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MICROWAVE DIELECTRIC PROPERTY CHARACTERIZATION WITH
OPEN-ENDED COAXIAL PROBE AND SENSING DEPTH ANALYSIS OF
THE PROBES FOR BIOLOGICAL TISSUES

SUMMARY

Inherent dielectric property discrepancy at microwave frequencies between the healthy
and malignant tissues enabled many different microwave diagnostic technologies
among these microwave breast cancer imaging, microwave hyperthermia, and
microwave ablation are popular research topics. To develop and test such technologies
the dielectric properties of the biological tissues must be quantified. This is mostly
done with the open-ended coaxial probes in the laboratory environment due to
advantages of the technique including but not limited to minimal sample preparation
requirements, commercial availability and broadband measurement capabilities.
Despite being commercially available, the technique suffers from high error rates and
remains overlooked as a potential diagnostic technology.

The error sources can be categorized as the sample and equipment related
complications. The sample related error sources can be mitigated via the selection of
an appropriate probe for dielectric property characterization. Particularly, biological
tissues are known to be heterogeneous contributing to the high measurement error
due to sample. Hence, it is important to analyze the sensing depth of the probes
under different conditions including using samples with varying dielectric properties
and probes with different aperture diameters. Next, the equipment related errors
mostly due to the mathematical approach which can potentially be diminished via the
introduction of new retrieval methodologies. Towards this end, in an attempt to enable
diagnostics applications of the open-ended coaxial probe technique, this thesis focuses
on the improvement of the two shortcomings by sensing depth characterization and
introducing a deep learning based model for dielectric property retrieval.

In the first part of the thesis, sensing depth analysis of the 2.2 mm diameter open-ended
coaxial probe was performed using two different double-layered configurations to
mimic the tissue heterogeneity. The double-layered configurations are used to mimic
the heterogeneous skin tissue in order to establish the potential use of the open-ended
coaxial probe method for skin cancer diagnosis. To this end, the sensing depth
analysis was performed via simulations and measurements. The double-layered sample
configurations are composed using skin-mimicking phantom and olive oil or triton
X-100 liquids. In addition, the experiments were carried out by following a newly
proposed measurement protocol, which can be easily applied to any tissue type. The
results show that the sensing depth was independent of the frequency of operation
(0.5-6 GHz) and was affected by the following conditions: by the material located
immediately at the probe tip, and by the dielectric property contrast between the
two layers. Thus, in order to accurately obtain dielectric property measurement
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results using the open-ended coaxial probe method, there is a need to establish a
pre-measurement protocol to minimize the error due to the skin tissue diversity.

The second part of thesis reports the sensing depth analysis of the open-ended coaxial
probe for ex vivo experiments on real heterogeneous tissue. The knowledge on the
sensing depth of the probe can help eliminate the errors due to tissue heterogeneity.
Accurate classification of tissues with similar dielectric properties can be obtained
by minimizing the measurement errors. Therefore, this method can be applied in
practical applications, such as microwave biopsy. In this work, double-layered sample
configuration consisting of an ex vivo rat’s breast or wet skin as first layer and pure
liquids olive oil or triton X-100 as second layer was utilized to perform the sensing
depth analysis of the probe from 0.5 to 6 GHz frequency range. A straight forward,
adoptable experimental protocol was established and employed in this study. The
analysis was performed by determining five different the percent change in measured
dielectric property values. The results indicate a discrepancy of 52%-84% of the
measured dielectric property when a membrane layer (between 0.4-0.8 mm thickness)
was present on the wet skin tissue and breast tissue.

The aim of the third part of this thesis is to analyze and to specify the sensing depth
of the open-ended coaxial probe in order to employ the appropriate probe aperture
dimension for any given measurement set-up. The proposed method has the potential
to reduce the errors due to tissue heterogeneity for skin cancer diagnosis. This work
presents the sensing depth comparison of three different probes with different aperture
sizes. Simulations of the probes with 0.5, 0.9 and 2.2 mm-diameters terminated
with a double-layered skin tissue and olive oil sample configuration were performed.
It should be noted that probes with different aperture diameters were investigated
in the literature but no information was reported on probes with small aperture
sizes. An experimental validation of the simulated scenario was performed with the
2.2 mm-diameter probe and the fully developed double-layered configuration. The
acquired simulations and experimental results indicate a proportional relation between
the sensing depth and the aperture of the probe. From this relation, it can be concluded
that probes with smaller aperture size can possibly help to obtain more precise results
from the heterogeneous tissues which can lead to the accurate characterization of thin
skin tissue layers. In order to obtained more accurate results especially for tissues with
multi-layered structures or membrane-like layers, it is recommended to a establish
measurement protocols to prepare the surface of the tissue.

In the fourth and last part of the thesis, a novel approach for the determination of
material dielectric properties from the reflection coefficient response of the open-ended
coaxial probe is proposed. This technique retrieves the Debye parameters of the
material under test using a deep learning model which is trained with numerically
generated data. The ability to train the deep learning model with synthetic data
provide the advantage of rapid generation of a large variety of materials as a dataset.
Additionally, the presented method can be easily adapted to any type of probe
with desired dimensions and materials. An experimental verification of the trained
deep learning model was performed by testing the network with measured reflection
coefficients obtained from five different standard liquids, four mixtures, and a gel-like
material. A comparison of the acquired results from the deep learning model with
literature values is also performed. Finally, a large-scale statistical verification of the
retrieved dielectric property from the proposed technique is presented.
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ACIK UCLU KOAKSIYEL PROB ILE MiKRODALGA DIELEKTRIK
OZELLIK TANIMLAMASI VE BIYOLOJIK DOKULAR ICIN
PROBLARIN ALGILAMA DERINLIK ANALIZi

OZET

Kanser ¢agimizda sik goriilen hastalik tiirlerinden biridir. Her ne kadar hastaligin
sebebi tam olarak belirlenememis olsa da tan1 ve teshis yontemleri gelistirilmeye
devam etmektedir. Kanser, anormal doku hiicrelerinin kontrolsiiz bir sekilde ¢ogalip
biiytimesi ve diger saglikli dokulara yayilmasi sonucunda ortaya ¢ikan ve hayati
riskin oldukca yiiksek oldugu bir hastalik tiiriidii. ~Bu hastalifin erken teshis
edilmesi ve tedaviye erken baglanmasi 6liim riskini 6nemli Ol¢iide diisiirmektedir.
Saglikli ve sagliksiz dokular arasindaki mikrodalga frekanslarinda goriilen dielektrik
ozellik farklili§1, mikrodalga meme kanseri goriintilleme, mikrodalga hipertermi
ve mikrodalga ablasyon gibi bircok farkli mikrodalga tan1 ve tedavi teknolojisinin
gelistirilmesini miimkiin kilmistir. Boylelikle, hastaligin erken teshisi miimkiin hale
gelip tedavi siirecine hemen baglanabilmektedir. Bu tiir teknolojileri gelistirmek ve
test etmek icin biyolojik dokularin dielektrik 6zelliklerinin Olciilmesi gerekmektedir.
Dielektrik 6zellikleri bilinen dokular sayesinde daha giivenilir ve kapsamli tani, teshis
ve tedavi yontemleri gelistirilebilmektedir. Bu 6l¢iimler, minimum numune hazirlama
gereksinimi, piyasadan kolaylikla satin alinabilir olmasi ve genis bant dl¢iim ozelligi
gibi daha fazla avantajlara sahip olmasi nedeniyle laboratuvar ortaminda ¢cogunlukla
acik uclu koaksiyel problarla yapilir. Piyasada kolay ulagilabilir olmasina ragmen, bu
tiir 6l¢iim teknikleri yiiksek hata oranlara sahip olduklarindan dolayi, potansiyel bir
teshis teknolojisi olarak kullanilmaktan ka¢inilmaktadir. Hata kaynaklari, numune ve
ekipmanla ilintili olmak tizere iki sinifa ayrilabilir.

Ekipmanla iligkili hatalar secilen Ol¢iim ekipmanindan, Ol¢iim belirsizliklerinden,
Olciim esnasindaki kalibrasyondan veya kullanilan matematiksel yaklasimlardan
kaynaklanabilmektedir. Olciim ekipmani secimi, yontemin avantaj ve dezavantajlari
gz Oniinde bulundurularak yapilmalidir. Olgiim sisteminin belirsizligi, olgiilen
numunenin ayni dl¢iim kosullar altinda birden fazla 6l¢iim yapilarak tekrarlanabilirligi
ve dogrulugu saptanarak giderilmelidir. Standart bir 6l¢iim kalibrasyon prosediirii
(acik devre, kisa devre ve bilinen dielektrik Ozelliklere sahip bir sivi olan saf su
Ol¢ciimii) kullanilmalidir. Kalibrasyon bagariyla tamamlandiginda, hata oram diigiik
dielektrik ozellik Olciimleri alinabilir. Ayrica, dl¢iim sisteminin dogru calistiginin
onceden teyit edilmesi icin bilinen referans sivinin dielektrik ©zelliklerinin de
Olciilmesi gerekmektedir. Dogrulama yoluyla, kalibrasyon kalitesi kontrol edilebilir
ve sistematik hatalar giderilebilir. Ayrica, ekipmanla ilgili hatalar matematiksel
yaklagimlardan da kaynaklanabilir. Yeni yaklasimlardan olan makine veya derin
O0grenme yontemleri ile bu hatalar giderilebilir.

Dokuyla iligkili hatalar, sicakliktan, prob ile numunenin temasinin tam olarak
gerceklestirilemediginden, probun numune iizerine uyguladig1 basingtan, in vivo ve ex
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vivo deneylerin farkliligindan, doku numunesinin 6zelliklerinden ve heterojenliginden
kaynaklanabilir. Sicakligin dielektrik 6zellikler iizerinde etkisinin oldugu bildirilmek-
tedir. Acik uglu koaksiyel probun biyolojik dokularin dielektrik 6zelliklerini dogru
bir sekilde 6l¢cmek icin prob-numune temasinin tam olarak gerceklestirilmesi onem
arz etmektedir. Olgiim esnasinda prob ile numune arasinda herhangi bir hava boslugu
olmamas1 gerekmektedir. Doku yiizeyinin 6zelliklerine bagl olarak, prob-doku temasi
tam olarak gerceklestirilemiyorsa, daha kiiciik bir prob secilerek temas tam olarak
saglanmalidir. Biyolojik dokularin dielektrik 6zelliklerini Olcerken, prob ucunun
doku iizerine uyguladigr baskidan dolayr prob ucunda doku sivisi birikebilir, bu
da 6lctim sonuglarini biiyiik olgiide etkilemektedir. In vivo ve ex vivo deneylerde
dielektrik Ozelliklerinin birbirinden farkli olmasi da medikal alanda kullanilacak
olan bu yontemin karsilastig1i zorluklardandir. Canli ve cansiz doku o6zellikleri su
icerigi, sicaklik ve damarlardaki kan akisi, kalp hiz1 gibi fizyolojik farkliliklara sahip
olmasindan dolay1 6l¢iim sonuglari etkilenmektedir. Dokunun heterojenligi, dielektrik
ozelliklerin 6l¢limii sirasinda yontemin kargsilastig1 zorluklarindan biridir.

En kritik hata kaynaklarindan biri olan numunelerin heterojenliginin etkisi, dokularin
dielektrik ozelliklerini Olcerken uygun bir prob secilerek azaltilabilecegi 6n
goriilmektedir. Bu nedenle, yaygin olarak kullanilan 2.2 mm capli probun algilama
derinliginin analiz edilmesi ve Ol¢lim sistemiyle ilgili problemlerin tanimlanarak 0.9
ve 0.5 mm capli problarin algilama derinliginin detaylica analiz edilmesi 6nemlidir. Bu
problarin algilama derinliginin farkli kosullar altinda (numune heterojenligi acisindan)
analiz edilmesi hata kaynaginin saptanmasinda yardimeci olacaktir. Ayrica, probun
boyutlarina bakilmaksizin 6lctimlerden elde edilen yansima katsayilarini dogrudan
kullanarak her tiir malzemenin dielektrik 6zelligini hesaplayabilen uyarlanabilir bir
hesaplama yontemine sahip olmak onemlidir. Boylece, ekipmanla ilgili hatalardan
olan matematiksel yaklasimlardan kaynakli olan hatalarin, 6nerilen yeni yaklasim ile
azaltilabilecegi 6n goriilmektedir.

Tezin ilk boliimiinde, doku heterojenligini benzetmek icin iki farkli ¢ift katmanlh
numune konfigiirasyonlar1 kullanilarak 2.2 mm caph acik uclu koaksiyel probun
algilama derinligi analizi yapilmstir. ~ Boylece, cilt kanseri teshisi icin acik
uclu koaksiyel prob yonteminin potansiyel kullantmini belirlemek icin cilt dokusu
heterojenliginin 2.2 mm capindaki probun algilama derinligi iizerindeki etkisi
arastirllmistir. Calismada, benzetimler ve deneysel dlciimler yoluyla algilama derinligi
analizi yapilmistir. Cilt dokusunun heterojenligi, cilt benzeri fantom ve zeytinyagi veya
triton X-100 sivilarindan olusan ¢ift katmanli numune konfigiirasyonlar1 kullanilarak
gerceklestirilmistir. Ayrica deneyler her algilama derinligi, prob ve doku ¢alismasina
kolaylikla uygulanabilen bir Ol¢iim protokolii izlenerek gerceklestirilmigtir. Bagil
dielektrik (yalitkanlik) sabiti, 5, 20 ve 80 yiizdesel degisikliklerinde, birden fazla
frekans noktalarinda analiz edilmistir.  Sonuglar, algilama derinliginin calisma
frekansindan (0.5-6 GHz) bagimsiz oldugunu; prob ucu ile dogrudan temas halinde
olan malzemeden ve iki katman arasindaki dielektrik 6zellik kontrasttan etkilendigini
gostermektedir. Hem benzetim hem de deney sonuglart zeytinyag: ve triton X-100’iin
dielektrik ozelliklerinin 2 GHz’de %5, %20 ve %80 degisimlerine gore analiz edilmis
ve 0.36-0.86 mm 0.14-0.42 mm ve 0.66-1.2 mm kalinliklarindaki zeytin yagi ve
triton X-100’de %5, %20 ve %80 degisimleri sirasiyla gozlemlenmistir. Sonuclara
dayanarak deri dokusu iizerindeki bir membran veya keratin tabakasinin 6l¢iim
dielektrik 6zellik sonuglarini potansiyel olarak %80 etkileyecegi sdylenebilmektedir.
Bu nedenle, acgik uc¢lu koaksiyel prob yontemini kullanarak dielektrik ozellik 6l¢iim
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sonuclarini dogru bir sekilde elde etmek i¢in, cilt dokusu ¢esitliliginden kaynaklanan
hatay1 en aza indirecek bir hazirlik protokoliiniin olusturulmasina ihtiyag¢ vardir.

Tezin ikinci kisminda, ex vivo deneylerde ol¢iimii yapilan gercek heterojen dokular
icin acgik uclu koaksiyel probun algilama derinligi analizleri sunulmustur. Probun
algilama derinligi hakkinda bilgi sahibi olmak, hayvan deneyleri esnasinda doku
heterojenliginden kaynaklanan hatalarin ortadan kaldirilmasinda yardimci olacagi 6n
goriilmektedir. Benzer dielektrik 6zelliklere sahip dokularin dogru siiflandirilmasi
icin Ol¢lim hatalarim1 en aza indirmek gerekmektedir. Bu sayede, bu yontem
mikrodalga biyopsisi gibi pratik uygulamalarda uygulanabilir. Bu ¢alismada, 0.5-6
GHz calisma frekanslari arasinda, probun algilama derinligi analizini ger¢eklestirmek
tizere ilk katmami bir ex vivo sicanin gogsii veya 1slak derisi ve ikinci katmam saf
s1v1 zeytinyagi veya triton X-100’den olusan ¢ift katmanli numune konfigiirasyonlari
tasarlanmistir. Bu calismada kolaylikla uyarlanabilir bir deney protokolii olusturulmus
ve kullanilmigtir. Analiz gerceklestirilirken Olciilen dielektrik 6zellik degerlerinin
bes farkl ylizde degisimi goz Oniinde bulundurulmus ve analiz hesaplamalar1 bu
degisimler lizerinden yapilmistir. Sonuglara gore, dielektrik 6zelligi dlgiilen 1slak cilt
dokusu ve meme dokusu iizerinde herhangi bir membran tabakasi (0.4-0.8 mm kalinlik
arasinda) bulunmasi durumunda 6l¢iim sonuclarinin %52-%84 oraninda etkinlendigi
saptanmigtir.

Tezin tigiincii boliimiinde, herhangi bir 6l¢iim diizeneginde kullanilmak iizere uygun
prob boyutunu belirlemek i¢in agik uglu koaksiyel probun algilama derinligi analiz
edilmistir.  Onerilen bu yontem, cilt kanseri teshisi i¢in doku heterojenliginden
kaynaklanan hatalar1 azaltma potansiyeline sahiptir. Bu caligmada, farkli aciklik
boyutlarina sahip ii¢c adet probun algilama derinliginin karsilastirmas: yapilmigtir.
Cift katmanli deri dokusu ve zeytinyagi numune konfigiirasyonu iceren 0.5, 0.9 ve
2.2 mm capli problarin benzetimleri gerceklestirilmigtir. Literatiirde farkli agiklik
caplarina sahip problarin ¢alismalar1 yapilmistir ancak kiiciik aciklik boyutlarina
sahip problar hakkinda detayli bilgi belirtilmemistir. Benzetim ile gergeklestirilen
senaryonun deneysel dogrulamasi, 2.2 mm ¢apindaki prob ve birebir benzetimi yapilan
cift katmanli konfigiirasyon ile gerceklestirilmistir. Benzetimlerin ve deneylerin
sonuglari, algilama derinligi ile probun aciklig1 arasinda orantili bir iligki oldugunu
gostermektedir. Bu orantisal iligki sayesinde, daha kiiciik yaricapa sahip problar ile
heterojen dokularin dl¢iimiiniin daha hassas yapilacagi ve boylece ince cilt dokusu
katmanlarinin daha yanligsiz karakterizasyonunun yapilacagi sonucuna varilmaktadir.
Ozellikle cok katmanli yapilara veya zar benzeri katmanlara sahip dokularda daha
dogru sonuglar elde edebilmek icin doku yiizeyini hazirlayacak 6l¢iim protokollerinin
olusturulmasi bu ¢alisma sonucunda onerilmektedir.

Tezin dordiincii ve son boliimiinde, acik uglu koaksiyel probun yansima katsayisi
Olciimlerinden malzemelerin dielektrik Ozelliklerinin belirlenmesi i¢in yeni bir
yaklagim Onerilmistir.  Bu teknik, sayisal olarak iiretilen verilerle egitilmis bir
derin 6grenme modeli kullanarak deneysel verilerle test edilen bir modeldir. Bu
derin 68renme modeli, malzemenin yansima katsayisilarindan Debye parametreleri
elde edebilmektedir.  Teorik olarak iiretilen verilerle derin O0grenme modelini
egitme yontemi, cok c¢esitli materyallerin bilgisini barindiran biiyiik bir veri setini
hizli bir gsekilde iretilmesi avantajin1 saglamaktadir.  Ek olarak, Onerilen bu
yontem, istenilen boyut ve malzemeye sahip herhangi bir prob tipine kolayca
uyarlanabilmektedir. Egitilmis bu derin 6grenme modelinin deneysel dogrulanmasi,
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bes farkli standart sividan, dort karisimdan ve bir jel-benzeri bir malzemeden elde
edilen yansima katsayilar1 Ol¢iimleriyle ile test edilerek gerceklestirilmistir. Derin
ogrenme modelinden elde edilen Debye parametresi sonuglari, literatiirdeki sonuclarla
karsilagtirilmistir. Son olarak, onerilen modelden elde edilen dielektrik 6zellikleri i¢in
biiytik-0lcekli istatistiksel dogrulama yapilmastir.
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1. PRE-INTRODUCTION

In order to develop innovative diagnostic and therapeutic tools for medical
applications, researchers have developed an immense interest to study the interaction
of electromagnetic fields with biological tissues over the past century. [1-3]. The most
common method of characterizing biological tissues with electromagnetic waves is
through determining the dielectric properties of the tissues. [4,5]. Thus, accurately
measuring the dielectric properties of biological tissues is a paramount step in
the development of medical devices [6]. Several methods are available for the
measurement of dielectric properties of different material types including : resonant
cavity perturbation, parallel plate, free space, transmission line and open-ended coaxial
probe [7]. The open-end coaxial probe technique is the most widely used amongst
the methods mentioned above due to its non-destructive measurement capabilities,
broadband measurement capabilities and ad-lib sample requirements (in vivo or ex

vivo) [8-10].

The following sections provide detail description of all the studies conducted
during the period of this thesis which includes the classification of renal calculi,
characterization of normal and cancer bone cell lines and categorization of healthy and
tumor breast tissues. The machine learning-aided algorithms and the statistical analysis
implemented on these studies provided some quite promising results in dielectric

property characterization of tissues.

1.1 Cole-Cole Parameters-based Classification of Renal Calculi Using Machine

Learning

When medicine is not an option to pass the kidney stone, the most recommended type
of treatment methods are Extracorporeal Shockwave Therapy (ESWL), Percutaneous
Nephrolithotomy (PCNL), ureteroscopy and open surgery. [11]. After the treatment is
completed by removing the kidney stones, the patients are advised to take the necessary

precautions in order to avoid the reformation of the stone.



The formation of kidney stones in the kidney, bladder and urinary tract is referred
to as urolithiasis and its known to affect 5-10% of the world’s population. It has an
80% recurrence rate associated with genetic factors, geographical environment and
eating habits [12]. The most common types kidney stone formed are calcium oxalate,
struvite, cystine and uric acid [11]. The formation of calcium oxalate is known to be a
pre-existing or a post-existing condition in patients with renal tubular acidosis, steroid
treatment, Vitamin D intoxication and immobilization. Struvite stones (Magnesium
Ammonium Phosphate) are usually formed by urease-splitting bacteria during urinary
tract infections. Due to the poor solubility of Cystine (amino acid), formation of stone
and occur when cystine is reabsorbed from the renal tubular genetic owing to genetic
defect. Uric acid stones are related with obesity, diabetes, gout and low urine pH [11].
Generally, after the stone is diagnosed, an appropriate treatment is decided based on

the type, size and location of the stone.

The analysis of the stone can be performed via Chemical Analysis, Thermogravimetry,
Optic Polarizing Microscopy, Scanning Electron Microscopy (SEM), Infrared
Radiation (IR) Spectroscopy and X-Ray Powder Diffraction (XRD) [13]. Chemical
Analysis is implemented by a commercial kit to determine the ions (uric acid,
ammonium urate, cystine, calcium carbonate, calcium oxalate and calcium phosphate)
in the kidney stones. Even though the technique is cost-effective, it requires long
processing time [13]. In thermogravimetry analysis, the stones are classified according
to their weight changes with respect to increase in temperature. This method suffers
from insensitivity, and causes an irreversible changes on the stones [13]. In the optic
polarizing microscopy method, the interaction of polarized light with the fragmented
stones are analyzed. This method does not provide accurate component information
of the stones [13]. In the SEM technique, the stones are examined by sending a beam
of high energy electrons to the stone. In the Infrared Radiation (IR) Spectroscopy
method, the classification of the stones performed via the information acquired from
the image of the stone sample. The energy generated from vibration of the stones is
used to analyze the samples and the energy absorbance spectrum is calculated for each
stone [13]. In XRD method, monochromatic X-rays are used to examine stones.This
method provides accurate data but it is not cost-effective [13]. The above mentioned

methods are already been implemented to classify the kidney stones. However, they



have some disadvantages in terms of cost, usability, efficiency, sensitivity and an
irreversible effects on the samples. For these reasons, we proposed that the Cole-Cole
parameters of kidney stones can be exploited to categorize the samples through the
used of an Artificial Neural Network (ANN) and the k-Nearest Neighborhood (k-NN)
[14]. Furthermore, the microwave dielectric spectroscopy of renal calculi is performed

for a large scale study on dielectric properties from 500 MHz to 18 GHz [15].

To this end, dielectric properties of the stones are measured with the open-ended
coaxial probe. A total of 105 stones obtained from 40 patients (from the Department
of Urology, Cerrahpasa Medical School, Istanbul, Turkey.) are measured for
classification based on the types: calcium oxalate, cystine and struvite. Each type
includes 35 samples extracted with ESWL, PCNL, ureteroscopy and open surgery.
The samples were previously classified by Directorate of Mineral Research and
Exploration. The range of the size of the samples is from 0.25-1 cm. The samples were
prepared before the measurement by sanding and smoothing some faces of the stones
in order to facilitate the open-ended coaxial probe to have a direct contact with sample
without having any air gap. The experiment setup consists of Agilent N5242A PNA-X
Microwave Network Analyzer, Agilent N1501A Dielectric Slim Form Probe, Agilent
85070E software and an external computer. The dielectric properties were measured
within 0.5-6 GHz frequency range with 100 MHz intervals. The standard calibration
setup described by the software instruction was performed for the experiment: air
(open circuit), a conductive textile (short circuit) and deionized water (known load).
The calibration was verified by measuring pure methanol at 23°C. Five measurements
were performed for each stone. The Cole-Cole parameters (€&, €, T, & and ¢) for
the kidney stones were calculated from the medians of the measurements and by
implementing the generalized Newton-Raphson method. These parameters were used
to classify the kidney stones with the help of machine learning algorithms. First, an
ANN was designed to classify the kidney stones. Five input vectors were formed for
each stone type, and the corresponding output vector was comprised of their types
(Calcium oxalat=1,cystine=2, and struvite=3). The input vectors were normalized in
the range of (-1, 1) to obtain a faster convergence criteria and better transfer function.
The dataset was split into five folds in order to perform k-fold cross validation. Four

folds were used as training sets and the remaining was used as a test set. The structure



of the ANN is a 1-15-1 network with tangent sigmoid transfer function for hidden
layer: HL = m where S is the input of the hidden layer neuron and Y is the
output of the hidden layer neurons in the range of (-1, 1). Also, linear transfer function
was applied at the output layer: HLy = Activation Function(};_y HL;Wj;) where n
is the number of inputs of neuron k in output layer. The training of the network

was performed with the gradient descent algorithm. Second, k-NN was designed by

selecting the parameter k as 5 in order to classify kidney stones.

