s work during his PhD stucuesln this chapter, the effects of an antenna near-
field (NF) distribution as one of the MWI’s design parametanghe achievable accuracy is

evaluated. This study is particularly important due to thiofving two reasons.

e Near-field distribution vs far-field pattern. Most of the NF MWI systems, to the
best of the author’s knowledge, utilize far-field (FF) amas such as horn, dipole,
and open-ended waveguide antennas for the illuminatiomeobbject of interest (Ol).
These antennas are referred to as FF antennas due to thbdatbay are mainly
designed based on their FF operational criteria. Howernelk MWI, the incident
NF distribution of the utilized antennas plays the main rdleis is due to the fact that

the Ol is placed in the NF zone of the antennas.

! Nozhan Bayat and Puyan Mojabi, “On the Use of Focused In¢Near-Field Distributions in Microwave
Imaging,”Sensorsvol. 18, no. 9, pp. 1-26, 2018.
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e Focused vs non-focused near-field beamshNe study the effects of using focused
NF beams compared with the use of non-focused NF beams folluhenation of
the Ol. It is shown that the use of focused NF beams can betigffan suppressing
undesired scatterers (i.e., the unknown objects whosedtiel properties are not of

our interest).

To this end, as will be seen, we utilize two NF antennas: (arield plate and (ii) a Bessel
beam launcher. These antennas are referred to as NF antentieey have been designed
to have specific properties in their NF zone. Through sewdNSYS HFSS simulation
studies, we demonstrate that the sensitivity of the cabtbdiata can be reduced with respect
to the regions outside our region of interest. Moreoves, discussed that the use of focused

incident NF distributions can reduce the number of requoatected data points.

The abstract of this paper is as follows, after which the iaing sections of this paper are

presented.

Abstract We consider the use of focused incident near-field (NF) Isetannterrogate the
object of interest (Ol) in NF microwave imaging (MWI). To ¢hénd, we first discuss how
focused NF beams can be advantageously utilized to suppcasiering effects from the
neighbouring objects whose unknown dielectric properdies not of interest (i.e., unde-
sired scatterers). We then discuss how this approach carbal$elpful in reducing the
required measured data points to perform imaging. Drivethbyelation between the elec-
tromagnetic inverse source and inverse scattering prahlenr approach emphasizes the
importance of tailoring the induced contrast sources inrtteging domain through the uti-
lized incident NF beams. To demonstrate this idea, we censwb recently-proposed NF
beams, and simulate them for imaging applications. Thedirstis a subwavelength focused

NF beam generated by a passive NF plate, and the other is alBessn generated by a
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leaky radial waveguide. Simple imaging examples are censaito explore the potential
advantages of this approach, in particular, toward masekingthe object of interest, and
not the unknown undesired scatterers. The scope of thig pmpeited to homogeneous
dielectric objects for which the induced total field distriions in the interrogated objects
are similar to the incident field distributions (e.g., thtsa satisfy the Born approximation).
Simple inversion results for focused and non-focused beampresented accompanied by

discussions comparing the achieved reconstructed values.

4.1 Introduction

Microwave imaging (MWI) is an imaging technique that can bedito produce a quantita-
tive image of the dielectric profile of the object of inter@dt) by solving the corresponding
electromagnetic inverse problem. In MWI, the Ol is illumieé by incident electromagnetic
fields at the microwave frequency range, and the resultiaiesed fields are processed (in-
verted) to create (reconstruct) the Ol's dielectric profif@ge. This processing often in-
volves calibrating the measured data and applying an apptepnversion algorithm to this
calibrated measured data. This imaging tool has the patewotibe utilized for different
applications such as breast cancer detection, stroke aségrihrough wall imaging, secu-
rity screening, and industrial non-destructive evaluaj/7-+-15]. MWI can also be used in
conjunction with other imaging tools, e.g., with magnegsanance imaging or ultrasound
tomographyl[21—23]. In addition, MWI can be performed in timee domain or frequency
domain, with the latter being the focus of this paper. Moezpin some applications, recon-
structing the magnetic properties is also of interest (éd63]); herein, we only consider

non-magnetic objects.

MWI can be performed in at least three fashions: (i) 1-D (lieeonstruction; e.g.| [19]),
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(ii) 2-D (cross section reconstruction; e.d.,[53]), ang @-D (volumetric reconstruction;
e.g., [64]). This is often determined based on several factoch as the application area,
data collection process, and the amount of measured datsoRee applications including
biomedical imaging, it is desirable to enhance the achievatonstruction accuracy from
MWI. To this end, in addition to the development of approf@ieaversion algorithms and
regularization techniques, e.d.|[[3/ 54,65, 66], sevedtamtechniques have been suggested
to further improve the achievable image accuracy from MWt &xample, these include
() using prior spatial information about the QI [67--69]) (ising prior information about
the permittivity values or the expected ratio between théaad imaginary parts of the Ol's
complex permittivity [70, 71], (iii) increasing the numbefrtransceivers and frequencies of
operation[[72], (iv) improving the signal to noise ratio (8Nof the system [73], (v) ap-
propriate data calibration techniques [5, 74], (vi) enfehmodeling of the imaging system
in the inversion algorithm [75]. All of the above techniquasy be classified under the
following two categories. The first category aims to inceetise overall SNR with noise
being either the actual noise or the modeling error. (Madgérror is defined as any dis-
crepancies between the actual imaging setup and the nwaheraclel used in the inversion
algorithm.) On the other hand, the second category aimsriotetihe information content
of the data to be used for inversion; this is done by increpgie number of measurements

and incorporating prior information (virtual data) aboue ©Ol.

The work presented in this paper aims to suppress the effectdesiredscatterers in the
inversion process. To this end, we begin by defining undésicatterers as any scatterers
within the imaging chamber that we amet interested in finding theianknowndielectric
properties. Considering the scattered fields due to thedesined scatterers as unwanted
signals, omoise the topic of this paper, therefore, falls under the firsegaty above: i.e.,
enhancing the overall SNR. Note that the undesired scatiecethe Ol might be two distinct

objects, or they can be attached to each other. For exam@®®, (cross-sectional) imaging
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of a 3D object, e.g., breast, the irradiating antenna nog dliminates the cross-section
of interest but also illuminates other cross-sections. s€hether cross sections are then
undesired scatterers with respect to the cross section itndoged. Herein, we investigate
how tailoring the incident field can be helpful toward sumgsiag such undesired scattering
effects. Since the focus of this paper is on the incident fialdl, not the total field), the
scope of this work is limited to imaging scenarios in whicé iiduced fields in the dielectric
objects are similar to the incident fields. (This is mainlg@sated with low-contrast and
electrically small objects.) In addition, for simplicitye have also limited the scope of this

work to homogeneous lossless Ols and undesired scatterers.

A key aspect which is considered in this paper is that the Oftean placed electrically close
to the antenna system, i.e., in its near-field (NF) zone, so asake the imaging system
more compact and also to enrich the information content efmtieasured data. (NF data
collection increases the chance of capturing evanescergsaahich contain high spatial
resolution information about the Ol.) Several NF MWI syssdmave been developed; how-
ever, to the best of our knowledge, all of them utilize stadd#ar-field (FF) antennas”.
Herein, the term “FF antennas” has been used to indicatdatdmntennas such as dipoles,
monopoles, Vivaldi, open ended waveguides which have net lspecifically designed to
achieve a certain NF distribution. (Some of these FF antehage been modified, e.g., with
a dielectric inclusion, to enhance their NF focusing [6,Y&]ll of these FF antennas have
important advantages, e.g., their compactness, ease @llngdn the inversion algorithm,
bandwidth, and the ability to easily operate in matchingiluiHowever, it is beneficial for
near-field MWI to investigate antennas which are specifioddisigned to achieve desired
NF distributions: in NF MWI, it is the incident NF of the antem not its FF pattern, that
interrogates the Ol. As a follow-up to our previous work where have discussed that the
choice of the incident field distribution can affect the &sfable reconstruction [39,72], we

now discuss and demonstrate that a focused incident NF casdaeadvantageously in NF
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MWI to suppress undesired scattering events. The idea the¢his paper is therefore sim-
ple: making sure that thepotlightof the antenna is on the Ol, and not on the undesired
scatterers. To this end, we will utilize a NF plate and a Bdssam launcher to demonstrate
the potential advantages of using a focused incident NF beavtiWI. (We have recently
presented a concise form of this idealin![77].) We also nadettiere exist other techniques
for focusing the fields into a hotspot, e.g., using an antearmay configuration/ [78—80].
The focus of this paper is not to compare these focusing igubg; we just note that the

radiators used in this paper do not require array feedingarés or array signal processing.

Finally, in this paper, we use the terftzusednstead ofdirective anddistributioninstead

of patternsince the termslirectivity and patterndescribe FF properties of antennas, and
are more appropriate for the FF zone. We also utiNEedistributionsand NF beamsn-
terchangeably. In addition, hereafter, we refer to NF MWhgly as MWI for brevity. It
should also be noted that the time-dependenexpf;wt) is implicitly assumed throughout

this paper.

4.2 Motivation

Incorporating unknown undesired scatterers in the ingarprocess requires that wi¢ in-
clude them as extra unknowns in the inversion algorithm,sarsequentlyii) ensure that
more scattering data are collected to compensate for thétirgsincrease in the number
of unknowns. However, we may not be able to meet these twoittonslin certain cases.
To understand this better, it is important to discuss théfitsent” amount of data needed
for successful inversion. To this end, we begin by reviewing the MWI problem, which
IS an inverse scattering problem, is related to the inveosiece problem. (In the inverse

source problem, the goal is to find the equivalent currergsdbnerate the measured elec-
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Fig. 4.1: Demonstration of the relation between the MWI and inversecoproblems. (a) represents
the MWI problem when the Ol is interrogated by the transmiftel (red antenna) while the
other antennas (grey antennas) act as receivers. (b) eapsdbe equivalent inverse source
problem for (a) in whichTx1 has been replaced by contrast sources in the geometrical
domain of the OI. Similarly (c) and (d) demonstrate the sawmmcept but for a different
transmitter:Tx2.

tromagnetic fields.) Once this relation is established,am®unt of information needed
for successful inversion can be better understood from Némma measurements’ point of
view. We then address how the choice of the NF distributiontmautilized advantageously
to suppress the scattering from undesired scatterers ittema to alleviate the necessity

of including them as extra unknowns in the inversion process
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4.2.1 The relation between the MWI and inverse source pnaple

Consider Figuré 411(a) in which the dashed green regioresepts the Ol surrounded by
multiple antennas. As can be seen, the antenna denotddcbyrradiates the Ol. The
other antennas surrounding the Ol act as receivers, anectttle resultingotal field data
E. The incident fieldE™, i.e., the field in the absence of the Ol, is also collected in a
separate experiment by the same antennas. Having botht#iexta incident fields, the
scattered field can then be obtainedE$* £ E — E™. Equivalently, this scattered field
can be thought as the field radiated by a new set of currents) oéferred to asontrast
sourceg81] which radiate in the background medium. These consagtces are confined
within the OI's geometrical domain; i.e., they are zero @wdshe OI's geometrical support.
This is shown in Figuré_4l1(b) where the actual illuminatamgennal’z1 is replaced by
contrast sources within the OI's geometrical domain. Asxghim this figure, these contrast
sources depend on the multiplication of the Ol's dieleatoatrast profile and the induced
total field within the Ol due td’z1. These contrast sources are then writtenuds) =
x(r)E(r) [81] wherey is the dielectric contrast profile of the (F; is the total field induced
in the OI due to a given transmitter (in this cage;1), andr is the location vector. Note
that the dielectric contrast profile is defined as

s —a (4.1)

x(r) -

wheree(r) is the relative permittivity of the Ol, and is the relative homogeneous permit-
tivity of the background medium. (In this paper, the backaeb medium is air.) As can be
seen from the above discussion, the MWI problem in Figuréed Has now been cast as an
electromagnetic inverse source problem shown in Figuigb}.dith its unknown quantity
being these contrast sources. (This well-known relationalao be found in other refer-

ences, e.g., see [82].) To minimize the null space of thecéa®sal inverse problem, the Ol
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may be illuminated from multiple angles. This has been destrated in Figuré_411(c) in
which a different transmitter(z2) now illuminates the OI. Similarly, this is equivalent to
the inverse source problem depicted in Figure 4.1(d); hewdlie new unknown contrast
sources in this case are different than the ones in Figulb)as the total field induced in
the Ol is now due t@’x2, instead ofl'z1. Based on this discussion, the MWI problem can
be thought as the summation of multiple inverse source problwhose unknown contrast
sources share one common component: the dielectric préfileedl. For a more detailed
discussion on this topic, see for examplel [83]. (As alsodbieother authors, this analogy

has been used to develop the contrast source inversionthalgdB1].)

4.2.2 Suppressing undesired scattering effects

Based on the above discussion, it can be understood thabtikast sources induced in the
Ol can be considered as thausefor the scattered field data, similar to the current distribu
tion of an antenna being the cause for its radiation pattelaore specifically, the scattered
field at a given receiver due to a given transmitter can beghbas the weighted summation
of all the contrast sources induced at different locatioitBiwthe OI's geometrical domain.
(This is parallel to the concept of antenna arrays in whiehftbld at a given location in
space is the weighted summation of the effects of all thelsiagtenna elements.) This can
be better understood by observing the so-calleth equatiorjf50] which maps the contrast
sources from the imaging domainto the scattered field on the measurement dorfidor

the 2D scalar problem

E¥rec8) = kg/ g(reS,r' e D)w(r' e D)dr' (4.2)
D

The above equation indicates that the scattered field aetiever location- is affected by

all the contrast sources weighted by Green'’s functiaf the background medium and the
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background wavenumbes,. Therefore, one way to nseea specific part of the imaging
domain, e.g., an undesired scatterer, is to ensure thatotiteast sources induced in the
undesired scatterer are small, and are ideally zero. Dueettatt that the dielectric profile
within the imaging domain is unknown, we are not able to falbyntrol the distribution of
contrast sources within the imaging domain. However, sineeontrast sources are affected

by the incident NF distributionE™, through the so-calledomain equatiofi50],

w(r € D) = y(r € D)E™(r € D) + k;g/ g(r e D.r’ € D)w(r' € D)dr', (4.3)
D

we can use the incident NF distributionpartially control the distribution of the contrast

sources.

The idea to be pursued here has been demonstrated in Eig@néhdre a focused incident
NF in Figure4.2(a) and a non-focused one in Figuré 4.2(hjliate three distinct dielectric
objects, with the central green one represents the Ol, andtker two black ones represent
the undesired scatterers. Due to the fact that the incidenmn Rigure 4.2(a) is more focused
toward the OlI, the contrast sources within the undesiretieseas are mordikely to be
weaker in Figuré 412(a), and subsequently, the scattertadcddected by the grey receiver
in Figure[4.2(a) is more likely to contain less informatidsoat the undesired scatterers as
compared to the grey receiver shown in Figure 4.2(b). Theeeif the main purpose is to
see the Ol (central object), Figure 4.2(a) offers an adggmutas measurement scenario as
the received signal is mainly due to the Ol. We will investegthis further in Section 4.3 of
this paper. (This is similar to our approach toward justifyan appropriate incident field for
2D transverse magnetic inversion [6].) Note that theretestisations in which focusing the
incident field in one spot does not result in weaker contraistces elsewhere; however, for
situations where Born approximation is valif (& E™ thusw = yE ~ yE™) focusing

the incident field into a spotlight will weaken the contrastiices at other areas. That is why
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(a) Focused NF distribution (b) Non-focused NF distribution

Fig. 4.2: (a) represents the scenario in which a focused NF beam isfaséuadiation of the Ol
(central green object). (b) represents the scenario inlwdnicon-focused NF beam is used
for irradiation. The side black objects are the undesiredteers.

we have limited the scope of this paper to scenarios in whiehtatal and incident fields

share similar distributions.

It is also important to note that in some situations, the dsefocused incident field has a
disadvantage compared to a non-focused one. In partiéUthe transmitter in Figure 412
can vertically move up and down to scan the Ol, then at sonvat@s the focused incident
field will not irradiate the OI. On the other hand, the nontfeed incident field might still
be able to irradiate the Ol due to its wider NF beam. This vafiult in the loss of some
useful information for the focused incident field. One resnéat this situation is to steer
the antenna toward the Ol when we move the antenna vertigaland down to ensure that
the focused beam always see the Ol. (This is similar to theegairof stripmap and spotlight

modes in synthetic aperture radars.)
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4.2.3 Sufficient measured data

In the previous section, we discussed suppressing the effeadesired scatterers to avoid
including them as unknowns in the inversion algorithm. Asedcearlier, if we decide to
include undesired scatterers as part of the unknowns inntrexsion process, we need to
ensure that sufficient measured data are collected to reaonheot only the Ol but also the
undesired scatterers. We now rely on Seclion 4.2.1 to fudreeuss this in an intuitive
fashion. To this end, let us first note that the equivalergiisg source problems correspond-
ing to the MWI problem (see Figuie 4.1) are, in fact, antenmaracterization problems
which we often encounter in NF antenna measurement tecksi@dun NF antenna measure-
ment techniques, antenna characterization or diagna$tials with finding the equivalent
currents of the antenna under test from NF antenna measateiné&his is due to the fact
that each set of these contrast sources can be thought ag@mwmantennaradiating the
measured scattered fields. From the theory of cylindricalsgierical NF antenna measure-
ments [84], it is known that the number of required measuedd goints depends on both
the wavelength of operatior\) and the electrical size of the antenna. Noting the relation
between the MWI and inverse source problems, it can be utodetrshat the required sam-
pling resolution for MWI will similarly depend on the size tife Ol and the wavelength of
operation. We also note that in NF antenna measurementshtwe criteria are used to find
the fieldsoutsidethe measurement domain (i.e., for performing NF to FF tamsétion),
which is easier than reconstructing the fields interior ®ortteasurement domain. For exam-
ple, the required angular and vertical data sampling réisoisifor a cylindrical NF antenna

measurement system |s [85]

A A
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wherea is the radius of the smallest cylinder that encloses thenaateinder test. It is
worthwhile to note that the above sampling resolution rexgucollecting two orthogonal
field components at each measurement location, which agetsial to the measurement
surface, i.e..F, and E, in the cylindrical coordinates where the axis of the measerd
cylinder is assumed to be on thexis. (In MWI, often one field component is collected at

each measurement location, in most implementation

Based on the above discussion and the similarity of the s®vecattering and inverse source
problems, the parameterin MWI can be thought as the smallest cylinder that encldses t
Ol and undesired scatterers. Therefore, it can be easilgratabd that the larger with
respect to the wavelength, the more measured data are apcéssperforming successful
inversion. (We re-emphasize that this approach is onlygeged to develop some intuitive
understanding about the MWI data sampling resolution, &wodlsl not be considered as an
exact governing formula for the MWI problem. For a more dethdiscussion on retrievable
information, seel[86].) If we are not able to provide the nsien algorithm with sufficient
information content (e.g., due to the physical size of themmas or strong mutual coupling
between them), an alternative option will be to reduce thalmer of unknowns, e.g., by
not seeing some parts of the original imaging domain. Therefdteough 3D full-vectorial
inverse scattering algorithms are the most accurate ofiomverting the measured data
as practical systems and objects are all 3D structures,siilismportant to simplify the
inversion process for the cases where the amount of meadatadccannot support the re-
trieval of many unknowns associated with 3D full-vectorialersion. For example, each
voxelof a discretized imaging domain will have four complex unkns in 3D full vectorial
inversion:E,, E,, I, and the Ol's complex permittivity. Therefore, fol@0 x 100 x 100
discretized imaging domain, we will therefore havex 10° complex unknowns. (Regu-
larization techniques are helpful in providingual data, e.g., enforcing smoothness by the

Laplacian regularizer, that partially handle this huge banof unknowns.)
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4.2.4 A synthetic test case

To demonstrate the concept above, we perform the followimglation study in which the
utilized incident field is a numerical model, and does notespnt an actual field. (In Sec-
tion[4.3, we will focus on simulated fields due to practical &ffennas.) In this example, we
consider a two-dimensional transverse magnetic MWI. Tire diielectric profile considered
is shown in Figuré 413(a) which consists of four losslessterers in thery plane. It is as-
sumed that the two light blue circular scatters with thetietgpermittivity of 2.0 are the Ol,
and the other two (the yellow and red ones) with the relatememittivity of 2.5 and 3.0 are
the undesired scatterers. The true profile was createdi8rnxal8 cn? domain discretized
into 100 x 100 square pixels. The frequency of operation is assumed to bElA Gwo
types of incident fields are considered to illuminate thegimg domain: the first one is an
omnidirectional line source incident field, and the othex fecused incident field as shown
in Figured 4.B(b) and (c) respectively. The mathematicptession for the omnidirectional
line source isE™ = 24%.}[02(/@,% —r'|) wherer represents the transmitter locatiehrepre-
sents the observation point within the imaging domain, gne¢ —1. In addition,H¢ is the
zeroth order Hankel function of the second kind. The focuseient field is themmodeled
(not, an actual field) by multiplying this omnidirectionakident field bycos™ v where

is the angle between the boresight axis of the antenna arnthéheonnecting the antenna
to the observation point in the imaging domain; e.g., Seé [{Bhe parametefn, which
controls the focusing level, is set to Be0 here.) For all the antennas, the boresight axis is

the line that connects the antenna to the centre of the irgatgmain.

