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QUANTITATIVE HOLOGRAPHIC MICROWAVE
IMAGING WITH A SIMULATED
CALIBRATION MEASUREMENT

SUMMARY

Microwave imaging is a new technology that has recently been introduced into
use. This imaging technology can be applicable in various fields, including medical
examination and tumor detection, material characterization, foreign object detection,
security applications, and many other areas, owing to their effectiveness in the near
field and their non-ionizing properties.

Microwave imaging is fundamentally based on solving the inverse scattering problem
and numerous techniques for solution have been proposed and studied in the literature.
Due to the ill-posed nature of the problem, the non-unique solution is the main issue
and restricts our ability to find the exact parameters of objects in the results. Therefore,
these techniques can be divided into two main categories based on the results obtained:
qualitative and quantitative. While qualitative results provide only the contrast value
of an object due to limited system definitions and prioritization of faster results,
quantitative methods yield the actual value of the object by sacrificing the calculation
speed and generalization in imaging calculations. The Holographic Imaging technique
is one of the promising methods that offers quantitative and faster results but in return,
it requires precise calibration procedures customized to the environment.

In this thesis, the recently proposed Quantitative Microwave Holography (QMH)
method is applied in dielectric imaging and the technique has improved by means of its
calibration time drawback. The general QMH algorithm is more generalizable to object
shapes compared to other quantitative techniques but not the object’s actual values, and
it needs to calibration to both environment and possible dielectric parameters space to
get attainable results.

This technique gives 3D quantitative results by basically using system response
or system function obtained from the calibration procedure and using spectral
reconstruction technique with the aid of linearization and holography. It is possible
by inverting the convolution of this system function and the contrast function in
the spectral domain after applying linearization to the famous non-linear scattering
equation. The transfer function of the system is obtained by finding the scattering
response of the point scatterer (PS) in each slant range position and this process is
applied in each range space for the regular QMH method. Once the system response is
determined, the object under test (OUT) response is obtained and the object function
is resolved using regularization methods, such as Tiknhonov regularization, from
the linear system where these two scattering data are related in the spectral domain
by a product. The linear system that is used in the resolving step, is obtained
using linearization approximations such as Born and Rytov. The Born and Rytov
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approximations are general methods that assume there are no internal scatterings
or there are constant phase characteristics in objects respectively. Due to these
assumptions, the object being imaged or CO being used has to be of limited size or
have limited contrast values where these two requirements are drawbacks of QMH
algorithm. All the scattering data used in reconstruction is obtained by subtracting
the background information according to the Holography technique to obtain the
difference data as in optical holography and this is the reason why we called this
imaging method holographic imaging.

In our proposed method, this time-consuming calibration procedure in the real world
is replaced by a simulation environment. With this approach calibration procedure
will be accelerated and some drawbacks of real measurement-based calibration
procedures such as clutter noise from the background or issues with non-stable device
characteristics will be eliminated by the ideal simulation. To utilize the simulation
approach in such a precise calibration procedure, there has to be an identical
simulation environment. Owing to the holography technique, stationary background
properties are eliminated by subtracting operation and there is only the remaining
modeling antenna system itself in the ideal case. The second part of this thesis consists
of modeling the antenna system and this modeling is done by using Volume Integral
Equation (VIE). In this method, the field of the identically modeled receiver antenna
is used instead of the system Green function. However, this obtained field from the
simulation environment has to be equated with the value in the real measurement
setup. Therefore one calibration data measured from real real-world setup is used for
normalization. In this way, only one measurement for all calibration procedures will
be required and calibration procedure time will be equal to the processing time of
computer speed.
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SIMULASYON IiLE ELDE EDILEN KALIBRASYON
OLCUMLERI UZERINDEN NICEL
MIKRODALGA HOLOGRAFI YONTEMI

OZET

Uzaktan algilama ve goriintiileme teknikleri arasinda son donemde gelisim gosteren
mikrodalga goriintiileme teknigi elde edilen goriintiiniin kalitesinin iyilestirilmesinde
ve geleneksel goriintiilemede kullanilan zararli radyasyonun ortadan kaldirilmasini
saglayarak yenilik¢i bir ¢6ziim sunmaktadir. Bu sayede, 6zellikle tibbi goriintiileme
gibi detayli ve ¢ok sayida goriintiileme ihtiyact olan alanlarda kullanim potansiyeli
oldukca yiiksektir. ~ Ayrica ge¢cmisten giiniimiize kullanimi yaygin olan X-ray
tarayicilarinin ¢alisma teknigine kiyasla daha ucuz bir tarama sonucu elde edilebilme
imkan1 da bulunabilmekte ve iyonize olmayan bir radyasyon ¢esidi oldugundan X-ray
taramanin sagliga verdigi zarar1 ortadan kaldirmaktadir. Gercek hayatta elektro-
manyetik goriintiileme giivenlikte, askeriyede, tibbi goriintiilemede, havacilik 6l¢cme
vb. akla gelebilecek uygulama alanlarinda kullanim imkan1 bulmaktadir. Uygulama
alanlarina Ornek olarak, optik dalga boylarinda tespiti saglanamayan ve infrared
izi bulunmayan fakat mikrodalga boylarinin gecebildigi yiizeyler arkasina gizlenmis
obje tespiti, gizlenmis olan silah gibi objeler giysi arkasindan goriintiilenmesi gibi
uygulamalar ornek verilebilir. Saglik alaninda ise tibbi goriintillemede kanserli
doku teshisinde veya diger viicut dokularinin goriintiilenmesidir. Ayrica gidalarin
analizinde, kalite kontroliinde ve diiretim hattinda yabanci cisimlerin tespitinde
mikrodalga goriintiileme teknolojisinden faydalanilabilir.