For both networks, the outputs were examined in terms of accuracy, sensitivity,
specificity, precision, recall and F1 score. The relative permittivities were measured
for calcium oxalate, cystine and struvite as 2.31, 2.51 and 3.38 at 2 GHz, respectively.
The conductivities of calcium oxalate, cystine and struvite were found as 0.0079,
0.0481 and 0.0269 at 2 GHz, respectively. The Cole-Cole parameters of calcium
oxalate (&=12.84, €.=1.96, 7=1.41e-6 s, a=0.73 and o0=8.11e-5 S/m), cystine
(&=16.78, €.,=1.93, 1=6.04e-7 s, @=0.62 and 6=0.0071 S/m) and struvite ( £&=14.66,
€,=3.50, 7=1.80e-7 s, ®=0.39 and 6=0.0365 S/m) were computed with generalized
Newton-Raphson numerical method. The ANN results among three kidney stone were
calculated as 98.1%, 94.3%, 97.1%, 94.6%, 97.2% and 93.1% for minimum accuracy,
sensitivity, specificity, precision, recall and F1 score, respectively. The k-NN minimum
results of accuracy, sensitivity, specificity, precision, recall and F1 score were found as

99.1%, 97.1%, 98.6%, 97.2%, 98.6% and 98.1%, respectively.

1.2 Characterization of Human Fetal Osteoblastic (hFOB) and Osteosarcoma

(Sa0S-2) Cell Lines Based on Dielectric Property

Osteosarcoma is a type of cancer that commonly occurs in the long bones. These
cancerous cells are usually similar to early forms of bone cells that aid in the formation
of new bone tissues, but are not as strong as healthy bone tissue. This type cancer is
most common in young people especially within the period of rapid bone growth [16].
The reported incidence rates are approximately 4.0 for children within 0-14 years of
age and 5.0 for the ones within 0—19 years per year per million persons [17]. One
of the causal factors is exposure to radiation [18]. For instance, long-term cancer
survivors treated with radiation therapy are prone to osteosarcoma [16]. Osteosarcoma

can be diagnosed by an X-ray, Computed Tomography (CT) scan, Positron Emission



Tomography (PET) scan, bone scan, Magnetic Resonance Imaging (MRI) and a
surgical biopsy [16]. The histological examination of tissues is performed by the
use of needle or open biopsies. Due to the resistance of the tumor structure to
radiation, radiation therapy is not recommended treatment for osteosarcoma. [16]. The
current treatment methods for osteosarcoma are Surgical resection with wide margins,
along with preoperative and postoperative chemotherapy [19]. Since osteosarcoma
is a type of cancer that are usually found in children, there are ongoing studies to
develop new diagnostic and therapeutic methods [19]. In this respect, the interaction
between bone tissue and electromagnetic field was also examined by measuring the
dielectric properties of bone tissues [20]. In vitro porcine cortical bone was analyzed
via the open-ended coaxial probe method in the frequency range of 0.05-20 GHz. The
reported dielectric property for a 10 kg porcine were & = 28.1 + 2.0, o0 = 0.34 +
0.04 S/m at 450 MHz [20]. Human trabecular calcaneus bone was examined using
Microwave Tomography Imaging (MTI) method over the frequency range of 900-
1700 MHz. The results obtained from two patients were €. = 13.6, ¢ = 0.84 at
1300 MHz [21]. Extensive studies for interactions microwave with biological tissues
were conducted for the analysis of dielectric properties of biological tissues [20-22].
However, there are limited studies on the interaction between electromagnetic fields
and biological cells, which are constituent of tissues [23-25]. The dielectric property
of human breast cancer cell lines (MDA-MB-231, Hs578T, MCF-7 and T47D) were
characterized using the open-ended coaxial probe technique over the frequency range
of 0.2— 13.6 GHz [23]. They concluded that the results are in good agreement
with other reported results comparable in literature for breast tissues. In [24],
dielectric property of normal (SK-MES) and malignant (NL-20) human lung cells
were measured via a the open-ended coaxial probe with a flange over the frequency
range of 0.2-2 GHz. They deduced that there is a slight difference between two cell
lines in terms of dielectric properties for the composites gels form. Although this
difference was statistically meaningful for the imaginary part. In [25], the dielectric
property measurements of healthy (osteoblast hFOB 1.19) and unhealthy human bone
(osteosarcoma Sa0S-2) cell lines, and the dielectric property of mouse myoblast
(C2C12) were measured in order to develop experimental procedure for cell lines over

the frequency range of 2-50 GHz. To examine the effect of cell concentration on the



dielectric property measurements, the concentration of hFOB 1.19 was increased from
33,500 to 1,350,000 cells/ml. Thus, the lack of sufficient and valid data for biological
solutions and cells is still one of the scientific gaps in the dielectric property research.
Consequently, Normal bone cell line (hFOB 1.19) and unhealthy cell lines (SaOS-2)
were prepared with high concentrations in order to measure the dielectric property
of pellets and the solutions within the frequency range of 0.5-10 GHz. [26,27]. The
measurements were performed with the 2.2 mm-diameter probe. From the obtained
results, the Debye and the Cole-Cole parameters were calculated by the Particle Swarm
Optimization (PSO) algorithm. The human osteoblast (hFOB 1.19) and osteosarcoma
(Sa0OS-2) cell lines were prepared in department of Molecular Biology and Genetics,

Istanbul Technical University, Istanbul, Turkey.

Standard adherent cell culture protocol was implemented to prepare the cell pellets.

The protocol details are given as follows:

e Three cell lines (two of the cell lines were SaOS-2 and one was hFOB 1.19) were
cultured in a growth medium consisting of Dulbecco’s Modified Eagle Medium

(DMEM), 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin.
e The cell cultures were stored in an incubator at 37 °C.

e Trypsin was used to passage the cells when the confluency amounted to nearly 80%

of the flask.

e Removal of the cell line was performed under the microscope to verify that the cells

were separated from the flask.
e The cell lines were isolated by placing in a falcon tube.
e They were centrifuged for 5 minutes at 1000 rpm.

e Number of SaOS-2 cells in the falcon tubes were 12,500,000 cells/ml and
22,500,000 cells/ml.

e Number of hFOB 1.19 cells in the falcon tube was 17,800,000 cells/ml.

The experiment setup consisted of the Agilent N5230A PNA-L Microwave Network
Analyzer, Agilent N1501A Dielectric Slim Form Probe, Agilent 85070E software
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Table 1.1 : The Cole-Cole parameters of SaOS-2 and hFOB 1.19 for the
measurements of cell pellet and suspension forms.

Cole-Cole Parameters

Samples
& & T(ps) « c
Sa0S-2* 64.04 1.01 5.15 0.01 0.01
Cell Pellet Sa0S-2**  58.85 1.01 497 0.01 0.01

hFOB 1.19 60.81 1.01 4.97 0.01 0.01

Sa0S-2* 69.91 1 52 0.01 0.01

Cell Suspension ~ SaOS-2**  68.57 1.1 539 0.01 0.01
hFOB 1.19 68.17 1.03 498 0.01 0.01

Growth medium without serum 69.67 1.02 5.08 0.01 0.01

* Sa0S-2 sample includes 12,500,000 cells/ml. * * Sa0S-2 sample includes 22,500,000 cells/ml.

and a laptop. The standard three steps calibration procedure instructed by software
was followed: air (open circuit), a conductive textile (short circuit) and deionized
water (known load). The calibration was validated by measuring pure methanol at
23 °C. Afterwards, Ten measurements were performed for each sample. The dielectric
property measurements of the cell pellets were performed between 500 MHz to 18
GHz with 250 MHz intervals. After completing the measurements of each cell
pellet, we added 3 ml growth medium without serum in each falcon tube in order
to form cell suspensions and the dielectric property measurements were performed
for each suspension. Additionally, the dielectric property of the growth medium
without serum was also measured. The Cole-Cole parameters (&, €, T, & and ©)
were calculated from the medians of ten measurements by implementing the particle
swarm optimization (PSO) algorithm.The calculated the Cole-Cole parameters for
each sample are listed in Table 1.1 [28]. According to the results, the difference
between hFOB and SaOS-2 cell suspensions through out the measurement frequency
are 0.1480% and 2.8267% for the relative permittivity and conductivity, respectively.
For the pellet measurements, the calculated percent discrepancy is 2.1895% for the

relative permittivity and 3.6766% for the conductivity.

1.3 Classification of Rat Healthy Breast Tissues and Malignant Tumors Based on

Dielectric Property Through Support Vector Machines

Breast cancer is a disease that can emerge when the cells in the breast begin to
exponentially grow. This type of cancer is common amongst women and more deathly

than other malignant cancer types. [29]. It is estimated that approximately 500,000

7



people lose thier lives annually from breast cancer in the world. [29]. Therefore,
enormous research has been put towards breast cancer due to its lethal consequences
[30-32]. The aim these studies mainly focuses on protection, early detection and
treatment of breast cancer.One of the most common diagnostic methods for breast
cancer is X-ray mammography. Although this technique produces low sensitivity and
specificity results [33]. In addition, due to the harmful effects of X-rays, multiple
repetitions of X-ray mammography on a single case detection are not recommended
for patients under the age of forty. MRI method is also used for the diagnosis of breast
cancer. However, the high sensitivity of the MRI in detecting suspicious tissues causes
a high positive rate due to the heterogeneity of the breast structure [34]. Owing to its
advantages such as low-cost and safety, the research on microwave imaging (MWI)
for breast cancer diagnosis has recently gained a wide interest [35]. In addition to
the diagnostic approach of the MWI method, knowledge of the dielectric properties of
the tissues can provide the surgeon with cancer-free surgical margins during resection
of tumor tissues. Therefore, the recurrence probability of the cancer can be reduced
to almost zero by completely removing all the cancerous tissue. The significance of
increasing the dielectric property data reservoir for biological tissues apparent since
the MWI technique is mainly based on the inherent dielectric property difference
between healthy and malignant tissues [36-39]. In [36], ex vivo infiltrating tumor
and surrounding tissues obtained from seven patients were measured in the frequency
range of 0.02-100 MHz. Three sections of tissues (the central part of the tumor, the
tumor surrounding tissue, and the peripheral tissue) were analyzed based on their
Cole-Cole parameters. The relative permittivity values of tumor tissues are higher
than peripheral tissues result. In [37], ex vivo human breast tissues (fat, normal,
benign tumor and malignant tumor tissues) were examined at 3.2 GHz. The difference
in dielectric property between benign and malign tumors tissues was reported. In
[38], a MWI prototype for breast cancer diagnosis was established using the inherent
difference of the dielectric properties between normal and malignant tumor tissues.
The prototype was tested in vivo with 5 patients within 300-1000 MHz frequency
range. In [39], human breast tissues (155 samples) obtained from 119 patients were
classified based on glandular content, fibroglandular and adipose tissues in order to

understand the heterogeneity of breast tissues structure. The dielectric property of



normal, benign and malignant tumor tissues was reported for each class over the
0.5-20 GHz frequency range. Moreover, the Cole-Cole parameters were calculated
from the complex permittivity dataset for each category. From the studies reported
above, it can seen that accurately obtaining the dielectric property in a broadband
range is important to develop a new treatment and diagnostic for the medical industries.
For testing and verification of microwave techniques techniques, the ability to repeat
the experiments is very useful. Furthermore, the availability of human breast tissue
samples to researchers is limited. Therefore, rat breast tissue play a crucial role as
an alternative. Rat breast tissues posses similar characteristic to that of humans to the
extent of having more hormone responsiveness with histopathology and premalignant
stages which is comparable to the human breast cancer model [40]. Therefore, the
dielectric properties of in vivo rat tissue of both healthy breast and breast tumors were
measured using the open-ended coaxial probe form 0.5 GHz to 6 GHz. Support Vector
Machines (SVM) algorithm was implemented for the classification of the tissues based
on dielectric properties [41]. A total of 30 adult albino Sprague Dawley strain female
rats were acquired from the Center for Life Sciences and Technologies, Bogazici
University. The rats were divided into two groups, one as the control (6 specimens) and
the other as the experiment (24 specimens). A 12 h light/dark cycle was provided as an
environmental condition. Moreover, free access to a regular laboratory pellet nutrition
as well as tap water was provided to the animals. A single dose carcinogenic solution
was prepared by dissolving 20 mg/kg 7,12-dimethylbenz (a)anthracene (DMBA) in 1
mL olive oil using an ultrasound bath. This solution was feed to the experiment group
by oral gavage when they were 47 days old. At the same time, a dummy solution of
1 ml olive oil was given to the control group in order to maintain same conditions in
both groups and both groups were kept on a two weeks rest period after the oral gavage
process. After the resting period, the weights and tumors of the animals were checked
by hand weekly. The experiment setup includes Agilent Fieldfox N9923A Network
Analyzer, Keysight flexible cable, Agilent N1501A Dielectric Slim Form Probe,
Agilent 85070E software and a laptop. The three step calibration procedure instructed
by the software was followed: air (open circuit), a conductive textile (short circuit)
and deionized water (known load). The calibration was verified by measuring pure

methanol at 25 °C. The animals were prepared for dielectric property measurements



by performing anesthesia with injection of 80ml/kg ketamine and 10mg/kg xylazine
mixture. Five measurements were performed from the targeted part of the tissues
with restricting the movement of the probe. After the measurement is completed , the
animal was euthanized. The tumor tissues were resected and kept in tissue cassettes
with 10% formalin solution for pathological analysis. After the results were obtained
from the pathological analysis, we generate a dataset from 5 control (325 samples)
and 5 experiment (325 samples). The dataset consisted the mean of five measurements
calculated form dielectric property of each sample. The mean values were comprised
of 101 individual complex numbers (¢’ and €”) in the frequency range of 0.5-6 GHz.
A total of 202 features were used for each sample for the classification of normal
and tumor tissue with the help SVM algorithm. The accuracy results obtained from

different scenarios are given as follows:

e Using all 202 features, relative permittivity and conductivity were tested separately

and 100% accuracy was obtained from SVM algorithm for each test.

e The relative permittivity and conductivity were combined to perform SVM
algorithm as well. In combined dataset, 100% accuracy was also achieved when

distinguishing normal and tumor tissues.

e 100 features were determined from 202 dielectric property features through inf-FS

feature selection algorithm and 100% accuracy was obtained permittivity data.

e 50 features were selected 202 dielectric property features with inf-FS feature

selection algorithm and 99.23% accuracy was resulted with combined dataset.

e Selecting 1 feature with linear kernel gave 90.31% accuracy on logarithm of the

conductivity data. The selected feature was conductivity data at 0.505 GHz.

e Selecting 1 feature with Radial Basis Function (RBF) kernel resulted in 90%

accuracy on logarithm of the conductivity data.

e 70-feature selection for conductivity data provided 98% accuracy.

In conclusion, the obtained dielectric measurement data has the potential to become
acceptable diagnostic tool for breast cancer diagnosis.Hence, development of EM

medical technologies requires more information on tissues based on dielectric data.
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This study provides significant dielectric data to the literature and it offers a perspective

for analyzing the dielectric data for classification purposes.
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2. INTRODUCTION

Dielectric properties of biological tissues at microwave frequencies have been widely
investigated for medical diagnostic, monitoring, and therapeutic technologies. In order
to precisely measure the dielectric properties of biological tissues, it is important to
eliminate the equipment-related errors and tissue-related errors which can severely
alter the measurement results. The equipment-related errors stem from equipment
of choice, measurement uncertainties, and the calibration procedure. The choice of
the device to use for measurement should be chosen based on the type of material
under test while also considering the advantages and drawbacks related to the applied
method. Amongst the several techniques available, the most prevalent applied method
for the determination of dielectric properties of biological tissues is the open-ended
coaxial probe. The uncertainty of the measurement system can be established in terms
the repeatability and accuracy of the system by maintaining similar conditions and
conducting numerous measurement on the same material. In practice, a standard three
steps calibration procedure: open circuit, short circuit, and a broadband load (distilled
water) is generally used. Correctly performing the system calibration procedure leads
to reliable dielectric property measurements. A common practice used to verify the
calibration is to measure the dielectric properties of a known reference liquid and
while verifying the calibration, the quality and systematic errors of system the can

be monitored.

Tissue-related errors usually arise from the temperature, probe-sample contact,
probe-sample pressure, in vivo versus ex vivo experiments, sample handling procedure,
tissue sample properties, and heterogeneity [42]. Temperature is known to affect the
results of permittivity and conductivity as reported in [43, 44]. Accurately measuring
the dielectric properties of biological tissues with the open-ended coaxial probe
requires no air-gap between the probe and the tissue sample. Depending on the
surface properties of the tissue, choosing a probe with small dimension can solve

this issue [42]. When pressure is applied on the biological tissue sample during

13



measurement, fluid can accumulate at the tip of the probe which is the confounder of
the probe-sample pressure related errors in the determination of dielectric properties of
biological tissues. [43—46]. Apparent features such as the water content, temperature
and physiological variations such as blood flow in vessels, heart rate are various
distinctions in an vivo and ex vivo experiments.In an ex vivo measurement settings,
appropriate sample handling procedures are to be applied to maintains minimum
dehydration, contamination and damage to the tissue. Tissue heterogeneity is one
of the challenges encountered dielectric spectroscopy and in order to overcome this
problem, it is recommended that only the targeted tissue part should be included inside

the sensing volume [39].

Recent advances in technology especially in the field of machine learning is paving
the way for us to determine the unseen relation between the input output of a
system and for data classification [47]. In [48], multiclass classification of hepatic
anomalies with dielectric properties is studied using k-nearest neighbors (kNN),
logistic regression (LR), and random forests (RF) classification algorithms. The
classification of rat healthy breast tissues and malignant tumors was performed based
on dielectric property through support vector machines [41]. In [14], ANN and k-NN
were implemented for classification of kidney stones. ANNs and deep learning models
are also effectively utilized in high dimensional microwave modelling including
extracting the parameters of microwave filters [49]. Therefore, machine learning
algorithms can be implemented in electromagnetic nonlinear inverse problems in order
to minimize the measurement system complexity and enhance the measured results for

the characterization of biological tissues.

This thesis focuses on the microwave dielectric property characterization with
open-ended coaxial probe and sensing depth analysis of the probes for biological
tissues. The thesis consists of four sections. The first and second sections focuses
on the sensing depth analysis of the 2.2 mm-diameter open-ended coaxial probe. The
third section, presents the comparison and sensing depth analysis of the 0.5, 0.9 and
2.2 mm-diameter probes. In the fourth section, a deep learning model to retrieve the

Debye parameters from reflection coefficients is presented.
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2.1 Purpose of Thesis

In the context described above, the general aim of this thesis is to examine the
sensing depth the open-ended coaxial probe, which is one of its source of error, and
also to suggest a deep learning model that can be easily implemented with different
dimensions of open-ended coaxial probe. Therefore, the problematic issues the of
open-ended coaxial probe are investigated from an engineering perspective as well as

illuminated through offering a new deep learning approach.

The current diagnostic approach for skin cancer is are digital dermoscopy and biopsy
techniques. Present biopsy methods are costly and invasive.The open-ended coaxial
probes can be employed as a low-cost non-destructive technology to diagnose skin
cancer by utilizing the inherent dielectric property discrepancy between healthy and
malignant skin tissues. However, the open-ended coaxial probes suffer from high error
rates and tissue heterogeneity is a known factor that contributes to this error. The
main contribution of this work is to designate the sensing depth of the open-ended
coaxial probe in order to minimize the tissue heterogeneity related errors for skin
cancer detection. The skin is the most sizable organ that covers the entire surface
area of the body, and it mainly functions as a barrier against dehydration and microbial
infection from the outside environment. Additionally, the skin type can change based
on genetics, environment and nutrition. In the first part of the thesis, the sensing
depth of the 2.2 mm-diameter open-ended coaxial probe was investigated using two
double-layered configurations to mimic the tissue heterogeneity. This study employed
a simple experimental protocol that can be easily adopted to other tissue types. It
was concluded that the measured results can be affected by the material resident (layer
formed between probe tip and skin tissue) within the first 170 — 260 microns of distance
from the probe tip. Therefore, to obtain accurate dielectric property measurement
results with the open-ended coaxial probe method, there is a need to establish a
preparation protocol for the measurement of skin tissue. Otherwise, non-standardized

skin tissues can confound the measurement results.

The second part of the thesis reports the sensing depth analysis of open-ended

coaxial probe in order to eliminate errors caused by tissue heterogeneity for ex-vivo
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experiments. By targeting the decrease in the measurement error, the tissue
classification accuracy can be increased particularly for tissues with similar dielectric
properties. Therefore, this approach can enable practical applications, such as
microwave biopsy. The open-ended coaxial probes suffer from high error rates due
to the contribution of tissue heterogeneity. Therefore, the sensing depth of the
open-ended coaxial probe is analyzed to minimize the tissue heterogeneity related
errors in real experiment process. To this end, sensing depth analysis was performed
with double-layered sample configuration including ex vivo rat’s tissue (breast and wet
skin) and intervening liquids (olive oil and triton X-100) for 0.5 to 6 GHz frequency
range. A simple experimental protocol that can be easily adopted to other types
of tissues was established in this study. Sensing depth was determined by tracking
five different measured dielectric property percent change values. It was concluded
that a membrane layer (between 0.4-0.8 mm thickness) on the wet skin tissue and
breast tissue will potentially affect the measurement results of dielectric property by

52%-84%.

The third part of the thesis aimed to specify the sensing depth of the open-ended
coaxial probe for the employment of the appropriate probe dimension for any
given measurement scenario. This approach can potentially minimize the tissue
heterogeneity related errors for skin cancer detection. Towards this end, the sensing
depth of three different probe aperture sizes were compared. Probes with 0.5, 0.9
and 2.2 mm-diameter were simulated with double-layered skin tissue and olive oil
sample configuration. The experimental validation of the simulation was performed
with the 2.2 mm-diameter probe with the double-layered configuration. The obtained
results show that the sensing depth is proportional to the probe aperture and probes with
smaller aperture can potentially aid in diminishing errors caused by the heterogeneity
of the tissue and allow accurate dielectric property characterization of thin skin tissue
layers. As an example, 5% increase in retrieved relative permittivities were obtained
at 0.31, 0.56 and 0.71 mm thicknesses for the 0.5, 0.9 and 2.2 mm-diameter probes,
respectively. Based on these results, we can state that using the 0.5 mm-diameter probe
can provide more accurate results when a thin skin layer measurement is performed.
However, any membrane or tissue fluid that may be present on the tissue surface during

measurement with the 0.5 mm-diameter probe may affect the measurement result
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unexpectedly. Therefore, measurement protocols should be established to prepare the
measurement surface for tissues that consist of a multi-layered structure or that may
have a membrane or any other layer on the measurement surface. Alternatively, tissue

heterogeneity can be determined using probes with multiple aperture sizes.

In the forth and last part of the thesis, we propose a new technique for the
determination of Debye parameters, from the reflection coefficient response of the
open-ended coaxial probes. The method retrieves the Debye parameters using a deep
learning model which is trained with numerically generated dataset. Unlike real data,
using synthetically generated input and output data for training purposes provides
representation of a wide variety of materials with rapid data generation. Furthermore,
the proposed method provides design flexibility and can be applied to any desired probe
with intended dimensions and material. Next, we experimentally tested the designed
deep learning model with real measured reflection coefficients measured from five
different standard liquids, four mixtures,and a gel-like material and also compared
the results with the results in literature. The obtained mean percent relative error was
ranging from 1.21+0.06 to 10.89+0.08. Our work also presents a large-scale statistical

verification of the proposed dielectric property retrieval technique.