We consider two types of measurement domains: (1) a fullecand (2) a circular sector.
In the first one, we place 22 antennas evenly distributed arcle of 14 cm radius around
the imaging domain as shown in Figurel4.3(d). In the secohdree, we distribute these

22 antennas on two opposiié° sectors of the same measurement circle as shown in Fig-
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Fig. 4.3: (a) represents the true relative permittivity profile. Thw fight blue circles are assumed
to be the Ol, and the other two side objects (red and yelloejter undesired scatterers. (b)
and (c) represent the non-focused (omnidirectional) andded incident fields respectively
which are used to irradiate the imaging domain. (e) and ffyegents two type of data
collection schemes with antennas located either on a fidlecor on a two circular sectors
respectively.
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Fig. 4.4: (a) and (b) represent the inversion of the data collectecherfull circular measurement
domain for two cases: omnidirectional and focused incidietds respectively. (c) and (d)
represent the inversion of the data collected on the cira@detor measurement domain for
two cases: omnidirectional and focused incident fieldsaetgely. (e) and (f) represent
the inversion of the data collected on the circular sectaasueement domain for two cases,
omnidirectional and focused incident fields respectivelghwhe smaller imaging domain
that only includes the Ol, and not the undesired scatterers.
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ure[4.3(e). Based on the analogy with the cylindrical NF mméemeasurements noted in
Sectior 4.2.3, the use of the circular sector measuremenaitiovill not be as good as the
full circular one; however, in some applications, we haveige this type of limited-view

configurations as we may not have a f60D° access around the imaging domain.

The irradiation of the imaging domain is performed usinp@ithe omnidirectional incident
field or the focused one. In the irradiation process, whenamenna transmits, all the
antennas including the transmit antenna collect the sedtfieeld data. This scattered data
is synthetically generated by a method of moment forwargespbnd3% noise is added
to this data according to the formula shown(in/[38]. The isi@mn of the noisy scattered
data is then performed by the multiplicative regularizedi€saNewton inversion (MR-GNI)
algorithm [2[3/53] on an imaging domain with the sizel8f4 x 18.4 cm? discretized into

61 x 61 cells.

The inversion results for the full circular measurement domvith the omnidirectional and
focused incident fields are shown in Figures 4.4(a) and @peetively. As can be seen, both
images have good reconstruction accuracy. Next, we cansidecircular sector measure-
ment domain: its inversion results for the omnidirectioaat focused incident fields are
shown in Figure§ 414(c) and (d) respectively. As can be daath,images are poor due to
suffering from limited view angles. However, it can be netidhat the use of the focused
incident field enables us to at least see the Ol (i.e., the twalar scatterers). This is due
to the fact that the focused incident fields in this data ctibe@ configuration mainly see
the Ol, and not the undesired scatterers, and thereforendasured scattered data on the
circular sector measurement domain are mainly due to thEr@in a mathematical point of
view, the use of the focused incident field has made the sedtfeeld data less sensitive to
the unknown undesired scatterers, and therefore the ioveatgorithm can work with less

informative data.
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To investigate this further, we make the imaging domain andaly shrinking it into a rect-
angular imaging domain of the si26é x 8 cn?¥ discretized int@1 x 61 cells so as to only en-
close the Ol, and not the undesired scatterers. This witl teenpletely ignore the presence
of the undesired scatterers in the inversion algorithm. imersion of the data collected on
the circular sectors for this smaller imaging domain fortthe incident field types are shown
in Figures 4.4(e) and (f). As can be seen, the inversion od#te due to the omnidirectional
incident field is now even poorer since ignoring the preserfitke undesired scatterers has
resulted in significant modelling error in the inversionaithm. However, as expected, the
inversion of the data collected on the circular sectors duéé focused incident field still
shows the overall geometry of the Ol due to the data beingdessitive to the undesired
scatterers. Finally, we note that in this example, the bezrtise focused incident fields are
always toward the centre of the imaging domain, see the tefirfor cos™ ) above. If, for
example, the focused beams of the transmitting antennasallgrarallel to ther axis, some
incident fields (i.e., those corresponding to the antenhéseatop and bottom ends of the
circular sectors) might not even interact with the Ol, threslucing the information content

of the data. (Of course, this is not an issue with omnidicewl incident fields.)

4.3 NF Beams and Results

The example presented in Sectlon 4.2.4 utilized a numéricabdelled incident field. In
this section, we consider realistic incident NF distribas. To this end, we consider two
antenna systems that are able to create NF focusing: (1) datéwhich can create a sub-
wavelength focused NF distribution on a line (line focu$if@)r] and (2) a Bessel beam
launcher which is able to generate spot focused NF distobyspot focusing) and main-
tain it over a distance away from the launcher| [88]. Hereia,use these two antennas to

illuminate the Ol so as to demonstrate the idea presentdtkiprevious section. It should
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Fig. 4.5: The simulated NF plate setup . The NF plate (orange planeddunced in([87], is excited
from the back by the inner conductor (orange cylinder) of axa cable which lies on
the excitation plane (light blue plane). This structurentiiiminates the Ol (light green
dielectric box) and the undesired scatterer (dark greeealrec box). The dark blue and
yellow planes show the focal plane and the receivers’ plaspactively. The two dielectric

boxes have the same size)of20 x \/10 x \/10 alongz, y, andz directions, and have the
same relative permittivity.

be noted that all the results presented herein have beetasgdwsing ANSYS HFSS.

4.3.1 Interrogation of objects by the NF plate

The NF plate test setup, shown in Figures 4.5 4.6, insladéhin passive plate with
the length of abouh (orange plane) in theg direction that consists of multiple capacitive
elements and is placed within a parallel plate waveguidh thié height of\/20; seel[87]

for the details regarding this NF plate. At the frequency @Hz, this passive NF plate is
excited by the cylindrical waves emanating from the innerdeector of a coaxial cable that
has been extended into the parallel plate waveguide. Theaggo source is shown by an

orange cylinder on the excitation plane (light blue plamelFigures 4.6 and 4.6. (The NF
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Fig. 4.6: The simulated NF plate (orange plane) setup with a dietectdb in front of it. The
dielectric slab has the size af/20 x 2A/3 x A/10. The description of the excitation and
receiver planes are the same as Figuré 4.5. The dielecaticcsinsists of an Ol and two
undesired scatterers. The Ol is the light green box, andvbeihdesired scatterers attached
to the Ol are the dark green boxes.

plate has the same separation\df5 from the excitation and focal planes.) Once illuminated
by the impinging cylindrical waves, the NF plate createsghlyi oscillating electromagnetic
fields at the plate that subsequently results in a focusedddflat the focal plane. As noted
in [87], the NF plate is designed by back-propagating théreeé$ocused NF distribution at
the focal plane toward the NF plate to find the required fieltherNF plate, then calculating
the required surface impedance profile needed to supporxiséence of this field, and
finally implementing this surface. Our simulated NF platauteed in aboud /12 beamwidth

on the focal plane, and was not a perfsicicfunction compared to the one reportediin/[87],
which also had a narrower beamwidth »f18. We also note that this NF plate can be
regarded as an electromagnetic metasurface which trams@given non-focused field into

a desired focused orie.

2 In this work, the NF plate is simulated in ANSYS HFSS using énance sheets.
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All of the simulation case studies for the NF plate setup arégpmed under one of the fol-
lowing two configurations:ij Configuration lis the configuration in which the NF plate is
present within the parallel plate waveguide to create adediNF distribution, andifj Con-
figuration Il is the configuration that the NF plate is removed from the imggetup in order
to reduce the focusing of the NF distribution. (That is, Cgufation Il is obtained by remov-
ing the orange NF plate in Figures 4.5 4.6.) For each sktheo configurations, four
different case studies are considered. The utilized abj€itand the undesired scatterer) in
all four case studies have the same relative permittivity&i. In the first three case studies,
the objects are dielectric boxes with the same dimensiong2if x A/10 x A/10 alongz, v,
andz directions respectively, while in the fourth case study Yemgate our dielectric box
in they direction, thus creating a dielectric slab with the dimensif A\ /20 x 2A/3 x A/10
with the same relative permittivity of 1.50. In all these famases, the separation between
the closest facet of the dielectric objects to the NF plaébizut) /60. In addition, although
our simulated configurations suffer from lartfg | values, these values are close to each

other, thus making the comparison of the two configuratieasonable.

The four case studies are illustrated with figures in Appeldin Case |, as can be seen in
Figure[E.1(a) in Appendik]F, the only object present in thetam is the Ol that is placed
exactly at the center with respect to the NF plate. In Caseigurel4.5), both the light and
dark green dielectric boxes are present in the system. Indfdhese cases, the light green
dielectric box represents the Ol while the dark green digtebox in Case Il represents the
undesired scatterer which is locatedl away from the center. Case Ill only consists of the
undesired scatterer, as shown in Figure F.1(c). Finall¢ase IV (Figuré_4]6), we have a
dielectric slab that consists of an Ol and two undesiredaeas. The Ol, the light green
box in Figurd 4.5, has the same size and dielectric propsrtheaOl in Cases | and Il. Two
undesired scatterers, the dark green boxes in Figure 4.6 tha same dielectric property as

the Ol. (The size of each of these undesired scatterer®isx 17A/60 x A/10.)
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Having defined our two configurations (i.e., presence aneraies of the NF plate) and
four case studies per configuration, we now irradiate thegedifferent cases under each
configuration, and then collect the resulting fields at tloeireers’ locations. The receivers
are located along the line of intersection between the wedliod brown planes in Figures #.5
and[4.6. This receiver line is parallel to theaxis, and is separated from the NF plate by
about)/7.5. (Note that the receivers’ locations is not on the focal plahe focal plane,
which is /15 away from the NF plate, passes through the center of the tsbjéithe fields
collected by the receivers in the presence of the objecteefeered to as the total NF data.
Subtracting the incident NF at the receivers’ locationgrfitie total NF data, we find the

scattered NF dataAnalysis of the scattered NF data is the focus of the nextiasec

4.3.1.1 Analysis of the scattered NF data

Herein, we discuss our observations from the comparisohettattered NF data for the
four case studies under both configurations. Prior to teisu$ take a look at the mag-
nitude of the incident NF distribution at the receivers’dtions for both configurations in
Figureg 4.17(a) and (b) which represent the presence and@bséthe NF plate respectively.
As can be seen, the presence of the NF plate has created adddébglistribution. It should
be noted that the focused incident field does not have theesbfaghesinc function as ex-
pected based on the design presented ih [87]. We speculateasons for this. First, the
sincbehavior is to be expected at the focal plane whereas ouwegsdine is not on the fo-
cal plane. Second, our simulated structure can still beropéid; however, since our purpose
is to study the performance of a more focused beam as comfzagedon-focused one, the
achieved incident field serves this purpose, which can be Isgeomparing Figurds 4.7(a)
and (b).

We now begin by comparing the scattered NF data for Cases llamdler our two con-
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Fig. 4.7: Configuration | represents the presence of the NF plate, amdigtiration Il represents
its absence. (a)-(b) show the incident NF distributionshatreceivers’ locations. (c)-(j)
Scattered NF data under the two configurations for Casesu to |
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Fig. 4.8: Induced contrast sources (their magnitudes) for CasesIMaiud both configurations: with
the NF plate (Configuration 1), and without the NF plate (Cguafation Il). The contrast
sources in each configuration have been normalized withectdp the maximum of the
incident field at that configuration.

figurations. Figures 417(c) and (e) show the scattered N& ftaitthese two cases under
Configuration I. As can be seen by comparing Figlires 4.7(d)(ah the presence of the
undesired scatterer has barely changed the scattered BFIdaither words, the imaging
system employing this focused incident NF distribution & wery sensitive to the unde-
sired scatterer. On the other hand, the scattered NF da€@ofafiguration Il (when the NF
plate is removed) have been shown in Figures$ 4.7(d) andqfyaa be seen, the effect of
the undesired scatterer is now completely visible in thétsead NF data, and has shifted
the maximum of the scattered NF data in Figuré 4.7(f). Tohertverify this, we consider
Case Il where only the undesired scatterer is present. Gaikesed NF data for this case
under Configurations | and Il have been shown in Figlres #atid (h): as can be seen,
the scattered NF data obtained in the presence of the NF (@at&iguration 1) has much
smaller magnitude compared to that obtained in the absette dNF plate (Configura-
tion II). In conclusion, the presence of the undesired soatts less “seen” by the receivers

when the utilized irradiating source is the focused incid¢fa beam.

As noted earlier, in Case IV, we elongate the light greenedteic box; see the new elon-
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gated light green dielectric box in Figure 4.6, which we rééeas the dielectric slab. The
resulting scattered NF data for this dielectric slab havenkshown in Figurds 4.7(i) and (j).
Comparing Figurels 4.7(c) ahd #.7(i) for Configuration | atsb@omparing Figurds 4.7(d)
and (j) for Configuration Il shows that elongating the digliecbox under Configuration |
has not changed the resulting scattered NF data as muchtasmtlex Configuration Il. In
other words, the effects of elongating the Ol is less visibilh the NF plate present. To
justify this, one may take a look at the induced contrast@aifor Cases | and IV under
both configurations as shown in Figlirel4.8, and observelieatdntrast sources associated
with Cases | and IV undergo less changes in Configuration pawed to that in Configura-
tion Il. We speculate that this is important for 2D inversigamographic inversion) of 3D
targets as signals arising from anywhere other than the cexgion of interest contribute to

the modelling error.

4.3.1.2 Inversion results

Now, let us consider inverting the scattered NF data cabkbatsing the NF plate setup.
The choice of the inversion algorithm depends on many paemsiacluding the number of
measured NF data points. In MWI, it is often desirable to deomnonlinear inversion algo-
rithm (e.g., contrast source inversion or Gauss-Newtoersien methods) in which the Ol's
dielectric profile is iteratively reconstructed. Howewbgse nonlinear inversion algorithms
are better suited when the Ol is illuminated from differemgles of incidence. (That is why
we used a nonlinear inversion algorithm in Secfion 4.2.4s)ilASectiorl 4.3.111, we have
only illuminated the Ol from one direction, the choice of finear inversion algorithms is
not appropriate. Therefore, we use a linear inversion #lgarin order to reconstruct the
complex permittivity of the Ol. In our linearized inversiapproach, we assume that the scat-

tered NF data is related to the unknown dielectric contydstearly. That is,E*“* = L()
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Tab. 4.1:The reconstructed OI's permittivity for Cases | and Il unther two configurations.
Cases Calibration object’s permittivity Configuration | Co nfiguration Il

Case | 1.20 1.90 — j0.29 1.74 — j0.04
Case Il 1.20 1.89 — j0.32 1.58 — j0.25
Case | 1.50 1.65 — j0.03 1.71 — §0.01
Case I 1.50 1.66 — 50.01 1.57 — j0.23

where/ is a linear operator. As can be seen from|(4.2), this linearatpr depends on both
Green’s function of the system and the total field inducedhédbject. To determing, we
use a calibration object similar to the method presente&]in Herein, for simplicity, we
reconstruct one relative complex permittivity value foe @l. In addition, we limit the data
collection scheme to only one data point behind the centtieeo®I on the receiver domain.
Thus, the operatof simply becomes a complex number which is multiplied by thetiast
to output the scattered NF value at the single measureméntt po other words,L be-
comes the slope of the line that linearizes the relation betvthe scattered NF data and the
contrast around the contrast of the calibration object.diag the dielectric contrast of the
calibration object ag®, £ simply becomed*“* () /x¢ where E**(x¢) is the scattered
NF data due to the known calibration object. Once this found, the unknown contrast

can be found ag = E*/L.

Now, consider the reconstruction of the permittivity vatdéhe Ol for the MWI setup shown
in Figurel4.5 under our two configurations (with and withdwg NF plate) for Case studies |
and Il. We consider the same dielectric boxes (with the sfz&/@0 x A/10 x \/10) as
presented earlier in Figufe 4.5 as the Ol and undesiredesegtbut now with a relative
permittivity of 1.70, instead of 1.50. (As will be seen, thermittivity of 1.50 will be
used as one of the calibration objects.) The inversion te$al Configurations | and Il for
two different calibration objects (having the same sizehasQl) are reported in Table 4.1.

As can be seen, the inversion results for Cases | and Il um@efocused incident field
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Fig. 4.9: Separation resolution study. The simulated NF plate (eratgne) setup with two dielec-
tric objects (dark green dielectric boxes) separated bytahd3\ from each other. (In the
figure, this separation has beexaggeratedy a larger distance for illustration clarity.) The
objects have the same size)of20 x A/10 x A/10 along thez, y, andz directions, and have
the same relative permittivity af.50. The description of the excitation and receiver planes
are the same as Figure 4.5.

illumination (Configuration I) do not change as much as thasger Configuration II. (For
example, compare the change frarA0 — ;0.29 to 1.89 — 50.32 with the stronger change
from 1.74 — j0.04 to 1.58 — 50.25.) This demonstrates that Configuration | is less sensitive
to the presence of the undesired scatterer. It should alsmieel that the inversion result
of Configuration Il are more accurate. We speculate thatiththue to the fact that the
total fields in the calibration object and that in the Ol areselr to each other for the non-
focused incident beam, thus, making the utilized lineaeiison algorithm more suitable

for Configuration .
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4.3.1.3 Separation resolution study

We now study the effect of using a focused incident NF digtidn on the achievable sepa-
ration resolution for one test case under the same two caafigns described above. This
case study for Configuration | is shown in Fighrel4.9. As casdamn, there are two dielectric
objects (the two dark green dielectric boxes in Fiduré 48} have been placed approxi-
mately0.13\ apart from each other in front of the NF plate. These two dieile objects
have the same relative permittivity of 1.50 and the samedfi2¢20 x A\/10 x A\/10in thez,

y, andz directions with the distance between their closest facdig¢d\NF plate being about

A/60.

To perform this study, we assume that the NF plate moves dloag direction to scan
the two objects in the following three steps. Initially, it&in beam is directly toward the
first dielectric object, then the main beam is moved direttilyard the gap between the two
objects, and finally its main beam will be directly toward #exond object. Similar to the
previous section, this will constitute our Configuratiofol, configuration I, we assume the
same procedure but without the NF plate. In each of these #ieps, the scattered NF data
are collected on the receivers’ line residing on the yelltanp. For each of these steps, we
have a set of distinct receivers which are mainly within treemibeam of the NF plate. (The

details of these steps and our simulation details are destin AppendixF.)

We now discuss the obtained scattered NF data from this atroolstudy which have been

depicted in Figurels 4.10(a) and (b). As can be seen from €igd0(a), the gap between the
two dielectric boxes is detectable directly from the scatldNF data when the focused inci-
dent NF distribution is utilized. However, this is not theseavhen the NF plate is removed
in Configuration Il; this can be seen from Figlre 4.10(b). As be seen in Figurés 4]10(a)

and (b), the magnitude of the scattered NF data at the cehtbe digure, which is asso-
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Fig. 4.10: Separation resolution study. Scattered NF data for (a) Garaiion | and (b) Configura-
tion II.

ciated with the gap between the two dielectric objectspiilsimumfor Configuration | and
maximuntor Configuration Il. Based on the concept of contrast sautbat was explained
earlier in Section 4.2]1, this can be explained as follomsCdnfiguration I, when the NF
plate directly illuminates the gap, it will not induce sifjoant contrast sources in the two
dielectric objects. Therefore, the resulting scattergdaiwill be small. On the other hand,
when the gap is illuminated in the absence of the NF plate Genfiguration Il), more con-
trast sources will be induced in the two dielectric objects tb the wider illuminating beam.
Due to the symmetry of the objects, the induced contrasicesun the two objects will be
in-phase. Therefore, the resulting two contrast sourcedeahought as a two-element in-
phase antenna array that subsequently generates a ragietik toward its broadside-£¢
direction in Figuré_4.70). This, therefore, justifies why tmaximum of the scattered NF
data in Configuration Il occurs at the center of the Figurdi¢h)l (The central receiver

corresponds to the broadside direction.)
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Fig. 4.11: The simulated Bessel beam launcher setup. The Bessel beaoh& (orange circular
structure), introduced iri_[88], is parallel to tlx& plane. A more detailed view of the
capacitive sheet is shown in the inset. The brown platyeplane) contains the cross
section of three dielectric boxes, all of which have the sastegtive permittivity of two.
This figure represents our Case |l study where the light gdéelactric box, with the size
of A\/2 x A\/4 x \/3, represents the Ol, and the two dark green dielectric baxis the
size of3\/4 x A\/4 x \/3, serve as the undesired scatterers.

4.3.2 Interrogation of objects by the Bessel beam launcher

In the previous section, the idea of suppressing undesaattiesing effects for MWI was
studied using the NF plate. One limitation of this study lieghe fact that the Ol and
the undesired scatterer(s) are located on one line. Thigluaso the fact that the utilized
NF plate provides 1D focusing. To consider more generals;ase have simulated the
Bessel beam launcher presented.in [88, 89] by the use of ANSKSS so as to apply it
to MWI applications. This Bessel beam launcher, shown imgeain Figures 4.11 and
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Fig. 4.12: The simulated Bessel beam launcher setup. This represass|C where the light green
circular cylinder (with the radius of/4 and the height of\/3) represents the Ol and

the dark green circular cylinder, with the same size andedigt properties as the Ol,
represents the undesired scatterer.