Mikrodalga goriintiileme sistemleri, goriintiilenmek istenen cismin bulundugu hedef
bolgeden sacilan elektromanyetik dalgalar1 kullanarak ilgili hedefin elektriksel
parametrelerini ve bu parametrelerin konumsal bilgisini ters sa¢ilim problemi
tizerinden elde ederek hedefin goriintiisiinii ¢ikarmayr hedeflemektedir. Buradaki
problem dogas1 geregi kotii konumlandirilmig lineer olmayan bir denklem olarak
ortaya ¢ikmakta ve ¢coziimii tek olmayarak birden fazla sekilde olusturulabilmektedir.
Bu tekil olmayan coziimler bizim problemimizin ana kaynagini olusturmaktadir ve
coziim yetkinligimizi kisitlamaktadir. Yine bu kisitlama sebebiyle elde edecegimiz
sonuclar gercek degerler veya sadece fark degerleri olarak ortaya ¢ikmaktadir. Ters
problemden elde edilen bu degerlere gore sonuglar, nicel (dogrudan elektriksel
parametrelerin degerini tayin eden) veya nitel (elektriksel parametre bulmaksizin
sadece sacgicinin seklini bulmaya odaklanan metotlar) olarak siniflandirilabilmektedir.
Kullanilacak yontemler de sonucun nicel/kantitatif veya nitel/kalitatif olmasina gore
cesitli yaklagimlar altinda ¢oziim elde etmeyi amaclamaktadir. Genel olarak, kantitatif
yaklagimla sonug elde etmeyi amaclayan yontemler hizli sonug ile yalmzca kontrast
degeri bulmayi1 hedeflerken; nitel yontemler hizdan odiin vererek gercek degeri
elde etmeyi amaclamaktadir. Nitel yontemler daha c¢ok iteratif yollarla gercek
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sonuca yakinsamaya calisirken, nicel yontemler yukarida bahsettigimiz bu lineer
olmayan denklemi dogruluktan taviz vererek once lineerlestirip tek bir adimda ¢oziimii
hedeflemektedir. Bu yontemlerden biri olan Holografik Gériintiilleme metodu hizl
sekilde nitel veya nicel sonug verebilen etkili bir yontem olarak karsimiza ¢ikmakta.
Holografi metodu diger nitel yontemlere kiyasla hedef nesnenin sekline daha az duyarh
olurken, elektriksel parametrelerine daha duyarlidir. Bu sebeple daha dogru nicel
sonuclar veya dogrudan nitel sonuglar elde etmek icin hedef cisme yakin elektriksel
ozelliklere sahip bir referans cisim ile hassas kalibrasyon islemine ihtiya¢ duymaktadir.

Bu tez kapsaminda Nicel Holografik Mikrodalga goriintiileme teknigi dielektrik
maddelerin goriintiilenmesinde test edilmig ve kullanilan kalibrasyon metodu
simiillasyon ortami sayesinde hizlandirilmaya calisilmigti.  Bu metot temelde,
lineerlestirme ve holografi metotlarini birlikte kullanarak, kalibrasyon iizerinden elde
edilen sistem yanit1 ve cisme ait sacilma parametrelerini {izerinden spektral diizlemde
goriintii elde etmeyi amaglamaktadir. Burada elde edilen goriintii kontrast fonksiyonun
bir fonksiyonudur ve bu kontrast fonksiyonu lineerlestirilmis sistem yanitinin
konvoliisyonu ile sagcilma verisini vermektedir. Bu konvoliisyon islemi ters sacilim
problemini denkleminden gelmekte olup spektral diizlemde lineer ters iglemle ¢coziimii
sayesinde hedef nesneye ait aranan kontrast fonksiyonunu vermektedir. Bu sistem
yanit1 veya bagka bir deyisle sistem fonksiyonu, nokta sagiciya ait sacilma verisinin
uzayin her bir kesite ait diizlemdeki her noktasinda 6l¢iimiine ve sistemin bu Sl¢iime
gore diizenlenmesiyle veya kalibre edilmesiyle elde edilmektedir. Bu kalibrasyonda
kullanilan nokta sacic1 daha onceden elektriksel parametreleri bilinen boyutlar: birim
sacictya denk diisecek bir referans nesne iizerinden gerceklestirilmektedir. Elde
edilen nokta sagiciya ait s-parametreleri iizerinden holografi metoduna gore arka
plan sacilimi ¢ikarilmasiyla sisteme ait tepki yanmiti bulunmus olunur. Buradaki
holografi teknigi optik holografi tekniinden farksizdir.  Yontemde kullanilan
lineerlestirme iglemi ise Born veya Rytov adi verilen iki farkli teknigin uygulanmasi
ile gerceklestirilmektedir. Born yaklasimi adi verilen bu teknik nesne igerisindeki i¢
sacilimlarin ihmali yaklagimini kullanirken, Rytov yaklagimi nesnenin i¢inden gecen
dalganin fazindaki degisiminin ¢ok kiiciik degerlerde oldugu yaklagimini kullanir. Her
iki yaklasimin da gecerli olabilmesi i¢in objenin boyutlarina ve elektriksel 6zelliklerine
ait cesitli kisitlamalar bulunmaktadir. Bu da nicel mikrodalga goriintiillemenin bir
kisitlamasi olarak goriilebilecek sekilde kalibrasyon objesinin (Calibration Object-CO)
boyutlarina ve kontrastina belirli sinirlamalar getirmektedir.

Bu tez kapsaminda 6nerilen metotta, gercek ol¢iim ortaminda yapilan hem zaman alici
hem de giiriiltii sebebiyle bozulmaya acgik kalibrasyon islemi simiilasyon ortamina
tasinarak daha ideal hale getirilmeye calisilmigtir. Holografi teknigi sayesinde arka
plan etkileri ¢ikarildigindan bu yontemin simiilasyon ortaminda gerceklestirilebilmesi
icin gergek sistemin birebir modelinin dijital ortamda kopyasi olusturulmas: yeterlidir.

Bu kalibrasyon Olctimleri simiilasyon ortaminda gerceklestirilmesine ragmen,
kullanilan tam dalga ¢oziimlerinin yavas olmasi sebebiyle, Ol¢iim siireleri bir hayli
uzun olmaktadir. Bu sorunun ¢oziilebilmesi i¢in tezin ikinci kismi1 olan vektor integral
denklemlerinin kullanilmasi diisiiniilmiistiir. ~ Bu yOntemde kontrast fonksiyonu
sacict denklemindeki integral cekirdegi, nesne uzayma ait tek bir simiilasyonla elde
edilebilen elektrik alan verisinden dogrudan elde edilen vektor Green fonksiyonu ile
degistirilmistir. Vektor Green fonksiyonu dogrudan verici antene ait elektrik alan
tizerinden elde edilebildiginden simiilasyon iizerinde uzayin her noktasinda ol¢iim
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zorunlulugu ortadan kaldirilmis ve islemin siiresi kisaltlmistir.  VIE algoritmasi
ile elde edilen sonuglarin gergcek oOlciimle birebir olmas: icin algoritma iizerinde
modellenen iletim hatt1 tek bir gercek 6l¢iim iizerinden kalibre edilmistir.