2.2 Literature Review

The dielectric properties of biological tissues across different frequency ranges have
been widely examined by utilizing various measurement techniques within the last
century [2, 3, 43, 50]. Since the 1980s, the open-ended coaxial probe has come
into prominence due to its non-destructive nature and its application in vivo and ex
vivo broadband measurements. [10, 51]. Furthermore, the dielectric properties were
analyzed according to the physiological characteristics of biological tissues such as
water content, healthy or malignant, and in vivo or ex vivo. In 1996, a large dielectric
property measurements that include in vivo and ex vivo animal and human tissues
was accomplished with three different methods [9, 52, 53]. The open-ended coaxial
probe method is the preferred technique for the measurement of dielectric properties
of biological tissues, thus, this technique has been improved in many different aspects

such as error correction methods, probe design, procedure development.
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Based on shape and size of the biological tissue, and the required frequency range of
the research, the customization of probe with respect to these properties of the tissue is
one of the most crucial points for the open-ended probe technique. Since the sensing
volume is affected by the size of the probe, a small tissue sample requires a smaller
probe for accurate measurements. There are several studies examining the different
probe apertures. For example, in [46], the 2.1 mm probe with flange has been used to
obtain dielectric properties of the tissue in vivo and ex vivo measurement between 0.1
to 10 GHz. In [9], two probes with different outer diameters of 10 mm and 2.9 mm
were employed to measure dielectric properties from 100 Hz to 200 MHz and from 200
MHz to 20 GHz respectively. Another important study was conducted with the 2.2 mm
probe in [52], where the dielectric property of in vivo malignant and healthy rat liver
tissue was measured between 500 MHz and 6 GHz. By using off-the-shelf slim-form
open-ended coaxial probe in [53], dielectric property measurement of freshly excised
normal and malignant human skin has been performed from 0.5-50 GHz frequency
range. In [54] the dielectric properties of rat skin tissues have been measured between
0.55-6 GHz frequency range with slim-form open-ended coaxial probes having 0.5
mm, 0.9 mm and 2.2 mm aperture diameters in order to detect skin cancer in a
small area. Dielectric property measurement of breast tissue is complicated due to
the structure of breast tissue, which is heterogeneous [55]. In [56] sensing volume
of commercial dielectric probes have been investigated in order to correctly measure
heterogeneous tissue type. Apart from the design and choice of probe size, there is
also a modification in metal and filled fabrication. In order to reduce chemical reaction
occurring between the probe and the electrolyte in the tissue, [46] plated the tips of
inner and outer conductors of the probe with gold. Moreover, borosilicate glass-filled,
stainless-steel have become appealing due to their bio-compatible features, and high-

temperature sterilization advantages.

In the last decade, new medical devices and clinical applications have been started to
be designed according to the dielectric properties of the biological tissues in order
to find new diagnostic and therapeutic methods. According to recent studies, the
development of new medical technologies based on dielectric properties of biological
tissues 1s still a hot topic and necessary improvements have not been completed

yet. Therefore, by taking advantage of the open-ended coaxial probe measurement
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technique for this thesis work, we investigated the problems of this technique in terms
of low measurement accuracy and repeatability. Furthermore, possible suggestions are

made for improvements of the open-ended coaxial probe measurement technique.

2.3 Hypothesis

Current dielectric property retrieval methods generate low accuracy dielectric property
measurements. A robust and applicable new methodology based on sensing depth of
the open-ended coaxial probe is one approach that can add considerable contribution in
dielectric property measurement available in literature. Furthermore, a new approach
for deep learning algorithms has been introduced and design flexibility for different
probe dimensions is achieved via this method. Finally, this research can lead to the
development of a novel method for tissue anomalies diagnosis and a new perspective
in hyperthermia, radiofrequency ablation, microwave ablation treatment. One of
problems of our generation is to discover cancer treatment and to find early diagnosis
methods. With this proposed thesis, the researcher will be able to pervade to this

subject while applying their current experience in the field of bioelectromagnetics.

To this end the originality of the study can be summarized as follows:

1. In the first part of the thesis, we investigated the sensing depth of the 2.2

mm-diameter open-ended coaxial probe for skin cancer detection.

2. In the first part of the thesis, we have defined sensing depth of the probe based on

three different percentage changes in the relative permittivities.

3. In the first part of the thesis, we determined the sensing depth of the probe for skin

tissue by utilizing skin mimicking phantom and materials.

4. In the first part of the thesis, we described a simple measurement protocol to

quantify the sensing depth of the open-ended coaxial probes.

5. In the second part of the thesis, we developed an experimental setup to explore how

sensing depth can effect the results during ex-vivo experiments.

6. In the second part of the thesis, we measured the dielectric property of rat’s tumor,

breast, skin, white adipose tissues.
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10.

11.

12.

13.

14.

15.

16.

In the second part of the thesis, we defined the sensing depth of the probe for
rat’s breast and skin tissues with five different percentage changes in relative

permittivities and conductivities.

. In the both first and second part of thesis, we developed an approach to acquire

dielectric property.

. In the third part of the thesis, we defined the sensing depth of the open-ended coaxial

probe with small radii to enable selection of appropriate probes during dielectric
property characterization of highly heterogeneous, skin-like, tissues consisting of

multiple thin layers.

In the third part of the thesis, we established a definition for sensing depth via
examination of the three different percent change thresholds in retrieved/measured

dielectric property for different probe dimensions.

In the third part of the thesis, we investigated the significance of tissue layers located
immediately at the probe aperture during sensing characterization eg. how thin and
high dielectric property contrast layers positioned on top of the tissue effect the

probe sensing depth.

In the forth part of the thesis, we design a deep neural network, which can retrieve

Debye parameters from reflection coefficients.

In the forth part of the thesis, we synthetically generated very large dataset to

conveniently train the deep learning model in a short time.

In the third part of the thesis, we theoretically modelled the open-ended coaxial
probe and proposed an approach that offers the opportunity easily work with any
desired probe dimensions, and any data fitting model such as Cole-Cole, Debye or

multipole Debye.

In the third part of the thesis, we tested the designed model with reflection

coefficients obtained from CST and ADS simulations to retrieve Debye parameters.

In the third part of the thesis, we experimentally tested the the designed model
with the reflection coefficients obtained from five different standard liquids, four

mixtures, and a gel-like material.
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17. In the third part of the thesis, we statistically verified the designed model with both

the synthetically generated and measured data.

At researcher level, the impact of this thesis is to gain new skills and perspective
in electromagnetics.  Additionally, it also enabled the transfer of innovation
based thinking and planning capabilities to the researcher. Other technical skills
such as simulation and experimental validation of open-ended probe methods and
classification techniques were also acquired. These technical skills can be applied to
other research projects and currently its been applied on classification of kidney stone,
detection of skin cancer. Furthermore, other technical skills gained such as experience
on the animal experiment procedures and ethical approvals for such experiments will
ultimately help the researcher on future bioelectromagnetics research. The long-term
impact of the thesis is expanding the life quality and life span through development
of microwave sensors for detection of biological tissue anomalies based on microwave

dielectric properties discrepancy.

This work will lay out the foundations for a novel diagnostic technology that can enable
low-cost biopsy procedures and decrease cancer recurrence rates after cancer resection
surgeries. Societal impact of these two devices are (1) enabling low-cost biopsies, (2)

decrease cancer recurrence rates.
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3. TOWARDS NON-INVASIVE DIAGNOSIS OF SKIN CANCER: SENSING
DEPTH INVESTIGATION OF OPEN-ENDED COAXIAL PROBES !

Dielectric properties of biological tissues are traditionally measured with open-ended
coaxial probes. Despite being commercially available for laboratory use, the technique
suffers from high measurement error. This prevents the practical applications of the
open-ended coaxial probes. One such application is the utilization of the technique
for skin cancer detection. To enable a diagnostic tool, there is a need to address
the error sources. Among others, tissue heterogeneity is a major contributor to
measurement error. The effect of tissue heterogeneity on measurement accuracy can
be decreased by quantifying the probe sensing depth. To this end, this work (1)
investigates the sensing depth of the 2.2 mm-diameter open-ended coaxial probe for
skin mimicking material and (2) offers a simple experimental setup and protocol
for sensing depth characterization of open-ended coaxial probes. The sensing
depth characterized through simulation and experiments using two double-layered
configurations composed to mimic the skin tissue heterogeneity. Three thresholds in
percent increase of dielectric property measurements were chosen to determine the
sensing depth. Based on the experiment results, it was concluded that the sensing
depth was effected by the dielectric property contrast between the layers. That is,
high contrast results in rapid change whereas low contrast results in a slower change
in measured dielectric properties. It was also concluded that the sensing depth was
independent of frequency between 0.5 to 6 GHz and was mostly determined by the

material located immediately at the aperture of the probe.

3.1 Introduction

Over the past half-century, researchers showed a great interest in quantifying the
microwave dielectric properties of biological tissues. This effort paved the way

for the development of microwave diagnostic and therapeutic technologies [2—4, 6,

I'This chapter is based on the paper "Aydinalp, C., Joof, S., Yilmaz, T. 2021. Towards Non-Invasive
Diagnosis of Skin Cancer: Sensing Depth Investigation of Open-Ended Coaxial Probes, Sensors, 21(4),
1319.7
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50]. Dielectric properties of biological tissues are pivotal design parameters for
the development of such devices [9, 51, 57, 58]. Among other dielectric property
measurement techniques, open-ended coaxial probe technique has been a widely
preferred data collection method due to several advantages including non-destructive
measurement features, broadband measurement capabilities, and flexible sample
requirements [22,39,59,60]. Therefore, the technique is widely utilized to quantify the
in vivo and ex vivo dielectric properties of different biological materials. For example,
in [9], open-ended coaxial probe technique was utilized to measure dielectric
properties of excised animal tissue, human autopsy materials, and in vivo dielectric
properties of human skin, tongue tissue between 10 Hz and 20 GHz. This study
reported a comprehensive data reservoir of biological tissue dielectric properties.
In another study, ex vivo dielectric properties of normal, benign, and malignant
breast tissues were analyzed between 0.5 to 20 GHz [39, 61]. More recently,
practical applications of open-ended coaxial probe technique was envisioned one such
application is the utilization of the technique as a biopsy device [48, 52]. Even
though open-ended coaxial probe technique has a number of advantages, the technique
suffers from high error rates that prevent the launch of the technique to clinical
practice as a medical device. High error rates can stem from equipment or tissue
related variability. Equipment related errors can result from the equipment of choice,
measurement uncertainties, and calibration [42]. Tissue related errors are caused
by temperature discrepancies, probe-sample contact, probe contact pressure, in vivo
versus ex vivo experiments, sample handling procedure, tissue sample properties,
and tissue heterogeneity. Reported in vivo tissue and phantom dielectric property
comparisons show that the sample heterogeneity has a large effect on tissue-related
errors [48]. To mitigate the tissue-related errors, there is a need to define the

relationship between the sample and probe sensing depth.

Several studies were presented in the literature attempting to characterize the sensing
depth of the open-ended coaxial probes. In [62], two probes with 18 mm and 21
mm aperture diameters were used to analyze the probe aperture dependent effective
penetration depth for heterogeneous tissue samples. In another study, the sensing
volume of two open-ended coaxial probes with 2.2 mm and 3.58 mm aperture

diameters were examined for measurement of breast tissue dielectric properties [63].
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In [56], sensing the volume of open-ended coaxial probe with 2.2 mm-diameter
was investigated by using double-layered configuration composed of liquid and
Teflon to represent the heterogeneous tissue composition. In [64], sensing depth
of open-ended coaxial probe with 2.2 mm aperture diameter was investigated by
performing experiments with six double-layered configurations based on analysis of
five different sensing depth definitions. These studies used different terminologies
such as effective penetration depth, sensing volume, histology region, sensing depth
to describe the relationship between sample heterogeneity and measured dielectric
properties with open-ended coaxial probes [56,62—65]. In [63], sensing volume was
explained as the smallest distance between the probe and boundary (beaker, stand
and air) for which the real (¢’) and imaginary (€”) parts of the complex permittivity
errors remain below 10%. In [56], sensing volume was described as the thickness of
intervening liquid when the measured dielectric properties reached 50 and 90%. For a
double-layered configuration, histology region or depth was described as the distance
where the contribution of the second layer’s dielectric properties to the measured
dielectric properties of the first layer becomes undetectable [64]. Reported studies
in [56,62—-64] indicate that the definition of sensing depth varies based on measurement
sample, probe aperture size and the chosen measured dielectric property threshold
(variation of dielectric property as a percentage). While these analyses are important
for understanding the relationship between sensing depth and dielectric properties of
heterogeneous tissues, these studies must be expanded by including specific tissue
types to realize the practical applications of open-ended coaxial probes. Further, there
is a need to establish a robust and replicable measurement protocol to quantify the
sensing depth. To this end, the goal of this work is to investigate the sensing depth of
a commercially available open-ended coaxial probe with 2.2 mm aperture diameter for

skin cancer detection in order to,

e define the sensing depth of the probe for skin tissue by utilizing skin mimicking

materials,

e cstablish a simple measurement protocol to quantify the sensing depth of

open-ended coaxial probes.
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This work attempts to minimize the potential measurement errors to enable an
open-ended coaxial probe-based skin cancer detection device. To do so, two
double-layered sample configurations were prepared to represent the heterogeneous
tissues. Considering that many different definitions were used to describe this
measurement concept, we used the term “sensing depth” to define the measurement
sensitivity; that is, the intervening liquid thickness where the measured dielectric
properties changes by 5% of the pure liquids’ dielectric properties. In this study,
we also chose three thresholds (reflecting the percent change) for sensing depth
measurement. The sensing depth of open-ended coaxial probe with 2.2 mm aperture
diameter (Keysight Technologies, Santa Rose, CA, USA) was investigated utilizing
the heterogeneous double-layered samples. The remainder of this paper is organized as
follows: Section 3.2, materials and methods, simple and easily replicable measurement
setup and protocol are explained in detail. In Section 3.2 simulation configurations are
described. Section 3.3 shows results obtained from both experiments and simulations.

In Section 3.4, obtained results are discussed in detail.

3.2 Materials and Methods

In the following section, the details of dielectric property measurements and
simulations are explained. Experiment setup, prepared skin mimicking phantom
material, double-layered sample arrangements and measurement protocol along with

simulation configurations are given.

3.2.1 Experiment setup

Dielectric property measurement setup consisted an Agilent FieldFox N9923A 6 GHz
RF Vector Network Analyzer (VNA) (Santa Clara, CA, USA), an Agilent dielectric
slim form probe with 2.2 mm aperture diameter, Agilent 85070E dielectric property
measurement software (Santa Clara, CA, USA), an external computer, an adjustable
stand, and a digital caliper. The experiment setup is shown in Figure 3.1. Open-ended
coaxial probe with 2.2 mm aperture is frequently preferred for dielectric property
measurements of biological tissues and high permittivity, high loss liquid or gel-like

materials; therefore, the probe was selected for this work [22, 52].
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Figure 3.1 : Experimental setup: (1) Agilent FieldFox N9923A 6 GHz RF Vector
Network Analyzer (VNA), (2) Agilent N1501A Dielectric Slim Form
Probe, (3) Agilent 85070E software, (4) an adjustable stand, (5) a digital
caliper (6) conductive textile and (7) pure material samples (olive oil,
skin phantom and triton X-100).

The (VNA) was used to collect the S parameter response between 0.5 and 6 GHz with
55 MHz increments. This frequency range was chosen based on the limitation of the
VNA and also many biological tissue studies were performed in this frequency range.
Agilent 85070E software was installed on the external computer for dielectric property
calculation from the measured S parameter response of the probe. The calibration
process was carried out according to the software instructions: open circuit (the
probe tip was left in the open air), short circuit (the probe tip was terminated with
a conductive textile), a broadband load (the probe tip was immersed in distilled water
with known temperature). In order to eliminate temperature drift errors caused by
thermal expansion characteristics, the experiment setup was turned on 4 h prior to
measurements. Mitutoyo absolute digimatic caliper 0—150 mm with 0.01 mm digital

step size was used to measure the probe tip distance from layers.

3.2.2 Sample configuration

Sensing depth of 2.2 mm-diameter open-ended coaxial probe was analyzed by

preparing two different double-layered sample configurations; that is, skin mimicking

27



-

SECOND LAYER

FIRST LAYER

Figure 3.2 : Diagram of the double-layered configuration consisting of skin
mimicking phantom as the first layer and olive oil or triton X-100 as the
second layer.

phantom-olive oil and skin mimicking phantom-triton X-100 as shown in Figure 3.2.
Although the prepared samples were heterogeneous, each layer was individually
homogeneous. The first layer (skin mimicking phantom) was placed at the bottom of
the configuration while the second layer (olive oil or triton X-100) was at the top of the
configuration. Note that the composed phantoms are chemical gels and once jellified
it can not be liquified again. Therefore, we do not expect an interaction, chemical
or otherwise, between the liquids and the phantom. Throughout the experiments,

the samples were inspected by eye to ensure that the second layer was visibly clear.

The details of the skin mimicking phantom recipe and preparation along with a
comparison to skin tissue dielectric properties were given in [66]. The homogeneity
of the phantom was evaluated by measuring at seven different depths from the surface
to the bottom of a cylindrical shaped phantom. The phantom dimensions were 65 by
65 mm in diameter and height, respectively. At each depth, five different positions
were measured. In total, the standard deviation from the mean of the measurement
results taken from 35 different points on the skin-mimicking phantom was found to
be 0.428 at 0.5 GHz, which indicated that the phantom was homogeneous enough to
be utilized as the first layer. For the double-layered configurations; first, 15 mL of
liquid phantom was solidified in a beaker then the desired liquid was added as the
second layer. Prepared double-layered configuration samples are shown in Figure 3.3.
Measured dielectric properties of each layer at 0.5 and 4.02 GHz frequency points are

listed in Table 3.1.

3.2.3 Measurement protocol for sensing depth characterization

The experimental procedure utilized in order to investigate the sensing depth of the 2.2

mm open-ended coaxial probe, shown in Figure 3.4, is explained as follows :
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Table 3.1 : Relative permittivity and conductivity measurements of each layer in
double-layered configurations at 0.5 GHz and 4 GHz.

Relative Permittivity ~ Conductivity (S/m)

Sample
05GHz 4.02GHz 05GHz 4.02GHz
Skin Phantom  38.26 32.89 0.98 2.30
Olive Oil 2.56 2.26 0.02 0.04
Triton X-100 5.86 3.85 0.04 0.21

(a) (b)

Figure 3.3 : Double-layered configurations and part of the experiment setup for the
measurement of layer thickness and step size: (a) skin phantom-olive oil
(left) and skin phantom-triton X-100 (right), (b) adjustable stand and
digital caliper for thickness measurements.

e Figure 3.4 Step 1
— The probe was placed in a fixed position and the same position was maintained
throughout the measurement procedure in order to reduce the error due to

cable movement.
— The first layer was placed on the adjustable stand platform and slowly lifted

towards the probe tip.
— When the first layer’s surface reached the probe tip, the caliper reading was

recorded as the reference distance value for the second layer.

e Figure 3.4 Step 2

— The adjustable stand was lowered in order to add the second layer.
— Without changing the position of the sample, the liquid second layer was added

using a Pasteur pipette.
— Similar to step 1, when the top surface of the liquid second layer reached

the tip of the probe, the value displayed on the caliper was recorded as the
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STEP 2

Figure 3.4 : The process of the dielectric property measurement for sensing depth
analysis.

second reference distance value. Note that the difference between the two
reference points gives the thickness of the second layer and the measurement
step size was determined accordingly. The knowledge of the first reference
point eliminates the changes in measured distance due to probe pressure to
gel-like the first layer. This simple approach prevents a potential misleading

sensing depth measurement.

e Figure 3.4 step 3

— The first dielectric property measurement was taken when the probe tip was
touching the top surface of the second layer; that is, the second reference

point.

— Next, the double-layered sample was gradually lifted with the adjustable stand
allowing the probe to immerse into the second liquid layer. The dielectric
property measurement was collected for each probe position at different

depths in the liquid second layer.

— Experiments were finalized when the probe tip reached the top surface of the

first layer; that is, the first reference point.

3.2.4 Simulation configuration for sensing depth characterization

Open-ended coaxial probe and two different double-layered sample configurations
were simulated with Ansys High-Frequency Structure Simulator (HFSS), 3D
electromagnetic (EM) simulation software as shown in Figure 3.5. The commercially

available Agilent’s 2.2 mm probe datasheet, provides only the outer diameter of the
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probe. This probe was replicated using the same outer diameter. Teflon (g, = 2.1)
is used as the dielectric between the inner and outer conductor. For a coaxial probe
with an outer diameter of 2.2 mm and Teflon as the dielectric material, the diameter
of the inner conductor was calculated as 0.657 mm for 50 € impedance matching.
Two different double-layer configurations were configured by assigning skin tissue
for the first layer and olive oil or triton X-100 for the second layer. The simulations
were performed in the frequency range of 0.5 to 20 GHz with 0.25 GHz increments
by selecting various top layer thicknesses (d,) with three different ranges: 0.01-1 mm
with 0.05 mm increments, 1-3 mm with 0.2 mm increments and 3—5 mm with 1 mm
increments. The main reason for determining three different ranges was to reduce the
simulation time and to be able to work with small increments in the range where the
relative permittivity alteration was highest. Note that the sensing depth is determined
based on the percent change in relative permittivity. Therefore, it is important to
collect probe response in smaller distances when the measured dielectric property
change could be significant. To retrieve complex dielectric properties from simulated
S parameter responses, an in-house algorithm was used. Validation of the in-house
algorithm was performed by comparing the literature, simulation, and experiment
results for skin tissue that are listed in Table 3.2. For the simulation, the Debye
parameters €., & and T were selected as 4, 42 and 6.9 ps,respectively [67]. Please
note that the dielectric properties used in the simulation were obtained from [67]
and literature values used for comparison were obtained from [9]. Therefore,
conductivity discrepancy in Table 3.2 represents the discrepancy between the sources
in the literature. Nevertheless, the sensing depth characterization is traditionally
performed with relative permittivity values due to higher measurement uncertainty of
conductivity. Thus, the difference between simulation and literature results for the
conductivity in this work was omitted. Broadband validation of the in-house algorithm

with various materials is given in Section 3.3.1.2.

Table 3.2 : Comparison of the literature data, simulation, and experiment results for
skin mimicking phantom at 2 GHz.

Property Literature [9] Simulation [67] Experiment
Relative Permittivity 43.54 41.72 37.04
Conductivity (S/m) 1.33 0.37 1.49
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Figure 3.5 : Double-layered simulation configuration and 2.2 mm-diameter probe
design: (a) first layer represents the skin tissue with d; thickness and the
second layer represents the liquid (olive oil or triton X-100) with dp
thickness. (b) Simulated open-ended coaxial probe with 2.2 mm outer
diameter and 0.657 mm inner diameter.

3.2.5 Sensing depth determination

Reported studies in the literature are analyzed in this section to determine the sensing
depth measurement procedure that will be adopted in this work. Details of the two
previously reported studies are listed in Table 3.3 [56, 64]. Both studies employed
the commercially available Agilent slim form dielectric probe with 2.2 mm aperture

diameter.

In the literature, special experiment setups were designed and used to collect the
dielectric property data for sensing depth analysis of the 2.2 mm-diameter probe
with double-layered sample configurations. In [56], the double-layered configuration
was comprised of Teflon and water for the first and the second layer, respectively.
The sensing depth of the probe was determined based on the percentage of the relative
permittivity change. The sensing depth for 50% relative permittivity change was
calculated as 0.2 mm; that is, the distance of probe tip from the top of the first
layer. Please note that 50% relative permittivity change indicates measured relative
permittivity was equal to 50% of the second layer’s (water) relative permittivity.
Similarly, the sensing depth for 90% relative permittivity change was measured at 0.5
mm. Likewise, this sensing depth indicates measured relative permittivity reached

to 90% of the second layer relative permittivity. In [64], the distance (the range
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1.2-3.65 mm) was calculated based on the flattening of the change in measured
dielectric properties. Both reported studies collected the measurements by lowering
the samples; thus, started collecting dielectric property data from the first layer. In this
work, the sample was lifted towards the probe; therefore, data collection starts from

the second layer.

In this work, the sensing depth determination techniques reported by the studies given
in Table 3.3 are utilized. In accordance with the literature, 5, 20 and 80% change
in measured relative permittivity rather than the change in measured conductivity due
to higher measurement uncertainty reported for conductivity [64]. The reported error
of the commercial systems is 5% [68]. To analyze the sensing depth findings within
the reported error range we use 5% as the first threshold for sensing depth analysis.
The effective penetration depth for 2.2 mm aperture probe was defined as 20% [56].
Therefore, in this study, we selected the 20% as the second threshold for sensing depth
analysis. Similarly, in the literature, a complimentary point was chosen to analyze the
sensing dept one example is the 10 and 90% change in measured dielectric properties.
Therefore, 80% change was chosen as the third threshold complementary to 20%.

Obtained results are given in detail in Section 3.3.

3.3 Results

This section presents the sensing depth analysis performed on relative permittivity
obtained from the simulations and measurements. Axial electric field magnitude
obtained from simulations using different configurations are shown in this section.
Furthermore, the validation of in-house algorithm is demonstrated for pure materials
(triton X-100, olive oil) and skin tissue. Note that these materials were used for
double-layered configurations. Sensing depth analysis of 2.2 mm-diameter probe
from simulation results using double-layered configurations were performed and three
probe positions were designated based on the previously defined percent thresholds.
Various frequency points were also considered for sensing depth analysis. In the
second part of this section, the experiment results based on probe positions are given.
Additionally, sensing depth obtained from two different double-layered configurations

are compared to analyze the role of the relative permittivity of the second layer. Lastly,
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Table 3.3 : Reported sensing depth analysis of open-ended coaxial probe with 2.2
mm aperture diameter utilizing double-layered configuration.