0.1 0.1

0.08 0.08

_0.06 _0.06
E, E,

>0.04 >0.04

0.02 0.02

0 0

-0.05 0 0.05 -0.05 0 0.05
x [m] x[m]

(a) Configuration |, incident NF distribution (b) Configuration Il, incident NF distribution

Fig. 4.13: Normalized magnitude of the incident NF distribution fo) @onfiguration | (Bessel
beam) and (b) Configuration Il (dipole).
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Fig. 4.14: (a)-(b) normalized magnitude of the incident NF at the nemeline; (c)-(f) scattered NF
at the receiver line for Configurations | and Il regarding €hé&ingle small box), Case Il
(elongated box consisting of an Ol and two undesired seatfgrCase Il (single small
cylinder) and Case IV (small cylinder with an offset extralagsired scatterer) respectively.
In Configuration I, these fields correspond to theomponent of the electric field, and in
Configuration I1, they correspond to thecomponent of the electric field.
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[4.12, is a planar structure capable of focusing electrortégfields into a 2D spot in front
of the launcher and then maintains this focused beam ovee shstance away from the
launcher. This distance is referred to as the non-difingctone of the launcher, after which
the focused beam starts to diffract [88]. (The non-diffirecizone of this launcher is about
2.1\ [89].) This launcher utilizes a leaky radial waveguide id@rto generate the Bessel
beam [88]. This waveguide consists of a capacitive impeglaheet located over a ground
plane (separated by 1 mm) which is fed by a coaxial cable. @dpscitive impedance sheet
is made of square patch elements (with the length of lesstpaihprinted on both sides of
a substrate with, = 6.15 and the height ok = 0.127 mm. The diameter of this launcher
is about 6\ and its frequency of operation is 10 GHz [89]. The simulatedd®l beam
launcher is capable of generating electric field whose nbecoraponent, theg direction in
Figured 4.111 and 4.12, is a truncated zeroth-order Besselifun of the first kind, and has a
first-null beamwidth of less thak. That is, theoretically, the incident field in tihedirection

will be in the form of [88]

E, = Jo(kp Va2 + 22)e 7w (4.5)

where.J; is the zeroth-order Bessel function of the first kind, &fid+ k7 = k; wherek,. is
the transverse wavenumbey,is the normal wavenumber, aglis the wavenumber in the

background medium (free space in our case).

Similar to the NF plate case, we consider two configurati@Qunfiguration | uses the Bessel
beam launcher to irradiate the objects. On the other han@oinfiguration II, a dipole
antenna replaces the Bessel beam launcher to serve as otoaused incident beam, see
Figure[E.4 in AppendiXIF. For each of these configurationscaresider four case studies.
In Case I, a rectangular dielectric box with the relativenpietivity of two and the size

of A\/2 x A\/4 x A/3 is placed at the center of the launcher and aboaivay from the
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launcher (similarly, about away from the dipole antenna in Configuration IlI) as shown in
Figure[EB(a). Case Il not only considers the light green &xhe Ol, but also includes
the two undesired scatterers, the dark green boxes in Ffglifle attached to the Ol. These
undesired scatterers have the same relative permittigitya OI, each of which with the
size of3\/4 x A\/4 x \/3. Case Ill, see Figure F.3(c), includes a new Ol that is a krcu
dielectric cylinder with the relative permittivity of fouheight of\/3, and the radius ok /4
located abouf away from the center of the Bessel beam launcher. Finallge@d adds
this dark green dielectric cylinder as an undesired seatterCase IIl. Figuré 4.12 shows
Case IV where the light and dark green cylinders represenOthand undesired scatterer
respectively. In Case IV, the Ol and undesired scatteree tfla same dielectric property,
and the undesired scatterer is offset(By\/2, ) with respect to the center of the Ol. (The

center of the Ol is the origin of the coordinates.)

Finally, It should be noted that all the simulations conaggrConfiguration Il (i.e., in the
absence of the Bessel beam launcher) have been preformadiagghat the dipole is hor-
izontally oriented along the axis. Since neither a horizontal dipole nor a vertical one ca
generate a dominatf, component (similar to the Bessel beam launcher), we haeated
the dipole along the axis so that a dominart, can be achieved in Configuration Il. This
enables us to compare two different incident fields (focusraam-focused ones) with their
dominant electric field components lying in the imaging pldny plane), similar to the

transverse electric microwave tomography.

4.3.2.1 Analysis of the scattered NF data

The incident NF beams within they plane for Configurations | and 1l are shown in Fig-
ured4.18(a) and (b). In addition, the measurement domedeifrers’ locations) is taken to

be a line in thery plane and parallel to the axis, which is2\ away from the OlI's center.
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Fig. 4.15: Induced contrast sources (their magnitudes) for Cases lldnd both configurations:
using the Bessel beam launcher (Configuration 1), and usiaglipole antenna (Configu-
ration I1). The contrast sources in each configuration haanimormalized with respect to
the maximum of the incident field at that configuration.

Over this line, we have distributed 61 receivers which aenvspaced. The incident NFs
on the measurement domain have also been plotted in Figutd&} and (b). (Note that
the first-null beamwidth of the Bessel beam in Figure 4.1&(apout\.) The scattered NF
data (i.e., the scattered fields at the receivers’ locafitmisCases | to IV for both config-
urations are shown in Figures 4114(c) to (f). As can be seé¢nese figures, the change in
the scattered NF data due to the introduction of the undistatterer is less in Configura-
tion | than that in Configuration Il. Based on the discussiogspnted in Sectidn 4.2.2, we
speculate that this is due to the fact that the induced cstrgraurces have undergone less
changes in Configuration | when the undesired scatterers im&noduced. This has been
demonstrated in Figufe 4115 where the contrast sourcesoftbrdonfigurations regarding
Cases | and Il have been plotted: as can be seen, the comtuases in Case | and Il are
more similar under Configuration I. (Also, note that the casit sourcesv outside the box
in Case | for both configurations are exactly zero since thdrasty outside the box is

zero.)
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4.3.2.2 Inversion results

A simple linear inversion algorithm, the same as the one irs8dctiori 4.3.1)2, is employed
to invert the scattered NF data. To this end, we utilize a kmoalibration object with a
complex relative permittivity value close to that of the @Ising this calibration object,
we linearize the nonlinear inverse scattering problem, et reconstruct the complex
permittivity of the Ol using one measured data point located, 2, 0), which is directly
behind the OI.

Now, let us first consider the inversion results for Caseslliaander our two configurations.
As listed in Tablé 4.2, the calibration object has a relgbeamittivity of 1.50 and the size of
A/2 x A\/4 x \/3 (same size as the Ol in Cases | and Il). The achieved recatestiualue
(real and imaginary parts) under Configuration | shows leasges compared to those under
Configuration Il when we go from Case | to Case Il. However,aslme seen the inversion
results under Configuration | are quantitatively less aateur The same observation holds
when comparing the reconstructed values for Cases Il andhilér the two configurations,
see Tablé 4]2. That is, under Configuration I, when we go frasedll to Case 1V, the
reconstructed value shows smaller changes. However, itatavly, Configuration 1l yields

more accurate results.

The observation that the reconstructed values under Coafign | undergo less changes
when the undesired scatterers are introduced indicate€tmdiguration | has provided less
sensitivity to the presence of these undesired scattdrensever, it is important to discuss
why the reconstructed permittivity under Configurationleiss accurate. Herein, we present
a few speculations to justify this. First, the linearizedersion approach assumes that the
total field in the calibration object and the Ol are identiddk speculate that this assumption

is more accurate for the dipole antenna due to having a br@adkmore uniform beam.



4 .4 Discussion and Conclusions 114

Tab. 4.2:The inversion results for Cases | to IV under the two configongs: with the Bessel beam
(Configuration I) and the dipole antenna (Configuration II).
Cases Calibration object’s permittivity Configuration | Co nfiguration Il

Case | 1.50 1.51 — 50.11 2.00 — j0.13
Case || 1.50 1.61 — j0.01 2.16 — 51.30
Case Il 3.50 3.52 — j0.16 3.58 — 50.63
Case IV 3.50 3.54 — j0.18 3.77 — j0.88

(Note that a given inversion algorithm can be more suitabla given measurement setup
depending on its assumptions.) Second, the Bessel bearhénas-talled “self-healing”
property [90, 911], which could reduce the sensitivity of taa to the unknown permittivity.
Third, the polarization of the Bessel beam launcher usedniaging isy and that of the
dipole isz. Therefore, the induced contrast sources in the Ol can hgtit@s some dipole
antennas oriented in theand z directions for Configurations | and Il respectively. The
measured data point, located @2\, 0), will then be mainly along the axes of these dipoles
in Configuration | and along the broadside of these dipolegSanfiguration Il. This could

also result in less sensitivity for Configuration |.

4.4 Discussion and Conclusions

Broadly speaking, this paper proposes that tailoring thrgrast sources induced in the ob-
jects can be used advantageously in MWI. This approach legsdtential to suppress (or,
enhance) the sensitivity of the measured data with respegidcific regions of the imaging
domain, e.g., a region which requires more accurate assessiwas noted that we do not
have full control over tailoring contrast sources sinceitfuiced total fields within the ob-
jects are dependent on the objects’ unknown dielectricgntags. Due to this difficulty, we
have limited the scope of this paper to scenarios in whiclmitieced total field distributions

inside homogeneous objects are similar to the illuminaimegdent field distributions. For
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the cases where this (Born) assumption does not hold, orenaptto utilize an estimate of
the dielectric profile of the objects (which might be obtainvéa a different imaging modal-
ity), and then use this prior knowledge to create an incidiefd distribution that results in

a desired total field distribution in the objects.

We also noted the importance of tailoring the incident NFnbeéthe irradiating antenna, as
opposed to its FF pattern, for NF MWI. In this paper, we havestigated two NF beams for
imaging which satisfy our desired property: a focused Nfithigtion. We envision that the
area of electromagnetic metasurfaces will offer a systenaodl to synthesize appropriate
incident NF distributions to be utilized for imaging (e.gee [92]). This is due to the fact
that metasurfaces can transform a given excitation eleatgmetic field to a desired one by
imposing appropriate surface boundary conditions [93hddition, in this work, we did not
consider tailoring the polarization of the incident field fbe benefit of imaging, which can

also be pursued in future.

In this paper, we have only considered focused NF beams katpurpose of minimizing the
sensitivity of the collected scattering data to undesicedterers. However, depending on the
application area and purpose, one can employ incident Nf®e# different distributions
to optimize the retrieval of various features of interest. addition, within the scope of
our assumptions, we have intuitively discussed that thisised NF beam approach can
limit the geometrical support of the induced contrast sesiy@nd can therefore result in
less required measured data points as compared to scemawbgch wider NF beams are
utilized. In addition, one of the other potential advantagé focused NF beams, which
has not been investigated here, is the ability to enhanc8NM#e of the measured data. In
some applications, such as those which operate in lossyume@nhancement of the SNR

is critical to enhance the achievable reconstruction amyuand resolution.

In summary, this paper demonstrated that the use of focufeoeldms can suppress some



4 .4 Discussion and Conclusions 116

undesired scattering effects. From a broader point of vileegmain message of this paper
is the suggestion that the incident NF beam, as an MWI sys&sigd component, can
be advantageously utilized to optimize some imaging aspecid not just to irradiate the

objects.



Focused One-Dimensional Microwave

Imaging by Near-Field Plates

This chapter encloses a submitted journal paper of the dsithRbD work that is currently

under review. In Chaptét 4, we have discussed that the usea$éd incident NF distribu-
tions (as one of the parameters in MWI hardware design) cipnuisesuppress the sensitivity
of the collected data with respect to a subset of the imagimgadn. It was shown that this

leads to having less number of unknowns.

Herein, we propose to use another degree of freedom in adddiwhat has been consid-
ered in the previous chapter in order to improve the achievatcuracy and resolution. In
particular, in this chapter, the use of focused receivirttepas in conjunction with focused
transmitting patterns is considered. As will be discussetidgemonstrated in this chapter,
the simultaneous use of focused transmit and receive pattan further alleviate the sen-
sitivity of the collected data with respect to undesiredarg. Consequently, the number

of unknowns can be reduced drastically. In particular, giie proposed setup, it is shown
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that we are able to reconstruct the complex permittivity sfibwavelength discretized pixel
(referred to as a cell) from one single data poiits will be seen, this comes with its own

limitations that will also be discussed in this chapter.

The abstract of this submitted paper is first presentedi@tbby its sections.

Abstract The use of subwavelength focused transmit and receiverpatis considered in
microwave imaging. To this end, a subwavelength focusedireld (NF) beam, generated
by a NF plate, is utilized to illuminate a one-dimensiond))bbject of interest. A second
NF plate, whose excitation point coincides with the focahpof the former NF plate, is
then used to collect the emanating scattered field. Usirsgttveo focused beams and under
a localized approximation, it is shown that a single scattetata point can be made mainly
sensitive to the complex permittivity value at a subwavgtarcell for 1D objects being im-
aged. This is in contrast to standard microwave imaging hegiven measured scattered
data point is typically sensitive to the complex permitiiwalues within the whole imag-
ing domain. Although this study is valid within some majomnstraints (i.e., 1D objects,
a limited working distance for NF plates, and a localizedragpnation), it demonstrates
that the transmit and receive patterns of antennas cart #fiegoverning equations of mi-
crowave imaging, and therefore can be utilized as two exgaeks of freedom in the design

of microwave imaging systems.

5.1 Introduction

Microwave imaging (MWI) works by irradiating the object afterest (Ol) by incident mi-

crowaves, and then measuring the emanating scattereddigisisle the Ol to infer the Ol's

1 As will be seen in this chapter, this method has its own cairgs and limitations, namely, 1D objects of
interest, limited working distance of near-field plates] #me use of a localized approximation.
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internal complex permittivity profile [5)7-10,12-14)68,95]. The scattered field data are
obtained by subtracting the measured incident fields éx¢ernal fields in the absence of the
Ol) from the measured total fields (i.e., external fields ia pinesence of the OI). The pro-
cess of creating a quantitative image of the Ol's internahgl@x permittivity profile from
the measured external scattered field data is often refegras theinversionof the data to
reconstrucior, to retrieve) the Ol's complex permittivity profile. M\Whay be performed in
the time-domain or frequency-domain; herein, we consideguiency-domain MWI where

time-harmonic incident microwaves are used to illuminh&e®I.

5.1.1 Inverse Scattering versus Inverse Source

MWI inversion belongs to the class of electromagnetic isgescattering problems as its
main objective is to reconstruct a physical property (cemplex permittivity) of a passive
scatterer. This is in contrast to electromagnetic invecggce problems where the goal is
to reconstruct the equivalent currents of an active so@ge, reconstructing the equivalent
currents of an antenna under test from its measured raddettomagnetic fields [96,97].
The relation between the inverse scattering and inversesquoblems can be understood
from the electromagnetic volume equivalence principlesdgbon this principle, an inverse
scattering problem where the Ol is illuminated from mukigirections can be cast as sev-
eral inverse source problems that share a common prop&;®99 This is based on the fact
that scattered field data can be thought as the fields geddrpatenlume equivalent current
densities that replace the actual Ol. In the context of MW&se volume equivalent currents
are often represented by the so-calleatrast sourcesvhich only exist within the geomet-
rical support of the Ol, and are zero otherwise [81]. Thesdrast sources are related to the

unknown complex permittivity contrast of the Ol and the uolkm total field within the Ol.
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5.1.2 MWI Challenges

MWI inversion is challenging (at least) for the followingrée reasons. 1) The measured
scattered data at a given receiver due to a given transnsttgpically related to the un-
known complex permittivity values and the unknown induaatdltfieldseverywheravithin
the whole imaging domain. That is, one measured data pasenisitive to many unknowns.
This requires the use of many transmit-receive pairs tongtcoct these many unknowns,
which can be challenging in practice. 2) The unknown complenmittivity values and the
unknown induced total fields within the Ol are nonlinearliated to each other. This is due
to multiple scattering events occurring within the imagdwnain. This makes the math-
ematical problem nonlinear, and the inversion algorithradseto be able to retrieve these
multiple scattering events through an iterative proce3<D& to the so-called smoothing
effects [37] of Green’s functions of conventional MWI sysie (e.g., free space Green’s
function), the effects of higher spatial frequency compusef the OI's contrast sources
are dampened in the measured scattered data. This is réfladtee small singular values
of Green'’s function operator mapping the contrast souc#set resulting external scattered
field data. This leads to an ill-posed mathematical probldntivmakes the inversion pro-
cess unstable; i.e., a small change in the measured sdattat@ can result in significant
changes in the reconstruction result [100]. Appropriatgit@&ization algorithms [54] need
to be utilized to stabilize the inversion process. A majdfialilty with the use of regu-
larization techniques for this nonlinear problem is to eagtat appropriate regularization

weights have been used.
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5.1.3 Inverse Scattering Algorithms

Although the inverse scattering problem associated withINBes the above challenges,
inverse scattering algorithms (or, simply inversion altjons) offer the following two signif-
icant advantages for MWI. 1) They can achieuantitativemages of the OI's relative com-
plex permittivity profile. 2) They can achieve sub-diffriact (super-resolution) imageven
when the scattered data are collected in the far-field Zofje [Bhis has already been ver-
ified by applying different inverse scattering algorithraseveral experimentally collected
data sets, e.g., see [32/33,101]. For example, in sevesatda MWI, inverse scattering
algorithms seem to be able to reconstruct a separatiorutesobf about\ /8 where) is the
wavelength in the background medium. However, this is nareecal rule as the achievable
result depends on several other factors such as the numbalizéd transceivers and their
locations, the OI's complex permittivity profile, signal-hoise ratio of the measured data,
etc; e.g., the achievable separation resolution worsees whaging more complicated Ols,
e.g., see [32, 33]. The main reason for achieving supettso using inverse scattering
algorithms has been attributed to the ability of these dlgars to take into account multiple
scattering events within the OI. Noting that multiple segttg events can convert evanes-
cent waves to propagating waves [102], it has been spedutaat unraveling the multiple
scattering events by the inversion algorithm may enabledtreeval of high spatial infor-
mation about the OI[103—105]. Although inverse scatteafgprithms have successfully
reconstructed many synthetic and experimental test cds®sare currently unable to en-
sure that a certain image quantitative accuracy and résolaan be obtained for a given
Ol due to the nonlinearity of the MWI problem. For examplepanpeconstruction of their
final image, they cannot make sure that a given region ofestexvhich is suspicious to be

cancerous has been reconstructed with a certain spatdlities.
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5.1.4 Evanescent Field Based Devices

As noted above, inverse scattering algorithms achievergegelution images afcatterers
via sophisticated data processirsgfitwarg. We now consider a different class of methods
that achieves super-resolution images of actmarcesausinghardware That is, this class of
methods solve electromagnetic inverse source problerasthjiat the hardware level, with-
out the use of inverse source algorithms. An example of thassiware methods is the sem-
inal work of Pendry on superlenses [106] where it was showhltbth propagating waves
and evanescent waves diverging from a point source conbagjeto a focal point when a
negative refractive index (NRI) material is placed betw#ensource and the focal point.
Based on this, Pendry concluded that sub-diffraction imggf sources (inverse source) can
be performed using these volumetric superlenses. Latgbdng and Eleftheriades experi-
mentally demonstrated this idea with a two-dimensional)(2ixrowave transmission-line
metamaterial [107]. However, as noted|in [108] and refegsrtberein, the existence of an
NRI material is accompanied by dispersion and loss whicletfwally limits its imaging
distance and resolution. To alleviate dispersion and kasd,also to make the fabrication
process simpler, there have been recent progress in @eatindiffraction focal spots us-
ing surfaces (structures whose thickness is small compartte wavelength) as opposed
to volumetric metamaterials. These surfaces have beemnrgdfto as near-field plates or
metascreens. In particular, in [109], it was theoreticalipwn that using the so-called radi-
ationless interference, subwavelength focusing can bewathusing near-field (NF) plates.
This idea was then experimentally demonstrated in [87] @Ingicrowaves emanating from
a cylindrical source was focused to a (half-power beamwisiiot of approximately/20.
Since this class of hardware systems utilizes evanescerbwae use the same terminology

used in[[108, 110] and refer to them as evanescent field baseckd.
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5.1.5 Motivation

The development of MWI hardware systems has been focusedtenraa and microwave
circuit design to irradiate the Ol and record the emanatielggiwhile reducing the mutual
coupling between co-resident antennas, choosing apptepmatching fluids, and maintain-
ing a high dynamic range. Although several groups have itanéd to the development of
MWI hardware systems, the main effort in the MWI research mmity has remained fo-
cused on the development of the software aspect of this ntygdemely, inverse scattering

algorithm

On the other hand, recent advances in evanescent field bagieds] such as the NIR super-
lens, has shown the possibility of (perfect) reconstructiban active source merely based
on a hardware system, amdthout utilizing an inverse source aIgoritiHnSince inverse
scattering and inverse source problems are related, ibesrthe following questiorcan we
similarly design an MWI hardware system that facilitates téconstruction of the complex
permittivity values at subwavelength level$@ this end, Okhmatovslt. al. used Green’s
functions of an NRI volumetric lens [112] and a Maxwell fisjedens [113] (instead of
Green'’s function of free space), and developed an appraadirieve the complex permit-
tivity values in MWI. In their work, the use of these focusi@geen’s functions simplified
the recovery of unknown contrast sources at subwaveleagéis within the discretized Ol.
Once these contrast sources were found, the complex peityitialues at different cells

were obtained.