Sonug olarak kullanilan algoritma sayesinde tek bir gercek oOlciim verisiyle goriin-
tilleme sistemi kalibrasyonu gerceklestirilmis ve holografik goriintiileme yOontemine
ait kalibrasyon prosediirii hizlandirilmig ve iyilestirilmistir.
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1. INTRODUCTION

Microwave and millimeter wave imaging are emerging technologies with
non-ionization radiation and simplicity in application compared to other imaging meth-
ods such as tomography, X-ray scanners, or techniques that use radio-pharmaceutical
agents. Although X-ray scanners have nm-level resolutions which are better than radio
imaging techniques, X-ray ionizes organic molecules and is harmful to living cells. For
this reason, radio imaging is a good candidate for frequent usage. Also, with smaller
circuitry in microwave technology, these systems take less area and give higher spatial
resolutions. With the improvement of technologies in microwave circuit technology,

higher resolutions, and more compact systems could be obtained in the future.

Radio imaging techniques give an image of the target under information on the
electrical parameters of the object. It is based on, the process of collection and
evaluation of the information of scattered fields from the object being illuminated by
transmitted known fields. Since electrical fields can penetrate through the body and
objects, they can easily get electrical information from within the targets. In the final
data, obtained information will be complex and it resembles both the conductivity and
permittivity or permeability of materials. In radio imaging applications, both waves
passing through objects and the waves scattered from objects, which is not the case
in X-ray imaging, can be used, depending on the imaging setup. In this way, the
information from gathered objects will be enriched when both types of waves are used.
Since it only requires one side or receiver of the system, generally only collecting the

scattered field would be preferable.

Extracting these electrical parameters is based on inverse scattering solutions. Wave
and material interact with each other in a forward scattering manner and are formulated
by integral field equations which also contain electrical parameters under integral. This
integral solved inversely by using many techniques in literature and each technique
approach this inverse problem with particular assumption or take prior information

to alleviate the problem. Also this problem due to it is nature, leads to ill-posed



type solutions when space is discretized and to be able to solve this ill-posedness,
regularization techniques, and optimization algorithms or even machine learning

algorithms could be used [1-3].

1.1 Purpose Of This Thesis

In this thesis, we aim to speed up the calibration procedure, reduce noise effect and
measurement errors due to scanning, and eliminate the all-space measurement need of

quantitative microwave holographic imaging.

1.1.1 Usage areas of microwave imaging

In application, microwave imaging could be used in areas like other methods depicted
above, such as; medical imaging, food inspection, security, and military applications.
In medical applications, different tissues are targeted in imaging to detect malign cells
or to use in inspection, such as breast cancers [4, 5], bone fractures [6] and even brain
strokes [7] could be successfully detected without harming any health organs or tissues
with the aid of radio imaging technique. In food production imaging is generally used
to enhance the quality of production by extracting the good ones and rotten ones [8] and
discriminating foreign objects [9] that have been mixed in the fabrication. Microwave
imaging can also be used in security applications such as body scanners that detect the
lethal objects hidden on people [10], or devices that are directly used to detect human

existence in intrusion in-home or border security [11].

1.2 Literature Review

Microwave imaging techniques mainly aim to solve inverse source problems where the
corresponding forward solution of the inverse equation is unique but the inverse is not.
The Inverse scattering problem has an ill-posed nature due to the limited conditions of
the real-world environment, and it leads to an optimization problem that can be solved
by using the forward equation iteratively or applying linearization methods [12]. In
both cases, some pre-known information is required to enhance the solution system,
and a solution method is needed that either reduces the equation to the simple form
or uses a system of equations that is constructed with frequency or spatial sampling

data to improve optimization conditions [13]. These problems can be divided into



the two main categories based on result type: qualitative, which only considers the
contrast of objects, or quantitative, which aims to find exact values of the parameters
of objects. For the qualitative types, non-iterative solution techniques are generally
more desirable as there is a need only for the contrast value of the objects, therefore
linearization techniques are generally applied in this type which typically works faster
than iterative ones. On the other hand, quantitative methods generally use iterative
methods to converge real values. In the final stage, all the solution methods are
restricted by limited real-world conditions such as limited aperture, band-limited data,

single-view restriction noisy environments, etc.

Qualitative imaging methods find the contrast of object parameters instead of exact
value need less prior knowledge and generally one-shot results. This is the reason why
these methods are advantageous in application over the quantitative and non-linear
solution methods. There are several common methods such as Factorization Method
(FM) [14] and Sampling Methods (Linear SM [LSM] [15], Direct SM [16], Orthogonal
SM [17], etc.). These methods generally use limited aperture sampled data over
a transfer plane (generally spherical plane) and solve linearized forward equations
by using regularization or eigenvalue decomposition techniques such as Tikhonov
regularization, and truncated singular value decomposition (TSVD) [18]. Differently
from these techniques, several methods use near-field data with better reconstruction

such as Near Orthogonal Sampling Method (NOSM) [19].

There are many methods in the literature that solve nonlinear equations and give
quantitative results. These methods highly depend on the domain function (which is
called the Green function) and object information (boundary conditions are sound-soft
or not). Once the system is defined as required for a particular problem, the nonlinear
equation could be solved iteratively as in Newton-type methods, Contrast Source
Inversion (CSI), etc. In the fundamental Newton-Kantorovitch method, the non-linear
equation is first linearized and solved by using the forward equation with regularization
techniques [20, 21]. But this approach is computationally extensive and inefficient,
because of that new methods such as CSI, which uses the cost function of non-linear
equation [22] to reach the closest value, or one of the recently purposed modified type
Newton method, which uses linearization in both object and data equation to enhance

convergence rates [23].



Deconvolutional models are also another technique that use the transfer function of the
imaging domain at the expense of making extensive calibration procedures but at the
same time gives quantitative results [24]. Holographic imaging is one of the recently
emerged deconvolutional method that gives quantitative and faster results [38]. Unlike
other common quantitative methods, it provides one-shot results and does not need
any prior knowledge of the object boundary or domain itself. However, it requires a
better calibration procedure, a better choice of reference objects, and sufficient spatial
data. Holography is applied to the microwave field in many areas such as antenna
pattern determination [25], security imaging [26], tomography in medical imaging,
non-destructive inspection or dielectric measurement on materials [27-29] holographic

quantitative imaging as similarly in this thesis.