Definition First Second Probe Distance
Layer Layer Aperture
Sensing  Teflonblock oo 0%  90%
volume [56] (6, =2) e MM 02 mm* 0.5 mm*
clinical
saline
Rubber A
(g, =7at
Rsu S;IIZ)B 0.9% saline
(g, =52 at
5 GHz)
Histology Rubber A 1.20 to
depth [64] (e, =7 at 7 3.65 mm **
5 GHz)
Rubber B
Fat
(g =52 at
5 GHz) (=25
Porcine Muscle g Gz
(& =46 at
5 GHz)
Porcine Fat
(& =11at
5 GHz)

* The distance where the measured relative permittivity reflects the 50% and 90% of the second layer
relative permittivity. * * The distance where the measured relative permittivity fully reflects the second
layer.

similar to simulations, three positions were determined to specify the sensing depth for

experiment results.

3.3.1 Simulation results

3.3.1.1 Electric field distribution

The axial magnitude of the electric field at 2 GHz is illustrated in Figure 3.6a—d
when the probe tip is terminated with only skin, only olive oil and two skin—olive
oil double-layered configurations. The double-layered configurations include 0.3 and
3 mm olive oil thicknesses. The electric field of these configurations are given directly
around the probe tip to precisely demonstrate the field distribution closest to the

probe. From the figures, it can be seen that the electric field of the single-layer
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Figure 3.6 : Electric field strength in single layer configurations (a) olive oil, (b) skin
tissue, and double-layered configurations (c) olive oil with 0.3 mm
thickness, (d) olive oil with 3 mm thickness.
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configurations are different from the double-layered configurations. The electric field
was approximately 70 dB around all probe tips, and the electric field magnitude
difference between the furthest point and near the probe tip was approximately 60
dB. As seen in Figure 3.6¢, when olive oil thickness was equal to 0.3 mm, the electric
field on both layers were approximately 70 dB. When olive oil thickness was selected

as 3 mm, the electric field on the skin layer decreased to approximately 30 dB.

3.3.1.2 In-house algorithm validation

Dielectric properties are not directly measurable quantities and in the open-ended
coaxial probe technique, these properties are derived from the admittance model [69].
The admittance model relates the ratio of the material’s admittance (Y(€)) and
probe’s admittance (Y (0)) to the material dielectric properties via an integral equation.
The admittance ratio is calculated from the probe’s reflection coefficient (I') which is
obtained through the measured S parameter response of the probe when terminated
with known materials, so-called calibration, and with the Material Under Test (MUT)

as shown in equation (3.1).

(Y(e)) (1-T)
¥(0) (11T G-D

Based on the admittance model, the in-house algorithm adopts the Gauss—Newton

iterative algorithm with Tikhonov regularization to solve the integral equation.
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One important aspect of the in-house model is, unlike traditional approaches,
the algorithm derives the mathematical model parameters of the MUT dielectric
properties instead of solving the admittance model for each frequency. For example,
parameters of Debye model or Cole—Cole model. The algorithm solves the admittance
model numerically while minimizing the error between the numerical solution (¥’)

and measured admittance response (') as shown below in equation (3.2):

err =abs(Y —Y')
(3.2)

min = err

When the solution converges the measured values, the algorithm returns the parameters
of the mathematical model representing the complex dielectric properties of the MUT.
Note that the input of the algorithm constitutes the simulated or measured S parameter

response of the probe with known materials and with MUT.

The proposed in-house algorithm was verified by retrieving the dielectric properties
of materials employed in this work namely olive oil, triton X-100 and skin tissue.
The following steps were followed for verification, (1) to perform the simulation of the
pure materials (skin phantom, triton X-100 and olive oil), the Debye parameters from
literature [67,70,71] were given to the simulation, (2) the obtained properties were
entered to the simulation program and the S parameter responses of the open-ended
coaxial probe were obtained, (3) the simulation results were fed to the in-house
algorithm to retrieve a new set of Debye parameters, (4) dielectric properties were
calculated by inserting the desired frequency range to the Debye parameters obtained
from the in-house algorithm, (5) literature dielectric properties were calculated from
the Debye parameters given in [67,70,71] and compared to the retrieved dielectric
properties. The comparison of the dielectric properties obtained from the literature
[67,70,71] and the in-house algorithm are given in Figure 3.7. From the figure,
it can be seen that the calculated dielectric properties from the Debye parameters
retrieved via an in-house algorithm provide good accuracy. Furthermore, the maximum
discrepancy between the obtained dielectric properties from the literature data and
retrieved dielectric properties from the in-house algorithm at 0.5-6 GHz frequency
range are listed in Table 3.4. The discrepancy was calculated based on absolute values

over 0.5-6 GHz frequency range.
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Figure 3.7 : Comparison of pure material (skin, triton X-100 and olive oil) dielectric
properties (a) relative permittivity and (b) conductivity calculated from
Debye parameters obtained from the literature and retrieved from the
in-house algorithm.

Table 3.4 : Maximum dielectric property discrepancy between retrieved and Debye
model for pure materials (skin, triton X-100 and olive oil) used for
double-layered configurations in simulations.

Discrepancy Frequency Discrepancy Frequency

Mateglls fof & (GHz)  foro (S/m)  (GHz)
Skin [67] 1.00 6 031 6
Triton X-100 [70] 0.68 05 0.05 2
Olive oil [71] 0.29 1 0.11 6

3.3.1.3 Sensing depth analysis: Simulation results

In order to analyze the sensing depth of the probe, we selected 5 frequency points
between 0.5 and 20 GHz. For analysis purposes, we specified three thresholds for
retrieved relative permittivity percent increases as described in Section 3.2.5. In Figure
3.8, the change in the dielectric property of the skin—triton X-100 configurations is
demonstrated for 0.5, 2, 4, 10 and 20 GHz frequency points against probe distance

from the surface of the first layer; that is, the first reference point.

Although the sensing depth was analyzed from O to 5 mm probe distance, 0 to 1.2
mm probe distance from the first layer is given in Figure 3.8 for precise graphical
representation. In Table 3.5, increments of 5, 20 and 80% in measured relative

permittivity values and corresponding distances at five frequency points are listed. As
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Figure 3.8 : Retrieved dielectric properties of the double-layered skin—triton X-100
configuration: (a) relative permittivity and (b) conductivity as a function
of probe’s distance from first layer at 0.5, 2, 4, 10 and 20 GHz.

seen in Table 3.5, the relative permittivity of triton X-100 increased by 5% between
0.76 and 1.2 mm at five frequency points. As the probe tip approached the first
layer, the measured relative permittivity increased by 20% between 0.36 and 0.56
mm probe distances. Between 0.14 and 0.24 mm distances the relative permittivity of

the first layer was dominant in double-layered measurement and the retrieved relative

permittivity increased by 80% within this region.

The above-explained simulation design was also performed for skin—olive oil
double-layered configuration, where the second layer had lower relative permittivity
and conductivity in comparison to skin—triton X-100 configuration. The relative per-

mittivity and conductivity alteration of skin—olive oil configuration are demonstrated
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in Figure 3.9a,b, respectively at 0.5, 2, 4, 10 and 20 GHz frequency points. As
listed in Table 3.6, the results obtained are 0.66—1 mm, 0.36-0.86 mm, 0.16-0.36
mm sample thicknesses (distance from the first layer) for 5%, 20%, 80% increase in
retrieved relative permittivity, respectively. Figure 3.10 demonstrates the comparison
of double-layered configurations’ dielectric property alterations as a function of probe
distance from the first layer (skin) at 4 GHz frequency. In [64], the sensing depth
was evaluated in terms of the materials used for double-layered configuration. By
comparing the analysis performed in [64] to our results, it can be concluded that the
pace of change in retrieved dielectric properties is dependent on the dielectric property

contrast between the two layers.

As seen in Figure 3.10, the change in dielectric properties was gradual for the lower
contrast scenario. According to the results given in Tables 3.5 and 3.6 at 2 GHz,
the transition from 5 to 80% increase was required more distance for skin—triton
X-100 configuration, which verifies the previous finding indicating that sensing depth
is dependent on the sample dielectric properties [64]. A more detailed interpretation

of sensing depth is given in the following section.

Table 3.5 : Distances at the specified thresholds for simulated skin—triton X-100
configuration at 0.5, 2, 4, 10 and 20 GHz frequency points.

Distance (mm) for Distance (mm) for Distance (mm) for

Frequency 5% Increase 20% Increase 80% Increase
0.5 1.00 0.36 0.24
2 1.20 0.56 0.17
4 0.96 0.56 0.21
10 0.76 0.41 0.14
20 0.76 0.36 0.15

3.3.1.4 Sensing depth analysis: Experiment results

In order to analyze the sensing depth in detail, the dielectric property measurements
were taken by manually adjusting the distance between the probe and the first layer.
Measured relative permittivity change with respect to the probe position between 0.5
to 6 GHz is given in Figure 3.11. In the figure, d; indicates the value assigned to the

point where the probe tip is fully in contact with the first layer (first reference point)
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Figure 3.9 : Retrieved dielectric properties of the double-layered skin—olive oil
configuration: (a) relative permittivity and (b) conductivity as a function
of probe’s distance from first layer at 0.5, 2, 4, 10 and 20 GHz.

and dj3; indicates the value assigned to the position where the probe tip is in contact

with the second layer (second reference point).

The distances from d; to dg were 0, 0.03, 0.06, 0.1, 0.15, 0.18, 0.22 and 0.27 mm.
At these distances, the dielectric property measurements were similar to single-layer
skin phantom configuration, since the thickness of olive oil at the tip of the probe
were relatively small. Measured dielectric properties of double-layered configuration
varied drastically at dg (0.28 mm) and d;¢ (0.32 mm) distances. Even though there is
a drastic change between these two points, the measured relative permittivities were
still affected by the contribution of the first layer. The measured relative permittivities

between 0.38 mm (d;;) and 0.49 mm(d4) probe distance varied from 6.14 and 3.84.
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Table 3.6 : Distances at the specified thresholds for simulated skin—olive oil
configuration at 0.5, 2, 4, 10 and 20 GHz frequency points.

Distance (mm) for Distance (mm) for Distance (mm) for

Frequency 5% Increase 20% Increase 80% Increase
0.5 1 0.86 0.36
2 0.76 0.56 0.26
4 0.71 0.46 0.21
10 0.66 0.41 0.21
20 0.66 0.36 0.16
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Figure 3.10 : Skin—triton X-100 and skin—olive oil simulated dielectric properties: (a)
relative permittivity and (b) conductivity as a function of probe’s
distance from first layer at 4 GHz frequency.

As seen in Figure 3.11, smaller dielectric property values are obtained from dis

to d3». In Figure 3.12, dielectric property changes of these distances for the skin
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Figure 3.11 : Relative permittivity of skin—olive oil as a function of frequency at
various distances between the probe tip and first layer. The distances
are expressed as d; to d3,. In d; position indicates that the skin
phantom layer was in full contact with the probe tip.

Table 3.7 : Specified three levels for measured relative permittivity of skin—triton
X-100 and skin—olive oil configurations at 0.5, 1, 2.04, 4.02 and 6 GHz
frequency points.

Distance (mm) for Distance (mm) for Distance (mm) for

Materials 5% Increase 20% Increase 80% Increase
Skin—Triton X-100 0.87 0.58-0.66 0.36-0.42
Skin—Olive oil 0.81 0.6 0.42

phantom-olive oil configuration are shown in detail by plotting relative permittivity
and conductivity versus the distance between the probe tip and the first layer at
four different frequency values. Although the thickness of the second layer was 6
mm, the graphs were plotted until 1.32 mm thickness to clearly show the distance
axes. Additionally, the sensing depth with three percentage values was analyzed at
different frequency points as shown in Figure 3.13. The sensing depths for previously
designated percent change thresholds are given in Table 3.7 at 0.5, 2.04, 4.02 and 6
GHz frequency points. Note that all percent increases were calculated with respect to

dielectric properties of the second layer both in measurements and simulations.
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Figure 3.12 : Skin—olive oil dielectric properties as a function of probe distance from
the first layer at 0.5, 2.04, 4.02 and 6 GHz frequency points: (a) relative
permittivity and (b) conductivity.

Figure 3.14 represents the dielectric property of skin—olive oil configuration as a
function of probe tip distance from the surface of the first layer (first reference point)
at 2 GHz. If the change in the dielectric property was linear, we would have obtained a
decreasing linear line, which is shown in Figure 3.14, obtained by using two points
from the measured results. Based on our measurement results, when the distance
between the probe tip and the first layer was 0.28 mm, the measured dielectric property
change was 20% below the expected value according to the linear line. A similar
percentage difference was, also, recorded between the measured and expected value
in [62]. The difference between the previous study and this work is at 0.28 mm reported

measured dielectric properties were close to the second layer (water €, = 78.8) in [62]
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Figure 3.13 : Skin—triton X-100 and skin—olive oil 5, 20 and 80% increase in relative
permittivities at 0.5, 1, 2,4 and 6 GHz frequency points.
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Figure 3.14 : The analysis of relative permittivity changes according to 20%
difference between expected and obtained values at 2.04 GHz
frequency point for skin—olive oil configuration.

and it is close to the first layer (skin mimicking material €. = 37.4) in this work. From
the obtained results we can state that the medium with a high dielectric property in the

close proximity of the probe tip has more impact on the measurements.
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3.4 Discussion

Several studies on sensing depth analysis of the coaxial probe have been presented
in the literature to overcome tissue and equipment related errors. In this work,
application-specific investigation of sensing depth is presented to minimize the
dielectric property characterization error for diagnostic purposes. To this end, we
characterized a homogeneous skin mimicking phantom for the detection of skin
anomalies. A commercially available 2.2 mm aperture diameter probe was used.
Double-layered material was prepared by pouring liquid triton X-100 (&, = 5.86)
and olive oil (& = 2.56) layers on top of the skin mimicking phantom (g, = 38.26).
Skin—olive oil configuration and the skin—triton X-100 configuration represents high
and low dielectric contrast between the layers, respectively. Dielectric properties were
collected by gradually lifting the sample towards the tip of the probe. 5 to 80% change
in a dielectric property of the triton X-100 layer occurred when the distance between
the probe tip and skin phantom top surface was within 1.2—0.17 mm range. A similar
percentage change in the dielectric property of the olive oil occurred within 0.81-0.26
mm range for skin—olive oil configuration. From our results, we concluded that the rate
of change in measured relative permittivity is approximately 50% faster when there is
a high dielectric contrast between the layers. Additionally, the impact of the contrast
between two layers can be characterized as: (1) if a large contrast exists between two
layers, rapid change in dielectric property measurement is observed, and (2) gradual

change in dielectric property is observed if there is a small contrast between two layers.

External factors such as dust, humidity or genetic pre-disposition can cause the
formation of a layer above the skin. We investigated the effects of such a layer on the
measured dielectric properties of skin tissue by considering the percentage change in
measured relative permittivity of a double-layered configuration. This was represented
by skin mimicking material and triton X-100 or olive oil in this study. Even though the
layer created above the skin by explained factors can be very thin, our study suggests

that it will highly affect the dielectric property measurement.

In practice, it is recommended to choose a minimum sample thickness of 5 mm when

using the open-ended coaxial probe [68]. Based on our results, we concluded that
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the surface of the sample under test has more influence on the dielectric property
measurements than the size of the sample. For instance, when the thickness of the
intervening liquid was 0.28 mm in [62], the measured relative permittivity was 60.6 for
Teflon—water double-layered configuration. We obtained a relative permittivity of 24.9
for skin—olive oil configuration at the same distance. The study of sensing depth in [63]
was based on 10% error threshold for a dielectric property measurement of ethanol,
methanol and water. 10% change in (&’) and (&) was observed within 0.75—1.5mm.
In [64], the histology region was reported as 1.20-3.65 mm thickness. In this work,
5% increase in the dielectric property of liquid layers (triton X-100 €,=5.86 and olive
oil €=2.56) was observed within 0.81-0.87 mm the thickness. This work reports
a minimum required thickness of 0.81 mm. These results confirm that the material
located immediately at the tip of the probe significantly affects the measured dielectric

properties.

In [56], when the thickness of the intervening liquid was 0.2 mm, the measured
dielectric property reached 50% of liquid’s dielectric property for Teflon—water
double-layered configuration. In this work, at 0.22 mm thickness, the measured
relative permittivity was 30.7 which is 10 times higher than the dielectric property
of intervening liquid. The discrepancy between our results and the previous work
can be attributed to the dielectric properties of the materials chosen for each study.
In [56], the dielectric property of the intervening liquid was higher than the value of
the solid layer; however, in this work, a reverse configuration was employed. Due to
the difference in configuration, the dielectric properties of the intervening liquid in [56]
was dominant; in contrast, the dielectric property of a solid layer was dominant in our

measurement results.

3.5 Conclusions

Knowledge of biological tissue dielectric properties is of paramount importance in
the design of microwave medical devices. Therefore, there is a need to accurately
characterize the dielectric properties of biological tissues. Tissue heterogeneity is
known to be one of the major causes of erroneous dielectric property measurements.
Therefore, an accurate and specified definition of sensing depth can contribute towards

minimizing the error in the characterization of dielectric properties. To this end, this
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work investigates the sensing depth of 2.2 mm-diameter open-ended coaxial probe for
skin cancer detection. While measuring in-vivo dielectric properties of the skin tissue
it must be noted that the skin is composed of layers; therefore, it is heterogeneous and
the sensing depth of the probe must be defined for accurate determination of potential
abnormalities such as early-stage moles that can potentially be malignant and curable
when diagnosed early. In this study, simulations and experiments were performed for
sensing depth analysis with double-layered configuration samples. Unlike previously
reported studies, the experiments consisted of a simple measurement setup without
forming a special experiment setup tank. The double-layered samples included a
skin mimicking phantom as a first layer and liquids with low dielectric properties;
that is, olive oil and triton X-100, were added as second layers. The thickness
of each layer was calculated before dielectric properties were measured in order to
calculate the measurement step size and a reference level was set to eliminate probe
pressure-related errors. Liquids with low dielectric properties provide substantial
insight for a potential change in measured dielectric properties since the liquids mimic
the effect of the keratin layer which covers the top of the skin tissue. Three percent
thresholds in relative permittivity changes 5, 20, and 80% were tracked to define the
sensing depth at multiple frequencies. Both in the simulation and experiment results,
at 2 GHz 5%, 20% and 80% increase in dielectric properties of olive oil and triton
X-100 was observed when the probe tip distances are 0.66—1.2 mm, 0.36—0.86 mm and
0.14-0.42 mm, respectively, from the first layer (first reference point; that is, the top
surface of skin phantom). Based on the results, we can state that a membrane layer
or keratin layer on the skin tissue will potentially affect the measurement dielectric
property results by 80%. These findings also suggest that the layer that is in immediate
contact with the probe tip will have the most significant effect on dielectric property

measurements.
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4. TOWARDS ACCURATE MICROWAVE CHARACTERIZATION OF
TISSUES: SENSING DEPTH ANALYSIS OF OPEN-ENDED COAXIAL
PROBES WITH EX VIVO RAT BREAST AND SKIN TISSUES !

Dielectric properties of biological materials are commonly characterized with
open-ended coaxial probes due to the broadband and non-destructive measurement
capabilities. Recently, potential diagnostics applications of the technique have been
investigated. Although the technique can successfully classify the tissues with different
dielectric properties, the classification accuracy can be improved for tissues with
similar dielectric properties. Increase in classification accuracy can be achieved
by addressing the error sources. One well-known error source contributing to low
measurement accuracy is tissue heterogeneity. To mitigate this error source, there is a
need define the probe sensing depth. Such knowledge can enable application-specific
probe selection or design. The sensing depth can also be used as an input to
the classification algorithms which can potentially improve the tissue classification
accuracy. Towards this goal, this work investigates the sensing depth of a commercially
available 2.2 mm aperture diameter probe with double-layered configurations using ex
vivo rat breast and skin tissues. It was concluded that the dielectric property contrast
between the heterogeneous tissue components has an effect on the sensing depth. Also,
a membrane layer (between 0.4—0.8 mm thickness) on the rat wet skin tissue and breast
tissue will potentially affect the dielectric property measurement results by 52% to

84%.

4.1 Introduction

Interaction of electromagnetic fields with biological tissues has been a research topic
for almost a century partly due to ever increasing pervasiveness of such signals in
the environment [1,5,72]. Dielectric properties govern the interaction between the

biological tissue and the electromagnetic waves; therefore, the accurate knowledge of

I'This chapter is based on the paper "Aydinalp, C., Joof, S., Yilmaz, T. 2021. Towards Accurate
Microwave Characterization of Tissues: Sensing Depth Analysis of Open-Ended Coaxial Probes with
Ex Vivo Rat Breast and Skin Tissues, Diagnostics, 11(2), 338.”
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dielectric properties is crucial for modeling of electromagnetic wave and biological
tissue interaction. Open-ended coaxial probes have been widely used for dielectric
property characterization of biological tissues [8—10]. Due to the potential applications
of electromagnetics in breast cancer research such as microwave breast imaging and
breast cancer hyperthermia, the dielectric properties of breast tissue have been a
research interest. In [61], the dielectric properties of normal, malignant and benign
breast tissues were reported from 0.5 to 20 GHz using the open-ended coaxial probe
technique. Measurements carried out with ex vivo human breast tissues from 0.5 to
50 GHz were reported in [60]. These studies formed the dielectric property database
for the microwave breast cancer research on imaging and hyperthermia applications.
Recently, in vivo rat breast tissue dielectric properties have been explored to unveil
other diagnostic applications such as potential use of open-ended coaxial probes for
biopsy purposes [22]. It should be noted that the emerging diagnostic applications of
the technique have also revealed the need to measure the experiment animal breast
tissue dielectric properties. Although promising results for categorizing the high
dielectric property difference tissues were obtained [52, 53, 60, 61, 73], there is still
a need to improve the classification accuracy for tissues with low dielectric property
difference. The technique is known to suffer from high measurement error and
low measurement repeatability. The error can stem from the tissue heterogeneity or
equipment degradation [42]. Equipment related errors are mitigated by improving the
calibration methods. However, it was shown that the large error margins tend to mostly
emanate from tissue heterogeneity [48]. To realize practical applications of the probe,
there is a need to investigate the probe sensing depth where the sensing depth can
either be used to choose the probe type or it can be used as an input for machine or

deep learning algorithms for accurate characterization of the tissue under investigation.

Several studies have been reported on the open-ended coaxial probe sensing depth
definition to overcome the tissue heterogeneity related errors. These studies used
different terminologies such as effective penetration depth, sensing volume, histology
region and corresponding definitions for the used terminologies [56, 62-64]. For
example, in [63], sensing volume of open-ended coaxial probe with 2.2 mm aperture
diameter was investigated using pure alcohols and de-ionized water. Required sample

thickness for 2.2 mm probe was determined as 1.5 mm for the samples. Similarly,
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in [56], sensing volume of 2.2 mm aperture diameter probe was determined as 200
to 400 microns where the tissue heterogeneity was modeled using double-layered
Teflon and de-ionized water configuration. In [62], the effective penetration depth
characterized using previously introduced Teflon and de-ionized water configuration
was used to measure the penetration depth with 2.2 mm aperture diameter open-ended
coaxial probe. The definition used for the reported experiment in [62] was 20% change
in measured permittivity values and the penetration depth was given as 0.28 mm.
The percent change was determined through a linearly extrapolated line. In another
study [64], the histology region was defined as the depth at which the measured
results can reflect the changes in the tissue sample. When determining the changes,
the measurement uncertainty was considered. The analysis in the reported work was
carried out with six different sample configurations, two of which included ex vivo
porcine tissue. Determined histology region for the 2.2 mm aperture probe was varied

from 1.20 to 3.65 mm based on the frequency and the material under test.

Although the reported studies give valuable insights, the sensing depth of the probe
with low dielectric property difference samples have not been explored. Mostly high
dielectric property difference scenarios, such as Teflon and de-ionized water or muscle
and fat were used for heterogeneity representation. However, the heterogeneity can
have varying dielectric property discrepancies in a realistic setting. One example is
the difference between breast benign and malignant tumor tissues reported as 10%
[61]. Therefore, this study explores open-ended coaxial probe sensing depth with
samples with varying heterogeneity in an attempt to understand the effect of dielectric
property difference on sensing depth. The heterogeneity was represented by using
double-layered configurations composed with ex vivo rat breast tissue and oil also ex
vivo rat skin tissue and triton X-100. Rat tissues were chosen due to common use of
rat models for as experiment animals [74]. The experiments were conducted using
commercially available and widely used 2.2 mm slim form open-ended coaxial probe.
Unlike previously introduced specialized measurement tanks, a simple measurement
setting was used. Sensing depth was determined by tracking five different measured

dielectric property percent change values.

Remainder of this paper is arranged as follows: Section 4.2, background is given. In

Section 4.3, materials and methods including experiment setup, sample configuration
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and measurement protocol are explained in detail. Section 4.4 presents results obtained

from the experiments. In Section 4.5, findings are discussed in detail.

4.2 Background: Rat Tissue Characteristics

The skin is the most sizable organ, since it covers the entire surface area of the
body. It mainly functions as a barrier against dehydration and microbial infection
from the outside environment. The skin is comprised of various tissue types: (1)
epidermis (epithelial cells), (2) dermis (collagen, fibroblasts, mast cells, nerves, blood
vessels), (3) hypodermis (white adipose tissue), (4) panniculus carnosus muscle, and

(5) adventitia (subcutaneous tissue) [74].

1. The epidermis contains one or two cell layers of cornified stratified squamous

epithelium [75].

2. The dermis is a connective tissue that takes place beneath the epidermis and
serves as a support with many blood vessels, lymphatic vessels and nerve fibers.
Moreover, the hair follicles with their attendant sebaceous glands and the sweat

glands are in the dermis [75].