Similarly, the main purpose of our paper is to demonstraettie hardware aspect of MWI

can facilitate the inversion process. The idea behind oprageh is to use evanescent field

2 Other forms of MWI algorithms such as radar-based algostlame also available and have their own
advantages; however they are outside the scope of this.paper

3 As another example, the use of a hardware system to solvedhdine integral equation of the second
kind has been recently demonstratedin [111].
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based devices to provide subwavelength focused traresmiteceive patterns for MV\H.
Under some constraints and approximations to be descrdied Wwe use these focused
beams to make a single measured scattered data point menditige to the complex per-
mittivity value at a given subwavelength cell. Thereforéhim our constraints and approx-
imations, this will be a hardware system whose output (alsingeasured data point) is
approximately related to the unknown complex permittiviyue at a subwavelength cell.
Although due to our constraints and limitations (i.e., 10eabs, limited working distance
of NF plates, and a localized approximation) the utilizeddagare system does not hold
promise for practical MWI applications, this paper demaatsts the important role that

transmit and receive patterns can play in MWI applications.

This paper is structured as follows. Secfion 5.2 preseetpithblem statement. Sectionl5.3
reviews the two main governing equations of MWI with some aeks on the achievable
resolution and accuracy using inverse scattering algostfOur methodology, which relies
on simplifying the standard MWI governing equations duéneuse of focused transmit and
receive patterns, is then presented in Se¢tioh 5.4. Fukwaxulation studies are presented
in Section[5.b to evaluate the proposed idea. The invergeults will be presented in
Sectiori 5.5, followed by some conclusions and remarks iti&€6.7. Finally, we note that
the far-field term “pattern” is loosely used in this papercsiMWI is often performed in the
NF zone, and the utilized evanescent field based deviceadalthe NF zone. However, for
simplicity, we use the terms “pattern”, “NF distributiorénd “NF beam” interchangeably
throughout this paper. The time-dependencyxgf(jwt) is also implicitly assumed in this

paper.

4 Note that the use of focused transmit patterns have alsoibeestigated for focused microwave thermal
therapy, e.g., using an antenna arfay [114], and also foroma&ve imaging to suppress undesired scattering
effects [99].
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5.2 Problem Statement

We consider the simultaneous use of focused transmit aet/eggatterns in MWI to investi-
gate if asinglemeasured data point can be made mainly sensitive to the eampetmittivity
value at asinglesubwavelength cell. If this could be achieved, we would esakly have a
non-invasive probe whose measured data is directly retatée complex permittivity value
at that subwavelength CQII.This is in contrast to standard MWI where a single measured
data point is related to several unknown complex permijtivalues within the whole OI.
To this end, our approach is to have a subwavelength focuaesmitand receive patterns
that simultaneously look at a subwavelength cell withinithaging domain. To visualize
this, consider the transmit and receive patterns with @sjgea square imaging domain
discretized intol x 4 cells as shown in Figuile 8.1 for four different configuratiomhere
Configuration IV represents the case with more focused mméan®lue) and receive (red)

patterns.

We emphasize that the above objective is, in genalpossible due to scattering events
within the OI. As will be seen later, the reason that we cars@ime extent) achieve this
objective is due to 1) utilizing subwavelength focuseddrait and receive patterns, 2) con-
sidering 1D Ols, and 3) applying a localized approximati®espite the fact that our ob-
jective is pursued within this limited framework, our breadjoal is to demonstrate that the
transmit and receive patterns are two degrees of freedanedhaaffect the MWI's govern-
ing equations, and can be useful in tailoring the sensjtviitthe MWI data with respect to
unknown complex permittivity profile. This is important asthe best of our knowledge,

these two degrees of freedom have not been taken advantagé¢hefthe design of MWI

5In[112[113], to find the complex permittivity value at a siiesubwavelength cell, it is still necessary to
perform multiple measurements. In other words, in thesewanks, although there is a one-to-one correspon-
dence between a given measured scattered data point andritnast source in a given subwavelength cell,
this one-to-one correspondence does not hold between thsumeel data point and the complex permittivity
value in that subwavelength cell.
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Fig. 5.1: The transmit pattern (Tx) shown in blue and the receive pafiex) shown in redogether
tailor the sensitivity of the measured data with respech&odomplex permittivity values
within the imaging domain. (The imaging domain has beendegiby a4 x 4 discretized
square.) Configuration IV depicts the scenario where thesinét and receive patterns are
more focused.

systems.

To this end, inspired by the promise of easier fabricatiom; profile, and light weight of
NF plates as compared to NIR volumetric lenses, we use two |BliEégin our setup, one
as the transmitter to illuminate the Ol and the other as theiver to collect the resulting
scattered field. This investigation is performed by full @ammulation of these NF plates
along with the Ol using ANSYS HFSS. For each Ol, one singléteead data point is

collected using HFSS. The location of this data point calesiwith the focal point of the
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receiving NF plate. This single data point will then be intedrin a 2D scalar fashiQrto
retrieve the complex permittivity at a certain subwavetangell. This subwavelength cell
coincides with the focal point of the transmitting NF platénally, we note the following
major constraint in our study. The utilized NF plates (pily) suffer from having a
limited working distance,; i.e., the distance between tloafgpot and the NF plate is small
compared to the wavelength [108]. In addition, the NF plateside 1D focusing. Due to
these limitations, we have restricted ourselves to 1D Qig(ghickness), as opposed to 2D

Ols shown in Figuré 511 or 3D Ols.

5.3 Review: Microwave Imaging

The main purpose of this section is to review the two main guwg equations of MWI: the
so-called data and domain equations. Let us consider a rmgmatic Ol with an unknown
relative complex permittivity profile(q) whereq is the position vector spanning the imag-
ing domainD. In addition, we denote the measurement dontawhich is located outside
D. The position vectop will then span the measurement locations$n In summary,

g € Dandp € S. In MWI, the unknown quantity is often formulated as the uokn

contrast profiley(q) expressed as

X(q) = ——— (5.1)

whereg, is the known relative complex permittivity of the homogeangsbackground medium.
When the Ol is illuminated by an incident field of a transmigtiantenna, denoted by,
the resulting total fields at the receiving antennas locatefl are measured, which are re-

ferred to as the total field data. The same measurementspmateel in the absence of the

61n the 2D scalar inversion, the incident electric field isumsed to be perpendicular to the cross section
being imaged. As will be seen later, the utilized NF platesratically satisfy this assumption.
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Ol which result in the incident field data. The subtractionh& incident data from the total
data results in the scattered field data denoted%%(p). These scattered field data, which
are often collected for several transmit and receive paiesthen fed to an inverse scattering

algorithm to reconstruct(q).

5.3.1 Data and Domain Equations

As noted earlier, the scattered field data can be thoughteaBetds generated by the so-
called contrast sources. These contrast sources, whiadyrexist within the Ol's geomet-

rical support, are denoted y(q) and expressed as

w(q) = x(q)E(q) (5.2)

whereE(q) is the total field in the Ol. The data equation then relatesdto®ntrast sources

to the scattered field data as [58]

E***(p) = Gs(w(q)) (5.3)

wheregg is a linear operator that links the information withihto the information within

S. This operator is defined as follows

Gs(w(q)) = k2 / o(p € 5, Q)u(g)dq (5.4)

D

whereg denotes Green’s function of the imaging medium, antg the wavenumber in the

background medium.

The other main equation in MWI governs the interactions awityhin D, and is called the
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Fig. 5.2: FoamTwinDielTM target used by the Institut Fresnel [1]. Theee lengths (i.e. ,d ds,
and @) shown here are in terms of the free space wavelength at #atignal frequency
of 2 GHz. (The relative permittivities are about 1.45 and 3.)

domain equation, and is expressed as

w(q) = x(q)E™(q) + x(q)Gn(w(q)) (5.5)

where the domain operatgr, is defined as

Gp(w(q)) = 2 /D o(q € D,¢)u(q)dq" (5.6)

The equationd (513) and (5.5) govern the MWI problem. Thesedquations can be com-

bined into one equation for the main unknowias [115]
E*¥(p) = Gs(X(T — Gpx) ' E™) (5.7)

whereZ is the identity operator. The nonlinearity of the inversattring problem is evident

from the operato(Z — Gpx)~! which is dependent on the unknown Approximating this
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Fig. 5.3: The reconstruction of the real-part of the relative complpermittivity of
FoamTwinDielTM target at 2 GHz using (a)-(d) four differembnlinear inversion algo-
rithms (CSI, MR-CSI, MR-GNI, and Tikh-GNI respectively)né (e)-(f) using the Born
approximation without and with multiplicative regulariza (MR).

operator by the first term in its Neumann series expansien(Z — Gpx)~! ~ Z, results

in the famous Born approximation [115], which does not tailte account multiple scatter-
ing events. On the other hand, the use of nonlinear inverdigorithms can be intuitively
thought as including more terms of the Neumann series eigais an iterative fashion,

thus capturing more multiple scattering events.
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5.3.2 Resolution and Quantitative Accuracy

For the sake of completeness and to avoid misunderstarfthhg¥anescent field based de-
vices are required to obtain super-resolution in MWI, wetyireview the ability of inverse
scattering algorithms in achieving super-resolution. Hie €nd, we consider a widely-used
far-field data setFoamTwinDielTM data set from Fresnel Institutel [1]. This far-field data
set was collected from the dielectric target depicted inuFéb.2 in an anechoic chamber
using 18 transmitters and 241 receivers per transmitteneikiewe consider the lowest
frequency range of this data set, i.e., 2 GHz. At this fregyethe measured data were
collected at a radius of aboufi.13\ away from the centre of the target. The inversion
of thesel8 x 241 data points using four different algorithms, namely (i) tast source
inversion (CSI) [[81], (i) CSI with the weightedl, norm total variation multiplicative reg-
ularizer (MR), known as MR-CSI [58], (iii) Gauss-Newton argion using the MR, known
as MR-GNI [2]3] and (iv) GNI using Tikhonov regularizatiomikh-GNI) [51,/116], have
been shown in Figufe 5.3(a)-(d). As can be seen, the sepadati= A\ /7.5 between the two
small dielectric cylinders has been successfully resolgiag all these inverse scattering al-
gorithms. It is instructive to note the reconstruction urttée Born approximation (without
and with MR) [38] shown in Figure_5.3(e)-(f) where the sefiarahas not been resolved,

and also the dielectric values are not accurate.

5.4 Methodology

We now discuss that the transmit and receive patterns dfffedf\WI's governing equations.
The main idea behind our methodology is to make the data anthishoequations mainly
localizedat a sub-region within the whole imaging domain. To this emd,consider an

extreme case where the scattered field data from 1D Ols alectzdl by subwavelength
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focused NF beams. For this extreme case, and under our @amnstand approximations to
be discussed later, we localize the data and domain equatarly at a subwavelength cell.
Then, we use one scattered field data point to reconstrucaimplex permittivity at that

subwavelength cell. Therefore, we are not reconstructiaggomplex permittivity values in

the whole Ol, but merely at a given subwavelength cell.

5.4.1 MWI with a Focused Receiver

Let us start by observing the data equation, (5.3). Toisteon states thail the contrast
sources within the imaging domain are responsible for generating the scattered field at a
given receiver. That is, the scattered field at a given reces/a weighted summation of
these contrast sources. The weights are determined by ‘©ifeection of the imaging
system, and the summation is performed by integration dwemthole imaging domain.
Thus, in the discrete form, where the imaging domain is disoed into/N subwavelength

cells, the data equation can be written as

N
E = Go(w) = > o, (5.8)
i=1

wherew; is the contrast source at thih subwavelength cell, and; is the weight of this
contrast source. (We have dropped the position vegicaad g for simplicity.) At each
subwavelength cell, the contrast source is assumed to banmiln many MWI case stud-
ies where imaging medium is assumed to be free spgosill be related to the free space
Green'’s function, and (5.8) implicitly assumes that theehegr has aromnidirectionalpat-

tern.

Imagine now a scenario that instead of an omnidirectionzéivéeng pattern, we utilize a

receiving hardware that has a pattern focused on a subvmgibkleell within the imaging
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domain, say at the:th CeIH. Thus, in this scenario, we will have a focused data operator
denoted byG™, that mainlyseesthe contrast source at theth cell. Then, the received

scattered field can be written as
N
ESeat = gloc(y) = Z aw; ~ aw,, (5.9)
=1

wherew,, is the contrast source at theth cell toward which the receiving pattern is focused,
and o/ is its complex coefficient weight. This coefficient is, in faelated to Green’s
function of the new system. As can be seen, the focused datatopG'® now links one

measured data point to one contrast source.

Assuming that we knowt°¢, we can then retrieve,,, from a single measured data point
Es However, findingw,, doesnotmean that we can find the complex permittivity contrast
at this subwavelength cell denoted hy;. This can be explained by writing the discretized

domain equatiori (515) fap,, as

N
W = XmEj;]LC + Xng(w> = XmEiQLC + Xm Z Piwi (5.10)
=1

whereE™ is the incident field at theuth cell, which is often assumed to be known in MWI.
As can be seeny,, not only depends on the unknowpn, but also depends on unknown con-
trast sources at other cells, each of which weighted by theptex coefficients;. Therefore,

to find x,,, we need to know all the contrast sources, as can be seen from

S - ,
Eine 370 Biw;

Xom (5.11)

This may be done by moving the focused receiver to scan afiitheavelength cells within

" Since we have considered 1D Ols, the discretization is peed along one direction, e.g., along the
direction in Figuré¢ 55.
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the imaging domain, and then finding each of the contrastcesundividually. Once all
the contrast sources are obtained, thencan be found usind (5.11). We note that this
part of our approach (i.e., the use of a focused receivetjrigas to [112,113] with two
upcoming differences: (i) we will use a NF plate for genemgta focused NF beam, and
(2) we will use full-wave simulations of the NF plate in theepence of the Ol, instead of

merely considering Green'’s function of an ideal NIR lens.

5.4.2 MWI with a Focused Receiver and a Focused Transmitter

Let us now consider the use of a focused transmitter havingcased incident field of
E'nefoc 1 the following analysis, in conjunction with a focusedrtsmitter, we also utilize
a localized approximation where the contrast sourds approximated by E"e¢ [117].
(The functiony can depend on the contrast functigrand the domain operatdf,.) As
noted in [117], the localized approximatian~ vE"™"¢ can cover different forms of ap-
proximations including the Born and extended Born appr@xi(msH Assuming that our
incident field ¢ js focused on thenth cell (and thus, negligible at other cefisand
considering the localized approximatianx yE"¢, the contrast source at theth cell,
i.e.,w,,, is subsequently taken to be the dominant contrast souasedon this[(5.10) will

be approximated as
Wi = XmEmC’fOC + Xm Bc<w) ~ XmEmC’fOC + Xmﬁjgcwm (5.12)

whereE"“°¢ denotes the focused incident field at theh cell, andG'S¢ denotes the domain
operator in the new imaging medium. Note t§&°(w) has been approximated Pw,,

where 3¢ is a complex number. Therefore, based lon (5.12), the cardcascew,, is

8 In the case of the Born approximation, we have y, and in the case of the extended Born approximation,

we havey = #D(X) [117].

9 Note that since the NF plates create 1D focusing and the QdaslD, this is a valid assumption.
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approximated t@

W Y ER  — _f(’:b 5focEjg°'f°C. (5.13)

Finally, using[(5.9) and (5.13), we can obtaip as

ESC&I

~ inc,foc :
a;cr)Lc Em + ﬁ:gc Escat

(5.14)

Xm

As can be seen[ (5.114) directly relates the measured sttrta point to the complex
permittivity contrast at thenth subwavelength cell. As will be discussed in Secfion 5.6.1
o/ and ¢ can be found, and thus, with having a single scattered data p&F2 we will

be able to retrieve at themth subwavelength.

5.4.3 Limitation

Note that a subwavelength focused incident field does naéssaecily result in having a
dominant contrast source at theah subwavelength cell and negligible contrast sources at
the other cells due to scattering events within the Ol. This then invalidate our localized
approximation, and consequently invalidate (5.14). Hemur 1D assumption regarding the
Ol plays a major role in our ability to employ the above mettlody. For general 2D and 3D
Ols where[(5.14) fails, the main message of the above mekbgygla.e., the importance of
the transmit and receive patterns, still holds. For exapiptea general Ol when an overall
knowledge about its complex permittivity is available, omight synthesize an incident field

to have a focused total field at a sub-region within the wholaging domaiH The receive
pattern can then intersect with this illuminated sub-ragio that the sensitivity with respect

to the overlapped region can be potentially improved.

10t is worth noting the similarity between the localized apximation in [5.I8) with the extended Born
approximation shown in Footnote 8.

11 For example in[[114], the prior knowledge about the complesnpttivity image of the Ol has been used
to synthesize a focused total field in a region within the &réar microwave thermal therapy.
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Fig. 5.4: Normalized magnitude of the sensitivity for th@amTwinDielTMtarget when the trans-
mitter is located at11.13\, 0) and the receiver is located @ 57X, 9.64)\). The wavelength
of operation is\ = 0.15 m.

5.4.4 Sensitivity

It is instructive to view this focused approach as a way tltdahe sensitivity of the mea-
sured data with respect to complex permittivity values #erignt cells. To this end, let us
consider the sensitivity of the scattered fiéléf*(p) at a receiver located @tdue to a given
transmitter with respect to the complex permittivity castrprofilex(q). The variation in
the scattered field, denoted HyF*°® due to having a\x(q) perturbation in the contrast

profile can be mathematically expressed as

aEscat

A Escat(p) ~ 5
X

(Ax(q)) (5.15)

whered £ 9y denotes theensitivity(or, Jacobian) operator that when operates on the
perturbationAy results in the subsequent variation in the scattered figlal da nonlinear
(iterative) inversion algorithms, the sensitivity opera 25/ is evaluated with respect

to the current estimate of the contrast profile. In particufave evaluate the derivative at
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Fig. 5.5: The simulated setup in ANSYS HFSS consisting of two NF platgk a dielectric slab
between them. As can be seen, each NF plate is parallel ipoakis, and consists of 39 unit
cells, each of which is an appropriate capacitive eleméfjt [Bhe origin of the coordinates
is at the 20th unit cell (the middle unit cell) of the orange pl&te. The purple cylinder
which is placed on the axis atz = A\/15 is a monopole that excites the orange NF plate.
The orange NF plate then creates a focused incident field ftdal point which is located
on thez axis atz = —\/15 (i.e., at the geometrical centre between the two NF plalés).
induced contrast source at this focal point can be thoughhascitation for the light blue
NF plate which is located at = —2X/15. The resulting scattered field is then received at
the focal point of the light blue NF plate which is located be t axis atz = —3\/15.
The data collection line is = —3\/15, and the focal point of the light blue NF plate is
located at the intersection of this line with thaxis. The dielectric slab shown in this figure
corresponds to Case Il (ROl with undesired scatterers)ruadefiguration V.

x = 0 (i.e., sensitivity under the Born approximation), we wiive [52, Appendix D.1]

aEscat(p)
AESCE\ ~
(p) —ox

2 /D o(p, ) E™(q) Ax(q)da. (5.16)

(Ax) =

x=0

In a typical (non-focused) MWI system, Green'’s functigip, g) that links a cell within the
imaging domain to the receiving point as well as the incideid at different cells within
the imaging domain are relatively uniform. Therefore, aegivmeasured data point (say,

at locationp) is typically sensitive to all subwavelength cells withiretimaging domain.
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This has been demonstrated in Figlre 5.4 for eamTwinDielTM target considered in
Sectior 5.B where the normalized magnitude of the sensi{@valuated aj = 0) for the
receiver located atr = 5.57\, y = 9.64\) and the transmitter located @t = 11.13\,y =

0) has been shownA(= 0.15 m.) As can be seen, the normalized sensitivity is close ttyuni
for all the subwavelength cells within the imaging domairsing the focused receiver and
transmitter configuration|_(5.116) needs to be modified byaapg g with Green’s function
of the focusing mediung™, and by replacing=™™ with the focused incident field™ ¢,
Noting thatg™¢ includes the effect of the focused pattern, it can be undedsthat both the

focused transmit and receive patterns can be utilized ltur thie sensitivity distribution.

5.4.5 Non-uniqueness

In the inversion process presented above, we firstdipdrom £S5 (inverse source), and
then we retrievey,,. This may raise concerns since it is well-known that an iseesource
problem has a non-unique solution, e.g., $eé [26]. Due sonbin-uniqueness, Chest. al.
noted that solving for contrast sources in the data equg§id), and then using these con-
trast sources in the domain equatibn{5.5) to retrieve thepdex permittivity contrast is not
appropriate [83@ Therefore, in general, the contrast sources within the ingadomain
should not be directly inverted. However, our case is différas we use a single mea-
sured data point to find the contrast source at a single suderayth cell (not within the
whole imaging domain). In other words, as opposed to cons@srces within the whole
imaging domain which can take different forms to generageshme scattered field data
(non-uniqueness), our unknown contrast source is limibeaily one subwavelength cell.
Thus, for our case, the unknown contrast source does nothaveedom to take different

forms.