One mostly seen and possible common problem in microwave holographic imaging
and other measurement systems that use antenna is measuring and calibrating of
antenna. Measuring s-parameters for near or far-field data in larger apertures requires
a longer and more stable calibration procedure. Due to stability requirement of system,
enable any way that reduce sampling in calibration would enhance the calibration
quality. Simulation based modeling is one of the approach to reduce sampling in
measurement for reference object calibrations. One way of modeling the antenna is
spherical wave expansion which is a general method used for expanding fields into the
dipole modes, and antenna characterization for scattering analysis in both near-field

and far-field modes [30, 31].

In the near-field characterization of spherical near-field measurements, using all space
points on the spherical surface circumference AUT and using dense sampling in the
frequency band for expansion would be difficult, particularly impossible in real-world
experiments [32]. Therefore techniques such as compressed sensing (CS) based on
optimization of sampling matrix that reduce sample in space by considering mutual
coherence [33] is used. For reduced frequency samples, especially for wideband
antennas, techniques like the Singularity Expansion Method, namely the Cauchy
Method are applied to spherical expansion coefficients [34]. Also, the far-field of
an antenna can be obtained by applying the near-to-far-field transformation, the way
through spherical wave expansions. This could be done by many ways such as

non-planar or planar sampling or using efficient algorithms like multi-level domain



decomposition [35,36]. Also even this sampling operation could applied with aid of

the UAV for only far-field sampling [37].






2. QUANTITIVE MICROWAVE HOLOGRAPHIC IMAGING

2.1 Microwave Imaging

The microwave imaging reconstruction aims to find the electrical parameters of
the unknown scatterers by considering the problem in the form of an inverse
scattering equation. The inverse scattering solution basically aim to obtain the relative
permittivity contrast (Ag, = & — €,;) or permeability, conductivity of the scatterer
material, which is the difference value of relative permittivity of a scatterer (€,) and
the background (€,;,). This problem is defined using the integral equation of forward
scattering in (2.1) which uses the total field (E™ (¢ ,7j;®)) in that area, the green

function (G(r,r")) of scene.

E" (rj;0) = E™(r;; ) +kl%/ A& G(ri, ;@) E" (F rj; 0)dQ (2.1)
Q

There are many theorem is exist in literature to find contrast but it is hard to find
both give result as quantitative and has lower computationally complex enough. The
various conventional linearization methods gives possibly qualitative result but also
there are some proposed linear methods are exist that provide quantitative results
uses regularization in (2.1). In these methods forward equation solved many times to
converge actual values with using the cost function that difference of E’*" and scattererr
integral itself. Although, iterative methods are intuitive and the first to come to mind
for solving equations, they are computationally expensive and it’s solutions could not

be converge.

Linearization is another approach for solving the equation as qualitative and also for
quantitative methods like that used in this work. It can be applied by using Born and
Rytov or both combinations of these types. As non-linearity in the forward equation
occurs due to internal scattering fields, which also result from the equation itself, in
the integral kernel. These methods handle these internal fields (Einternaly ynder the
small internal scattering or the constant phase variation assumptions to remove the

non-linearity part. Hence, the internal scattering directly depends on the scatterer



and so the scatterer directly affects the quantitative result precision. If the scattering
particles in the object are too reflective, the result may deviate from the true values,

and therefore linearization is generally preferred in qualitative approaches.
Esca(rj;w) — k}%/ AS,Q(r,-,r'; w>Einternal(r/,rj;a)) do. (2.2)
Q

The linearization scattered field equation given in (2.2), can computed in both time
and spectral domain. In this thesis, only spectral reconstruction is concerned as it is
intended to resolve convolutional field integral. Due to spectral reconstruction, the
convolutional kernel could have handle as system transfer function which will called
as Point Spread Function (PSF) and this function will be directly linked our system
with contrast object function. Spectral reconstruction and linearization will also help

us transform our scattering equation into a linear system that is easily usable in devices.

2.2 Linearization

Since the approaching directly or iteratively to the forward equation that is given (2.1)
in nonlinear form, is exhaustive, linearization methods have become attractive ways
to solve equations faster and feasible. Linearization methods are used so that the
environment has negligible multiple scattering and mutual coupling. This approach
gives a solution that uses a function independent from the solution within the kernel
while compromising the exact forward solution. There are two main approaches
for linearization, one uses a small internal scattering assumption based on Born
approximation, and the other is the small refractive deviation assumption based on
Rytov approximation. In Born approximation total E-field in the object domain is
taken as the incident E-field due to the neglected small scattering field beside the
large incident field (E"'(r') ~ E™(r')). It corresponds to decomposing the object
domain into discrete, independent dipole particles. To apply the Born approximation,
the contrast and size of the object have to be limited under the related equation (2.3),
which takes the contrast function and uses the minimum circumference in the angle
metric of the scatterer.

kpal|x (r)|| <27y, (2.3)

where k; is background wave-number, a is smallest sphere circumscribe the scatterer

object, and ¥ is a constant number which is defined as differently in the literature,



generally is 0.25. x(r) = W is normalized contrast function defined with relative
complex permittivity (&) and permeability (u¢) for both background ({ = b) and
scatterer ({ = s). In this condition most effective part is a high-frequency limitation of

approximation due the maximum limiting scenario.

In Rytov approximation, an object that has a large scale compared to the wavelength
is considered and focused on the phase deviations within a small contrast environment
and written in phase summation (E'” (r) = E"(r)exp[L1_o wi(r)]). In the first-order
Rytov approximation, the total field written in (2.4) that only uses first order of phase
summation term (where zero term corresponds to background or incident field namely)
and so uses directly scattered field in equation in place of the total field. It can be
clearly seen there is a phase wrapping problem occurs in Rytov approximation when

expand equation in phasor form (2.5).

E' (r) = E™(r)explE* (r) JE™ (1)) 2.4)
‘ tot

|Einc‘

E%anWU)Gn

There is also a limitation for Rytov approximation depends only contrast term that

+ i[(ptot - (Pinc]) (2-5)

occurs due to neglected remaining phases other than first one (2.6) [38].
|(k(r') = ko) /| < 1 (2.6)

These conditions can be seen as a very strict limitation due to their impractical in a real
environment. Therefore, a variety of iterative methods, which use non-linear equations
directly, has been suggested such as the Born iterative method, distorted Born iterative
method, etc. As these methods are computationally extensive, there is a computational

cost and accuracy trade-off between these methods and the linearization methods.