3. The hypodermis is a layer of white adipose tissue (white fat) under the dermis.
Adipose tissue is formed of adipocytes which are circular cells containing fat
vacuoles. The hypodermal thickness is an important factor that shows the

nutritional condition of the animal.

4. The panniculus carnosus is a skeletal muscle and can be described as the boundary

between the dermal layers and the underlying adventia.

5. Subcutaneous tissue is a non-uniform collagenous tissue beneath the panniculus
carnosus and contains fibroblasts, nerves, and blood vessels. It connects the skin
to the skeletal muscle and provides the necessary elasticity and movements for the

skin.

This intricate organ constitutes various adnexal structures such as modified sebaceous
glands, eccrine and apocrine sweat glands. For instance, the mammary glands are a

modified form of apocrine sweat gland. Since the mammary glands are formed from
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the epidermal precursors that develop downward during prenatal development, they

are considered to be cutaneous adnexa.

Nipples are in the abdominal region as 6 pairs following lines that curve towards
the midline. Generally, they are 2 mm in length; however, they grow to around
4 mm during lactation period [75]. Beneath the rat’s pelt, the mammary glands are
placed within subcutaneous fat pads that can be divided into six mammary complexes:
three pairs in the thoracic region and three pairs in the inguinal region as shown in
Figure 4.1 [75]. They are branched tubular organs formed of one or two epithelial cell
layers and are responsive to the hormonal and local epigenetic changes (adolescence,
pregnancy, lactation, and senescence) [74]. It is essential to emphasize when the
extensive rat mammary fat pads are completely developed, they extend from the
inguinal area and base of the tail to the salivary gland region of the neck and around to

the dorsum [74].

Dielectric property measurements of breast tissue, white adipose tissue, wet skin tissue
and tumor tissue were performed to analyze the interior part of the pelt which has an
intricate structure. The experiment was carried out with two female Sprague-Dawley
rats obtained from Bogazici University, Center for Life Sciences and Technologies.
To facilitate the forming of breast tumors, one animal (47 days old) was subjected
to a single dose of carcinogenic solution that was prepared by dissolving 20 mg/kg
7,12-Dimethylbenz(a)anthracene (DMBA) in 1 mL olive oil in an ultrasound bath.
Twenty-four hours prior to the application, the animal was prevented from accessing
the food dispenser. The carcinogenic solution was applied via oral gavage and the
animal was given a two-day rest period. The peritoneal area was checked for tumor
formation by hand weekly. The resting conditions for the animals throughout the
experiment were set as a 12 h light/dark cycle and free access to standard pellet food
as well as tap water. The other animal was selected to be the control and was given a
dummy solution of 1 mL olive oil via oral gavage, under the same conditions. Weight
of the control and experiment animal during the experiments were 285 g and 230 g,
respectively. Also, during the experiments, the ages of the control and experiment
animal were 359 and 261 days old, respectively.

The animals were given an intraperitoneal injection for anesthesia composed by

1

mixing 80 mg kg~! ketamine and 10 mg kg~! xylazine. After the animal completely
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Figure 4.1 : Healthy and tumor-bearing rats have been demonstrated. (a) Healthy rats
are shown in the frontal plane with marked 12 nipples. The locations of
the nipples are in the region of thoracic and inguinal. (b) The rat with
tumor is shown in the frontal plane and tumor was marked with 13. The
tumor according to the mammary tissues was formed around the 2nd and
4th tissue. (¢) The healthy rat was shown in the sagittal plane. The white
adipose, located on the nape, is marked 14.

fell unconscious, peritoneal skin was incised, and dielectric measurement data was
collected. The tumor was located between the second and fourth breast tissues as
indicated with 13 in Figure 4.1b. The tumor had an elliptical shape and dimensions
were 25.22 mm, 14.65 mm 4.4 mm for width, height and depth, respectively. Dielectric
properties of thebreast tissues, wet skin from the abdomen and white adipose tissue
from the nape as indicated with 14 in Figure 4.1c were measured on the control
animal. Five dielectric property measurements were taken from each measurement
point for every sample as shown in Fig. 4.2. The median value of five measurements
was selected to represent dielectric property. The average temperature of the samples
was 29.5 £ 1.5 °C. When the measurement process was completed, the animals were
immediately euthanized. The tumor was resected for pathological analysis and the

breast tissues was removed as a bloc with skin attached for sensing depth analysis.

The experiments were conducted in accordance with the ethical regulations approved
by Bogazici University Animal Local Ethics committee. In vivo relative permittivity

and conductivity measurement results ofbreast, wet skin, white adipose and tumor
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Figure 4.2 : In vivo dielectric property measurements: (a) Measurement collected
from the healthy breast tissue and (b) measurement of the malignant
breast tumor tissue.
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Figure 4.3 : Median dielectric property measurement results between 0.5 and 6 GHz
collected from various rat tissues including tumor, breast, skin, white
adipose tissues: (a) relative permittivity and (b) conductivity.

Table 4.1 : Maximum standard deviation (SD) from the mean of five measurements
for rat tissues (tumor, breast, wet skin and white adipose) over the
frequency range of 0.5-6 GHz.

Relative Permittivity Conductivity (S/m)

Tissue Types ¢y preq. (GHz) SD  Freq. (GHz)
Tumor Tissue  0.68 0.72 0.04 5.73
Breast Tissue  3.23 0.5 0.34 6
Wet Skin Tissue 3.16 0.5 0.40 6
White Adipose  0.64 4.46 0.02 5.95

tissues are given in 4.3a and b, respectively. The standard deviation from the mean
of five measurements for each tissue sample was calculated in the frequency range of

0.5-6 GHz with 101 points. The maximum standard deviation of dielectric property
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was listed in Table 4.1 for each tissue sample along with corresponding frequency

point.

4.3 Materials and Methods

In the following section, the details of experiment setup, preparation of two
double-layered sample configurations and applied dielectric property measurement

protocol in detail are explained.

4.3.1 Experiment setup

The experiment setup is composed of an Agilent FieldFox N9923A 6 GHz RF Vector
Network Analyzer (VNA) (Santa Clara, CA, USA), Agilent Dielectric Slim Form
open-ended coaxial probe (2.2 mm aperture diameter) (Santa Clara, CA, USA), Agilent
85070E dielectric property measurement software (Santa Clara, CA, USA), external
computer, an adjustable stand, a digital caliper and two double-layered configuration
samples. The setup is shown in Figure 4.4 and the function of each equipment is

marked with 1 to 4 given in the figure:

1. The function of the VNA was to retrieve the S parameter responses from the probe.
To eliminate temperature drift errors caused by device and cable connections, the
VNA was turned on four hours prior to measurements. The frequency range was
set from 0.5 to 6 GHz with 55 MHz increments which is a sufficient range for the

biological tissue studies.

2. The 2.2 mm-diameter open-ended coaxial probe was used in this experiment. It
is a widely preferred dielectric property measurement tool due to its wideband
properties and non-destructive measurement features [22,53,56,64]. Additionally,
the position of the probe was fixed and remained in the same position during the

entire experiment to avoid errors caused by cable movement.

3. Agilent 85070E software was used to calculate the complex permittivity from the
retrieved S parameters. The software requires guided “three standards” calibration
steps in the order of open circuit, short circuit and a broadband load. In our case,
the probe tip was terminated with open air, a conductive textile and distilled water

with known temperature, respectively.
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Figure 4.4 : Experimental setup includes (1) Agilent FieldFox N9923A 6 GHz RF
Vector Network Analyzer (VNA), (2) Agilent Dielectric Slim Form
open-ended coaxial probe, (3) Agilent 85070E software, external
computer, (4) an adjustable stand and a digital caliper.

4. The sample location was defined via an adjustable stand and a caliper. The top
plate of the adjustable stand was a stainless steel structure and the thickness of
plate was 12 mm. The adjustable stand was used to move the sample up and
down while the caliper measures the position of the stand during the experiment.
The probe tip distance from layers was measured via Mitutoyo absolute digimatic

caliper 0—150 mm with 0.01 mm digital step size.

System validation was performed with three known materials: ethanol (¢, =8.73 and o
=(0.86 S/m at 2 GHz), methanol (&, = 26.86 and ¢ = 1.38 S/m at 2 GHz) and Dimethyl
Sulfoxide (DMSO) (&, = 44.23 and ¢ = 1.02 S/m at 2 GHz). The measurements
were taken when the average temperature of materials was 28.3 4+ 0.2 °C. The
measurement results were compared with calculated dielectric properties based on the
Debye parameters from literature [76-78]. The temperatures of the materials were
29.5 °C in the literature. The measured and calculated dielectric properties are shown
in Figure 4.5. Also, maximum difference between measured and calculated dielectric
properties from the Debye parameters given in the literature are listed in Table 4.2 at

the corresponding frequency points.
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Figure 4.5 : Comparison of known materials (ethanol, methanol and DMSO)
dielectric properties calculated from Debye parameters obtained from
the literature and measured by the experiment setup: (a) relative
permittivity and (b) conductivity.

Table 4.2 : Maximum dielectric property difference between measurements and
Debye model calculation for known materials (ethanol, methanol and
DMSO ) used for system validation.

Materials Diff. for ¢, Freq. (GHz) Diff. for o (S/m) Freq. (GHz)

Ethanol [76] 0.8 1 0.04 1.25
Methanol [77] 1.8 1.25 0.31 6
DMSO [78] 0.9 6 0.69 6

4.3.2 Sample configuration

The prepared two double-layered configurations consisted of rat breast and skin tissues
as the first layer and triton X-100 and olive oil as the second layer. The first sample
configuration included rat breast tissue and olive oil. The second sample configuration
was composed of rat wet skin tissue and triton X-100. The liquids used to form the
second layer are shown in Figure 4.6a (from left to right: olive oil and Triton X-100).
The tissues were removed from 359 days old, 285 g Sprague-Dawley rat. The thickness
of the rat tissue was 2.5 mm, and each sample was resected approximately with 3.5
cm-diameter. The measurements were performed within 1 h following the excision
of rat tissues. A sample of the double-layered configuration composed of rat breast

tissue-olive oil is given in Figure 4.6b.
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Figure 4.6 : Sample configuration: (a) olive oil (left) and Triton X-100 (right) were
used as second layer liquids and () double-layered configuration with rat

breast tissue and olive oil.
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Figure 4.7 : Median of dielectric properties obtained from pure materials olive oil,
Triton X-100 and ex vivo rat tissues: (a) Relative permittivity and (b)
conductivity.

Before starting the experiment, dielectric property measurement was performed
for pure materials; that is, triton X-100 and olive oil. Also, dielectric property
measurements were collected from ex vivo rat tissues. Five measurements were taken
for every sample and median of the measurement results are given in Figure 4.7a,b
for relative permittivity and conductivity , respectively. The average temperature of
pure materials was 27.5 £ 0.5 °C.  The standard deviation from the mean of five
measurements for pure materials (olive oil, triton X-100, ex vivo breast and wet skin

tissues) was calculated in the frequency range of 0.5-6 GHz with 101 points. The
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Table 4.3 : Maximum standard deviation (SD) of five measurements over the
frequency range of 0.5—6 GHz for pure materials (olive oil, triton X-100,
breast and wet skin).

Tissue Types Relative Permittivity = Conductivity (S/m)
SD  Freq. (GHz) SD  Freq. (GHz)

Olive oil 0.13 4.02 0.02 3.59
Triton X-100  0.07 0.88 0.01 3.59
Breast tissue  1.13 5.84 0.2 5.73

Wet skin tissue  1.97 6 0.3 6

maximum standard deviations of dielectric properties are listed in Table 4.3 for each

pure material at corresponding frequency points.

4.3.3 Measurement protocol

The applied measurement protocol for sensing depth characterization of the 2.2 mm
open-ended coaxial probe shown in Figure 4.8. To eliminate potential error due
to calibration degeneration, the open-ended coaxial probe, the probe holder, VNA,
adjustable stand and caliper were placed in a fixed position and the same position
was maintained during the measurement process. The distance between the probe tip
and sample was adjusted by moving the adjustable stand; that is, the sample under
test. Since a special measurement tank was not employed to simplify the measurement
procedure, the sample movement was tracked by measuring the adjustable stand height.
To do so, the caliper jaw was firmly attached to adjustable stand as shown in Figure

4.8. The protocol is described as follows:

e Steps in Figure 4.8(1)

— The first layer (rat tissues) was laid flat at the bottom of a glass beaker.
Please note that the tissues were fixed at the bottom of beakers by using a

double-sided tape.

— The beaker was placed on the platform of the adjustable stand and slowly

moved towards the probe tip.

— While the adjustable stand was moving towards the probe tip, the change
in the S parameter response from the VNA was monitored. When a

response significantly different from the open air; that is, S parameter
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response of the probe converging to that when the probe was terminated with
the tissue, was observed, it was confirmed that the first layer was touching to
the probe tip. At this point, the measured value on the caliper was recorded
as X position. Please note that a dielectric property measurement was not
performed at this step of the protocol to prevent any potential damage to

tissue surface due to pressure.
— The information of X; position reduces misleading sensing depth
measurements caused by the probe pressure to the rat tissues.

e Steps in Figure 4.8(2)

— The adjustable stand was moved down to place the second layer liquid.

— Without shifting the location of the sample, the liquids (Triton X-100 or olive

oil) were gently added with a Pasteur pipette .
— Next, the double-layered sample was moved towards the probe tip.

— When the surface of the second layer was in full contact with the tip of the

probe, the measured value on the caliper was recorded as X, position.

— The difference between X; and X positions provides the distance “D” which

is the distance from the probe tip to the surface of the first layer.
— Knowledge of the distance D allows us to determine the increment size of
the adjustable stand movement.

e Steps in Figure 4.8(3)

— The double-layered sample was gradually moved up allowing the probe to
immerse into the second layer. The dielectric properties were measured in

each position (X,,) at different depths (D,,).

— The measurements were concluded when the probe tip arrived at the X;

position, which is the surface of rat tissues.
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Figure 4.8 : Measurement protocol for analyzing sensing depth with double-layered
sample configuration. (1) X position was determined based on the
thickness of the first layer. (2) X, position was determined based on the
probe tip distance from the first layer (D) was calculated (X, — X).
(3) Double-layered sample configuration was gradually moved up to
analyze the dielectric property change and sensing depth of the probe.

4.4 Results

This section demonstrates the sensing depth analysis of the 2.2 mm-diameter
open-ended coaxial probe based on the dielectric properties acquired from the two
different double-layered configurations. The analysis was conducted by selecting five
frequency points. The percent change in the measured dielectric properties of the
double-layered configurations were analyzed at each frequency point with respect to

the probe tip distance from the first layer (D).

4.4.1 Sensing depth analysis: Rat breast tissue-olive oil configuration

The relative permittivity and conductivity of pure materials (rat breast tissue and olive
oil) used for this scenario are listed in Table 4.4. Moreover, the change in measured
dielectric properties of the rat’s breast tissue-olive oil configuration is plotted in Figure
4.9 for the selected five frequency points, 0.5, 1.05, 2.04, 3.03 and 6 GHz, against
probe distance from the surface of the rat breast tissue. When the distance on the
graphs is equal to zero, it refers to the probe tip touching on the rat breast tissue and the
obtained values are compatible with the pure material dielectric properties. In Figure

4.9b, for distances smaller than 0.17 mm the dominant material is rat breast tissue
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Table 4.4 : The relative permittivity and conductivity of pure materials (rat breast
tissue and olive oil) at five frequency points.

Frequency (GHz) Relative Permittivity Conductivity (S/m)
Rat breast tissue ~ Olive oil  Rat breast tissue  Olive oil
0.5 43.2 2.59 0.72 0.0103
1.05 40.8 2.53 0.86 0.0055
2.04 39.1 2.45 1.30 0.0162
3.03 38.0 2.50 1.76 0.0170
6 34.7 2.45 3.83 0.0094

and the largest conductivity measured for the largest frequency. Around 0.17 mm the
dominant material starts to become olive oil. Since the olive oil conductivity is very
small, the system uncertainties start to be evident and same frequency-conductivity
trend becomes less apparent. Furthermore, the relative permittivity and conductivity of
the olive oil were very low (€, =2.45 and 0 =0.0162 S/m at 2.04 GHz) and the reported
error of the commercial systems is 5% [68]. In Figure 4.9, the results were shown with
polylines due to the dielectric property of selected materials, system error and small
incremental steps (approximately 0.02 mm). For analysis purposes, we investigated the
dielectric property alteration of the double-layered configuration with respect to five
percent change points: 5%, 10%, 20%, 80% and 90%. First, the increase in the relative
permittivity and conductivity of olive oil with respect to pure olive oil measurement
was examined based on these percentage values. Second, the decrease in relative
permittivity and conductivity of breast tissue with respect to breast tissue measurement
was analyzed based on same percentage changes. These percentage values were
selected according to sensing depth analysis in the following literature. The dielectric
permittivity of intervening liquid was small in our experiments, therefore we selected
5% changes according to the defined histology region with system uncertainty in
[64]. 10% changes in dielectric property of alcohol samples was also determined
as an accepted threshold for sensing depth of 2.2 mm-diameter probe [63]. The
effective penetration depth was described as a 20% difference between expected and
measured dielectric property in [62]. Approximately 90% of dielectric property for
the intervening liquid was pointed out for sensing depth analysis of 2.2 mm-diameter
probe [56]. 80% and 90% changes were also selected as complementary to 20% and

10% changes, respectively.
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Figure 4.9 : Measured dielectric properties of the double-layered rat breast

The aim here is to find the distances where 5%, 10%, 20%, 80% and 90% change in
the dielectric property of pure materials (olive oil and rat breast tissue) are observed.
Since the dielectric properties of the pure materials are known, as shown in Table
4.4, the percentage changes mentioned above can be mathematically computed. On
the other hand, the measured dielectric properties obtained from the distances (D,)
may not correspond to the expected percentage change. Therefore, an error margin
is defined such that if the measured dielectric property from a certain distance (D,)
varies within 1% of the expected percentage change, then that distance is accepted as

the distance where the expected percentage change occurs. Otherwise, if the measured

tissue-olive oil configuration: (a)Relative permittivity, (b)conductivity as
a function of probe tip distance from first layer (D,) at 0.5, 1.05, 2.04,
3.03 and 6 GHz frequencies.

dielectric property is larger or smaller than 1% of the expected percentage change,
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Figure 4.10 : The distance (DC) was estimated for calculated dielectric property (C)
based on percentage change using measured consecutive dielectric
properties (M and M») and their distances (DM and DM»).

the distance corresponding to the expected percentage change is determined by using

the estimation procedure given in [62].

Suppose that M| and M; are the measured dielectric properties from the distances DM
and DM, respectively and the expected percentage change in dielectric properties (C)
falls between M and M; (see Figure 4.10). To obtain the distance (DC) corresponding
to the expected percentage change, a linear line is defined using the points (M, M»,
DM, and DM>). The distance (DC) corresponding to the expected change in dielectric

property is calculated from the linear line equation.

First, the percent change in the measured dielectric property of the double-layered
configuration was analyzed regarding the increase in the dielectric property of the
second layer (olive oil). The percent change in the measured dielectric properties of the
configuration and the corresponding distances (D) of the probe tip at five frequency
points are listed in Table 4.5. Table 4.5 indicates 5% increment in relative permittivity
and conductivity of the configuration from 1.36 to 3.28 mm and from 4.8 to 5.1 mm
probe tip distances from the first layer (D), respectively, at the five frequency points.
10% increase in the measured relative permittivity and conductivity was observed from
0.87 to 2.31 mm and from 4.4 to 5.2 mm and 20% increase from 0.67 to 1.67 mm and
from 0.37 to 4.6 mm, respectively. As the probe tip approached to the first layer, the
effect of this layer became dominant resulting in an 80% increase in the measured

relative permittivity between 0.40 and 0.41 mm and measured conductivity between
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Table 4.5 : Specified increase levels for retrieved relative permittivity and
conductivity of double-layered rat breast tissue and olive oil configuration
and the corresponding distances (D,,) at 0.5, 1.05, 2.04, 3.03 and 6 GHz
frequency points.

Distance (mm) for Rat Breast Tissue-Olive Qil
Freq Relative Permittivity Conductivity (S/m)
(GHz) 5% 10% 20% 80% 90% 5% 10% 20% 80% 90%

0.5 328 231 167 044 042 48 44 36 177 1.67
1.05 231 136 077 041 038 52 51 037 036 035
204 136 087 067 04 038 49 45 35 177 1.62
303 229 136 077 04 038 50 46 39 207 187

6 231 136 077 041 038 51 49 46 26 229

Table 4.6 : Specified decrease levels for retrieved relative permittivity and
conductivity of double-layered rat breast tissue and olive oil configuration
and the corresponding distances (D) at 0.5, 1.05, 2.04, 3.03 and 6 GHz
frequency points.

Distance (mm) for Rat Breast Tissue-Olive Oil
Freq Relative Permittivity Conductivity (S/m)
(GHz) 5% 10% 20% 80% 90% 5% 10% 20% 80% 90%

0.5 002 0.06 01 029 067 003 005 0.09 0.18 031
1.0O5 0.02 006 01 027 057 003 005 0.09 0.17 0.18
204 002 0.06 01 027 047 0.03 005 0.09 0.18 031
303 002 0.06 01 028 057 0.03 005 0.09 0.17 0.23

6 0.02 007 0.1 029 057 0.03 0.05 0.0 0.17 0.21

0.36 and 2.6 mm distances. Furthermore, 90% increase in relative permittivity is seen
between 0.38 and 0.42 mm and similar increase in conductivity between 0.35 and
2.29 mm is observed indicating that the probe tip was located at the region where the

measurements reflect the dominance of the first layer.

Secondly, the percent change in the measured dielectric property of the double-layered
configuration was evaluated with respect to the decrease in the dielectric property
of the first layer (rat breast tissue). In Table 4.6, the measured relative permittivity
and conductivity of the double-layered configuration decreased by 5% at 0.02 mm
and at 0.03 mm probe tip distances respectively, for the given five frequency points.
10% decrease in permittivity from 0.06 to 0.07 mm and same percent decrease in
tokdwaseyiBP % dbseeasd at thoSmasured relative permittivity and conductivity is seen

at 0.1 mm and at 0.09 mm probe tip distances, respectively. As the probe tip moved
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Table 4.7 : The relative permittivity and conductivity of pure materials (rat wet skin
tissue and triton X-100) at five frequency points.

Frequency (GHz) Relative Permittivity Conductivity (S/m)
Rat wet skin ~ Triton X-100 Rat wet skin  Triton X-100

0.5 30.5 5.8 0.33 0.05

1.05 27.7 5.1 0.49 0.07

2.04 25.5 4.6 0.91 0.14

3.03 23.9 4.3 1.30 0.18

6 20.4 3.8 2.67 2.41

away from the first layer, the effect of the second layer happened to be more dominant,
leading to 80% decrease in measured relative permittivity between 0.27 and 0.29 mm
probe tip distance and 80% decrease in measured conductivity between 0.17 and 0.18
mm. In addition, the measured relative permittivity and conductivity decreased by 90%
between 0.47 and 0.67 mm probe distance and between 0.18 and 0.31 mm respectively,

indicating that the second layer has more effect in this region.

4.4.2 Sensing depth analysis: Rat wet skin tissue—triton X-100

The relative permittivity and conductivity of pure materials (rat wet skin tissue and
triton X-100) used for this scenario are listed in Table 4.7. Furthermore, similar to
the previous section, the sensing depth of the probe was analyzed based on measured
dielectric property change of both layers. Triton X-100 is not expected to interact with
the tissue in a short period of time at room temperature [79]. In Figure 4.11, the change
in dielectric property of rat wet skin tissue—triton X-100 double-layered configuration
is given for five frequency points against the probe distance from the surface of the first
layer (D,). The percent change in the measured dielectric property of the rat wet skin
tissue-triton X-100 configuration was first analyzed based on the increase in dielectric
property of the second layer (triton X-100). Table 4.8, denotes the 5%, 10%, 20%, 80%
and 90% increment points in the measured dielectric properties and their corresponding
distances (D,) at five frequency points. From the table, 5% increase in the measured
relative permittivity at 1.23 mm and same percent increase in conductivity is observed
between 1.33 and 1.43 mm probe tip distances. 10% and 20% increase in the measured
relative permittivity are occurred at 1.11 mm and at 0.94 mm, respectively. Also, 10%

and 20% increase in conductivity are observed from 1.23 to 1.33 mm and from 1.04 to
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Figure 4.11 : Retrieved dielectric properties of the double-layered rat wet skin tissue
and triton X-100 configuration: (a) Relative permittivity, (b)
conductivity as a function of probe’s distance from first layer (D,,) at
0.5, 1.05, 2.04, 3.03 and 6 GHz.

1.23 mm, respectively. Due to the close proximity of the probe to the first layer, 80%
and 90% increase in the relative permittivity was observed between 0.64 and 0.69 mm
probe tip distance and between 0.61 and 0.66 mm, respectively. Similarly, 80% and
90% increase conductivity was seen between 0.81 and 0.74 mm distances and between
0.72 and 0.78 mm, respectively. These values clearly show that the first layer was

dominant with these distances (D,,).