12 Note that this is different than the contrast source ineer§B1] method where the data and domain
equations are simultaneously utilized, through which the-aniqueness issue is handled.
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5.5 Simulation Study

To implement the above idea, we consider a planar devicehadan focus electromagnetic
waves into a subwavelength spot (cell). As noted in Sedtidh this planar structure is
referred to as a near-field (NF) plate [87]. Herein, we firstvte a brief introduction to
NF plates and their design procedure. This will then be Yodid by different ANSYS HFSS

simulation studies (Electronic Desktop 2018) to evalulaéeptroposed idea.

5.5.1 Near-Field (NF) Plates

A NF plate, as explained in [87, 118], is an electrically tpatterned planar structure that
acts as a wave transformer, transforming an incident eleetgnetic field impinging on its
input side to a field on its output side that is focused in a awalength region at a NF dis-
tance away from the NF plate. The operation of this devicaged on Merlin’s work [109]
that introduced a specific aperture field distribution thatverges to a focus away from
the aperture. A NF plate is an engineered passive surfat@ithduces this aperture field
distribution when illuminated by an incident electromatynéeld. This aperture field dis-
tribution consists of highly oscillating fields (predomimly evanescent) that can then be
combined constructively and destructively within the Nire®o as to form the desired fo-
cused subwavelength pattern on the plane called focal |jld@}. This process has been
referred to as the radiationless interference [109] dutstose of the evanescent wave (i.e.,

non-radiative components of the fields) interference.

Let us now review the design procedure of the NF plate. Asrde=tin [118, Chapter 2],
the first step is to consider a subwavelength focal pattertheriocal plane. The desired

focal pattern is then back-propagated on the surface of theliite to find the required



5.5 Simulation Study 140

total field on the aperture. The incident field impinging oa tF plate is assumed to be
a cylindrical wave, and therefore, the incident field is mietkby a zeroth-order Hankel
function of the second kind. Knowing both the incident andlitGelds on the aperture, the
required current density on the NF plate can be f(gn@nce the required current density
on the NF plate is known, the impedance profile of the NF platelxe obtained by dividing
the required total field on the aperture by the required otiidlensity on the aperture. This
impedance profile is then discretized into unit cells, andtban be realized, e.g., using the
distributed interdigitated capacitols [87]. (In this wptlke NF plate is simulated in ANSYS

HFSS using impedance sheets.)

5.5.2 Focused Microwave Imaging Setup

The utilized setup, shown in Figure 5.5, includes two thisgdge NF plates with the dimen-
sions of about\ x /20 in the y andz directions respectively whergis the wavelength
in the air at the operational frequency bfsHz. Both of these two identical NF plates are
based on the design and parameters originally present&jnthey consist 089 capaci-
tive unit cells that are placed within a parallel plate wavidg with the height of\ /20 [87].
The presence of the perfect electric conductor (PEC) of énallel plate waveguide enables
us to study the 2D scalar imaging problem as the electricfidldhave only one component
E., and the Ol and NF plates can be assumed to be of infinite sing ahex direction.
(The Ol is also electrically thin in the direction, thus, making it a 1D Ol.) As described
in the caption of Figure 515, each NF plate has an excitat@mnt@nd a focal point. The
focal point of the transmitting NF plate located(8t0, —\/15) which coincides with the

excitation point of the receiving NF plate. This focal pasithe center of the subwavelength

13 As noted in [118], the required currents density consistsaaf parts: one for canceling the effect of
the incident field on the output side of the NF plate, and thesiofor creating the required focused field
distribution.
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Tab. 5.1:Four Data Collection Configurations. (Configuration IV ig tmain configuration consid-
ered herein.)

Transmit Patterr) Receive Pattern
Configuration | Omnidirectional| Omnidirectional
Configuration Il Focused Omnidirectional
Configuration lll | Omnidirectional Focused
Configuration 1V Focused Focused

cell at which the complex permittivity will be reconstrudti Section 5.6.

5.5.2.1 Transmitting NF Plate

The orange NF plate can be thought as the transformer thesforans an omnidirectional
transmitting pattern into a focused one. This NF plate isnlhated by a monopole, shown
by a purple cylinder in Figurle 5.5, that has been placed-at\ /15 on thez axis behind the
transmitting NF plate. This purple monopole has been ctudayehe extension of the inner
conductor of a coaxial cable. (The coaxial cable has not bhewn in Figuré 5J5.) Once
illuminated by the monopole, this orange NF plate will themegrate a focused incident NF
field at its focal point in front of the plate at= —\ /15 on thez axis, which is the midpoint

between the two NF plates.

5.5.2.2 Receiving NF Plate

The receiving NF plate, i.e., the light blue plate, is sefgtdy2)\ /15 from the transmitting
one. This separation is chosen so that the focal point ofrresinitting orange NF plate
coincides with the excitation point of the receiviﬁNF plaAll the Ols considered in our

case studies are placed between these two NF pfat@sce the Ol is illuminated, contrast

4 Since the two NF plates are placed electrically close to e#tutr, the width of the Ol which is along the
z axis in Figurd 5.b will be automatically limited, i.e., 1Djebts. To overcome the width limitation, the NF
plates need to be designed to have longer working distaAsasoted in[[108], practical issues such as power
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Fig. 5.6: Comparison of the normalized magnitude of the incident &lithe data collection line for
the four configurations. (Each incident field has been ndm@dlto its own maximum value
due to the presence of the reflections from the NF plates.)

sources are induced in the OI, whose corresponding saattetds will interact with the
light blue receiving NF plate, and will then be collectedrajdhe data collection line, i.e.,

z = —3\/15 line. (Later on, we will only use one data point for reconstion.)

5.5.3 Comparison of Four Data Collection Configurations

As noted above, our setup consists of two NF plates. To detrateshe advantages of our
setup, we consider the following three extra configuratigin$n Configuration I, both of the
NF plates are removed from the setup; thus the Ol is merelgnilhated by the monopole,
and the receiver is assumed to be an omnidirectional racgneln Configuration I, the
orange NF plate, i.e., the one used for the focused transattgm, is added to the setup,
but the light blue NF plate is removed and therefore the veces assumed to be omni-
directional. (This configuration is similar to the study foemed in [99].) (iii) In Config-
uration lll, the light blue, i.e., the one used for the foaiseceive pattern is added to the

setup while the orange NF plate is removed from the setupitamglthe Ol is illuminated

and noise consideration do not allow a working distance afentiean) /4 [108].
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by an omnidirectional patte@. (This will be similar to the use of an NIR lens in [112].)
(iv) Finally, Configuration 1V is the main set up consideradhis paper which includes both
the transmitting and receiving NF plates. These four condijons have been summarized

in Table[5.1.

5.5.3.1 Incident NF Data

Let us take a look at the normalized magnitude of the incidield data along the data
collection line. As can be seen in Figure]5.6, the incidemd fimcomes more focused for
Configurations Il and IV. This is expected as both Configora Il and IV use a receiving
NF plate. A question might arise regarding why the incidezitfof Configuration I, which
uses a transmitting NF plate, is not sufficiently focusedis Tan be understood by noting
that the incident field of Configuration Il is supposed to beued a0, 0, —\/15), which

is not on the data collection line.

5.5.3.2 Scattered NF Data

We now consider the scattered NF data on the data colledtierid show that the proposed
setup (i.e., Configuration 1V) is mainly sensitive to a laozedl region, which we refer to
as the region of interest (ROI). This region of interest i sibwavelength region around
the focal point of the transmitting NF plate which coincigeth the excitation point of the
receiving NF plate, i.e., at the locatiof, 0, —\/15). To study the scattered NF data, we first
need to place an Ol in the space between the two NF plates.islerid, we consider two
case studies for each of the four configurations. In Case merlyplace the light green

dielectric box denoted by ROI between the two NF plates, sedROl box in Figuré 515.

15 Note that although the monopole antenna is omnidirectinithlrespect to angular variation in the— z
plane, its pattern on a line (e.g., on the data collectios) lis still relatively focused (see Figlire b.6)
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Fig. 5.7: The normalized magnitude of the scattered field data for Césalid lines) and Case Il
(dashed lines) under four configurations. Case | includég ttve Ol located in the ROI,
and Case Il adds two undesired scatterers to the Ol. (a) Coafign | (no NF plates), (b)
Configuration Il (the orange NF plate),(c) Configuration (fthe blue NF plate), and (d)
Configuration IV (both NF plates). For each configuratiore #tattered data have been
normalized to its own Case Il.

The geometrical space taken by this object is assumed torR@u In Case II, we attach
two other dielectric objects, shown as dark green boxesguarEi5.5, to this object. We refer
to these two dark green dielectric boxes as the undesirétbsmrg as they are outside the
ROI. The main purpose of considering these two Cases is todstnate that the scattered
NF data for both Case | and Case Il are similar under Configurd¥. That is, we aim
to show that Configuration IV is mainly sensitive to the RQidanot to presence of the

undesired scatterers.

All of these three dielectric boxes are assumed to have time salative permittivity of
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e, = 4.0 (lossless) and have the same dimensions/@b x A/5 x A/15 along thez, v,
andz directions. Let us now compare the scattered field data feeCand Case Il under
our four configurations. The magnitude of the scattered filelth have been plotted in
Figured 5.77(a)-(d). Noting Figurés 5.7(a) and (b), it carséen that the collected scattered
field data change when we add the two undesired scatterese (§ao the ROI (Case I).
Comparing these two figures, it can also be seen that thessdtiata under Configuration Il
are less sensitive to the changes occurring outside the iRQI{eing less sensitive to the
presence of the undesired scatterers) as compared to Qatifigul due to the use of a
focused transmit pattern. (This is similar to the resulespnted in[[99].) We now move
on to Configuration Il in which we utilize the focused recepattern. As can be seen in
Figurel5.7(c), the scattered field data in Configurationmidergo less changes compared to
Configurations | and II. Finally, we consider the scatterelfifdata under Configurations IV
in which both of the NF plates are present within the setupc#sbe seen in Figuke 5.7(d),
the concurrent use of the focused transmit and receivensalies decreased the sensitivity
of the scattered data with respect to the undesired saattdreother words, the collected

data in Configuration IV is mainly sensitive to the ROI.

5.6 Inversion Results

Now that we have studied these four configurations, we widlon Configuration 1V in
the rest of this paper. Furthermore, instead of considetiegscattered field data on the
data collection line, we consider osengle scattered data point in the middle of the data
collection line which corresponds to the focal point of teeeaiving NF plate as shown in
Figurel5.5. Once we have this single scattered data pbffft, we can usd(5.14) to retrieve
the complex permittivity value at the focal point of the tsamitting NF plate. As required

by (5.13), we first need to knowf°® and 3¢, which is to be discussed below.
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Fig. 5.8: The calibration object is placed between the two NF platageced at the focal point of the
orange NF plate. The known permittivity of this calibratiobject, along with the scattered
field data point at the focal point of the light blue NF platenasd| as the total field within
the calibration object are used to determifi® and 3.

5.6.1 Calibration

As noted in Sectiofi 513, the two operatdis andGp govern the MWI equations. There-
fore, the knowledge of these two operators are needed ftorpgng inversion. On the other
hand, as explained in Sectibnb.4, when we use subwaveléogthed transmit and receive
patterns (i.e., Configuration 1V), thgs operator for oursingledata point can be approxi-
mated by one complex number, namef§*, see[(5.0). (We have dropped the subsaript
from o/°¢ for simplicity.) On the other hand, as can be seeffiin (5.1R)thfe focused setup
(i.e., Configuration IV), we have approximated tfig operator by one complex number
pc. Therefore, for our problem, determinigly andG,, operators reduces to determining

two complex numbers, namedy°® and ¢,

To determiney° and5™¢, we have used a calibration object with the relative peivitigtof

6.50 and with the size 0f/20 x \/10 x A/15 centered at the focal point of the transmitting
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NF plate. Therefore, we now have a calibratammtrastwhich is @ = 5.50. (To show the
robustness of the calibration procedure with respect tclioéce of the permittivity values
for the calibration object, see Appendix G.) This calitwatobject is then placed as shown
in Figure[5.8. After being illuminated by the transmittingr ilate, the resulting scattered
NF is collected at the data collection point, which is thealogoint of the receiving NF
plate. This data point is referred to a8 Furthermore, the induced total field within
the calibration object is recorded at the pditit0, —A/15) which is the geometrical centre
of the calibrated object. This total field which is denotedH5§ can be used in conjunction
with x*@ to determine the calibrated contrast sourc& = @£, Noting (5.9), we can

then finda™°¢ as

Escat,cal
afoc _

(5.17)

weal
This o will then be used for reconstruction of different objectshadifferent permittivity
values and sizes. Finally, the incident field @t0, —A/15) is also obtained and is referred

to asE™@. Then, noting[(5.12)3 ¢ can be found as

cal cal Einc,cal

Bfoc _w =X
o Xcalwcal

(5.18)

Now that we have obtained°® and 3¢, we start reconstructing some Ols in the following
three subsections. Note that our focused approach makestyie data point collected at
the focal point of the receiving NF plate mainly sensitivette complex permittivity value
at the focal point of the transmitting NF plate. Thereforsing this single complex data
point, we recover the complex permittivity value only at fubwavelength cell around the

focal point of the transmitting NF plate.
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Data collection point o

Fig. 5.9: An Ol with the dimensions ok /20 x A/5 x \/15 along ther, y, andz directions has been
placed between the two NF plates. Once irradiated, thetmegdcattered field is collected
at the focal point of the receiving NF plate, i.e. (@0, —3\/15). The relative permittivity
of this Ol is varied from 5.5 to 10.5 with the increment of 0.5.

5.6.2 Elongated Lossless Object

In this case study, we have considered a rectangular dieléox with the size of\ /20 x
A/5 x A/15 to be the OI. This simulation setup has been demonstrateidimdf5.9. As can
be seen, the size of the Ol is twice as the size of the caldratbject in they direction. We
consider 11 scenarios for this Ol by changing its relativensivity from 5.5 to 10.5 with an
increment of 0.5. In each scenario, the Ol is illuminated, anesinglescattered data point
is collected at the focal point of the receiving NF plate. \Wert use[(5.14) to retrieve the
contrast of the object at the focal point of the transmitinfgplate. The retrieved and true
relative permittivities of the object for these 11 scenatiave been shown in Figure 5.10.
As can be seen, there is a good agreement between the truetaeded values. Although
the true object is lossless, the retrieved complex penriis have small imaginary parts
(with a maximum value of 0.22), which have been reported bid&l.1 in AppendixH. We

have also observed that if the Ol has a small relative pawityti{in particular, below the
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Fig. 5.10: The reconstructed real part of the relative permittivitytlef Ol considered in Figufe 5.9
versus its true relative permittivity for 11 case studieke height of the blue bars shows
the true (real) relative permittivity of the Ol while the gét of the yellow bars depicts the
real part of the reconstructed complex permittivity. Theizumtal axis of this plot shows
the 11 case studies where the true relative permittivity of the &les from 5.50 to 10.50
with the increment of 0.50.

relative permittivity of 2.0), the reconstructed resutids to be unreliable. Noting that the
induced contrast source at the focal point of the tranamgittiF plate serves as the excitation
for the receiving NF plate, we speculate that the reasomblethis might lie in the small

induced contrast source which might not be able to suffilsiexicite the receiving NF plate.

5.6.3 Elongated Lossy Object

To further evaluate the performance of this method we has® @nsidered a lossy object
with the same size\(/20 x A\/5 x A/15) but now with a relative complex permittivity of
e, = 8.00 — 53.00. Similar to the above, one single scattered data point afoited point
of the receiving NF plate was collected, and thien (5.14) vezsiuo retrieve the complex
permittivity at the focal point of the transmitting NF plat@he retrieved value is, =

7.80 — j2.93, which is in close agreement with the true complex value.
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Fig. 5.11: Aninhomogeneous object has been placed between the twaaspIThis object consists
of five rectangular dielectric cells each of which has theesdimensions of /20 x A\ /10 x
A/15 along thex, y, andz directions but with different dielectric permittivitiesThe
scattered data point collected at the focal point of theivewgNF plate is used to retrieve
the permittivity value at the focal point of the transmigfiNF plate, i.e., the permittivity
at the blue cell.

5.6.4 Inhomogeneous Object

We now investigate the performance of the proposed idea Wiee®I is inhomogeneous as
shown in Figuré 5.11. The object consists of five cells; edthese cells has the same size
of A/20 x A/10 x A\/15 but with five different permittivity values. As can be sedrege five
cells have been depicted in five different colors indicatimgt they have different relative
permittivities, namely, = 3, 5, 7, 9, and 11. Among these five cells, the blue cell with the
relative permittivity ofe, = 7.00 coincides with the focal point of the transmitting NF plate,
and therefore it is our region of interest. Similar to theyiwas example, one scattered data
point has been collected at the focal point of the receivifgohate, and ther (5.14) resulted
in the retrieved permittivity of.83—0.084, which is in close agreement with the true relative

permittivity of 7.00 at the blue cell.
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5.7 Conclusions

The main conclusion of this paper is that transmit and recpatterns can affect the MWI’s
governing equations, and provide two extra degrees of fnr@ed designing MWI systems.
These additional degrees of freedom can be advantagedilsdgdito create imaging sys-
tems whose sensitivity distributions can be tailored basedifferent requirements. In other
words, instead of putting all the efforts in the developnmafrgophisticated inverse scatter-
ing software, it is also advantageous to consider devefpipamdware systems that facilitate
the process of complex permittivity retrieval. The appraig MWI approach may then be
reached by a trade-off between the complexity of the invecattering software and that of

the hardware system.

In particular, in this work, we have used two NF plates whicbvide subwavelength fo-
cused NF beams. Through full-wave simulations of these twophites, for 1D objects
and under a localized approximation, we have shown thatglesgtattered data point can
be made mainly sensitive to the complex permittivity valtierse subwavelength cell. We
then showed that the retrieval of the complex permittivityue at that subwavelength cell
can be done in an easy manner. Due to the fact that the utiNEegdlates suffer from a
limited working distance and high reflections, they canreotitilized in applications such as
microwave breast imaging. In addition, the presented ipedldata and domain equations
can also fail when we consider more complicated 2D and 3Dctdhjd®espite these limita-
tions, these NF plates still serve the main purpose of tipgpalemonstrating that properly
shaping the NF beams of the transmit and receive antennasecaaiuable for microwave
imaging, and may (to some extent) simplify the process ofermpermittivity retrieval
by their effects on the MWI's governing equations. In parée, with recent advances in
phased array antennas and electromagnetic metasurfaib@snd the radiation patterns of

antennas for imaging applications can be a promising avenue



Conclusions and Future Work

In this chapter, we first present the conclusions of thisedliation and then propose some
future works that can be pursued in this research area. Tdwsdusions are basically
the summary of what has been achieved during the author’s ddndles. Herein, each

contribution is first presented, followed by its advantaged disadvantages/limitations.

6.1 Conclusions

The main objective of this dissertation was to develop nte@hniques and algorithms that
can lead to better understanding and improvement of theeablie accuracy and resolution
in MWI. For the techniques and algorithms presented in thasadtation, we have provided
insight into why these techniques and algorithms can hawesdiye impact on the achiev-

able MWI reconstruction. This has then followed by some destrations through synthetic

and experimental case studies. These novel techniquedgorittans basically constitute
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the contributions of this PhD dissertation. Now, let us préghem in the same order that
they have been discussed in this dissertation and then noake s,emarks regarding their

advantages and disadvantages/limitations.

6.1.1 Contributions

e ‘Best possible reconstructiorH: The concept of the best possible reconstruction from
a given MWI system with specific properties (e.g., an MWI systthat uses certain
number of transceivers and operates at certain frequa&®y(is introduced. This
concept can serve as a design guideline using which the M#tesy designer can
evaluate the required specifications of an MWI system thathoaet a desired achiev-
able resolution from that MWI system, e.g., the required benof transceivers or
the lowest operational frequency(ies) to be incorporatean MWI system in order
to retrieve a specific part of an Ol with a certain resolutiblow let us consider the

advantage and limitation of this introduced concept.

— Advantage The best possible reconstruction that has been propoghbisidis-
sertation has been derived from the procedure that cosdidemultiple scatter-
ing events (i.e., nonlinearity of the MWI problem) within @h. Consequently, it
provides a more accurate guideline compared with the msttiead do not take
into account these multiple scattering events (i.e., noghioat consider the sim-
plified MWI problem under the Born approximation). Enablegdthis concept,
prior to designing an MWI system to image a specific objed.(doreast) the
designer can evaluate what the best possible reconstnugtibbe. For exam-

ple, do we have enough information to even have the hope éxt@tumor with

! Nozhan Bayat and Puyan Mojabi, “A Mathematical Frameworlialyze the Achievable Resolution
from Microwave TomographyEEE Transactions on Antenna and Propagatival. 64, no. 4, pp. 1484-
1489, 2016.
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the diameter smaller thahmm within a given breast? If the best possible re-
construction cannot reconstruct the desired featurer afhproaches (e.qg., using

more transceivers, incorporating prior information) diddae considered.