2.2.1 Combined born/rytov technique

Born approximation gives more accurate results in small scatterer that has high contrast
while Rytov gives better results in small refractive variation and high-loss situations.
Although, the Rytov approximation useful when we imaging wide and low contrast
object, there is phase wrapping occurs with spatial position changes and applying
unwrapping may not be works every time. So improved version is suggested which

uses only real part of scattering equation in [39]. Taking to real parts of scattering



equation leads to cross correlation of contrast and PSF function and resulted combined
linear transform matrix consist of 3 rows of real and imaginary part of PSF’s as in
(2.7). In this approach, just only the real part of Rytov which is intentionally used for
the prevent phase wrapping, and all parts in Born approximation are combined in the
linear system and are solved with one of the ill-conditioned solvers like least-square,

etc [40].

322D {Re (ABorn)} _ngD{Im(ABorn)}
Acombined = yZD{Re(ABom)} yZD{Im(ABom)} (2.7)
sz{Re(ABom)} —ﬂzp{lm(ABom)}

2.3 Spectral Holographic Reconstruction

2.3.1 Holographic imaging

Holographic imaging is one of the reconstruction approaches that we used in the
linear inversion technique in the imaging problem. This technique is based on
optical holography and it was first invented by Gabor in 1950’s to improve electron
microscopes [41]. The holography method is based on looking at the phase information
beside the amplitude of the received signal to obtain the 3D intensity of the target. The
phase information is gathered by superposition of background-wave with scattering
wave as in interferometry, so the final received signal is complex data as a combination

of amplitude and phase-shift information of the scattering object.

In electromagnetic scattering, the wave passing through an object changes how both
phase and amplitude are compared to waves taking the same distance at the same angle
in the free space. So, in the same manner, as in interferometric optical holography,
microwave imaging uses the baseline measurements called reference object (RO) and
the (OUT) measurements. In order to obtain interferometric phase and amplitude
response of data, it subtracts RO measurements (Sgp) from OUT measurements (Soyr)
as in formulated in (2.8). Baseline measurements correspond to system response when

there is no object in the scene and it contains background information.

SSP(rt)mrrx, (D,ré)) — SCO(rlx;rrxa w»r(l)> _SRO(rlxarrxa (D) (28)
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2.3.2 Spectral reconstruction

Transforming the final scattering equation in the spectral transverse domain utilizes
the decomposed domain into scattering modes and gives a way to solve the integral
equation simply linearly instead of directly using 2D convolution. To enable the
spectral decomposition of convolution, first, we have to determine the kernel of the
integral equation. Under the Born approximation, our scattering equation (2.1) can be

written in (2.9).

E*(rry, rry; ® kb/// x(r rRx,r w)E’"C(r rTx,a))dr' (2.9

Let’s take the resolvent kernel as the dot product term in the integral that depends on
the &’th transmitter and receiver pair and write it as the object-centered form in (2.10).
It should be noted that Tx and Rx only change in x-y plane for the sake of simplicity,
and so the resolvent kernel only scans over x-y. It is worth to mentioning that the Green
function could be modeled with the total field of the receiver antenna in the same space

coordinates when there is the object exists.

mc

K(:(X—x/’y_yljz/;a)):QRxé(x,y,Z;xl7y/7Z/;w) Txg(x y7Z_x y Z CO) (210)

Final convolution is written in the form in (2.11), where scattering fields directly equal
to 2D convolution of f(x,y,z) = kox (x,y,z). There is only r¢ = (x,y) dependence on

the scattering field as pairs being in constant z¢ slices.

E: (x,y;0 ///f X,y K (x—x'y =y o) dx dy' d (2.11)

If we take 2D Fouirer transform (FT) respect to transverse axis (x, y) of the (2.11),
the equation becomes the multiplication of spectral terms (2D Fourier of f and K¢)
under a single integral sum over layers and the problem of ill-posedness has become

dependent on one dimension only.
E¥ (kev oy ) / F(koky, 2 )R (ko ky, s 0) 2’ 2.12)
Z/

where F (ky,ky,Z') = Fap{x(x',y',7)} is the spectral contrast function, and if we
discretize the z domain, we have to transform our integral equation into the discrete

summation. In order to do that Az multiplier is added into the equation in place of the

11



d7 . Finally, we will get summation over layers of spectral product as in (2.13) for each
discrete frequency.
N
E¥ (ke kys 0) = Zlﬁ(kx,ky,z;,)féé (ks oy, 2 @) AZ (2.13)
n—
This equation indicates a linear system of equations with low rank, therefore it is
necessary to use inverse methods and/or regularization to obtain a quantitative or
qualitative solution. In the practical experiments, the scattering electric field could
not measured directly. Therefore it is necessary to transform our electric field equality
into the equation that uses measurable quantities. For such a problem, Vector Green
Integral (VIE), which is explained in detail in the later chapters, replaces the Green
function of the system with the total electrical field with respect to the receiver, into
the scattering parameter equation (2.14). It is important to note that the total field in

this equation is measured as if both antennas exist in the scene.
¥ (0) = /Q f& Y ER (WY ) ERL (WY ) (2.14)
Hence, our new convolution kernel is equal to (2.15),
K:(ri o) = lrnxcg (r'; a))E,t&”é (¥; o) (2.15)

And therefore, the (2.16) is will be finalized as below,

Z

§Ec(kx’ky;w) =Y ﬁ(kX7ky7Z;L)§§ (kxakyaZ;,;w> (2.16)

The final equation could be written as a linear system of equations for each k-space
position k = (ky, ky),

B(k) = A(k)f(k) (2.17)
And for each transmitter-receiver pair (§) linear system parts can be written as,

T

B(k)=[Bi(k) ... Bn,(k)]y v . (2.18)
Al =[A1(k) - An (O] (2.19)
o) =[Flkz) ... Flkz)]y., (2.20)
where,
~ ~ T
Bé(k):[S%C(k,a)l) Sg(k,wNw)] E=1,....Ny 2.21)