The second analysis was based on the percent change in the measured dielectric
property of double-layered configuration with respect to the decrease in dielectric
property the first layer (rat wet skin tissue). Table 4.9, show 5% decrease in measured

relative permittivity and conductivity of the double-layered configuration from 0.06 to
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Table 4.8 : Specified increase levels for retrieved relative permittivity and
conductivity of double-layered rat wet skin tissue and triton X-100
configuration and the corresponding distances (D) at 0.5, 1.05, 2.04, 3.03
and 6 GHz frequency points.

Distance (mm) for Rat Wet Skin Tissue-Triton X-100
Freq Relative Permittivity Conductivity (S/m)
(GHz) 5% 10% 20% 80% 90% 5% 10% 20% 80% 90%

0.5 1.23 1.11 094 069 066 133 123 1.04 074 0.72
1.05 123 1.11 094 068 0.65 133 123 1.04 076 0.74
204 123 1.11 094 0.67 064 143 123 1.04 074 0.72
303 123 1.11 094 066 0.63 143 123 104 075 0.73

6 1.23 1.11 094 0.64 061 143 133 123 0.81 0.78

Table 4.9 : Specified decrease levels for retrieved relative permittivity and
conductivity of double-layered rat wet skin tissue and triton X-100
configuration and the corresponding distances (D) at 0.5, 1.05, 2.04, 3.03
and 6 GHz frequency points.

Distance (mm) for Rat Wet Skin Tissue-Triton X-100
Freq Relative Permittivity Conductivity (S/m)
(GHz) 5% 10% 20% 80% 5% 10% 20% 80%

0.5 008 0.18 032 133 003 008 0.18 0.84
1.05 008 0.15 028 123 0.06 0.15 028 0.94
204 0.08 015 021 1.04 0.12 021 042 094
303 008 0.12 021 1.04 0.12 021 042 0.84

6 0.06 0.12 0.18 1.23 0.08 0.15 0.28 0.74

0.08 mm and from 0.03 to 0.12 mm, respectively. Similarly, 10% decrease in relative
permittivity and conductivity from 0.12 to 0.18 mm and from 0.08 to 0.21 mm probe
distances, respectively, and 20% decrease from 0.18 to 0.32 mm and from 0.18 to 0.42
mm probe distances, respectively. Finally, 80% decrease the relative permittivity was
observed between 1.04 and 1.33 mm and 80% decrease in conductivity between 0.74
and 0.94 mm. The high percentage decrease is due to the dominant nature of the second
layer since the probe tip moved further away from the first layer. It should be noted the
90% decrease in the dielectric property was not calculated since the dielectric property

of triton X-100 is higher than the calculated values.
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4.5 Discussion

This study was performed to examine how various adnexal structures that can be
formed on wet skin and around breast tissues can affect measurements. Moreover, two
double-layered configurations were prepared to determine the effect of the dielectric
property contrast between layers on the probe’s sensing depth. The first configuration
was composed of rat breast tissue (&, = 39.35 and o = 0.8607 S/m at 1.05 GHz) and
olive oil (¢ = 2.73 and ¢ = 0.0034 S/m at 1.05 GHz). In the second configuration,
rat wet skin tissue (&, = 26.86 and ¢ = 0.4812 S/m at 1.05 GHz) and triton X-100
(¢ =5.11 and 0 =0.0722 S/m at 1.05 GHz) were used. For the first configuration,
the difference between the layers are 36.62 units for relative permittivity and 0.8573
S/m for conductivity. The difference between the layers for the second configuration
are 21.75 units for the relative permittivity and 0.409 S/m for conductivity. From
these results, the difference of relative permittivity between the layers decreased 40%
in the second configuration. Similarly, the difference of conductivity was declined
52% in the second configuration. To analyze the impact of contrast between the
layers, the dielectric property change of the two configurations was compared at the
frequency point of 1.05 GHZ as given at Figure 4.12. The dielectric properties of
both configurations were plotted in the distance range of 0-0.32 mm (D). Since
the most important change was observed at the close proximity of the probe tip,
the most precise increment was implemented at this interval even though manual
measurements were performed. Therefore, the distances are only the same at this
interval for both configurations. As seen in Figure 4.12, since rat breast tissue-olive oil
has a larger dielectric property difference a significant change was observed between
0-0.32 mm, the rat wet skin tissue-triton X-100 shows a more gradual change due
to the relatively smaller dielectric property difference between the layers. In [64],
the dielectric property contrast between first and second layers of the double-layered
configuration were examined independent of frequency, and similar results were also

observed.

In addition, the dielectric property based on the percentage change was plotted using

the data from Tables 4.5-4.9 at the result Sections 4.4.1 and 4.4.2. The Figure 4.13
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Figure 4.12 : The comparison dielectric property alteration of rat wet skin
tissue-triton X-100 and rat breast tissue-olive oil as a function of probe
tip distance (D,): (a) relative permittivity and (b) conductivity.

demonstrates the probe tip distances from the first layer (D,,) as a function of dielectric
property percentage change in double-layered configuration at the 1.05 GHz frequency
point. As seen in Figure 4.13, 20%, 80%, and 90% changes occur at smaller distances
for rat breast tissue and olive oil, while the same percentage changes are observed
at larger distances for the rat wet skin tissue and triton X-100. Furthermore, the
intersection between wet skin tissue and triton X-100 alterations is observed at the
52% relativity permittivity change point and 0.8 mm probe tip distance from the first
layer (D,,) as shown in Figure 4.13a. Similarly, intersection for the rat breast tissue
and olive oil alteration is noticed at the 84% change point and 0.4 mm distance. For
the conductivity, as given in Figure 4.13b, while the intersection of rat breast tissue
and olive oil happens at 82% change and 0.35 mm distance point, the intersection of
rat wet skin tissue and triton X-100 alterations happens at 67% change and 0.8 mm
distance. The percentage change of relative permittivity for both configurations were
examined in the frequency range of 0.5-6 GHz and it was concluded that the results are
similar to Figure 4.13a. However, the change of the percentage based on conductivity
of olive oil in the same frequency range is different from each other, contrary to the
triton X-100 alteration. This difference between conductivity changes can be caused
by the very low conductivity of olive oil. Although the small conductivity of olive
oil caused difficulty in percentage analysis, the conductivity at 1.05 GHz showed
percentage change similar to the relative permittivity variations. As also explained

in the study [64], conductivity shows ambiguity at sensing depth studies. Therefore,
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relative permittivity changes should be prioritized since they give more precise results.
When measuring the relative permittivity of the skin or breast tissues, it was examined
that a thin layer (such as collagen, white adipose or subcutaneous tissue) formed on
targeted tissue, even if it has 0.4—0.8 mm thickness, can confound the results between
52% and 84%. To avoid these errors, it is important to establish a-priori information
regarding the tissue or sample of interest. For rat tissues, even though the animal’s
anatomy is known well, small layers that cannot be recognized by the naked eye can
have a significant impact on the results. For more accurate measurement results, the
location of tissue to be measured must be precisely determined and measurements
must be taken from areas surrounding the target point as well for cross-validation
purposes. Moreover, the tissue can be scratched lightly before taking the measurement
to remove the layer that may be formed on the target tissue. Therefore, there is a need
to formulate a protocol for experiments to reduce errors caused by tissue heterogeneity.
Another option is to catalogue sample specific sensing depth information and use the
appropriate information in machine learning algorithms or choose the probe with the
appropriate aperture size. Alternatively, the measured dielectric properties with known

probe sensing depth can be used for heterogeneity grading or tumor grading.

4.6 Conclusions

Acquiring the dielectric property of biological tissue accurately is a prerequisite for
microwave detection, diagnosis and treatment methods in the medical field. Even
though the open-ended coaxial probe method provides essential advantages, the
technique still suffers from having high measurement error and low repeatability. Rats
are commonly preferred experimental animals since they have numerous advantages.
The studies for breast cancer with rat models are significant due to the characteristic of
rats, which is the extent of having more hormone responsiveness with histopathology
and premalignant stages similar to the human breast cancer model [40]. To avoid
acquiring incorrect data caused by a heterogeneous formation beneath the rat’s pelt,
dielectric measurement must be implemented rigorously. In addition, leaking of milk
from the gland and body fluids or bleeding during the experiment can confound the

measurement. To analyze the impact of any layer formed over the rat tissues (breast

72



Relative Permittivity
25 T T -
b - @ - Olive oil

hes —#— Triton X-100
2 ~. Breast tissue |
. —e—\Wet skin tissue
E .
Esf S ]
3 o (52%, 0.3 mm)
- ——
.:__’é' 1 (34%, 0.4 mm) <
TT— —1%
0.5 SRR S
D' . L L
5% 10% 20% B0% 90%
Difference (%)
(a)
. Conductivity (S/m)
= ® =Qlive oil
B o | —*—Triton X-100
. Breast tissue
* —s—\Wet skin tissue
X ~
E R
8 ' |
c 5
g \ (82%, 0.35 mm) +—
Ozr * 1
*(67%, 0.8 mm)
1“-——_ — ____\ -
\ ; \
_______ [
o= * . ! _f
5% 10% 20% BO% 0%

Difference (%)

(b)
Figure 4.13 : The probe tip distances from rat tissue layers (D,) are shown as a
function of five percentage change points in dielectric property of the
materials used for double-layered configurations (olive oil, triton
X-100, rat breast and wet skin tissue): (a) relative permittivity and (b)
conductivity.

and wet skin) during the measurements, we performed sensing depth analysis of the

2.2 mm-diameter open-ended coaxial probe.

To this end, this work investigates the sensing depth of 2.2 mm-diameter open-ended
coaxial probe for animal experiment. Unlike previously reported studies, the
experiments consisted of a simple measurement setup without forming a special
experiment setup tank. The double-layered samples included rat breast and wet skin

tissue as a first layer and liquids (olive oil and triton X-100) with relatively low
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dielectric properties added as second layers. The difference of relative permittivity and
conductivity between the layers decreased 40% and 52%, respectively, in the second
configuration. Liquids with low dielectric properties provides substantial insight for
potential change in measured dielectric properties since the liquids mimic the effect
of adipose tissue which can cover the top of the healthy tissues and tumors. Five
percent thresholds in dielectric property changes; 5%, 10%, 20%, 80% and 90% were
tracked to define the sensing depth at five frequency points. The wide change from
5% to 90% increase in relative permittivity was taken place for the olive oil between
3.28 to 0.42 mm probe tip distance from the breast tissue at 0.5 GHz. Similarly, from
5% to 90% increase in conductivity for the olive oil was calculated in the distance
range of 5.2-0.38 mm at 1.05 GHz. The dielectric property alteration of triton X-100
was in the range of 1.43-0.61 mm probe tip distance. Furthermore, the percent
decrease in dielectric properties for rat breast and skin tissues was in the distance
range of 0.02-1.33 mm. We can also state that a membrane layer (between 0.4-0.8
mm thickness) on the wet skin tissue and breast tissue will potentially affect the
measurement results of dielectric property by 52-84%. These findings also suggests
the layer that is in immediate contact with the probe tip will have the most significant

effect on dielectric property measurements.
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S. CHARACTERIZATION OF OPEN-ENDED COAXIAL PROBE SENSING
DEPTH WITH RESPECT TO APERTURE SIZE FOR DIELECTRIC
PROPERTY MEASUREMENT OF HETEROGENEOUS TISSUES !

The open-ended coaxial probe (OECP) method is frequently used for microwave
dielectric property (DP) characterization of the high permittivity and conductivity
materials due to inherent advantages including minimal sample preparation
requirements and broadband measurement capabilities. However, the OECP method is
known to suffer from high measurement error. One well-known contributor to the high
error rates is tissue heterogeneity that can potentially be managed through selection of
a probe with proper sensing depth (SD). The SD of the OECP is dependent on many
factors including sample DPs and probe aperture diameter. Although the effect of
sample DPs to SD have been investigated to some extend in the literature, the probe
aperture diameters, particularly small diameters, have not been fully explored. To this
end, the SD of probes with three different apertures (0.5, 0.9 and 2.2 mm-diameters)
were analyzed in this study. Probes SD were first investigated with simulations using
double-layered sample configuration (skin tissue and olive oil). Next, experiments
were performed using a commercial OECP with 2.2 mm aperture diameter. The SD is
categorized based on 5%, 20% and 80% DP change. Among these threshold values,
5% DP change was selected as the bench mark for SD categorization. The findings
suggest that probes with smaller aperture size and correspondingly smaller SD should
be utilized when measuring DPs of thin and multilayered samples, such as healthy and

diseased skin tissues to increase the measurement accuracy.

5.1 Introduction

Each biological tissue has a unique set of dielectric properties (DPs) based on their
molecular structure. Particularly at microwave frequencies, biological tissues can be

characterized based on their water content. The interaction of the biological tissues

IThis chapter is based on the paper "Aydinalp, C., Joof, S.,Dilman, I., Akduman, I. and Yilmaz,
T. 2022. Characterization of open-ended coaxial probe sensing depth with respect to aperture size for
dielectric property measurement of heterogeneous tissues, Sensors, 22, 760"
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with the electromagnetic fields can be determined based on its DPs [80,81]. Therefore,
tissue types or anomalies can theoretically be identified by analyzing the interaction
between the field and tissue. Based on this principle, DP characterization of both
healthy and diseased tissues have been a research interest for scientists primarily to
enable the development of microwave diagnostic and therapeutic applications [22,61].
The DPs of many different tissue types including but not limited to breast, liver,
and skin were characterized with the open-ended coaxial probe (OECP) for cancer

diagnosis and treatment [22,52,53, 82, 83].

Accurate characterization of DPs is of importance for proper design and evaluation
of microwave diagnostic and treatment modalities. The most common form of
measurement technique for biological tissue DPs is the OECP due to its minimum
requirements for sample preparation, broadband measurement capabilities, ease of
use, and many other advantages. Despite the listed benefits, the OECP method
suffers from high measurement inaccuracies stemming from the nature of the sample
under test (SUT) or from equipment failure [42]. Tissue-related errors mainly emerge
from the complex nature of biological tissue in some cases the heterogeneity, surface
type, and size of the SUT. In others, state of the SUT such as ex vivo and in vivo,
inconsistent tissue temperatures during the experiment and probe-tissue interaction
such as the contact or pressure between probe tip and tissue can effect the accuracy.
Equipment-related errors is primarily associated with the following measurement
malpractices including choice of probe with an incompatible sensing depth (SD) to
the tissue type, use of low quality connector or RF cable between the Vector Network
Analyzer (VNA) and the probe, increase of noise levels by setting an high intermediate
frequency (IF) filter bandwidth on the VNA. Part of the equipment-related errors
can be minimized via system calibration. To this end, the appropriate equipment
selection, especially proper probe selection with proper SD, is vital for accurate DP
characterization of the SUT. Studies on probe SD with a variety of probe aperture sizes
have been reported with diverse settings under different terminologies [62, 63, 83—86].
In [63], two probes with different aperture sizes (2.2 and 3.58 mm-diameters) were
compared for accurate DP characterization of breast tissues. Reported study in [63]
were conducted using pure alcohols and de-ionized water in order to identify sensing

volume of two probes. It was concluded that the required sample thickness for 2.2 and
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3.58 mm-diameter probes were 0.75 to 1.5 mm and 1.25 to 3.0 mm for de-ionized
water and alcohol, respectively. In [62], effective penetration depth of 18 and 21
mm-diameter probes were compared. The reported effective penetration depth of 18
and 21 mm-diameter probes were 1.84 and 2.75 mm, respectively. Another comparison
study for 2.2, 9.5, and 19 mm-diameter probes was performed by [84] and the results
showed that the sensing radius of the probes expands linearly with the inner radius
of the outer conductor. It was also determined that the effect of inner conductor on
sensing radius was higher than the insulator. In [84], the results indicated that the
sensing radius for 2.2, 9.5 and 19 mm-diameter probes were 1.4, 1.5, and 2.25 mm,
respectively. Furthermore, in the same study, neural network model was presented to
predict the sensing radius based on aperture size of these three probes. In [83], the
DP measurements of human epidermis (palm and wrist) were performed with 3 and
1 mm-diameter probes. It was concluded that the thickness of the samples should be
more than 1 and 3 mm for the 1 and 3 mm-diameter probes, respectively. In another
study by the authors [85], the SD of the 2.2 mm-diameter probe was investigated
using two double-layered configurations mimicking the skin tissue heterogeneity. The
SD was determined based on three thresholds in percent increase of measured DPs.
Obtained results suggested that the DP contrast between the two layers affects the
SD. That is, high contrast causes a rapid change, while low contrast causes a slower
change in the measured DPs. In yet another study by the authors [86], the SD of 2.2
mm-diameter probe with double-layered configurations using ex vivo rat breast and
skin tissues were characterized. It was concluded that any membrane layer with 0.4 to
0.8 mm thickness on the SUT can potentially impact the DP measurement results by

52% to 84%.

Despite the many studies that have attempted to characterize the SD of the OECP
with respect to different definitions—that is, radius, tissue and frequency—there is
still a need to define the SD of probes with small aperture radii. The use of an
appropriate probe dimension is of importance for the accurate DP measurement of
thin multilayered-tissues such as skin tissue. This approach can potentially eliminate
equipment and tissue -related errors. Therefore, the aim of this work is to investigate

the SDs of OECPs with small aperture radii in order to achieve the following:
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e To define the SDs of OECPs with small radii to enable the selection of appropriate
probes during the DP characterization of highly heterogeneous, skin-like tissues

composed of multiple thin layers;

e To form an SD definition via the examination of the three different percentage

change thresholds in retrieved/measured DPs for different probe dimensions;

e To investigate the significance of tissue layers located immediately at the probe
aperture during SD characterization—e.g., how thin and high DP contrast layers

positioned on top of the tissue affect the probe SD.

Towards this end, an experiment was designed to analyze SD of the 2.2 mm-diameter
probe with a double-layered sample. The double-layered configuration consists of
skin tissue and olive oil as the first and second layers, respectively. Three probes with
different aperture sizes (2.2, 0.9 and 0.5 mm outer diameters) were simulated using
Ansys HFSS 2020 R2 software (Customer Number: 316232, Canonsburg, PA, USA)
using a similar double-layered configuration to mimic a heterogeneous multilayered
sample. Next, the SD of each probe was characterized with based on both simulation

and experimental result.

The remainder of this paper is organized as follows: In Section 5.2, the simulations and
experiments are described in detail. Section 5.3 shows experiment results obtained by
the 2.2 mm-diameter probe based on 5%, 20% and 80% increase in measured DP of
olive oil from 0.5 to 8 GHz frequency range. Similar method is applied to simulated
response of 2.2, 0.9 and 0.5 mm-diameter probes. In Section 5.4, the SD analysis are
presented based on probe’s aperture and finally the conclusions are drawn in Section

5.5.

5.2 Materials and Methods

In this section, the simulations and experimental setup are explained in detail.
Simulations with three probes along with DP retrieval from S-parameter response
via in-house algorithm are given in Section 5.2.1. The double-layered sample

configuration and the measurement protocol are described in Section 5.2.2.
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Figure 5.1 : Simulated open-ended coaxial probe and configuration of double-layered
sample. (a) Open-ended coaxial probe (OECP). (b) Double-layered
sample with the first layer being skin tissue with d; thickness and the
second layer is the olive oil with d, thickness.

5.2.1 Simulation configuration

The OECPs with three different aperture sizes and terminated with double-layered
configurations were simulated with Ansys HFSS, 3D electromagnetic (EM) software
(Canonsburg, PA, USA). As shown in Figure 5.1a, the OECPs were composed of
two conductors with a dielectric material sandwiched in between. A commonly used
dielectric material PTFE (&,=2.1) was implemented in the simulations of the probe.
Since the desired outer radius of probes were known, inner radius were calculated
to fix the probe input impedance to 50Q2. The length of probes were assigned as 40
mm in order to optimize computing process. The final dimensions of the probes are
listed in Table 5.1. S-parameters of all probes were simulated with double-layered
configuration composed of skin and olive oil. The dielectric properties of the materials
used for the double-layered configuration at 4 GHz are given in Table 5.2. The effects
of probes aperture size was analyzed by changing the second layer thickness d as

illustrated in Figure 5.1b.

The simulations were performed from 0.5 to 20 GHz with 0.25 GHz increments. To

adjust the distance between the probe tip and first layer, the thickness of the second
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Table 5.1 : Simulated probe dimensions with different aperture sizes.

Outer Radius (mm) Inner Radius (mm) Dielectric Type &,

0.25 0.075
0.45 0.134 PTFE 2.1
1.1 0.328

Table 5.2 : The relative permittivity and conductivity of skin and olive oil used to
compose the double-layered configurations at 4 GHz for simulations.

Layers Materials Relative Permittivity (¢, ) Conductivity (S/m)
First layer [87] Skin 32.89 2.29
Second Layer [71]  Olive oil 3.00 0.04

layer (d), shown in Figure 4.1b, was varied. The second layer thickness d was selected
in three different ranges: 0.01-1 mm with 0.05 mm increments, 1-3 mm with 0.2
mm increments and 3-5 mm with 1 mm increments.These step sizes and ranges were
selected to reduce simulation time and to provide the thicknesses in which essential
changes in dielectric properties occur. These ranges and increments were not linearly
or logarithmically determined. It should be noted that, while the thickness of the
second layer determined the distance between probe aperture and the first layer in
the simulations, the probe is immersed to the second layer to adjust the distance
between aperture and the first layer during measurements. Finally, to retrieve complex
dielectric properties from S-parameters obtained from simulation, Debye relaxation
model parameters were iteratively computed with the in-house algorithm described

in [85].

5.2.2 Experiment setup

All DP measurements reported in this work were performed with the Agilent N5230A
PNA-L Series Network Analyzer (Santa Clara, CA, USA) and commercial Agilent
slim form probe kit (Santa Clara, CA, USA) using the 85070E DP measurement
software. The experiment setup is shown in Figure 5.2. Before the measurements
were performed, the system was calibrated based on the software’s three step
standard calibration procedure; that is, open circuit, short circuit and de-ionized water

measurement, respectively.

During the measurements, an adjustable stand and a digital caliper (Mitutoyo absolute
digimatic caliper 0—150 mm with 0.01 mm digital step size) were used to adjust and

record the position of the double-layered samples. In the experimental setup, the
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Figure 5.2 : Experimental setup: (1) Agilent N5230A PNA-L Series Network
Analyzer, (2) Agilent Slim Form Probe (2.2 mm-diameter aperture size),
(3) digital caliper and (4) an adjustable stand.

position of caliper and probe were firmly fixed in order to minimize the error caused
by any movement. It should be noted that the VNA was turned on 4 hours before the

measurements in order to minimize error due to drift in VNA measurements.

5.2.3 Measurement samples and protocol

The SD analysis was performed with the double-layered sample consisting of a
skin-mimicking phantom and olive oil. The measured dielectric properties of the pure
layers are listed in Table 5.3. Characterization of the skin mimicking phantom, used
as the bottom (first) layer in the measurement sample along with phantom recipe,
is described in [66]. Once the phantom was formed and placed in the measurement
beaker, it was kept at room temperature (24+2°C) for five days until it was solidified.
Next, the double-layered configuration, shown in Figure 5.2, was formed by adding the
olive oil as the upper (second) layer. Olive oil is a liquid with low dielectric properties
that can provide a realistic contrast in dielectric properties when used as a mimicking
layer to represent the effect of the keratin layer on the skin. Due to its high viscosity
and non-solvent properties, it was possible for us to form two separate layers using the

olive oil and phantom while preventing the mixing on the boundary of two materials.
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Table 5.3 : The relative permittivity and conductivity of skin and olive-oil in
double-layered configuration for sensing depth (SD) experiment at 4 GHz.

Materials Relative Permittivity (¢, ) Conductivity (S/m)
Skin 34.17 4.00
Olive oil 2.67 0.02

Additionally, olive oil is transparent, which allowed us to clearly inspect the movement
of the probe inside the layer by eye. During dielectric property measurements, the steps

given in [85] was followed.

5.3 Results

In this section, the SD of all 3 probes with 0.5, 0.9 and 2.2 mm-diameter aperture
sizes were determined. The axial electric field magnitude obtained from simulations
using three probes with different apertures and double-layered configuration are given
in this section. Furthermore, the analysis were conducted with the relative permittivity
obtained from simulation and experiment results by selecting various frequency points.
The percent change in the relative permittivity of the double-layered configuration
were examined at each frequency point with respect to the second layer thickness

below the probe tip (d).

5.3.1 Electric field distribution

To understand the field behaviour around different probe aperture tips with different
sample types, simulated axial electric field magnitudes at 2 GHz are shown in
Figure 5.3. Figure 5.3a, Figure 5.3d, Figure 5.3g and Figure 5.3j represent the
analysis of the 0.5 mm-diameter probe with bare skin tissue layer, with only olive
oil layer, double-layered configuration with 0.3 mm olive oil layer and double-layered
configuration with 3 mm olive oil layer, respectively. Similar analysis are presented
in Figure 5.3b, Figure 5.3e, Figure 5.3h and Figure 5.3k for the 0.9 mm-diameter
probe and Figure 5.3c, Figure 5.3f, Figure 5.31 and Fig 5.31 for the 2.2 mm-diameter
probe. The simulation results indicate that electric field distribution on the single layer

configurations differed from the double-layered configurations.