— Limitation: The best possible reconstruction does not take into at¢dben
signal-to-noise ratio and the extra information providgdadgularization opera-
tors as well as practical issues such as mutual couplingdeetyihe co-resident

antennas.

e Spatial Priorg: An MWI algorithm that can incorporate spatial (structiigaiior in-
formation about the Ol in order to improve the achievablengjtetive accuracy and
resolution has been proposed. The spatial priors to be fétetproposed imaging
algorithm can be obtained from other imaging modalities., &RI. We have utilized
single-frequency, multiple-frequency synthetic and expental data sets in order to
evaluate the performance of the proposed algorithm. Ndwdeonsider the advan-

tage and limitation of this introduced method.

— Advantage The proposed algorithm is fully automated and does not tieed
user to change the regularization weight in each iteratinng the inversion
process. This algorithm is capable of working with both ctetgpand partially-
available spatial information about Ol (i.e., when we ondyé access to prior
spatial information in some part(s) of the imaging domain)s worth empha-
sizing that the purposed algorithm does not require agsigany quantitative
values (e.qg., relative complex permittivity) to the regg@ssociated with spatial
prior information. In short, this algorithm can improve taehievable complex
permittivity image from MWI upon its integration with othéigh resolution

imaging modalities.

2 Nozhan Bayat and Puyan Mojabi, “Incorporating Spatial Rrin Microwave Imaging via Multiplicative
Regularization,” Accepted to be publishedEEE Transactions on Antenna and Propagatipp. 1-12, 2019
(Manuscript ID. AP1905-0924.R1), in press.
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— Limitation: The elements of the confidence vectoconsidered in the multi-
plicative regularization term has been mainly evaluatedi® values:p = 1
(i.e., when we have full confidence about the provided shpatiars) andp = 0
(i.e., when there is no prior spatial information in a subtoe). For other values
of the confidence vectgrsuch a® = 0.5, the algorithm behaves relatively sim-
ilar to p = 1. The reason seems to be due to the regularization operatrewh
1 x (xi —x;) = 0and0.5 x (x; — x;) = 0 are treated similarly. Based on
the proposed implementation of the confidence veeiarthe SP regularization
term (which takes into account the spatial prior informatidpout the Ol) in this
dissertation, the values of the confidence vegtarill be similar top = 1 for

0<p<l.

e Focused Transmitting PatterrH: Broadly speaking, we have suggested that the trans-
mitting antenna can be advantageously utilized toward avipg the achievable ac-
curacy and resolution from MWI and not merely to interrogaOl. Specifically, it
has been shown that a focused incident near-field (NF) loigton (i.e., focused trans-
mitting pattern) can beneficially be utilized for interrdigg the Ol. This has been
demonstrated through several simulation studies thatecagut in ANSYS HFSS
software and under the Born approximation. Now, let us dersihe advantage and

disadvantage of using a focused transmitting antenna in MWI

— Advantage Using an antenna with a focused incident NF distributiom sap-
press the effects of undesired scatterers surroundingltbe the collected scat-
tered data. Considering the scattered data arising fromritlesired scatterer as
unwanted signals, the use of a focused incident NF distabwtirected toward

the OI can improve the signal-to-noise ratio of the colldaiata. This advan-

3 Nozhan Bayat and Puyan Mojabi, “On the Use of Focused IntNear-Field Distributions in Microwave
Imaging,”Sensorsvol. 18, no. 9, pp. 1-26, 2018.
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tage of using a focused transmitting pattern can be obsdresdanother point
of view which is also beneficial for the inversion procedut#ilizing focused
transmitting pattern directed toward the Ol can lead to hgamterrogating the
Ol and not any other regions within the imaging domain. Thiggcresult in
having less number of unknowns within the imaging domairer&fore, a better
balance between the number of known quantities (i.e., celtescattered data)
and the number of unknown quantities (i.e., number of unkmoglls within the
imaging domain) can be achieved. We have also noted thatdniass number of
unknowns in the MWI problem can enable us to use simpler giwaitechniques

which are computationally less expensive.

— Disadvantage Using a focused transmitting pattern has the drawback ioigbe
less sensitive with respect to regions outside the focusasnbarea. Conse-
guently, if we are not sure about the region that enclose®©the.g., a tumor
tissue within woman breast, it is often better to use a nauged transmitting

pattern to be able to collect information about the wholegimg domain.

e Simultaneous Usage of Focused Transmit and Receive Pattgn It has been dis-
cussed that transceivers’ transmitting and receivingepagtin MWI can act as two
extra degrees of freedom in MWI hardware system design ierdadtailor the sen-
sitivity of collected data with respect to different regsowithin the imaging domain
even further compared to the case where we have only usesititimg patterr@ As
has been discussed earlier, the tailoring of the collecta sensitivity with respect to
the different regions within the imaging domain can potahtilead to the improve-
ment of the achievable accuracy and resolution. From a krgaant of view, in this

approach, we have suggested that the development of MWitbnaae system for

4 The termcanhas been used here to indicate that this is under the Borsgipmation and can fail due to
multiple scattering events.

5 Nozhan Bayat and Puyan Mojabi, “Focused Microwave Imaginlear-Field Plates,” Under-review.

6 This is the method that has been discussed in the previowstaion.
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improving some of its aspects, i.e., its achievable acquaac resolution, can be as
important as the development of sophisticated inverséesoeg software for the same
purposg. Particularly, in this dissertation, we have demonstratedugh simulation
studies by the use of two NF plates that using focused trdatisgnand receiving pat-
terns simultaneously can be advantageously employed ts fihe sensitivity of the
collected data to a sub-wavelength cell in the imaging damaithough this method
is only valid within certain constraints and limitationdXbbjects of interest, lim-
ited working distance of near-field plates, and the use otaliped approximation),
it shows that the use of appropriate transmit and receivienpat can affect (or, sim-
plify) the governing equations (data and domain equatiohshicrowave imaging.
Thus, they can be used as extra degrees of freedom in micedwaaging system de-
sign. Now, let us consider the advantage and disadvantafe sfimultaneous use of

focused transmit and receive patterns in MWI.

— Advantage One of the advantages for concurrently using the focusatsinit
and receive patterns in MWI is the capability of suppressheg contribution
of the unwanted unknown scatterers (i.e., undesired seed)eon the collected
data from this imaging tool. As discussed earlier, this eaullto better balanc-
ing between the known and unknown quantities in the MWI probivhich can
possibly result in more accurate reconstruction. Moreaweder its own con-
straints, this approach can simplify the complexity of theersion procedure
that needs to retrieve many unknown quantities (i.e., diszd cells within the
imaging domain) from the limited number of known quantit{es., collected
data at the receivers’ location). In particular, we have oestrated that using
the proposed method the two mapping operators for the $edcdata and do-

main equations denoted I8 andGp, respectively, can be simplified. This can

" Probably, the most suitable MWI design approach can be ezhlep a trade-off between the complexity
of the inverse scattering software and that of the hardwestes.
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not only improve the accuracy of the achievable reconstmdétom this imaging
modality but can also make the inversion process of the d@eldedata simpler
and faster. In this dissertation, using two NF plates andleying a localized
approximation we have shown that the two mapping operatersgs andGp,

can be represented by two complex values rather than twaaesittontaining

multiple complex values when imaging 1D objects.

— Disadvantage The advantage that has been discussed above can be seésras ad
advantage from another point of view. The use of focusedsiréinand receive
patterns simultaneously can resulujnseerregion from both of the transmit-
ting and receiving points of view. This can be considereddisadvantage if the
regions of interests does not physically lie on (or overlagh)the region that is
being interrogated by the transceivers. This might thealt@sfalse diagnosis.
Therefore, if the rough estimate of the OI's location and&ieal size within the
imaging domain is unknown, it might be a better approach torporate non-
focused transmit and receive patterns in MWI in order to fqgbroximately
localize the OI. Afterward, the transceivers with the faaigransmit and re-
ceive patterns can be utilized in order to improve the aayucd the obtained

reconstruction from MWI.

Another drawback is mainly related to the method througlctviaie have demon-
strated the proposed technique (i.e., using two NF platé®).utilized NF plates
for our demonstration has a short focal depth (15 where\ is the wave-
length at the operational frequencyloGHz). Therefore, to make the proposed
approach more feasible to be employed in real applicatmmesmay need to de-
velop a technique that is able to generate and possibly enaitite focused field

in a longer range compared with the utilized NF plates indgsertation.

8 The termunseerhas been used to indicate that the dielectric propertigisesfet regions will not be seen
by either the transmitter or by the receiver at microwavgudency of operation.
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6.2 Future Work

The research presented in this dissertation can be furthreued on two fronts) the elec-
tromagnetic inverse scattering algorithm development, MW!I software development, and
(ii) the optimization of the MWI equipment (e.g., the incorgethtransceivers in MWI),
i.e., MWI hardware development in order to make the this iimgglevice a more feasible

imaging tool to be employed commercially

e MWI software development One of the avenues that can be considered to further
pursued in this front is the improvement of the proposedrsiea algorithm in this
dissertation that can take into account the spatial priB) {8formation of the object
being imaged. For instance, due to the limitation that h&n lexplained earlier, the
performance of the proposed algorithm has been mainly ateduagainst two values
of the confidence vectors (i.e.,p = 1 andp = 0). One can adjust the proposed
regularization term (or propose a new regularization tethmaj more effectively can

handle various values of the confidence vector.

It will also be interesting to extend this algorithm to a 30 fkectorial imaging algo-

rithm and evaluate its performance against different sstitkand experimental data
sets. This is particularly important as it can address onlesofajor challenges facing
the 3D full vectorial imaging algorithm: having two many undwns that need to be

retrieved by the use of limited number of known quantities.

It is worth noting that ouexperimentakvaluation of the spatial priors algorithm was
limited to simple targets and an MRI image with MWI inversi@m MRI and MWI

were not co-registered). Once an imaging system with cistexgd ultrasound to-

9 As mentioned earlier, probably the most appropriate MWigtesan be reached by a trade-off between
these two fronts, i.e., MWI software and hardware developme
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mography and MWI, or with co-registered MRI and MWI is avbl@, this algorithm

needs to be tested against more practical data sets.

e MWI hardware development. In this dissertation, the use of focused incident NF
distributions has been proposed in order to tailor the sgitgiof the collected data
at the receiver(s). The advantages of incorporating tlipgsed technique has been
demonstrated synthetically through simulation studieésguANSYS HFSS. The ex-
perimental validation of this technique can be considesed future research area in
this front. This experimental validation can include thierfeation of the utilized NF
plates in our simulation studies or manufacturing of otheniinators that are able to

create a focused incident NF distribution.

Once an experimental system using focused NF beams is laleaiteveral practical
imaging parameters can also be investigated, for exampesignal-to-noise ratio
(SNR) of the measured data. It is expected that the use oféatNF beams improves
the SNR of the measured data. This can be understood as $ollavaddition to us-
ing the available power more effectively, utilizing a foedsncident NF distribution,
which is directed toward the OIl, mainly lead to the interfoga of the Ol and not
the surrounding objects that are acting as undesired se@teHowever, the use of
non-focused incident NF distributions can result in indgating the Ol as well as the
undesired scatterers and consequently having their ENagiges in the collected data.
Considering the scattered data generated due to the peeskmedesired scatterers as
unwanted signals (treated as noise) we can expect thaingiliocused incident NF

distributions directed toward the Ol result in better SNR.

In this dissertation, we have considered the effects of tam\ware design parame-
ters: transmitting and receiving patterns. This two patansehave been utilized to

tailor the sensitivity of the collected data at the receswsith respect to the different

10 To the best of the author’s knowledge, there is one expetahgint MRI-MWI system [23].
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regions within the imaging domain. Another parameter usthigch the sensitivity of
the collected data with respect to different regions withieimaging domain can be
governed is the polarization of the utilized transceivirshe future work, we can in-
vestigate whether the polarization of the utilized trangas in MWI (as the two other
hardware parameters in MWI) can be utilized advantagedodigilor the sensitivity

of the collected data with respect to different regions imithe imaging domain.

This concludes my PhD dissertation on the novel techniguneskorithms that can advance

microwave imaging modality.
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Sensitivity with Respect to Imperfect

Spatial Priors

This appendix is associated with Chagter 3. Evaluating #réopmance of the proposed
inversion algorithm against imperfect SP is challengind aannot be conclusive as this
evaluation depends on various parameters including thedf/@lI, the type of SP imperfec-
tion, the number of measured data points, etc. Herein, weidentwo scenarios in which
we provide imperfect SP for the reconstruction of the “W’gttr (with A,/10 separation

between the fingers, i.e., the first form of the “W” target).

The SP used in the first scenario is shown in Figuré B.1(a) evther SP associated with the
rightmost finger is wrong; compare this SP with the correcsiom in Figurd_3.6(a). The
MRSP-GNI reconstruction under these imperfect SP (asgyfnihconfidencep; = 1) is
shown in Figuré BJ1(b). As can be seen, the reconstructigdheofightmost finger suffers.
However, if we accurately inspect the reconstructed rigistniinger and zoom in, we can

see that the MRSP-GNI algorithm has, to some extent, disishgd between the expected
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rightmost finger and the artefact due to the imperfect S’ @4 be seen by noting that the
reconstructed permittivity of the artefact is smaller ttfaareconstructed permittivity in the

region that corresponds to the expected location of themight finger.

In the second scenario, we introduce an extra false regimntire SP as shown in Fig-
ure[B.1(c) which is the extra rectangular region tagged agdreV in the colorbar. The
MRSP-GNI reconstruction under this imperfect SP (assunfitigconfidencep;, = 1),
shown in Figuré Bl1(d), is almost the same as the recongiruander the complete SP
shown in Figuré_3]1(d). This is expected since adding thisaefalse region doesot in-
corporate false information into the inversion algorithfine presence of this wrong region
(Region V) in the SP simply guides the inversion algorithrfetmur equal complex permit-
tivity values in Region V. On the other hand, the presenceegfiéh | in the SP guides the
inversion algorithm to favour equal complex permittivitglues in Region I. However, due
to the fact that our formulation never enforces that the dempermittivity values must be
different in different regions, the MRSP-GNI algorithm peetly assigns similar permittiv-
ity values to all the pixels in Regions | and V, which satisties wrong SP associated with

Region V, and the true SP associate with Region I.
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Fig. B.1: (a) Imperfect SP (Scenario I) for the “W” target (its firstdoy where the imperfection is
related to the spatial priors for the rightmost finger (exagted size). (b) The reconstructed
real part of the relative complex permittivity profile usititge MRSP-GNI algorithm under
these imperfect SP (Scenario 1). (c) Imperfect SP (ScenBrfor the “W” target (its first
form) where an extra false region can be seen in the top-fetheo SP image. (d) The
reconstructed real part of the relative complex permittiyirofile using the MRSP-GNI
under these imperfect SP (Scenario ).



Tikh-GNI Implementation

This appendix is associated with Chapter 3. Herein, we ptes@ implementation of the
Tikhonov regularization method for the GNI algorithm. Tdkiov regularization has been
widely used with the GNI algorithm (and other inversion altfons) in the form of an addi-
tive regularization term. In such methods, the regulaioratveight needs to be determined
by a regularization parameter choice method. To make ouroFi&v implementation auto-
mated, and also to be consistent with the multiplicativell@gzation approach considered
in this paper, we use a multiplicative term similar to the snggested in [51]. That is, at

thenth iteration of the GNI algorithm, we minimize
Ca(x) = C5(x) " (x) (C.1)
where the multiplicative Tikhonov regularization is givaes

2 2
Tikn,  _ IxIlT + oy
GRS €2
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In the above cost functional, the steering paramgtesimilar to~? in (3.11), is chosen to

beCS(x,)¢. Minimizing C, () over the contrast, the correctidny,, can be found from

The regularization operatdf,, when operates on a vector of appropriate sizes defined
as

To(w) & —

A - 4 (C.4)
Ix|12 + 72

As can be seen frorh (G.3), this multiplicative approach éntital to the following additive

Tikhonov regularization approach

Co(x) = C5(x) + & IIXII% (C.5)

if the (additive) regularization weight, is chosen to be

b
Kn

R -~ (C.6)
x|+ n2

Herein, we refer to this multiplicative implementation akfRonov regularization for the

GNI algorithm as the Tikh-GNI algorithm.



Spatial Priors for Human Forearm

Imaging

This appendix is associated with Chapter 3- This appendichim the footnote 12 of Sec-
tion[3.5. In this Appendix, we have considered the forearta dat at 0.8 GHz with 24 dipole
antennas immersed in the matching fluid with the relativegerpermittivity of 77 — ;17
Herein, we have utilized the image from magnetic resonameging (MRI) of the forearm
to extract the structural prior information and then intke measured MWI data. This MRI

image has been depicted in FiglrelD.1(a). We would like te tiwg followings.

e The forearm in the MWI system and the MRI systenm@ co-located: During the
MRI scan, the volunteers were in supine position, restirgrtforearms on a bed.
Thus, the orientation of the arm during the MRI scan was diffethan during the

MWT data collectiori.[53].

1 We acknowledge the Electromagnetic Imaging Laborator@tiniversity of Manitoba (Prof. LoVetri)
for letting us to use this experimental data set in this repbor the details regarding this data set, please
see([53,119].
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e Consequently, image registration needs to be performedatove can use the MRI
image for MWI inversion. We have used a very preliminaag fog method to ex-
tract prior structural information from the MRI image to been to the MWI inver-
sion. The details of our preliminary method can be found & Sectiori D.b of this

Appendix.

e The extracted prior structural information from the MRI iggahas been shown in

FigureD.1(b).

— As can be seen, the structural prior information consist ofgions. These
regions can be seen in the colorbar of Figurel D.1(b) denoyeRdgion | to
Region IX.

— Note that we danot make any assumptions regarding the complex permittivity

values at these 9 regions.

D.1 Reconstruction Results

Let us first note that in all the reconstruction results pmes@ herein, the inversion algo-
rithms start from a trivial initial guess, i.e. the contragizero. The reconstructed real parts
of the complex permittivity profile by the use of three blimyersion algorithn% namely
MR-GNI, MR-CSI, and Tikh-GNI, have been shown in Figufesi@2)2c). In addition,
the reconstructed real part of the complex permittivityfieeausing MRSP-GNI (i.e., the
algorithm that takes into account spatial priors) is showirigure[D.2(d). Similarly, the
reconstructions of the imaginary part of the complex peiwity profile using these four

algorithms have been shown in FiguresID.3(a)-(d).

2 Herein, we referred to the algorithms that do not take intmaat the structural information as the blind
inversion algorithms.
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D.2 A Note on the Imaginary Part Reconstruction

We speculate that the reason behind the poor reconstrugftihre imaginary part as com-
pared to the real part (in all the inversions) is due to thealahce between the real and
imaginary parts of the contrast. In fact, the imaginary pacbnstruction can be improved
by balancingthe real and imaginary parts of the contrast. (blaéancedMR-CSI results
have been utilized in [119] whereas th@ancedVIR-GNI results have been utilized in [53].)
However, balancing the real and imaginary parts of the eshtequires a different form of
prior information which is the average ratio between thd ega imaginary parts of the
contrast profile. Herein, to avoid an extra piece of prioorniation, we have not used any
balancing in our inversion. To understand this imbalansaasbetter, let us calculate the

contrast of the bone:

bone __ _background s _ 4
b € € (13 —43) — (77— j17) .
xPone = egackgmund = T 17 = —0.8308 — 70.0016. (D.1)

As can be seen, the ratio between the real and imaginarygfahis contrast is

. —0.8308
ratio= ——— ~ 517. D.2
—0.0016 o117 (B-2)

Therefore, if we apply a regularization method on the comptantrast, say|Ax||, it will
be dominated by the real part of the contrast, ifd,xr|| where A is the regularization

operator and x is the real part of the complex contrast
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D.3 Comparison

For the sake of quantitative comparison, we have chosen om¢ ip the top bone, and
one point in the muscle tissue, and have reported the recotesti complex permittivity
values for each of these algorithms in Tdble|D.1. As can be,$be main advantage of the
MRSP-GNI algorithm has been a slight improvement in the metraction of the relative
complex permittivity of bones. Other than this, we do noteslse significant improvements.
However, it is very difficult to judge the performance of thdRBIP-GNI algorithm as the
utilized spatial priors are not ideal as we do not have a propage registration between
the MRI and MWI. For example, we have only used translationatement of the MRI

image to create our spatial priors, and have not used anyaimseor scalings at this point.

D.4 Observations

As noted in the paper, MRSP-GNI utilizes two regularizatgerators: (i) a standard MR,
and (ii) a spatial prior (SP) regularizer. Due to this, the RGNI algorithm can be re-
garded as aoftspatial prior method. This is advantageous when the SP igangiaccurate
or it is not complete. Due to thisoft spatial prior technique, some of the regions of the SP
are not enforced in the MRSP-GNI algorithm. For example MIRSP-GNI reconstruction
shown in Figuré D.J2(d) does not show Regions IlI, VI, VII, Vland IX, see Figure Dl1(b).
This could be a positive aspect in the sense that this algorihight correctly regard all
these regions as muscle (Region V). In other words, thistechnique can be immune to
false regions. On the other hand, it could have negativectsps well. For example, the
bones are expected to have two regions which do not show ine iretonstruction. Finally,
we have also used ohard spatial prior technique, referred to as the SP-GNI algorithot

shown here). As expected, the reconstruction of this algorenforces the presence of all
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9 regions; however, the reconstructed permittivity was atateptable. We have not fully
investigated the reason behind this; but, our speculasitimat the utilized spatial priors are
not sufficiently accurate for SP-GNI as this algorithm (apaged to MRSP-GNI) has no

other regularization means other than the provided SP.