12



Ke(k,01521) ... Kg(k, 0132y,
Ag (k) = : : (2.22)
Ke(k,0y,:Z1) .. Ke(k, Ong:Zn)
These equation systems will be well-conditioned if there are enough z layers for

corresponding frequency and Tx-Rx data points. As condition

2.3.3 Point spread function (PSF)

One way to resolve the kernel in (2.11) is by using a point scatterer (PS) for each
position in the imaging domain and thus obtaining the system response of the domain.
This method corresponds to the extracting transfer function of the domain itself in
the assumption of linearity of the system (due to the Born approximation), hence the
resolving kernel of the point scatterer is an actually kernel of Dirac convolution. This
point scatterer object is also called a calibration object (CO) and in order to satisfy the
linearity assumption mentioned above, it has to satisfy Born approximation conditions
and resolution requirements, which are examined in detail in later sections. Then, the
contrast function of the PS will be equal to the constant contrast value (2.23) due to

the small contrast change in such a small area.

f(x,y,Z) :ASCO(S(-X?y?Z_Zi) (223)

If we write the scattering convolution for the PS in (2.10) using (2.23), the CO kernel
will go outside the equation directly for such small Dirac-like scatterer for each i’th
position in the domain as written in (2.24). It important to notice that in this PSF
formula, there is a normalization constant from CO itself and normalization values

depends on PS volume and its contrast.
S‘éc (xi,yi; (1)) ~ kgKé (xi,yi;f; (D)ASCOgCO (224)

Therefore the PSF kernel can be written as finally,

S‘%C(Xi,yi; o)

(2.25)
AecoQco

Ke (xi,yi32,0) ~

2.3.4 Fundamental resolution and sampling limits for imaging

Limitations of spatial resolution are determined by the ability to resolve two scatterers
from each other and depend physically on the discrimination of two consecutive

wave peaks scattered from objects. While range resolution (2.26) depends on the

13



bandwidth (B) inversely as in radar theory, cross-range resolution (2.27) depends on

both maximum wavelength (1) and acquisition aperture (Qqy)-

C
5=z (2.26)

A’ .
Oy = —__ 2.27
Y ASingy | (2.27)

Although cross-range fields could change with antenna pattern and antenna setup
in measurement if pattern width is wide enough to illuminate acquisition aperture
in far-field or antenna works in the near-field, the cross-range resolution does not
depend on the antenna pattern itself [42]. But as in the real measurements, bandwidth
becomes the main problem for the range resolution, omnidirectional antennas as dipole
or resonator types antennas are not as feasible as horn-like antennas with directional
patterns and wideband matching. A horn antenna was chosen for scanning to meet
simultaneously bandwidth and beam-width requirements. Also, it is the reason why

the low-directional antennas are mostly preferred in imaging applications [43].

Frequency sampling rates are determined by maximum range (R,,,,) from a similar
equation given in (2.26). R, could be determined by the aperture size between the
outermost antenna if two antenna and transmission coefficients are used for imaging.
This number can be calculated by wave number and phase shift limit where phase

wrapping or 7 angle occurs (2.28).

2R Ak < T, Af <

2.28
4Rmax ( )

Or alternatively, this inequality can be given by frequency sample defined with

bandwidth (2.29) as in [44],
2Rmax

c/2BW

Ny > (2.29)

2.3.5 Range domain solution

The spectral reconstruction decomposes cross-range convolution into independent
point equations, and there will be only a linear system related to the range-to-frequency
transform. As depicted in the sections above, as range or sample points increases
in system condition can be increase but this increment restricted by range resolution
condition (2.29). This condition depends on range resolution in the system as range

space is sliced according to resolution limits written in (2.26). But as there can be

14



noise in the measured OUT data and the equation system could be badly scaled and
condition number is high. Also, hence the equation system is initially over-determined,
least square type solution methods has to be used for obtain result. In the solution
regular iterative LSQR or directly QR decomposition methods applied. Typical values
are defined as for N, is between 3 and 20 in [48].
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3. ANTENNA SYSTEM MODELLING AND OBTAINING CALIBRATION
DATA

3.1 Antenna Modeling In Near And Farfield Regions

The antenna directivity affects the imaging resolution and quality of the image directly,
as well as affects the noise accepted from other antenna reception angles. In imaging
applications, directive and wideband antennas, such as horn and Vivaldi antennas,
are preferred to enhance the quality of both range and cross-range resolutions due
to the reasons mentioned in previous sections. A highly directive antennas have
a wider aperture area, and therefore it has a wider near-field range compared to a
small-sized antenna due to its aperture size according to the far-field region formula
(FF = 2D?/2). In near-field imaging applications, this range becomes important,
especially for highly directive antennas, as antennas in such close spaces fall into the

near-field working region.

As our proposed method uses the simulated antenna model in the near-field region
for the simulated calibration procedure, some way to find it is required for an
identical numerical model that transforms the antenna currents into the S-parameter
measurements. This transform can be done efficiently by using the VIE of the modeled
antenna’s fields with the Spherical Wave Expansion for the antenna currents [31]. This
method can be seen as another look for the addition theorems in electromagnetic theory

and it is related and can be usable with mode matching techniques [45].

The key idea here is the expansion of antenna e-fields into their spherical harmonic
functions and write the dyadic transfer function in VIE as a these fields’ expansion.
This derivation is done by equating these antenna harmonics with each harmonic from
the object domain on the reference plane by using the reciprocity relation of the antenna
and using the complete orthogonality sets of harmonics as in the mode-matching
technique. E-field on the reference plane can be expressed by multi-pole expansion

as in (3.1) for the divergence-free fields [46].
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Figure 3.1 : Multipole Expansion Representation On the Antenna Reference Plane.

E(r)= Z[allim(r) + D1y Ny (1) + 1 RM (1) + dppy RNy (1) (3.1)
Im

Mip(F) = Valrvim(F)], Num(r) = %Vlem(r), (3.2)

WIm(r) — Ylm(9> ¢)Zl(kl") (33)

where m and [ are pole coefficients that represent variations and directions of poles,
My, and Ny, are vector wave functions defined in (3.2), a;,, and by, are expansion
coefficients for outgoing waves while ¢;,, and dj,, are incoming waves coefficients.
Vector wave functions are derived by vector equation defined in (3.3). Where Y},,, is the

spherical wave function and z;(kr) is one of the spherical Bessel or Hankel functions.