The field distribution was approximately 70 dB around the three different probe tips,
and the magnitude of field gradually decreased to 10 dB at distant points from the

probe tip. As seen in Figure 5.3g, when the thickness of the olive oil layer was equal
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to 0.3 mm, the electric field distribution in both layers (olive oil and skin tissue) was
found to be around 70 dB for the 0.5 mm-diameter probe. However, when the thickness
of the olive oil layer was increased to 3 mm, the electric field distribution on the skin
layer decreased to 10 dB as shown in Figure 5.3j. Using the same double-layered
sample the thickness of olive oil layer was set to 3 mm, the simulation results for the
0.9 mm-diameter probe indicate that the field distribution on the skin layer fluctuates
between 10-18 dB as seen in Figure 5.3k. Lastly, the simulation results for the 2.2
mm-diameter probe when the thickness of olive oil layer was set to 3mm show that
the field distribution on the skin layer changes between 10-30 dB as depicted in Figure
5.31. The maximum electric field distribution at the skin tissue layer for each probe
with double-layered configuration were 10, 18 and 30 dB for the 0.5, 0.9 and the 2.2
mm-diameter probes, respectively. Having higher value of electric field distribution at
deeper position is one of the factors affecting SD. Based on these results, the electric
field distribution of the 2.2 mm-diameter probe at a distant point from the aperture is
higher when compared to the electric field strength of the 0.9 and 0.5 mm-diameter

probes indicating that the SD of the 2.2 mm probe is larger.

5.3.2 2.2 mm-diameter probe simulation and experimental results

Analysis of the 2.2 mm-diameter probe through simulation results were performed via
evaluating the retrieved relative permittivity based on three threshold values 5%, 20%
and 80% with respect to the change in thickness of the second layer (distances from the
first layer (d)). The percent changes and corresponding distances from the first layer

(d) at five frequency points 0.5, 2, 4, 10 and 20 GHz are given in Table 5.4.

Obtained results for the five frequency points indicate that the retrieved relative
permittivity of olive oil increased by 5%, 20%, and 80% between 0.66 mm to 1 mm,

0.36 to 0.86 mm, and 0.16 to 0.36 mm thicknesses, respectively.

To investigate the SD of the probe experimentally, 5 frequency points were chosen
between 0.5 and 8 GHz. Similar to the simulations, three percent increases (5%, 20%
and 80%) in the measured relative permittivity with respect to the dielectric properties
of pure olive oil (¢,=2.67 at 4 GHz) were recorded. As shown in Table 5.5, 5% increase
in relative permittivity of olive oil was observed at 0.81 mm for the five frequency

points. By moving the adjustable stand upwards, the thickness of second layer (olive
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Figure 5.3 : The electric field strength when 0.5, 0.9 and 2.2 mm-diameter probes
placed against single layer: (a)-(c) skin tissue layer, (d)-(f) olive oil
layer, and double layer configurations: (g)-(i) olive oil layer with
thickness of 0.3 mm and (j)-(1) olive oil layer with thickness of 3 mm.

Table 5.4 : Retrieved relative permittivity change of skin-olive oil double-layered
configurations with 2.2 mm-diameter probe at 0.5, 2, 4, 10 and 20 GHz
frequency points.

Thickness for Thickness for Thickness for

Frequency 5% increase  20% increase 80% increase
0.5 1 0.86 0.36
2 0.76 0.56 0.26
4 0.71 0.46 0.21
10 0.66 041 0.21
20 0.66 0.36 0.16

oil) was decreased and the measured relative permittivity increased by 20% at 0.67
mm. Additionally, 80% increase in measured relative permittivity was obtained when

the thickness of the second layer was between 0.20 and 0.22 mm.

The simulation results given in in Table 5.4 indicate that the frequency has an impact
on the SD represented by the percent increase in relative permittivity according to

the thickness of the second layer. However, a similar effect on SD with respect to
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Table 5.5 : Measured relative permittivity change of skin-olive oil double-layered
configurations with 2.2 mm-diameter probe at 0.5, 2, 4, 6 and 8 GHz
frequency points.

Thickness for Thickness for Thickness for

Frequency 5% increase  20% increase 80% increase
0.5 0.81 0.67 0.22
2 0.81 0.67 0.22
4 0.81 0.67 0.22
6 0.81 0.67 0.20
8 0.81 0.67 0.22

thicknesses could not be detected in the experimental results due to the limitation of the
frequency range (0.5-8 GHz). In order to prevent the cable loss and due to equipment
limitations, the frequency was limited to the indicated band. The power level of signals
was set to 0 dBm. Regarding the noise reduction during measurements, with the IF
bandwidth set to 10 Hz, the noise level was significantly reduced and the sweep time
was 18 s. Each measurement was acquired after five sweeps, which is 18 x5 s. It
should be noted that under experimental conditions it is expected that the measurement
sensitivity will be diminished and it will be heightened during DP calculation. Thus, it
can be stated that the disagreement could be due to noise during measurements. In [62,
64], the sensing depth was investigated based on the frequency. In [62], based on the
simulation results, it was concluded that frequency-dependence occurs above 6 GHz
and [64] stated that frequency-dependence can be discussed based on the materials
characteristics by analyzing experimental results. In addition, the results obtained from
our simulation show the critical changes observed from 0.5 to 4 GHz are 0.82, 0.62
and 0.27 mm for 5%, 20% and 80% increases in relative permittivity, respectively.
Similarly, we acquired approximately the same thicknesses in the experiment results

for 5%, 20% and 80% increases at the same frequency points.

5.3.3 0.9 mm-diameter probe simulation results

A second set of simulations were performed with the 0.9 mm-diameter probe. The
sensing depth analysis were carried out for 0.5, 2, 4, 10 and 20 GHz frequency points.
In Table 5.6, the thicknesses (d) are listed when the change in the retrieved relative
permittivity of second layer reached 5%, 20% and 80% increase at the five frequency

points.
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Table 5.6 : Retrieved relative permittivity change of skin-olive oil double-layered
configurations with 0.9 mm-diameter probe at 0.5, 2, 4, 10 and 20 GHz
frequency points.

Thickness for Thickness for Thickness for

Frequency 5% increase  20% increase  80% increase
0.5 0.66 0.21 0.11
2 0.56 0.26 0.11
4 0.56 0.21 0.11
10 0.56 0.21 0.11
20 0.51 0.21 0.06

Table 5.7 : Retrieved relative permittivity change of skin-olive oil double-layered
configurations with 0.5 mm-diameter probe at 0.5, 2, 4, 10 and 20 GHz
frequency points.

Thickness for Thickness for Thickness for

Frequency 5% increase  20% increase 80% increase
0.5 0.31 0.11 0.06
2 0.31 0.16 0.06
4 0.31 0.11 0.06
10 0.31 0.11 0.06
20 0.31 0.11 0.06

It was observed that, the retrieved relative permittivity with the 0.9 mm-diameter probe
increased 5%, 20%, and 80% between 0.51 to 0.66 mm, 0.21 to 0.26 mm, 0.06 to 0.11

mm distances, respectively at five frequency points.

5.3.4 0.5 mm-diameter probe simulation results

The final set of simulations were performed with 0.5 mm-diameter probe. In Table
5.7 the thicknesses where the change in retrieved relative permittivity of second layer
reached 5%, 20% and 80% increases with 0.5 mm-diameter probe are listed at five
frequency points. As seen from the Table 5.7, the retrieved relative permittivity of olive

oil increased 5%, 20%, and 80% at 0.31, 0.11, and 0.06 mm distances, respectively.

5.4 Discussion

SD analysis based on the OECP’s aperture size is important for choosing an appropriate
probe to minimize tissue and equipment-related errors. In this context, several studies
have been presented in the literature. Comparison of previously reported work on

OECP SD is given in Table 5.8. The results (Depth (mm)) given in the table is
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based on the definition or terminology used. Also, the type of data acquisition method
(experiment (Exp.) and simulation (Sim.)), the size of the probe aperture (Aper. Size
(mm)), the type of sample configuration (Sam. Config.) and the relative permittivity
of the samples (Sample’s €’) are also given in Table 5.8. In the literature, aperture
sizes larger than 1 mm was investigated. In this study, the sensing depth of three
different probe apertures are compared to assist in the equipment and tissue-oriented
design of the experimental setup. To this end, 0.5, 0.9 and 2.2 mm-diameter probe and
a double-layered material to represent tissue heterogeneity are designed using HFSS
simulation software. Furthermore, the commercially available 2.2 mm-diameter probe

was utilized to validate simulation results.

The proposed double-layered skin-olive oil sample was designed and simulated with
the 0.5, 0.9 and 2.2 mm-diameter probes. The retrieved relative permittivity and
conductivity from the simulation results as a function of the second layer thickness
d are shown in Figure 5.4. When the thickness d on the graph is equal to O, it refers
to the probe tip being terminated by the first layer. Even though the SD was examined
from O to 5 mm thicknesses of the second layer, the (thickness) axes in Figure 5.4 were
plotted from 0 to 1.2 mm to clearly depict the graph. This is due to the rapid changes in
dielectric properties at smaller thicknesses. In order to plot and demonstrate the rapid
DP changes for SD analysis, critical thickness values (0, 0.01-1 mm with 0.05 mm
increments and 1.2 mm) were selected for the thickness axes. Therefore, the thickness
axes in Figure 5.4 are not linearly or logarithmically plotted. For the 0.5 mm-diameter
probe, a retrieved DP approximately close to that of olive oil was reached when the
thickness of the second layer was 0.31 mm. However, at the same thickness (d = 0.31
mm), the DP value acquired via the 2.2 mm diameter probe was 80% higher than the
value of olive oil. Therefore, it can be inferred that at the same thickness, the probe
with a bigger aperture size can sense the first layer (skin tissue); thus, a probe with a

larger aperture size is expected to have a larger SD.

In [83], two different probes with 1 and 3 mm-diameter aperture sizes were used to
define the proper thickness of the sample that does not affect the measurement of
relative permittivity. Double-layered sample configuration including porcine muscle as
the bottom layer and porcine fat as the upper layer were utilized. The proper thickness

for the porcine fat layer was determined as 1 and 3mm for the 1 and 3 mm- diameter
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probe, respectively. The study defined the term proper thickness for a double-layered
biological tissue and their results indicated that the Probe aperture size is proportional

to the SD.

In [63], the sensing depth from the simulation and experiment results of the 2.2 and
3.58 mm-diameter probes for glass-ethanol, glass-methanol, and glass-deionized water
(d.water) double-layered configurations was presented. Higher SD values for the
probe with the larger aperture size from both the simulation and experiment results
irrespective of the sample configuration were obtained. Furthermore, £10% was
chosen as the acceptable level of error in the real and imaginary parts of the complex

permittivity.

In [62], from the simulation results, the effective penetration depth (20% reduction
from expected dielectric property value) was found to be 0.158, 0.483 and 0.866 mm
for the 1.19, 3.58 and 6.35 mm-diameter probes, respectively. The obtained 20%
change in relative permittivity from our simulation results for the 0.5, 0.9 and 2.2 mm
probes was 0.11, 0.21, 0.46 mm, respectively. The effective penetration depth obtained
in [62] is higher than sensing depth in our work for the same percentage change in
relative permittivity. This difference is related to the different probe dimensions (inner
and outer conductor diameters) used in the simulations. Even though different values
were obtained from both work, the results still indicate that the sensing depth/effective

penetration depth increases as the probe aperture size increases.

For this work, the thicknesses of three different levels of percentage increase for
retrieved relative permittivity of skin-olive oil double-layered configurations at 4 GHz
with three different probes was presented and listed in Table 5.9. According to the
results, the increase in retrieved dielectric properties from 5% to 80% was slower for
the 2.2 mm-diameter probe. Based on these results, the 2.2 mm-diameter probe is
more sensitive to the dielectric property of the skin phantom layer below the olive oil

phantom layer.

These findings suggest that sensing depth is dependent on the probe aperture; that is,
the SD increases with the increase in probe aperture for such a configuration. Lastly,
to analyze the critical variation of the dielectric property, the thickness of the olive

oil layer was set to d; = 0.01, d; = 0.06 and d3 = 0.11 and simulated with the three
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Table 5.8 : List of literature studies on different aperture sizes, sample configurations
and different terminologies to define the sensing depth of the OECP.

Aper.

Ref. Definition Type Size Sam. Config. Sample’s €’ ]()rflf; 1)1
(mm)
"Proper thickness of
target-sample" is 1.0 P0r01/ne muscle 1.0
; orcine muscle- £'=~52
[83] thickness the target Exp. p A, g
sample where the ____ porcine fa porcine fat &'=
influence of non-targeted 3.0 at 0.5 GHz. 3.0
region is no longer
sensed by the probe.
Glass-ethanol 0.5-1.0
2.2 Glass-methanol 1.0-1.5
"Sensmg golucrlne" Sim Glass-d.water Glass £/=4.82, 1.25-1.5
b;vi‘zorﬁt(‘:r?ng ' Glass-ethanol ethanol £'=9.6, 1.0-1.5
he ch 3.58 Glass-methanol ~ methanol £'=24.2, ~1.75
the changes d.water £€'=79.2 Y-
in the Glass-d.water ' : ~2.5
[63] at 3 GHz. _
S11 between Glass-ethanol Below the glass 0.75-1.0
* 05-}::: LO SLOL 22 Glass-methanOI beaker, there is 10'15
ivlvo;z eﬁor Ex Glass-d.water epoxy stand ~1.5
i torms of the & and &, T Glass-ethanol ~ €=40at5GHz. 125713
3.58 Glass-methanol ~2.25
Glass-d.water ~2.5-3.0
"Effective penetration 1.19 Acrvli Acrylic €'=3.0 0.158
depth” was Sim 3.58 9;rys;101;1e 0.9% saline 0.483
defined as 6.35 7 £'=78.1 0.866
[62] when 20% error is 180 - d.water 184
observed between the — Acrylic- £'=78.8 at 2 GHz. I
measured and Exp. 21.0 d.water 2.74
expected linearly Teflon £'=2.1
changing €. 2.16 Teflon-d.water d.water £'=78.8 0.28
at 2 GHz.
"Sensing depth" 22 Skin tissue 0.71
This is defined as Sim. 0.9 olive oil Skin tissue £'=32.89,  0.56
work when 0.5 olive oil £’=3.0at4 GHz (.31
ti?t:lrl;;%:fl 1:/ Skin-mimicking Skin-mimicking
is observed Exp. 2.2 phantom- phantom £'=34.7, 0.81
' olive oil olive oil €'=2.67 at 4 GHz

different probes. The results of the dielectric properties obtained from the simulations

at the given olive oil thicknesses are plotted with respect to frequency in Figure 5.5.

Additionally, the dielectric property results based on the olive oil thickness and probe

apertures are listed in Table 5.10. As seen from the table, the dielectric properties of

first layer (skin) have greater effect on the double-layered results performed with the

2.2 mm-diameter probe.
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Figure 5.4 : Retrieved dielectric property changes obtained from the simulated

skin-olive oil phantoms with 0.5, 0.9, and 2.2mm probes: (a) Retrieved

relative permittivity change and (b) retrieved conductivity change as a
function of second layer thickness d below the probe tips at 4 GHz.

As shown in Table 5.10, at 0.11 mm thickness of olive oil, the retrieved relative

permittivities are 3.02, 4.24, and 6.56 for 0.5, 0.9, and 2.2 mm-diameter probes,

respectively. Simulated results acquired by the 0.5 mm-diameter probe converged to

the dielectric properties of olive oil at the smallest thickness under the same conditions.
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Table 5.9 : Thickness of three different increase levels for retrieved relative
permittivity of skin-olive oil double-layered configurations at 4 GHz with
three different probes.

Thickness for Thickness for Thickness for

Probe aperture (mm . : i
robe ap (mm) 5% increase  20% increase 80% increase

0.5 0.31 0.11 0.06
0.9 0.56 0.21 0.11
2.2 0.71 0.46 0.21
50
—=—0.5mm d1
457 0.5mmd,
a0 | —4}—&5mmd3
—.w:=0.9mmd,
35 O,Qmmd2
30tk .u.E]I,E)mmd3
—&—22mmd1
w25+ 22mmd,

2 4 B 8 10 12 14 16 18 20
Frequency (GHz)

Figure 5.5 : The comparison of skin-olive oil retrieved relative permittivity through
simulation of 0.5, 0.9 and 2.2 mm-diameter probes as a function of
frequency when the second layer thicknesses (d, d; and d3) are 0.01,
0.06 and 0.11 mm.

Table 5.10 : Three different thicknesses and retrieved relative permittivity of
skin-olive oil double-layered configurations at 4 GHz with three probes.

Relative Permittivity (&, )

Thickness (mm) 0.5 mm Probe 0.9 mm Probe 2.2 mm Probe

0.01 12.34 15.32 22.95
0.06 4.29 5.98 9.52
0.11 3.02 4.24 6.56
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5.5 Conclusion

The OECP method is superior to other dielectric property measurement techniques
for dielectric property characterization of biological tissues due to its measurement
simplicity. However, the method suffers from equipment- and tissue-related errors.
Minimizing the effect of skin tissue heterogeneity and the sensing depth of the probe
is an important amendment for classifying skin tissue anomalies and detection of
skin cancer through dielectric property discrepancy. Therefore, there is a need to
understand the effect of sensing depth in order to implement the appropriate probe for
the application. Towards this end, the sensing depth of three different probe aperture
sizes were compared in this work. Probes with 0.5, 0.9 and 2.2 mm-diameter were
simulated with double-layered skin tissue and olive oil sample configuration. The
experimental validation was performed with the 2.2 mm-diameter probe with the skin
phantom and olive oil configuration. The obtained results show that the sensing depth
is proportional to the probe aperture and smaller probe aperture can potentially aid
in diminishing the heterogeneity of the tissue and allow accurate dielectric property
characterization of thin skin tissue layers. As an example, 5% increase in retrieved
relative permittivities were obtained at 0.31, 0.56 and 0.71 mm thicknesses for 0.5,
0.9 and 2.2 mm-diameter probes, respectively. Based on these results, we can state
that using a 0.5 mm-diameter probe can provide more accurate results when a thin
skin layer measurement is performed. However, the membrane or any tissue fluid
that may be present on the tissue surface during measurement with a 0.5 mm-diameter
probe may affect the measurement result more than expected. Therefore, measurement
protocols should be established to prepare the measurement surface for tissues that
consist of a multi-layered structure or that may have a membrane or any other layer on
the measurement surface. Alternatively, tissue heterogeneity can be determined using

probes with multiple aperture sizes.
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6. MICROWAVE DIELECTRIC PROPERTY RETRIEVAL FROM
OPEN-ENDED COAXIAL PROBE RESPONSE WITH DEEP LEARNING!

This work presents a technique for dielectric property retrieval through Debye
parameter reconstruction from open-ended coaxial probe (OECP) response. Debye
parameters were obtained with the application of a deep learning (DL) model to the
reflection coefficient response of the OECP when terminated with a material under
test. The OECP was modelled with the well-known admittance technique from 0.5 to 6
GHz with 20 MHz resolution. A dataset was generated using the admittance technique
and obtained data was utilized to design the DL model. As part of the standard
procedure, the dataset was separated to train, validate, and test parts by allocating
the 80%, 10%, and 10% of the dataset to each section, respectively. Obtained percent
relative error for Debye parameters were 1.86+3.01%, 3.33+9.52%, and 2.07£7.42%
for &, €. and 7, respectively. To further test the constructed DL model, OECP
responses were measured at the same frequency band when it was terminated with
five different standard liquids, four mixtures, and a gel-like material. Reconstructed
Debye parameters from the DL model were used to retrieve the complex dielectric
properties and obtained results were compared with the literature data. Obtained mean
percent relative error was ranging from 1.2140.06 to 10.89+0.08 within the frequency

band of interest.

6.1 Introduction

Microwave dielectric properties (DP), also referred to as complex permittivity, are
critical system design parameters for the development of microwave diagnostic,
imaging, treatment devices, and RF/microwave circuits. Therefore, inaccurate
determination of the complex permittivity can render information resulting in poor
system reliability. Based on the nature of the sample and frequency of interest different

techniques can be employed to measure the DP. One such widely utilized technique is

IThis chapter is based on the paper "Aydinalp, C., Joof, S., Akinci, M. N., Akduman, I. and Yilmaz,
T. 2021. Microwave Dielectric Property Retrieval from Open-Ended Coaxial Probe Response with Deep
Learning, IEEE Access, vol. 10, pp. 1216-1227”
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open-ended coaxial probe (OECP) method. The technique is used for the complex
permittivity characterization of many different materials including but not limited to
liquids, biological tissues, ice, and concrete [22, 39, 88-91]. Provided that the full
contact between the material under test (MUT) and the probe aperture is ensured, the
method does not require strict sample preparation procedures. Additionally, the OECP
technique is capable of performing wideband measurements of the MUTs complex
permittivity. While these advantages make the method a widely preferred tool for
complex permittivity characterization, the OECP method is known to suffer from
large measurement error. Commercially available probes report +5% accuracy under
ideal conditions [68]. It is reported that the measurement error can increase up to
30% [92]. Sources of error include but not limited to the mathematical approach,
calibration degradation, sample heterogeneity. Since the DP are not measurable
quantities, complex permittivities are derived from the other measurable quantities.
Thus, the mathematical approach can be a major contributor to the measurement error.
Addressing the mathematical approach can aid in the improvement of the measurement

accuracy of the OECP technique.

In the OECP technique, reflected signals from the MUT are measured and converted to
the complex permittivity. Different mathematical approaches have been implemented
to retrieve the complex permittivity from measured reflection coefficients including
the full-wave method and the equivalent circuit model [93, 94]. Full-wave analysis
provides higher accuracy results for wideband but suffers from poor convergence and
slow computing performances when processing large quantities of data. The equivalent
circuit model provides faster computing; however, suffers from low accuracy and

limited bandwidth [59,95,96].

In [69], an admittance model is proposed to mathematically represent the relationship
between the MUT complex permittivity and the measured reflection coefficients
at the probe aperture. Different solution approaches including the quasi-static
approximation, Taylor Series approach, stochastic approach, and particle swarm
optimization (PSO) were proposed in the literature to retrieve the complex permittivity
from the admittance model [59,91,97-100]. While iterative solution techniques can
converge under certain constraints, such as being valid until a certain probe diameter,

heuristic approaches are likely to be stuck in a local minima. Moreover, these methods
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have high computational complexity; for non-linear inverse estimation problems, they
reach the solution either (i) in an iterative manner by means of linear or quadratic
approximations of the problem at each step or (ii) solving the forward problem many
times for each estimation. In contrast to these approaches, the deep neural network
model proposed in this work offers a non-iterative and nonlinear solution of the
inverse estimation problem by directly learning the non-linearity of the problem from
the data generated with the admittance model [101]. Moreover, after the training
phase, it needs only simple operations (summations, multiplications and activation
function evaluations) and it does not require a solution of forward problem, which
makes it easily adoptable in hardware. To this end, deep neural networks have been
successfully employed in the literature for high dimensional microwave modelling,
such as extracting the parameters of microwave filters [49]. Therefore, we believe
that the deep neural networks can be utilized in similar nonlinear inverse problems in
electromagnetic, to potentially improve the computation time and to reduce complexity

of solution while enhancing the ease of implementation.

In this paper, we propose an alternative method to find Debye parameters which are
used to represent the complex permittivity of materials for a wide frequency range. The
Debye parameters are retrieved from the reflection coefficient of the probe through
deep learning (DL) model designed by utilizing a synthetically generated dataset.
The reflection coefficients were numerically calculated using the admittance model
proposed in [69] and the designed DL model was then tested with the measurement
data. Briefly, 27617732 input dataset was generated corresponding to the 317732
output Debye parameters dataset. The scattering parameters of the probe were
calculated between 0.5-6 GHz, with 20 MHz steps. The dataset was divided into
three sections, 80% was used for training and 10% was used for validation. After
the training procedure had ended, the remaining 10% of the dataset was used for
testing. Obtained percent relative errors of the proposed model were 1.86 4+ 3.01%,
3.33£9.52%, 2.07 £7.42% for prediction of the Debye parameters & (static dielectric
permittivity), &. (dielectric permittivity at high frequencies), and 7 (relaxation time
constant), respectively. Finally, the trained deep learning model was tested with
measurement data and it was found that the retrieved complex dielectric parameters

had a percent mean relative error of approximately less than 10%.
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In the literature, an artificial neural network model is proposed in [102] to compute
the complex permittivity from the measured reflection coefficients for biomedical
applications. In the proposed study [102], 102 experiment samples including standard
liquids and biological tissues were measured in order to train, validate and test
the neural network model. Prediction accuracy of +5% was obtained for the
complex permittivity. The study in [102] was limited with collected data from the
experiments; therefore, the predictions of the trained neural network model was
restricted. Composing a large dataset through measurements that include different
materials, frequencies, and probes is labor intensive and costly. To the best of authors’
knowledge, this work presents the first large scale study performed by designing a
deep learning model using numerically generated data. Also, this work proposes to
retrieve the Debye parameters from the reflection coefficient response of the OECP.

The contributions of the paper and the added advantages are as follows:

1. One main contribution of this work is generation of dataset for training the deep
neural network, which estimates the Debye parameters. In particular, unlike to
[102], the input and output dataset was not measured but synthetically generated
by means of a calibration procedure. Designing such procedures is an important
topic for inverse electromagnetic estimation problems [103], since it produces large
amount of data required to train the deep learning model. Therefore, a more robust
model is built in this work since a wide range of Debye parameters and reflection

coefficients can be conveniently generated.

2. Since the probe is theoretically modelled, the proposed method provides design
flexibility and ability to generate dataset for any desired probe with different

dimensions.