D.5 Extracting Prior Structural Information from the MRI &ge

To obtain the structural information of the forearm, the MiiRage was imported into MAT-
LAB and the color indices of different pixels were retrievedoreover, the resolution of
the discretized MRI image in MATLAB was decreased usingitiverpnfunction. This im-
age was then compared to blind inversions. Based on this @ason, we performed some
translational movements (i.e., movements alongithady directions) of the MRl image to
merely adjust the overall external contour of the foreanpnier spatial image. We haveot
performed any rotations or scaling. Therefore, our curreage registration is limited.

Tab. D.1:Reported Relative Complex permittivity of the Forearn i8][&s well as the reconstructed
values though the utilized four inversion algorithms.

: R ted - - ikh- R
Tissue type e, eporte 67MR GNI EyIR CSI 6;I;Ikh GNI eleSP GNI

Bone 13-3 35.45-13.07 39.01-1353 41.38-12.9 29.86-9.69
Muscle 56-20 66.31-21.72 64.77-21.95 65.33-21.05 65.05-22.78
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(a) MRI image
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(b) Extracted spatial priors (SP)

Fig. D.1: (a) The MRI image (This MRl image was taken from[58][2013] IEEE). (b) The struc-
tural information for this forearm that shows the existeataine regions within the imag-
ing domain.
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. D.2: Real-part reconstruction of the complex permittivity of fiorearm at 0.8 GHz using the (a)

MR-GNI algorithm (blind), (b) MR-CSI algorithm (blind), cTikh-GNI algorithm (blind),
and (d) MRSP-GNI algorithm (prior spatials).
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Fig. D.3: Imaginary-part reconstruction of the complex permityivf the forearm at 0.8 GHz using
the (a) MR-GNI algorithm (blind), (b) MR-CSI algorithm (bldl), (c) Tikh-GNI algorithm
(blind), and (d) MRSP-GNI algorithm (prior spatials).



Simulation Detalls of the Separation

Resolution Study

This appendix is associated with Chagdiéer 4. In this Appendix elaborate on how the
separation resolution simulation study (see Sedtion &Bwas carried out by the use of
ANSYS HFSS. To this end, we have placed two dielectric obj@dth the separation of
about0.13) from each others in the NF plate setup under Configurationd llaDue to the
simulation setup, it was not possible to keep the two digleobjects stationary, and then
move the NF plate to scan the objects in the three steps ashbin Section 4.3.113. To
handle this, instead of moving the NF plate and keeping thectdbstationary, we do the
reverse procedure: the two separated objects are movetthéogparallel to the NF plate in
three steps. In Step |, the first dielectric object is locatealctly at the center and in front
of the NF plate. In Step II, the gap between the two objectsdated at the center with
respect to the NF plate, and finally in Step Il the secondedieic object is placed at the
center with respect to the NF plate. The two separated abgatach of these three steps

are interrogated, and then the resulting scattered NF dateotlected at the receivers’ line
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(located on the yellow plane in Figure 4.9).

Now, we will explain how the scattered NF data have been cw@tkein each of the above
steps. In this study, we have placed the total numbénéfreceiving points along the line
of intersection between the yellow and brown planes in EEguB. This line, which we
refer to as the receivers’ line, is parallel to thaxis and has been separated by abgGt5
from the NF plate. At each of the above three steps, only thexssvers that reside exactly
behind the dielectric object being illuminated (Steps | #ijdor the gap being illuminated
(Step II) are used for data collection. (In other words, #eiving points used in each step
are located mainly within the main beam of the NF plate.) Vtplot these three sets of
the scattered NF data together to create Figure 4.10(a)dfafigliration | and Figurie 4.10(b)
for Configuration Il. Finally, it should be mentioned thaedo the symmetry of the NF plate
setup as well as the symmetric arrangement of the two diaeaxtjects, we have obtained

the scattered NF data in Step 1l by flipping the scattered Blia fom Step I.



Visual Summary of the Different Test

Cases

This appendix is associated with Chagter 4. In this Appendaix show additional figures
to better demonstrate the studied test cases in SéctibiHigillustration starts by the test
cases under configuration | considered in Sedtion 4.3.1@srsn Figures Fll(a)-(d). As

noted in the paper, Configuration Il for Section 413.1 is dingghieved by merely removing
the NF plate. Due to this, only one case (Case |) under Coafiigur 11 is illustrated herein;

see Figur€ F12. Next, the test cases considered in SécBdhate shown in Figurés F.3(a)-
(d). Configuration Il for these test cases are simply achidwereplacing the Bessel beam
launcher with a dipole antenna. Due to this, only one test (@ase I) under Configuration Il

is shown herein; see Figure F.4.
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(c) Configuration |, Case Ill (d) Configuration I, Case IV

Fig. F.1: Summary of different case studies under Configuration | @NF plate setup.

Fig. F.2: Configuration Il, which is in the absence of the NF plate, fas€l.
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--

(a) Configuration |, Case | (b) Configuration I, Case Il
- -
(c) Configuration |, Case Il (d) Configuration I, Case IV

Fig. F.3:Summary of different case studies under Configuration |eBhssel beam launcher setup.

Fig. F.4: Configuration Il in which a horizontal dipole antenna replathe Bessel beam launcher
for Case I.



Different Calibration Objects

This appendix is associated with Chayiter 5. In Sediion5v@elhave found’¢ and 3¢
based on using a calibration object with the relative pewiti of 6.5. We have also in-
vestigated other calibration objects with different pdtwities but having the same size of
A/20 x A/10 x A/15. The relative permittivities of these investigated cadiivn objects
range from5.5 to 10.5 with an increment 0f).5. For three of these calibration objects hav-
ing relative permittivity values of 5.5, 6.5, and 10.5, wedaresented the obtained values
of a°¢ and g™ for Configuration IV in the last column of Tables (.1 and]G.2.eXpected,
these values are similar, and are equaltb03 — ;j0.04 for a°¢ and0.02 — j0.06 for 3.
(These values of°° and 5™ are the values that we used [n_(3.14) to retrieve permitivit
values in Sectiof 516.) In addition, only for the sake of cangbn, we have obtained®
and 8¢ for Configurations | to Ill using the similar procedure used €onfiguration I\H

These have also been reported in Tables G.1and G.2.

! Note that since Configurations I to I are not as focused asfioration 1V, using the same notation as
¢ and 5 is not appropriate for them. However, for simplicity and sistency, we have used the same
notation for all configurations.




185

Tab. G.1.The obtainech/ by the use of a calibration object with the size\gR0 x \/10 x \/15
for three different relative permittivities. = 5.50, ¢, = 6.50, ande,. = 10.50 under the
four configurations.

aTOC

\ Cal Config. | Config. Il Config. IlI Config. IV
9.5 | 0.01 —450.05 | 0.01 —50.03 | 0.02 — j0.12 | —0.03 — 50.04
6.5 | 0.01 —450.04 | 0.01 —50.03 | 0.01 — j0.10 | —0.03 — 50.04
10.5| 0.01 — 50.04 | 0.01 — 50.03 | 0.01 — j0.05 | —0.03 — 50.04

Tab. G.2:The obtaineds™ by the use of a calibration object with the sizeXgR0 x A/10 x A/15
for three different relative permittivities. = 5.50, ¢, = 6.50, ande,, = 10.50 under the
four configurations.

/Bfoc

\ Cal Config. | Config. Il Config. I Config. IV
5.5 | 0.07 —350.05 | 0.05—340.05 | 0.10 — j0.03 | 0.02 — 50.06
6.5 | 0.07—70.05 | 0.05 — 50.05 | 0.09 — 50.03 | 0.02 — j0.06
10.5| 0.07 — 50.05 | 0.05 — 50.05 | 0.04 — 50.01 | 0.02 — j0.06




Reconstruction Comparison

This appendix is associated with Chapter 5. In this Apperttiix Ol's reconstructed com-
plex permittivity values for the example discussed in $#16.6.2 using the four described
configurations are presented. For the main configuratiomfi@aration IV) we used the
methodology explained in Sectidn 5.4 where the complex fivity value is obtained
from (5.13). For the other three configurations, we also GsE4) but with their owm°
and 3¢ as tabulated in Append[x]G for the calibration object hawing relative permit-
tivity of 6.5. The reconstruction results have been listedablelH.1. As can be seen, the
improvement in the accuracy of the reconstruction resslédmost consistent when we are
moving from our least localized imaging system (i.e., Camnfagion 1) to our most localized
imaging system (i.e., Configuration 1V). The enhancemeiitéachievable reconstruction
accuracy is mainly due to the accurate calculation of therhapping operators, i.655 and

Gp represented by and 5™
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Tab. H.1:The reconstructed complex permittivity values of the Olemolr four configurations.

Truee, Config. | Config. I Config. I Config. IV
5.50 8.52-0.33] 7.02+0.15] 6.63+0.05] 5.69+ 0.00j
6.00 9.21-0.32] 7.72+0.22) 6.86-0.08] 6.01+ 0.05j
6.5 9.87-0.30f 8.40+0.31j 7.06-0.17] 6.69 +0.05]
7.0 10.53-0.27j 9.10+0.40j 7.29-0.31] 7.23+0.05j
7.5 11.15-0.23] 9.80+0.52) 7.50-0.14j 7.74+0.06j
8.0 11.75-0.19] 10.47+0.66j 7.73-0.55] 8.23+0.08]
8.5 12.33-0.15) 11.15+0.80j 7.95-0.65] 8.79+0.10j
9.0 12.89-0.11) 11.85+0.96j 8.19-0.80] 9.55+0.11]
9.5 13.42-0.07j 12.54+1.14j 8.41-0.92j 10.12+0.16j
10.0 13.94-0.02) 13.24+1.34j 8.62-1.04j 10.71+0.18]
10.5 14.44 +0.03] 13.89+1.54] 8.85-1.15] 11.27+0.22j



Bibliography

[1]

2]

[3]

[4]
[5]

[6]

[7]
[8]

[9]

J.-M. Geffrin, P. Sabouroux, and C. Eyraud, “Free spacggegmental scattering
database continuation: experimental set-up and measaotegonecision,” Inverse
Probl., vol. 21, pp. S117-S130, 2005.

P. Mojabi and J. LoVetri, “Microwave biomedical imaginging the multiplicative
regularized Gauss-Newton inversiofEEE Antennas Wireless Propag. Lettol. 8,
pp. 645-648, 2009.

A. Abubakar, T. M. Habashy, G. Pan, and M. K. Li, “Applicart of the multiplica-
tive regularized Gauss Newton algorithm for three-dimemnai microwave imaging,”
IEEE Transactions on Antennas and Propagatiul. 60, no. 5, pp. 2431-2441, May
2012.

“Tomography,” https://en.wikipedia.org/wiki/ Tomaogphy.

N. K. Nikolova, Introduction to Microwave Imaging United Kingdom: Cambridge
University Press, 2017.

N. Bayat and P. Mojabi, “On an antenna design for 2D scaé&ar-field microwave
tomography,”Applied Computational Electromagnetics Society Jourmal. 30, pp.
589-598, 2015.

M. PastorinoMicrowave Imaging New Jersey: John Wiley & Sons, 2010.

O. M. Bucci, G. Bellizzi, A. Borgia, S. Costanzo, L. CragcG. D. Massa, and
R. Scapaticci, “Experimental framework for magnetic naartiples enhanced breast
cancer microwave imaginglEEE Accessvol. 5, pp. 16 332—-16 340, 2017.

E. C. Fear, S. C. Hagness, P. M. Meaney, M. Okoniewski, dné. Stuchly, “En-
hancing breast tumor detection with near-field imagingEE Microwave Mag.
vol. 3, no. 1, pp. 48-56, Mar 2002.


https://en.wikipedia.org/wiki/Tomography

Bibliography 189

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

G. Oliveri, M. Salucci, N. Anselmi, and A. Massa, “Conegsive sensing as applied
to inverse problems for imaging: Theory, applicationsyent trends, and open chal-
lenges.”IEEE Antennas and Propagation Magazimel. 59, no. 5, pp. 34-46, Oct
2017.

M. Persson, A. Fhager, H. D. Trefna, Y. Yu, T. McKelvey,R&genius, J. E. Karlsson,
and M. Elam, “Microwave-based stroke diagnosis making glg@oehospital throm-
bolytic treatment possibleJEEE Transactions on Biomedical Engineerjingl. 61,
no. 11, pp. 2806-2817, Nov 2014.

A. T. Mobashsher, A. M. Abbosh, and Y. Wang, “Microwawstem to detect trau-
matic brain injuries using compact unidirectional anteand wideband transceiver
with verification on realistic head phantomEZEE Transactions on Microwave The-
ory and Techniquewol. 62, no. 9, pp. 1826-1836, Sept 2014.

Z. Wu and H. Wang, “Microwave tomography for industriabcess imaging: Ex-
ample applications and experimental resulftSEE Antennas Propag. Magvol. 59,
no. 5, pp. 61-71, Oct 2017.

D. Gibbins, D. Byrne, T. Henriksson, B. Monsalve, andl. ICraddock, “Less becomes
more for microwave imaging: Design and validation of anavtide-band measure-
ment array.ITEEE Antennas Propag. Magrol. 59, no. 5, pp. 72-85, Oct 2017.

M. Hopfer, R. Planas, A. Hamidipour, T. Henriksson, & dsemenov, “Electromag-
netic tomography for detection, differentiation, and nmonng of brain stroke: A
virtual data and human head phantom stutiy2E Antennas Propag. Magvol. 59,
no. 5, pp. 86-97, Oct 2017.

M. Pastorino, S. Caorsi, and A. Massa, “A global optiatian technique for mi-
crowave nondestructive evaluatiof£EEE. Trans. Instrum. and Meawxol. 51, no. 4,
pp. 666—673, Aug 2002.

W. H. Weedon, W. C. Chew, and P. E. Mayes, “A step-freqyeladar imaging sys-
tem for microwave nondestructive evaluatiofrbgress in Electromagnetic Research
vol. 28, pp. 121-146, 2000.

L. P. Song, C. Yu, and Q. H. Liu, “Through-wall imagingW) by radar: 2-D tomo-
graphic results and analyset£EE Trans. Geosci. Remote Sensingl. 43, no. 12,
pp. 2793-2798, Dec 2005.

N. Firoozy, A. S. Komarov, J. Landy, D. G. Barber, P. Majaand R. K. Scharien,
“Inversion-based sensitivity analysis of snow-covered ®e electromagnetic pro-
files,” IEEE Journal of Selected Topics in Applied Earth Observatiand Remote
Sensingvol. 8, no. 7, pp. 3643-3655, July 2015.

P. Meaney, P. Kaufman, L. Muffly, M. Click, S. Poplack, Wells, G. Schwartz, R. M.
di Florio-Alexander, T. Tosteson, Z. Li, S. Geimer, M. Fampi T. Zhou, N. Epstein,



Bibliography 190

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

and K. Paulsen, “Microwave imaging for neoadjuvant chera@py monitoring: ini-
tial clinical experience,Breast Cancer Researchol. 15, no. 8, pp. 2320-2331, Aug
2013.

P. Mojabi and J. LoVetri, “Composite tissue-type andiability image for ultrasound
and microwave tomography/EEE J. Multiscale and Multiphys. Comput. Techn.
vol. 1, pp. 26-35, 2016.

H. Jiang, C. Li, D. Pearlstone, and L. Fajardo, “Ultrasd-guided microwave imag-
ing of breast cancer: tissue phantom and pilot clinical eérpents,”"Medical Physics
vol. 32, no. 8, pp. 2528-2535, 2005.

G. Boverman, C. Davis, S. Geimer, and P. M. Meaney, “leneggistration for mi-
crowave tomography of the breast using priors from non-ganeous previous mag-
netic resonance imagesEEE Journal of Electromagnetics, RF and Microwaves in
Medicine and Biologyvol. PP, no. 99, pp. 1-1, 2017.

N. Bayat,On the Role of Antennas in the Achievable Resolution andracgdrom
Near-Field Microwave Tomographiaster’s thesis, University of Manitoba, Mani-
toba, Canada, 2014 [available online].

P. C. Hansen, “The L-curve and its use in the numeriatiment of inverse prob-
lems,” inComputational Inverse Problems in Electrocardiology, BdJohnston, Ad-
vances in Computational BioengineeringWIT Press, 2000, pp. 119-142.

A. J. Devaney and G. C. Sherman, “Nonuniqueness in ss/eource and scattering
problems,”IEEE Trans. Antennas Propagol. 30, no. 5, pp. 1034-1042, Sep 1982.

N. Nikolova and Y. Rickard, “Nonradiating electromagic sources in a nonuniform
medium,”Physical review. E, Statistical, nonlinear, and soft mafteysics vol. 71,
p. 016617, 02 2005.

P. M. Meaney, M. W. Fanning, T. Raynolds, C. J. Fox., Qud;eC. A. Kogel, S. P.
Poplack, and K. D. Paulsen, “Initial clinical experienceatwinicrowave breast imag-
ing in women with normal mammographytad Radiol. March 2007.

J. D. Shea, P. Kosmas, S. C. Hagness, and B. D. V. Veerrg€Ftimensional mi-
crowave imaging of realistic numerical breast phantomsawviaultiple-frequency in-
verse scattering techniquéyfedical Physicsvol. 37, no. 8, pp. 4210-4226, 2010.

S. Semenoy, J. Kellam, P. Althausen, T. Williams, A. Abkar, A. Bulyshev, and
Y. Sizov, “Microwave tomography for functional imaging ofteemity soft tissues:
feasibility assessment?hys. Med. Biol.vol. 52, pp. 5705-5719, 2007.

T. J. Cui, W. C. Chew, X. X. Yin, and W. Hong, “Study of régthon and super res-
olution in electromagnetic imaging for half-space prold¢niEEE Trans. Antennas
Propag, vol. 52, no. 6, pp. 1398-1411, June 2004.



Bibliography 191

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

C. Gilmore, P. Mojabi, A. Zakaria, S. Pistorius, and dMetri, “On super-resolution
with an experimental microwave tomography systelBEE Antennas and Wireless
Propagation Lettersvol. 9, pp. 393-396, 2010.

S. Semenov, R. Svenson, A. Bulyshev, A. Souvorov, A.adav, Y. Sizov, V. Po-

sukh, A. Pavlovsky, P. Repin, and G. Tatsis, “Spatial resmuof microwave to-

mography for detection of myocardial ischemia and infarctexperimental study on
two-dimensional modelsJEEE Trans. Microwave Theory Teg¢lvol. 48, no. 4, pp.

538-544, Apr 2000.

P. C. Hansen, M. E. Kilmer, and R. H. Kjeldsen, “Explodiresidual information in
the parameter choice for discrete ill-posed problerB$T Numerical Mathematics
vol. 46, pp. 41-59, 2006.

A. Abubakar, T. M. Habashy, V. L. Druskin, L. Knizhnermaand D. Alumbaugh,
“2.5D forward and inverse modeling for interpreting loveduency electromagnetic
measurements@Geophysicsvol. 73, no. 4, pp. F165-F177, July—Aug 2008.

P. Mojabi and J. LoVetri, “Enhancement of the Krylov splce regularization for
microwave biomedical imagingEEE Transactions on Medical Imagingol. 28,
no. 12, pp. 2015-2019, Dec 2009.

P. C. Hansen, “Numerical tools for analysis and solutid Fredholm integral equa-
tions of the first kind,Inverse Probl.vol. 8, pp. 849-872, 1992.

A. Abubakar, P. M. van den Berg, and S. Y. Semenov, “A sibierative method for
Born inversion,” IEEE Trans. Geosci. Remote Sensingl. 42, no. 2, pp. 342—-354,
Feb 2004.

N. Bayat and P. Mojabi, “The effect of antenna incideeididistribution on mi-
crowave tomography reconstructiorPtogress In Electromagnetics Resegrefol.
145, pp. 153-161, 2014.

T. Rubek, P. M. Meaney, P. Meincke, and K. D. Paulsen, “Nonlinearrovave
imaging for breast-cancer screening using Gauss-Newtoethod and the CGLS
inversion algorithm,TEEE Trans. Antennas Propagol. 55, no. 8, pp. 2320-2331,
Aug 2007.

P. Mojabi, M. Ostadrahimi, L. Shafai, and J. LoVetri, fddowave tomography tech-
niques and algorithms: A review,” iAntenna Technology and Applied Electromag-
netics (ANTEM), 2012 15th International SymposiumJume 2012, pp. 1-4.

P. M. Meaney, A. H. Golnabi, N. R. Epstein, S. D. Geimer,. MV.
Fanning, J. B. Weaver, and K. D. Paulsen, “Integration of rowave
tomography with magnetic resonance for improved breastgingd’ Med-
ical Physics vol. 40, no. 10, p. 103101, 2013. [Online]. Available:
https://aapm.onlinelibrary.wiley.com/doi/abs/10.81114820361


https://aapm.onlinelibrary.wiley.com/doi/abs/10.1118/1.4820361

Bibliography 192

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

A. H. Golnabi, P. M. Meaney, and K. D. Paulsen, “Tomodrapmicrowave imag-
ing with incorporated prior spatial informationfEEE Transactions on Microwave
Theory and Techniquesgol. 61, no. 5, pp. 2129-2136, May 2013.