Refer to the detailed derivation from [47], the below derivations express antenna
voltages as a scattering equation. The antenna input voltage, which is our final function
for the derivation, can be written as (3.4) and the incident field can be written as (3.6)
using (3.5) and (3.1) for only incident waves. Here small e;;,. is the normalized incident
field with transmission or calibration coefficient ag which will be our final goal for the

calibration procedure.

bo = Z(uc;lmclm + ”d;lmdlm) (3.4)
Im
aim = aota;lrm blm - botb;lm (35)
Einc(r) - aOZ[ta;llim(r) +tb;llem] - aOeinc(r) (36)
Im

Then, by using the green function equation from (3.7) and our general scattered field
equation (2.1), the scattering field can be written for expansion as in (3.8).

1 . .
G(r,r) =ik [(RM,,, (1) My, (7)) + RN pNp (7)) (3.7)
lzm, l(l—|— 1) l I I l
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E*Y(r) = /, (ik;ﬁ[g{Mlm(r)Mlm(’!) +9{Nlmﬁlm(r’)]> 2(E (FdQ

(3.8)
And, changing integral with summation, the equation will be as in (3.9)
E“Y(r) =Y cimRAMiy(r) + dim RNy (r) 3.9)
Im

And finally, if we substitute c;,,, and d;,, from (3.9) into the (3.4), the equation becomes
in (3.10),
ik N N
b — o o M / / EZ‘OZ / dQl ) / Nm / / Eto[ / dQ/
o= X s [ [ 2B 02 | B )

Im
ik R A
= /ngm [MC;llim(rl)—|—ud;1mM1m(l’/)} x(r’)Emt(r’)dQ’

(3.10)
It can be clearly seen from the equation, the multiplier of the contrast function and
total E-field function becomes our new green function called as the Vector Green
Function and it can be written as in (3.11) for j’th receiver and total E-field from
i’th transmitter. Also, it is important to notice that the vector green is independent of

the receiver position (r) differently from dyadic Green.
b} = / gi(r)x(rE (+')dg (3.11)

Then, the S-parameter (3.12) is found for i’th transmitter to j’th receiver from the bé
equation by writing the normalized total field as in (3.6) and dividing both sides to aé

term.

Si= [ £i(x()ei(r)de (3.12)
Ql
3.1.1 An alternative form for the vector green function

Although the above derivation is useful, we still do not know the Vector Green function
exactly. To obtain Vector Green, either would know the exact system model or
more conveniently, use the incident fields to obtain system response using reciprocity

relations (M; _,(r) = (—1)"My,(r)) of an antenna in [31].

iz . )
g(r) = 2@‘; Y (=1 (taimMy - () + tosgmNi,—m (7))
iZ " (3.13)
= 20 % (tastmMin(r) + thsgmNim (1))
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This equation (3.13) is known from (3.6) defined above, so Vector Green can be

directly calculated by E-field (3.14).

iZO inc ZO inc
== =————— FE 3.14
8r) = 5" () = B () (3.14)
And, the S-parameter equation will be (3.15)
— iZO inc(./ / tot ( / l
Sji=—— E; (). x(r).E” (r')dQ (3.15)
abaéwu Q

Here, based on the summation of the incident and total fields as well as the calibration
coefficients (aé for the transmitter and aé for the receiver), which is our purpose
in this thesis, we can directly find reflection and transmission coefficients. The
calibration coefficients depend on the transmission line itself and do not change with
the measurements in the ideal scenario. Hence, in our simulation-based calibration
methodology, we only need single measurement data to calibrate our simulation-based
results because there is a linear relation between calibration coefficients and scattering
S-parameters. Also, these calibration coefficients can be found by direct measurements

for real scenarios [47].

3.2 Obtaining Scattering Field Of The Calibration Object

As required PSF data is measured in each point of slice plane Z, the scattering field has
to be computed over x —y space. This operation corresponds to obtaining the transfer

function of the domain or obtaining convolution data obtained with the point scatterer.

To obtain an identical scattering field of CO with a real measurement setup in
simulation, there has to be an antenna with the same antenna characteristics but not an
exact one. This is because the field distribution only depends on the antenna structure
and the transmission line change phase and amplitude of the excited signal. Therefore,
after a field identical to the real antenna is obtained, there is calibration with antenna

coefficients as depicted in Section 3.1.

To obtain calibration data it is necessary that at least one sample data is taken from
the real environment with the same CO object in order to calibrate the system’s priorly
known complex dielectric constant. After a single calibration point is obtained, the
calibrated electrical field will be given the required S-parameter over the slant plane

as the referring formula given in (3.15). If there is more than one antenna being used,
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Figure 3.2 : Illustration of the calibration procedure corresponding to the actual
measurement in scanning CO data.

two corresponding calibration coefficients are necessary to be known for each TX-RX
pair. Also, it is important to notice that the total electrical field has to be obtained while

other antennas and system parts are present.

This procedure could thought to be as scanning over a cartesian area on [Vx,Vy| as
in 3.2 and differently from real scanning, in this technique, directly small volume
convolution operation could be applied over e-field data with corresponding epsilon
of the CO object. Due to the convolutional process of such a small kernel, the
scanning process would be accelerated. Before proceeding to our proposed calibration
procedure and imaging operation, it is convenient to validate our PSF obtained from
full-wave simulation with pre-used data from the [48]. The absolute value of PSF
obtained in data of that research drawn left in the 3.3 and PSF obtained from full-wave
simulation of scanning over each slant position drawn right in the same figure. For
the comparison, identical CO (3mm x 2.6mm x 2mm, &, = 7.85 4 i3.01) measurement
is simulated on the full wave time domain simulation in CST Microwave Studio with
identical horn antenna (A standard WR-28 waveguide-based horn antenna). As each of
the Z range has to be simulated separately for full space calibration in a direct full-wave
solution, only the farthest one (7 = 43.1mm) is shown for comparison. From 3.3,
two PSFs have since like data shape due to point scatterer, but there is corruption

in measured one reason of constant noise on data during full one-axis measurement.
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Figure 3.3 : Comparison of the absolute value of PSF from real measurement [42]
with the PSF from simulation.

Therefore, we can conclude that the measurement PSF on simulation could block out

the noise from setup-related changes.

3.2.1 Antenna calibration with simulation

Because of the exhaustive scanning operation of the direct scanning approach, it is not
feasible to solve all spaces with a full-wave solver for QMH’s calibration procedure.
Therefore, we proposed using the VIE (3.15) with the obtained e-field instead of
the direct solution. In this way, our processing time would equal the time that the
convolution operation takes and the calibration procedure by simulation effort will be
gradely reduced. To apply VIE, the antenna e-field is recorded in the imaging space
similar to 3.2, and the total e-field is recorded using the CST Microwave Simulation

tool where all other parts exist in a simulation.
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4. IMAGING SETUP

The imaging setup for the QMH algorithm in this work is defined with only one
antenna establishment for the sake of simplicity. In both setups, different objects and

different CO values are tested.