——, “3D microwave tomography of the breast using prinatomical information,”
Medical Physics vol. 43, no. 4, pp. 1933-1944, 2016. [Online]. Available:
https://aapm.onlinelibrary.wiley.com/doi/abs/10.81114944592

L. M. Neira, B. D. V. Veen, and S. C. Hagness, “High-regmn microwave breast
imaging using a 3-D inverse scattering algorithm with aaale-strength spatial prior
constraint,”IEEE Transactions on Antennas and Propagatiwal. 65, no. 11, pp.
6002-6014, Nov 2017.

M. Omer, P. Mojabi, D. Kurrant, J. LoVetri, and E. FedPrbof-of-concept of the in-
corporation of ultrasound-derived structural informatioto microwave radar imag-
ing,” IEEE Journal on Multiscale and Multiphysics Computatiomathniquesvol. 3,
pp. 129-139, 2018.

N. Abdollahi, D. Kurrant, P. Mojabi, M. Omer, E. Fear,cd. LoVetri, “Incorpo-
ration of ultrasonic prior information for improving quatative microwave imaging
of breast,”IEEE Journal on Multiscale and Multiphysics Computatiofathniques
vol. 4, pp. 98-110, 2019.

P. Mojabi and N. Bayat, “A multiplicative regularizes incorporate prior spatial data
in microwave imaging reconstruction,” ib3th European Conference on Antennas
and PropagationApril 2019, pp. 1-5.

A. Abubakar and P. M. van den Berg, “Iterative forwardlanverse algorithms based
on domain integral equations for three—dimensional ateatrd magnetic objects).
Comput. Physwvol. 195, pp. 236-262, 2004.

A. Abubakar, P. M. van den Berg, and J. J. Mallorqui, “byjitay of biomedical data
using a multiplicative regularized contrast source ingrsnethod,”|[EEE Trans.
Microwave Theory Techvol. 50, no. 7, pp. 1761-1777, July 2002.

T. M. Habashy and A. Abubakar, “A general framework fonstraint minimization
for the inversion of electromagnetic measuremen®sggress in Electromagnetics
Researchvol. 46, pp. 265-312, 2004.

P. Mojabi, “Investigation and development of algonitts and techniques for mi-
crowave tomography,” Ph.D. dissertation, University ofridaba, Winnipeg, Man-
itoba, Canada, 2010.

M. Ostadrahimi, P. Mojabi, A. Zakaria, J. LoVetri, and §hafai, “Enhancement of
gauss-newton inversion method for biological tissue imggdilEEE Transactions on
Microwave Theory and Technique®l. 61, no. 9, pp. 3424-3434, Sept 2013.


https://aapm.onlinelibrary.wiley.com/doi/abs/10.1118/1.4944592

Bibliography 193

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

P. Mojabi and J. LoVetri, “Overview and classificatiohsmme regularization tech-
niques for the Gauss-Newton inversion method applied terse scattering prob-
lems,” IEEE Transactions on Antennas and Propagatieal. 57, no. 9, pp. 2658—
2665, Sept 20009.

A. Abubakar, P. M. van den Berg, T. M. Habashy, and H. Brach, “A multiplica-
tive regularization approach for deblurring problemMBEE Trans. Image Processing
vol. 13, no. 11, pp. 1524-1532, Nov 2004.

P. Mojabi, J. LoVetri, and L. Shafai, “A multiplicativeegularized Gauss—Newton
inversion for shape and location reconstructidBEE Transactions on Antennas and
Propagation vol. 59, no. 12, pp. 4790-4802, 2011.

W. C. Chew and J. H. Lin, “A frequency—hopping approachrhicrowave imaging
of large inhomogeneous bodietZEE Microwave and Guided Wave Lettevsl. 5,
no. 12, pp. 439-441, Dec. 1995.

A. Abubakar, P. M. van den Berg, and T. M. Habashy, “Apation of the multiplica-
tive regularized contrast source inversion method on TM} &B-polarized experi-
mental Fresnel datalhverse Probl,.vol. 21, pp. S5-S13, 2005.

P. Mojabi and J. LoVetri, “A prescaled multiplicativegularized Gauss-Newton in-
version,”IEEE Transactions on Antennas and Propagatiool. 59, no. 8, pp. 2954—
2963, Aug 2011.

M. Lazebnik ancet. al, “A large-scale study of the ultrawideband microwave diele
ric properties of normal breast tissue obtained from radocturgeries,Physics in
Medicine and Biologyvol. 52, pp. 2637-2656, 2007.

E. Zastrow, S. Davis, M. Lazebnik, F. Kelcz, B. V. VeenndaS. Hag-
ness, “Database of 3D grid-based numerical breast phantfonsuse in
computational electromagnetics simulationBgpartment of Electrical and Com-
puter Engineering of University of Wisconsin-MadisofOnline]. Available:
http://uwcem.ece.wisc.edu/phantomRepository.html

P. C. Hasen and D. P. O’leary, “The use of the I-curve artgularization of discrete
ill-posed problems,SIAM J. Sci. Computvol. 14, no. 6, pp. 1487-1503, Nov 1993.

R. Scapaticci, G. Bellizzi, I. Catapano, L. Crocco, andM. Bucci, “An effective
procedure for mnp-enhanced breast cancer microwave ima¢gEEE Transactions
on Biomedical Engineeringol. 61, no. 4, pp. 1071-1079, April 2014.

T. M. Grzegorczyk, P. M. Meaney, P. A. Kaufman, R. M. difftb Alexander, and

K. D. Paulsen, “Fast 3-d tomographic microwave imaging fiigalst cancer detec-
tion,” IEEE Transactions on Medical Imagingol. 31, no. 8, pp. 1584-1592, Aug
2012.


http://uwcem.ece.wisc.edu/phantomRepository.html

Bibliography 194

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

J. De Zaeytijd, A. Franchois, C. Eyraud, and J. M. GeffrfFull-wave three-
dimensional microwave imaging with a regularized Gauss tdevmnethod; theory
and experiment,Antennas and Propagation, IEEE Transactions wml. 55, no. 11,
pp. 3279-3292, Nov 2007.

R. Palmeri, M. T. Bevacqua, L. Crocco, T. Isernia, anddL.Donato, “Microwave
imaging via distorted iterated virtual experiment&’EE Transactions on Antennas
and Propagationvol. 65, no. 2, pp. 829-838, Feb 2017.

A. H. Golnabi, P. M. Meaney, and K. D. Paulsen, “Tomodrapmicrowave imag-
ing with incorporated prior spatial informationfEEE Transactions on Microwave
Theory and Techniquesgol. 61, no. 5, pp. 2129-2136, May 2013.

L. M. Neira, B. D. V. Veen, and S. C. Hagness, “High-regmn microwave breast
imaging using a 3-D inverse scattering algorithm with aaale-strength spatial prior
constraint, IEEE Transactions on Antennas and PropagatiitEE Early Access.

A. Baran, D. Kurrant, A. Zakaria, E. Fear, and J. LoVetBreast cancer imaging
using microwave tomography with radar-derived prior imfiation,” in2014 USNC-
URSI Radio Science Meeting (Joint with AP-S Symposiduhy) 2014, pp. 259-259.

P. Mojabi, J. LoVetri, and L. Shafai, “A multiplicativeegularized Gauss-Newton
inversion for shape and location reconstructidBEE Transactions on Antennas and
Propagation vol. 59, no. 12, pp. 4790-4802, Dec 2011.

K. D. P. Paul M. Meaney, Navin K. Yagnamurthy, “Pre-sxhtwo-parameter Gauss-
Newton image reconstruction to reduce property recovetyalance,”Phys Med
Biol., vol. 47, no. 7, pp. 1101-1119, April 2002.

N. Bayat and P. Mojabi, “A mathematical framework to e the achievable reso-
lution from microwave tomography/EEE Trans. Antennas Propagiol. 64, no. 6,
pp. 1484-1489, April 2016.

D. Li, P. M. Meaney, T. Raynolds, S. A. Pendergrass, M.RAhning, and K. D.
Paulsen, “Parallel-detection microwave spectroscopieay$or breast imagingRe-
view of Scientific Instrumentsol. 75, no. 7, pp. 2305-2313, July 2004.

M. Ostadrahimi, P. Mojabi, C. Gilmore, A. Zakaria, S. dd@mnian, S. Pistorius, and
J. LoVetri, “Analysis of incident field modeling and incidéscattered field calibra-
tion techniques in microwave tomographiEEE Antennas Wireless Propag. Lett.
vol. 10, pp. 900-903, 2011.

P. Meaney, K. Paulsen, J. Chang, M. Fanning, and A. Kaftdonactive antenna
compensation for fixed-array microwave imaging. Il. imapgresults,”IEEE Trans.
Med. Imag, vol. 18, no. 6, pp. 508-518, 1999.



Bibliography 195

[76] J. Bourqui, M. Okoniewski, and E. C. Fear, “Balanced@odal Vivaldi antenna with
dielectric director for near-field microwave imaginFEE Transactions on Antennas
and Propagationvol. 58, no. 7, pp. 2318-2326, July 2010.

[77] N. Bayat and P. Mojabi, “Near-field microwave imagingngs focused near-field
beams: An approach to mitigate undesired scattering sffaot2nd URSI Atlantic
Radio Science Meeting (URSI AT-RA&an Canaria, Spain, May 2018.

[78] G. G. Bellizzi, D. A. M. lero, L. Crocco, and T. IserniaThree-dimensional field
intensity shaping: The scalar casisEE Antennas and Wireless Propagation Letters
vol. 17, no. 3, pp. 360—363, March 2018.

[79] G. G. Bellizzi, M. T. Bevacqua, G. M. Battaglia, L. Crag@and T. Isernia, “Advances
in target conformal sar deposition for hyperthermia treattplanning,” inSecond
URSI Atlantic Radio Science Meetirgran Canaria, Spain, June 2018.

[80] L. Crocco, L. D. Donato, D. A. M. lero, and T. Isernia, “Aew strategy to constrained
focusing in unknown scenarioSEEE Antennas and Wireless Propagation Letters
vol. 11, pp. 1450-1453, 2012.

[81] P. M. van den Berg and R. E. Kleinman, “A contrast sounverision method nverse
Probl., vol. 13, pp. 1607-1620, 1997.

[82] M. Oristaglio and H. Blok, “Wavefield imaging and invess in electromagnetics and
acoustics,'Lecture notes, Delft University1995.

[83] W. C. Chew, Y. M. Wang, G. Otto, D. Lesselier, and J. C. doey,
“On the inverse source method of solving inverse scatterpmgblems,”
Inverse Problems vol. 10, no. 3, p. 547, 1994. [Online]. Available:
http://stacks.iop.org/0266-5611/10/i=3/a=004

[84] C. Parini, S. Gregson, J. McCormick, and D. J. van Rergbtheory and Practice
of Modern Antenna Range MeasurementsUnited Kingdom: The Institution of
Engineering and Technology, 2014.

[85] C. Balanis,Antenna Theory: Analysis and Design New Jersey: John Wiley and
Sons, 2005.

[86] O. M. Bucciand T. Isernia, “Electromagnetic inversatsering: Retrievable informa-
tion and measurement strategieRddio Sciencevol. 32, no. 6, pp. 2123-2137, Nov
1997.

[87] A. Grbic, L. Jiang, and R. Merlin, “Near-field plates: k&liffraction focusing with
patterned surfaces3ciencevol. 320, pp. 511-513, 2008.

[88] M. Ettorre and A. Grbic, “Generation of propagating Belsbeams using leaky-wave
modes,”IEEE Trans. Antennas Propagol. 60, no. 8, pp. 3605-3613, Aug 2012.


http://stacks.iop.org/0266-5611/10/i=3/a=004

Bibliography 196

[89] M. Ettorre, S. M. Rudolph, and A. Grbic, “Generation abpagating Bessel beams
using leaky-wave modes: Experimental validatidi&EE Trans. Antennas Propag.
vol. 60, no. 6, pp. 2645-2653, June 2012.

[90] Z. Bouchal, J. Wagner, and M. Chlup, “Self-reconstiaciof a distorted nondiffract-
ing beam,”Optics Communicationwol. 151, no. 4, pp. 207 — 211, 1998. [Online].
Available: http://www.sciencedirect.com/science/efpii/S0030401898000856

[91] N. Ahmed, M. P. J. Lavery, H. Huang, G. Xie, Y. Ren, Y. Yamd A. E. Willner,
“Experimental demonstration of obstruction-toleranefspace transmission of two
50-Gbaud QPSK data channels using bessel beams carryitgl arigular momen-
tum,” in 2014 The European Conference on Optical Communication E-Sept
2014, pp. 1-3.

[92] T. Zvolensky, J. N. Gollub, D. L. Marks, and D. R. Smitiésign and analysis of a
W-band metasurface-based computational imaging syst&#E Accessvol. 5, pp.
99119918, 2017.

[93] A. Epstein and G. V. Eleftheriades, “Huygens’ metaaoes via the equivalence prin-
ciple: design and applications]! Opt. Soc. Am. Bsol. 33, no. 2, pp. A31-A50, Feb
2016.

[94] M. Persson, A. Fhager, H. D. Trefna, Y. Yu, T. McKelvey,R&genius, J. E. Karlsson,
and M. Elam, “Microwave-based stroke diagnosis making glg@oehospital throm-
bolytic treatment possibleJEEE Transactions on Biomedical Engineerjngl. 61,
no. 11, pp. 2806-2817, Nov 2014.

[95] M. Hopfer, R. Planas, A. Hamidipour, T. Henriksson, &dsemenov, “Electromag-
netic tomography for detection, differentiation, and nmonng of brain stroke: A
virtual data and human head phantom stutiy£E Antennas and Propagation Mag-
azine vol. 59, no. 5, pp. 86-97, Oct 2017.

[96] T. Brown, |. Jeffrey, and P. Mojabi, “Multiplicativelyegularized source reconstruc-
tion method for phaseless planar near-field antenna measuatse,”IEEE Transac-
tions on Antennas and Propagatiorol. 65, no. 4, pp. 2020—-2031, April 2017.

[97] T. Brown, C. Narendra, C. Niu, and P. Mojabi, “On the u$electromagnetic inver-
sion for near-field antenna measurements: A review2048 IEEE Conference on
Antenna Measurements Applications (CAM3¢p. 2018, pp. 1-4.

[98] M. Oristagalio and H. BlokWavefield Imaging and Inversion in Electromagnetics
and Acoustics Delft University Notes, 1995.

[99] N. Bayat and P. Mojabi, “On the use of focused inciderdrrigeld beams in mi-
crowave imaging,’Sensorsvol. 18, 2018.

[100] P. C. HansenRank-deficient and discrete ill-posed problems: Numerasgects of
linear inversion Philadelphia, PA: SIAM, 1998.


http://www.sciencedirect.com/science/article/pii/S0030401898000856

Bibliography 197

[101] K. Belkebir and M. Saillard, “Testing inversion algixms against experimental data:
inhomogeneous targetdriverse Probl.vol. 21, pp. S1-S3, 2005.

[102] G. Lerosey, J. de Rosny, A. Tourin, and M. Fink, “Foagsbeyond the diffraction
limit with far-field time reversal,'Sciencevol. 315, no. 5815, pp. 1120-1122, 2007.
[Online]. Available: https://science.sciencemag.oogtent/315/5815/1120

[103] F. Chen and W. C. Chew, “Experimental verification ogbsuresolution in nonlinear
inverse scattering Applied Physics Lettersol. 72, June 1998.

[104] F-C. Chen and W. C. Chew, “Ultra-wideband radar imggmperiment for verifying
super-resolution in nonlinear inverse scattering JHEE Antennas and Propagation
Society International Symposium and USNC URSI NationaldR&adience Meeting
June 1998, pp. 1284-1287.

[105] A. A. Aydiner and W. C. Chew, “On the nature of superalesion in inverse scat-
tering,” in IEEE Antennas and Propagation Society International Sysiym and
USNC/CNC/URSI North American Radio Sci. Meetihgne 2003, pp. 507-510.

[106] J. B. Pendry, “Negative refraction makes a perfect slen Phys.
Rev. Lett. vol. 85, pp. 3966-3969, Oct 2000. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevLett.85&96

[107] A. Grbic and G. V. Eleftheriades, “Overcoming the dafftion limit with a planar
left-handed transmission-line leng’hys. Rev. Lettvol. 92, p. 117403, Mar 2004.
[Online]. Available: https://link.aps.org/doi/10.11/8ysRevLett.92.117403

[108] A. Wong, “Sub-diffraction imaging using superosattiry electromagnetic waves,”
Ph.D. dissertation, University of Toronto, Toronto, Cama2014.

[109] R. Merlin, “Radiationless electromagnetic intedece: evanescent-field lenses and
perfect focusing,Sciencevol. 317, pp. 927-929, 2007.

[110] A. M. H. Wong and G. V. Eleftheriades, “Advances in inragbeyond the diffraction
limit,” IEEE Photonics Journabol. 4, no. 2, pp. 586-589, April 2012.

[111] N. Mohammadi Estakhri, B. Edwards, and N. Engheta,veétse-designed
metastructures that solve equationS¢ience vol. 363, no. 6433, pp. 1333-1338,
2019. [Online]. Available: https://science.sciencemeg/content/363/6433/1333

[112] V. Okhmatovski, J. Aronsson, and L. Shafai, “A welladitioned non-iterative ap-
proach to solution of the inverse problenlEEE Trans. Antennas Propagiol. 60,
no. 5, pp. 2418-2430, 2012.

[113] V. Okhmatovski, M. J. Feroj, and L. Shafai, “On use di@mogeneous media for
elimination of ill-posedness in the inverse problerEEE Antennas and Wireless
Propagation Lettersvol. 17, no. 5, pp. 857-860, May 2018.


https://science.sciencemag.org/content/315/5815/1120
https://link.aps.org/doi/10.1103/PhysRevLett.85.3966
https://link.aps.org/doi/10.1103/PhysRevLett.92.117403
https://science.sciencemag.org/content/363/6433/1333

Bibliography 198

[114] J. Stang, M. Haynes, P. Carson, and M. Moghaddam, “alimieal system prototype
for focused microwave thermal therapy of the bred&EZE Transactions on Biomed-
ical Engineeringvol. 59, no. 9, pp. 2431-2438, Sep. 2012.

[115] P. M. van den Berg, “Nonlinear scalar inverse scattgriAlgorithms and applica-
tions,” in Scattering and Inverse Scattering in Pure and Applied SgeRds : R.
Pike and P. Sabatier. San Diego: Academic Press, 2002, ppl64.

[116] N. Bayat and P. Mojabi, “Incorporating spatial priocmsnicrowave imaging via mul-
tiplicative regularization,JEEE Transactions on Antennas and Propagation (Early
Access)pp. 1-12, 20109.

[117] A. Abubakar, T. Habashy, P. Berg, and A. Gisolf, “Thagbnalized contrast source
approach: An inversion method beyond the Born approximédtioverse Problems,
21 (2), vol. 21, 04 2005.

[118] M. Imani, “Theory and development of near-field plgt&h.D. dissertation, Univer-
sity of Michigan, Ann Arbor, Michigan, USA, 2013.

[119] C. Gilmore, A. Zakaria, S. Pistorius, and J. LoVeti¥itrowave imaging of human
forearms: Pilot study and image enhancemdntgrnational Journal of Biomedical
Imaging 2013.



	Abstract
	Acronyms and Symbols
	Acknowledgments
	1. Introduction
	1.1 Microwave Imaging
	1.2 Novelties and Contributions
	1.3 Outline

	2. Concept of Best Possible Reconstruction
	2.1 Introduction
	2.2 Nonlinearity and Resolution
	2.3 MWT Resolution Analysis
	2.4 Direct Expansion and `Best' Possible Reconstruction
	2.5 Results
	2.6 Discussion and Conclusion

	3. Multiplicative Regularization to Incorporate Spatial Priors
	3.1 Introduction
	3.2 Problem Statement
	3.3 Motivation
	3.4 Mathematical Formulation
	3.5 Results and Discussion
	3.6 Conclusion

	4. On the Use of Focused Incident Near-Field Beams
	4.1 Introduction
	4.2 Motivation
	4.3 NF Beams and Results
	4.4 Discussion and Conclusions

	5. Focused One-Dimensional Microwave Imaging by Near-Field Plates
	5.1 Introduction
	5.2 Problem Statement
	5.3 Review: Microwave Imaging
	5.4 Methodology
	5.5 Simulation Study
	5.6 Inversion Results
	5.7 Conclusions

	6. Conclusions and Future Work
	6.1 Conclusions
	6.2 Future Work

	Appendix
	A. List of Publications
	B. Sensitivity with Respect to Imperfect Spatial Priors
	C. Tikh-GNI Implementation
	D. Spatial Priors for Human Forearm Imaging
	D.1 Reconstruction Results
	D.2 A Note on the Imaginary Part Reconstruction
	D.3 Comparison
	D.4 Observations
	D.5 Extracting Prior Structural Information from the MRI Image

	E. Simulation Details of the Separation Resolution Study
	F. Visual Summary of the Different Test Cases
	G. Different Calibration Objects
	H. Reconstruction Comparison
	Bibliography