4.1 Measurement Setup With Hertz Dipole Antenna

This measurement setup same as in [48] and consists of a hertz dipole (infinitesimal
dipole) in the free-space environment. For this setup, we used the FEKO simulation
environment to get more comparable results within the referenced and to show
that the method is independent of the platform if adequate solver type and

setup are provided. In this setup 1 to 13 GHz is used with 300 MHz steps and

ZiN

Figure 4.1 : Imaging setup with hertz antenna and corresponding imaging layers: z =
30,50,70,90.

240x240mm? imaging area calibrated with CO probe that is a 3 mm sized cube
with complex permittivity value € = 1.8 —i0.15. The imaging area is calibrated
with 7.5 mm steps and there are 5 ranges considered which are 30, 50, 70, and
90 mm distances as in 4.1. At each slice, E-fields are obtained to get S11 data

differently from the original work. For this reason, results differ from the real values.
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4.1.1 PSF comparison with original work data

Firstly, we compare two PSF data as shown in figure 4.2: one is (Sf{M ) from the original

work which simulated with FEKO; the other is our obtained data (S}{%) with the VIE

algorithm. The error is calculated over each frequency point with (4.1) using total error

from all space. According to the result, the overall error stays under %1 in total. The

most error comes from edge points of the frequency band.

Lee (STE () = ST ()
Yoy S (f)

Also, the range-based error obtained over on total frequency error in each layer can be

Error(%) = 100- 4.1)

seen in 4.3. According to this figure, most error comes from the farthest ranges as
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Figure 4.2 : Comparison of the PSF value over on total space error.

-
T
3
1

o
o]
T
I

Relative error (%)

o
o
—5
/
1

o
~
T

1

0.6 1 1 1 1 1
30 40 50 60 70 80 90

Range [mm]

Figure 4.3 : Comparison of the PSF range error over on total frequency error.
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Figure 4.4 : Simulation results on multiple shapes.
over %1.3 of total error in full-wave simulation due to possible reason of increasing

sampling error in e-field that obtained in simulation.

4.1.2 OUT result with VIE algorithm

The result of our algorithm on this setup can be seen in 4.4. This setup consists of
three 4 layers with 3 shapes whose are; cylinder where (¢, = 1.8 —i0.12) radius 11.25
mm with 3 mm height at the top, rectangular prism where (&, = 2 —i0.2) dimensions

15x30x3 mm? at the bottom and pi shape (¢, = 1.5 —i0.075) at the mid-layer.

4.2 Measurement Setup With Half-Wave Dipole

This setup consists of a simple half-wave dipole antenna and a free-space environment
as in work [49] and shown in 4.6. As we gather wideband data and work on a
simulation environment, a corresponding half-wave dipole antenna is used for each
frequency sample and placed above 15 mm from first layer. The frequency range

is 4 to 16 GHz with 1 GHz steps and the area is 200x200x20mm?>.  Calibration is

top scanning plane
2z antennas

g QJJ.’L%% i
‘w.:;‘\\ e !

S X E
& =1.0 N g D
r, “Zibottom scanning p

Figure 4.5 : F-shape simulation setup [49].

done with 1 mm cube PS that has & = 1.1 over the imaging area with 10 mm steps.
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Figure 4.6 : Imaging setup with a dipole antenna and corresponding imaging domain.

According to the condition of Born approximation with circumference a = v/2 and
Amax = 18.8mm, x(r) < 3.3 in (2.3) satisfied. Range resolutions are found from (2.26)
and (2.27) as 6, = 11.5mm and 0, ~ 4.78mm and value given above adequately satisfy

this conditions.

4.2.1 F-shape results

Simple F-shape simulated in this setup to validate our method with existing results

given in [48]. There are 3 layers in the setup with only one object being imaging
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Figure 4.7 : F-shape imaging results (Left column: Absolute values , middle column:
Real part, Right Column: Imaginary part).

-10 -5 0

which is F-shape with permittivity € = 1.2. The result can be seen in 4.7 and the
F shape found at the 2nd layer with a 1.2 value. It is also important to note that

the object’s shadow is imaged in the previous domain, as shown in the figure. The
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F-shape’s quantitative value being imaged is 1.2 in the z = 0 range slice. It can be seen
from this result and compared with reference work, the VIE algorithm successfully

provides the same PSF that resolves objects from OUT data.
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5. CONCLUSION

In this thesis, a new calibration method for the quantitative microwave holography is
proposed. The quantitative holograph requires a precise calibration for the imaging
domain with the reference CO object. In the conventional method, this calibration
procedure is conducted in overall space with a small scatterer object that has known
dielectric permittivity. Our new calibration method eliminates this time-consuming
and non-ideal calibration procedure by exchanging simulated calibration. Different
from existing methods that use non-measurement data for calibration, such as range
migration, our method uses an identical antenna setup and calibrates itself with real
measurement values. In this way, calibration of both accelerated and real antenna

patterns will be used for data gathering.

Calibration over simulation based on obtaining s-parameter data with the e-field
obtained from the identical simulation of the real measurement setup. After the e-field
is obtained, this data is connected to s-parameters with the VIE method. VIE method
uses the Vector Green function inside the scattering equation kernel which can be
also obtained from the incident e-field of the transmitter antenna. To simulate an
identical setup, firstly the same antenna model with a real setup is constructed. As the
holography method removes background effects from measurements, the simulation
model only requires a one-point antenna calibration to match the exact transmission
line characteristics with real transmitter and receiver parts. Overall, there is only one
point of SP data, and background data called RO is used and PSF for each range is
computed over a single SP data of antenna calibration. Also, with a known field each

range with a desired starting point can chosen over the range domain.

For this work instead of using real measurements, simulation environments that use
full-wave solvers such as CST and FEKO are used. Horn and different types of
dipole antennas are tested for imaging setups, and existing works are validated with
these simulation setups. Through these setups, different CO objects and test objects

for imaging are used and results show objects are identified with similar precision
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and resulting error as in full-wave solvers. In conclusion, our method eliminates
time-consuming and error-prone calibration procedures with a simulation-based
approach. In addition, using the VIE further improves this method compared to the

direct solver.
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