3. Generating synthetic data shortens the time required for the collection of training
data. For example, 276x 17732 input dataset mentioned above was generated
approximately in 50 mins on a computer with 192 GB RAM, 2x Intel(R) Xeon(R)
X5690 3.47 GHz CPU. Furthermore, due to the features of deep neural networks,
very large datasets can be easily trained using high-performance computing

platforms such as GPUs.
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4. Synthetic training approach proposed here is also flexible in data type and data
production method. For instance, the dielectric permittivity model can be changed
(Cole-Cole, Debye or multipole Debye) simply by using the target model for
complex permittivity calculation or the simulation method can be different (instead
of using the admittance model [69], numerical electromagnetic software such as

HFSS or CST can be employed).

5. Different from the verification of previously proposed dielectric retrieval methods,
which is usually performed by measuring few standard liquids, this work presents
a statistical verification of the DL-based dielectric property retrieval technique both

with synthetically generated and measured data.

The remainder of this paper is organized as follows: Section 6.2.1 presents the
admittance model. Process for synthetic dataset generation is explained in section
6.2.2. Measurement procedure and the experimental setup are given in section 6.2.3.
The design of the deep learning model is presented in section 6.2.4. Results are given

in section 6.3 and conclusions are drawn in section 6.4.

6.2 Material and Methods

In the following section, we first present the theoretical background for retrieving
the Debye parameters from the reflection coefficient using the OECP and admittance
model. Second, based on the theoretical model, the dataset was generated to train,
validate, and test the deep learning model. Furthermore, to test the deep learning
model with measurement data, experiments were conducted to acquire the reflection
coefficients of standard liquids, mixtures, and a gel-like material. Finally, the design
process for the deep learning model to retrieve the Debye parameters from the

reflection coefficient is given in detail.

6.2.1 Admittance model for the open-ended coaxial probe

The configuration of the OECP consists of two concentric cylindrical conductors with
a dielectric material placed between the conductors. When the OECP is utilized to
obtain the dielectric properties of a MUT, the relation between the complex permittivity

of MUT and the admittance of the probe is given by the classical admittance model as
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shown below in (6.1) [69]:
Y(¢g) ikgee [ [Jo(Ea) —Jo(Eb))
b a

Y() :kdln(b/a) C\/m

where Y (&) represents admittance of the probe when terminated with MUT, Y} is the

6.1)

probe characteristic admittance, a and b represent the inner and outer radius of the
conductors, respectively. Jy(-) is the first order Bessel function, k,; denotes the wave
number of the dielectric material (between conductors) and kg represents the free space
wave number. €. is the complex dielectric permittivity of the MUT which can be

expressed in terms of Debye parameters:

85_800
(W) = €w
(@) +1+i(m’

(6.2)
where @ represents the angular frequency, & is the static constant, €. is the infinite
frequency dielectric constant and 7 is the characteristic relaxation time. Debye
equation (6.2) can be used for generating the complex dielectric constant. The
admittance of the probe can then be derived from admittance model (6.1). As result of
the impedance difference between the reference medium and the MUT, the reflection

coefficient I' at the probe’s aperture can be expressed in terms of the ratio between the

admittance of the MUT Y (€) and the probe characteristic admittance Yj:

Y(e) 1+T
Yo 1-T 6.3)

From (6.3) corresponding reflection coefficient can be derived. However, it should be
noted that this represents the calculated reflection coefficient and does not correspond
to a measured reflection coefficient. For a measured reflection coefficient, there is
a need to adjust the reference plane of measurement through calibration in order
to utilize (6.3) for measurements. Therefore, a calibration procedure is required
to acquire the reflection coefficient (I'.) at the probe’s aperture. Please note that
I'. will be used to denote the calibrated reflection coefficient throughout this paper.
Suppose, p represents the reflection coefficient obtained from the MUT and py, p»,
p3 are the reflection coefficients corresponding to three known material terminations.
The reflection coefficient at probe’s aperture (I';) can be obtained from the measured
reflection coefficients p, p;, (i = 1,2,3) with the following expression:

p—S1

_ (6.4)
© PpSn+S128 — 51152
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where S11, S12, S21 and S»; represent the unknown scattering parameters of the network

[92], which can be evaluated with the subsequent equations:

~ I'iIps(pr — p2) +Tipa(p3 — p1) +T2l3p1 (02 — p3)

Si1 = 6.5
! [ (p1 — p2) +T1I3(p3 — p1) +2I3(p2 — p3) (©2)
-5 1 —85»hI
S12S; — (p1 11)l£ 2»I) 6.6)
1
Sy — [(p2—S11)+T2(S11—p1) ©6.7)

I (p2 — p1)
where I'y, I'7, and I'3 are the calculated reflection coefficients of the known materials
using (6.1) and (6.3). For a measurement from a MUT, once the scattering parameters
are calculated from the given expressions above, (6.4) is used to calculate the reflection

coefficient at the aperture.

6.2.2 Procedure for obtaining the deep learning dataset

In this section, the expected reflection coefficient (I') due to material’s complex
permittivities (&.) is calculated using the admittance model. To do so, Debye
parameters corresponding to a wide range of complex permittivity values were
systematically generated. Note that the Debye parameters are frequently used for
mathematical modelling of frequency dispersive complex permittivity. The theoretical
relation between the Debye parameters and reflection coefficient at the probe’s aperture
can be expressed using (6.1), (6.2) and (6.3). Using any given set of Debye parameters
(&, €, T), the corresponding reflection coefficient (I') at the probe’s aperture can be
directly calculated. The following steps were implemented to generate the required
dataset. First, Debye parameters were generated by varying & from 5-120 units,

£- from 1-10 units, 7 from 20-180 ps with constant step size of %2, += and +=,

V2 V2
respectively. The step sizes were determined by trial and error. Note that the step size
is a critical parameter for training the model. We ran several simulations by training
and testing the initial network with multiple datasets generated by using different step
sizes. If the Debye parameters are generated with smaller step sizes, the difference
between the corresponding calculated reflection coefficients becomes minimal. The

initial network cannot interpret these differences. Conversely, if the Debye parameters

are generated with larger step sizes, the discrepancy between the calculated reflection
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coefficients becomes too large and the number of generated data will not be adequate
for training the network. Therefore, the step size is an important part of the dataset
generation and it must be optimized using an initial network, when using the proposed
approach. It should also be noted that in this trial and error process the point that we
noticed is to divide the output space (the space spanned by & — €. — T) into equal pieces
as much as possible in all three parameters. Lastly, the limits of the Debye parameters
were selected based on the widely used pure standard liquids presented in the literature

and based on the frequency of interest in this work.

Next, generated Debye parameters were combined and a total of 17748 Debye
parameter sets were obtained. Then, the complex dielectric properties were produced
using Debye parameter sets. The frequency range was selected from 0.5 to 6 GHz with
20 MHz resolution (a total of 276 frequency points). Synthetically generated complex
permittivity values were then placed in (6.1) to obtain the corresponding admittance. It
should be noted that the dimensions of the probe (a and b in (6.1)) were chosen based
on the commercially available Dielectric Assessment Kit (DAK). The outer radius of
the probe (a) is 1.75 mm and inner radius (b) is 0.465 mm [104]. Finally, (6.3) was
used to obtain the reflection coefficient. Through the application of this process, a
dataset composed of reflection coefficients and corresponding Debye parameters was
obtained. The dimensions of the dataset were 276x 17748 (I') matrix (input of the
deep learning model) corresponding to 3 x 17748 Debye parameters (output of the deep

learning model).

6.2.3 Experiment setup and protocol for reflection coefficient measurements

Since the deep learning algorithm is modelled based on the generated theoretical data,
it is critical to evaluate the model’s performance with real measurements. Therefore,
an experiment setup shown in Fig. 6.1 (a) was used to collect the reflection coefficient
responses of the probe with standard pure liquids. The experiment setup consisted of
N5230A PNA Series Network Analyzer (Santa Clara, CA, USA) and the commercial
Speag DAK 3.5 mm-diameter open-ended coaxial probe (Zurich, Switzerland), shown
in Fig. 6.1 (a) and (b). The frequency range of the analyzer was set from 0.5 to 6 GHz
with 20 MHz increments; that is, 276 frequency points consistent with the synthetically

generated data. An IF bandwidth of 10 Hz was selected to reduce the error due to
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Figure 6.1 : Experimental setup and its components. (a) Experiment setup 1.
N5230A PNA Series Network Analyzer, 2. RF cable, 3. sample:
standard liquid and 4. EXTECH thermometer, (b) DAK 3.5 probe, and
(c) mechanical calibration kit.

noise. The analyzer and probe were connected via an RF cable. Before connecting
cable to the probe, the Agilent 85033E 3.5 mm standard mechanical calibration kit
(Santa Clara, CA, USA), as seen in Fig. 6.1 (c), was used for RF calibration with the

aim to transfer the measurement reference plane to the end of the cable.

Obtaining the reflection coefficient for any MUT requires the calibration of the
probe. The standard protocol for calibrating the OECP is a three-step process (open
circuit, short circuit and distilled water). Probe calibration procedure for obtaining
the reflection coefficient I'. is given in section 6.2.1. To apply the given procedure
in the section, measured reflection coefficients for the MUT (p) and the reflection
coefficients of three known materials (py, pp, p3) were collected. The p;, p2, p3
were measured by allowing the probe to radiate in free space (Open), terminating the
probe’s aperture with a copper strip (Short) and with a reference material (distilled
water) respectively. The measured pure materials were DMSO, ethanol, ethylene
glycol, formamide and methanol. The temperatures of the materials were 17.84+0.2°C

at the time of the measurement. The mixtures were prepared via volume fractions:

101



FORMAMIDE
0.8 T

~ == Theoretically calculated (T') real part [77]
06 L . - © -Measurement (Fc) real part i
\ ~@+ Real part of T from ADS simulation
— 04l < Real part of " from CST simulation i
QC) \ == = Theoretically calculated (I') imaginary part [77]
[3) sl y Measurement (' ) imaginary part |
% \ =-B-= Imaginary part of I from ADS simulation
o \ - & - Imaginary part of ' from CST simulation
O ot b 1
c
5 Y
o2k %ﬁ "
= 9 M
) )
0C-04r+ . M eid 4
osl M MG 7
0.8 u e I I I I

Frequency (GHz)

Figure 6.2 : Comparison of theoretically calculated reflection coefficients, the
reflection coefficients obtained from commercial software (CST and
ADS) and the measured calibrated reflection coefficients of formamide.
The Debye parameters of formamide given in literature were used for the
simulations and theoretical data.

formamide (90%)-1-buthanol (10%), formamide (70%)—1-buthanol (30%), DMSO
(23%)—ethanol (77%) and DMSO (54%)—1-butanol (%46) at temperatures of 24.54+0.9
°C. Apart from the liquids/solutions, a gel-like material was prepared by mixing
deionized water (15 ml) and triton X-100 (15 ml) at 23.5°C. Each measurement,
(3 reflection coefficients for calibration step and the measurement of the samples)
were repeated five times for statistical verification purposes. As an example of the
consistency between the theoretical calculation and calibration, Fig. 6.2 depicts
the comparison of the theoretically calculated I' and the I'. obtained from the
calibrated reflection coefficient of formamide. Additionally, comparison of the real and
imaginary parts of the reflection coefficients obtained from the full-wave simulation
software (CST Microwave Studio) and from the equivalent circuit model via Advanced
Design System (ADS) [105] are given in Fig.6.2 in order to verify our results with
benchmark simulation approaches. From this figure, it can be concluded that the
theoretically generated reflection coefficients, the obtained reflection coefficients from
commercial software tools, and the measured reflection coefficient of formamide are

in good agreement.

102



6.2.4 Deep learning model design

Recently, many different studies have adopted deep learning to model nonlinear
input-output relationships. This work presents the design of a deep neural network
with 5 hidden layers as seen in Fig. 6.4. The inputs of the network were the real
and imaginary parts of the reflection coefficients. As described in section 6.2.2, the
input dataset was generated through the admittance model [69]. Before training the
network, as a constraint, generated data with & < €&, were omitted from the data set
since it is known that most materials possess & > €. property. This approach shrank
the dataset to 276x 17732 reflection coefficients as input data and 3x 17732 Debye
parameters as the corresponding output data. Next, the dataset was divided into three
sections, 80% was used for training and 10% was used for validation. After the training
procedure was ended, the remaining 10% of the synthetically generated dataset was
used for testing the designed network. Further, validation of the designed network was
performed with the measured reflection coefficient data collected from a number of
well-known liquids. As explained in section 6.2.3, in order to collect a measurement
dataset compatible with the synthetically generated data, reflection coefficients of the
commercially available DAK probe were measured between 0.5 to 6 GHz, with steps
of 20 MHz. Thus, the obtained number of input parameters and the frequencies were

consistent with the synthetic dataset.

The strategy of setting the neural network can be summarized as follows:

1) Normalize the output parameters with respect to its maximum value. For this study,
&, € and T were normalized by 120, 10, and 180 ps, respectively. This approach

was applied in order to increase the numerical stability of training.

2) Number of inputs is determined by the number of frequencies for which the
measurements are performed. (For this study, the number of inputs was 2 x 276
since the input parameters are complex numbers.) The number of outputs is the
number of parameters that is to be extracted. Note that in this work, the dielectric
properties (DP) is mathematically represented with the Debye equation and the
number of Debye parameters is three; thus, the number of outputs were three.

The design can be started with a single hidden layer, whose size is determined
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Figure 6.3 : Flowchart of the Deep Learning (DL) model along with the training and

3)

4)

testing approach charts.
as B B, p; € N (i.e. integer powers of an integer) where i is the order of the related

layer. In this study, B = 2 and we started with p; = 7.

Assume that there are L many hidden layers, let the training error for this case is
E; ; and validation error for this case is E, ;. If E; ; ~ E, | then increase the number
of free parameters of neural network either by choosing py := pr + 1 or by setting

pr+1>0,pLy1 €N.

fE 1~E 1 <Ejp~E,,thengostep3. IfE ;1 <E  butkE,; 1 ~E,/
then the neural networks start to overfit the data; thus, go to the previous state and
choose the final design with L layers. Fig. 6.3 shows a flowchart of the algorithm
for designing DL model used in this work along with dataset production for training

and testing steps.

Following the guidelines given above, the deep neural network model shown in Fig.

6.4 was designed. Please note that using batch normalization (BN) and Relu layer

(ReLu) after each dense layer (DN), improves the model. Thus, after each dense layer,

these two blocks were applied to the data subsequently. Finally, a regression layer

(RL) was applied. The given model was trained on GPU using Matlab’s Deep Neural
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Table 6.1 : The mean and standard deviation of the percent relative errors for Debye
parameters (&, €. and 7) of the test set (10% of the synthetic dataset).

Debye parameters Mean (%) Std dev. (%)

€, (units) 1.86 3.01
€. (units) 3.33 9.52
T (ps) 2.07 7.42

Network Toolbox on a computer with 32 GB RAM, 16 GB Intel(R) UHD Graphics
630 GPU, 2.6 GHz CPU. In the training, maximum of 200 epochs were applied to the
model and Adam optimizer was used with least mean square error cost function. The
training lasted approximately 10 mins and at the end of training the model had a loss
of 0.02 for both training and validation data, indicates that the model did not overfit.
Finally, to further show that the model can represent the nonlinear relationship between
reflection coefficients and Debye parameters, test data (10% of the synthetic dataset)
was processed by the trained network. For each case, the predicted Debye parameters
were compared with the actual values and the percent relative error for each parameter

was computed (‘Pred’fgi+tfmm x 100%). There were approximately 1700 sample in
the test data and the histograms of percent relative error for each parameter are given
in Fig. 6.5. Additionally, the mean and standard deviation of the percent relative errors
of the test data are given in Table 6.1. As can be seen from these results, the designed

model can accurately determine the Debye parameters.

| BN HERL

_ — —  —  —  —_—  —_— —_— —_—— —_—— —_—

278 552 128 128 128 64 3 |,
] s
g5 |
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sl4 |§&L
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-

Figure 6.4 : Designed deep learning model with dense layer (DN), batch
normalization (BN), Relu layer (ReLu) and regression layer (RL) for
predicting Debye parameters from reflection coefficients.

105



1400 T 1400 1400
w w w
c c c
i) i} i)
T T T
c c c
[ [ [
a & &
© 700 o 700F © 700F
Y— Y— Y—
o o ]
@ o) @
Qo o Qo
S £ S
=) =) >
z z z
0 Mhhm. ‘ ‘ 0 L ‘ 0 L ‘ ‘
0 20 40 60 0 20 40 60 0 20 40 60
% relative error % relative error % relative error

Figure 6.5 : Histograms of percent relative errors for each output parameter (&, €
and 7) obtained for 1700 samples in the test set (10% of the synthetic
dataset).

Table 6.2 : Complex permittivity comparison of formamide retrieved using the Deep
Learning (DL) model from the reflection coefficients obtained via the
theoretical model, full-wave software (CST), equivalent circuit model
(ADS) and from the measured reflection coefficients. The results are

compared with Debye parameters of formamide given in literature.

Freq. Data Generation Methods
(GHz) R/ef. [77}/ N/Iea.—DI; TEleo.—DI,7 C/ST—DLN A/DS—DLN
€ € € € € € € € € €
0.5 110 13.75 1074 13.6 1104 14.54 10845 12.52 110.72 14.19
3 71.38 50.84 68.24 51.05 68.61 51.93 7394 504 70.25 5247
6 36.81 46.55 34.11 47.36 34.46 46.18 38.2 50.44 35.02 48.05

6.3 Results and Discussion

In this section, first, the DL method is verified by comparing the complex permittivity
(¢/ and €”) of formamide retrieved by using reflection coefficients obtained through
different approaches; that is, the theoretical model, full-wave solution (CST),
equivalent circuit model (ADS) [105] , and the measured reflection coefficient. The
complex permittivity results retrieved from DL model are also compared with the
Debye parameters of formamide from [77]. The results are given in Table 6.2 and

a good agreement is obtained with the literature as well as the different approaches.

To further test the optimized deep learning model with measured data, a dataset was

generated by using 5 standard liquids; namely, dimethyl sulfoxide (DMSO), ethanol,
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Table 6.3 : Comparison of Debye parameters given in literature and mean of the
retrieved Debye parameters from the designed neural network (NN) for
standard liquids. MPE£SPE for the calculated complex permittivity (&)
from retrieved Debye parameters with respect to literature values from 0.5

to 6 GHz.
Standard & (units) € (units) T (ps) &
Liquids Ref. NN-res. Ref. NN-res. Ref. NN-res MP](E; )SPE
(4
Dimethyl
sulfoxide [106] 47.13 4681 6.8 498 21.6 19.86  1.21+£0.06
Ethanol [107] 25.07 2282 42 4,00 14324 150.22 10.89+0.08
Ethylene
Glycol [108] 35.85 3734 423 479 99.62 115.14 6.08+0.02
Formamide [77] 111.8 109.23 6.9 5.26 42.00 42.9 3.68+0.03
Methanol [107] 33.64 37.01 5.7 4.94 53.05 57.21 8.534+0.02
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Figure 6.6 : Comparisons of calculated complex permittivities from the retrieved
mean of Debye parameters and literature values of complex
permittivities for five standard liquids: dymethyl sulfoxide, ethanol,
ethylene glycol, formamide and methanol.

ethylene glycol, formamide, and methanol; and 4 mixtures. To compose the dataset, 5

reflection coefficient measurements with the commercially available DAK probe were

collected from each of the liquids /mixtures, and the calibration standards; that is, open,

short and distilled water. Then, 5 measurements for each material were combined

with the calibration (open+short+water+material) to obtain a total of 625 different

measurement.
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Figure 6.7 : The calculated Ej;,g;. 0f €q.(6.8) of deep learning model by testing over
625 measurements for each standard liquid.
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Figure 6.8 : Comparisons of calculated complex permittivities from the retrieved
mean of Debye parameters and literature values of complex
permittivities for three liquid mixtures: formamide (90%) & 1-butanol
(10%), formamide (70%) & 1-butanol (30%), DMSO (23%) & ethanol
(77%) and DMSO (54%) & 1-butanol (46%).

composed of 5x625 measurements for standard liquids and 4 x 625 measurements for
mixtures. Apart from these two dataset, the deep learning model was tested with a

gel-like material with the same data collection process.
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Table 6.4 : Comparison of Debye parameters given in literature and mean of the
retrieved Debye parameters from the designed neural network (NN) liquid
mixtures. MPE+SPE for the calculated complex permittivity (&.) from
retrieved Debye parameters with respect to literature values from 0.5 to 6
GHz.

Liquid Mixtures & (units) € (units) T (ps) &

(Vol. frac. %) Ref. NN-res. Ref. NN-res. Ref. NN-res. MP](E; )SPE

Formamide (90) &

1-Butanol (10) [109] 101.0 100.69 50 264 41.1 439 59£0.18

Formamide (70) &

1-Butanol (30) [109] 79.0 78.14 49 329 583 5695 1.75+0.05
* DMSO (23) &

Ethanol (77) [110] 294 2935 47 44 808 53.6 8.91+0.06
** DMSO (54) &

1-Butanol (46) [110] 341 3383 43 443 515 39.11 4.83+£0.02

* The parameter of  equals 0.77 in Debye equation [110] #* The parameter of 3 equals 0.84 in Debye
equation [110].

160 T

FOR (90%) & 1-BUT (10%) (<) FOR (70%) & 1-BUT (30%) (c,) DMSO (23%) & ETH (77%) (c,) DMSO (54%) & 1-BUT (46%) (c_)
T T T 160 T T T T 160 T T T T T 160 T T T

Number of observations
Number of observations
Number of observations
Number of observations

0 0 0
5.6 5.8 6 6.2 16 165 17 175 18 8.85 89 895 9 9.05 4.82 4.84 4.86
% relative error % relative error % relative error % relative error

Figure 6.9 : The calculated Ej;,g;. of €q.(6.8) of deep learning model by testing over
625 measurements for each liquid mixture.

The first dataset (5x625) was fed to the optimized deep neural network and the
mean of the obtained network outputs; that is, mean Debye parameters corresponding
to the dataset and literature values for five standard liquids are listed in Table
6.3. Furthermore, the complex permittivity was computed from the retrieved

Debye parameters using equation (6.2). The mean of percent relative error (MPE)
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and standard deviation of percent relative error (SPE) for the calculated complex
permittivity from the retrieved Debye parameters are also given in Table 6.3. The
MPE was calculated from 0.5-6 GHz using the equation of:

|Predicted—Exact|

ZF T
Eyingle = —— 27‘?‘““‘ % 100 (6.8)
MPE — ZMeasureénze;ts Esingle (69)

where ‘Predicted’ is the complex permittivity calculated from the Debye parameters
acquired from the deep learning neural network model and ‘Exact’ is the complex
permittivity computed using Debye parameters obtained from the literature. Similarly,

the SPE is calculated as:

SPE — LMl Omens s (6E2S5ingl€ _MPE)2 (6.10)

As seen in Table 6.3, all MPEs are below 11%. Moreover, the SPEs for complex
permittivity is below 0.08 units, which demonstrates that the deep learning model is
robust enough to predict Debye parameters from reflection coefficients. In Fig. 6.6, a
comparison of real (¢/) and imaginary (&) parts of the complex permittivity calculated
from the retrieved neural network Debye parameters and literature values are shown
for five standard liquids from 0.5 to 6 GHz. To further investigate the accuracy of the
deep learning model, the histograms for Ej;,g. of €q.(6.8) is given in Fig. 6.7. The

maximum Ej;,e. was 11.1% for ethanol and the minimum E(;;,g; was 1.1% DMSO.

The second test dataset (4x625) includes the prepared mixtures. The mean of the
estimated Debye parameters from neural network (NN) corresponding to the dataset
and the literature values are listed in Table 6.4. Also, in the last column of Table 6.4,
the MPE and SPE for the calculated complex permittivity from the retrieved Debye
parameters is given. The results from Table 6.4 indicate that the obtained MPEs for
all the mixtures are below 8.9%. Furthermore, the SPEs for complex permittivity is
below 0.18 units. Comparison of the real (¢’) and the imaginary (¢”) parts of the
complex permittivity, which are computed from the retrieved Debye parameters and
the literature, are shown in Fig. 6.8. The histograms Ej;; ¢/, in complex permittivity for
each mixture are given in Fig. 6.9. The maximum Ej;,¢/, for the calculated complex

permittivity was 9.05% for the DMSO and ethanol mixture (volume ratio 2.3:7.7) and
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the minimum Eg;,,, obtained from the formamide and 1-butanol mixture (volume ratio
7:3) is 1.6%. As seen from the histograms, the error of prediction from the deep

learning model has differed in a small range for each sample.

The obtained results are an indication that the proposed approach is robust and can
be used to retrieve the dielectric properties of materials with the OECP technique.
When this study is compared with the previously reported work in the literature, to the
best of authors’ knowledge, only one reported work carried out a study utilizing NN
to retrieve complex permittivity with OECP response [102]. However, the reported
study only used measurements; therefore, train and test data were restricted with
the measurements and availability of the materials. Also, in [102], the complex
permittivity values of methanol were calculated from 0.5 to 5 GHz frequency range
from three samples. The obtained real and imaginary values for methanol at 2.45 GHz
were approximately 24 and 15 units, respectively. The computed real and imaginary
values from the Debye parameters of methanol retrieved from the deep learning
algorithm proposed in this work at 2.46 GHz are 23 and 15.9 units, respectively.
To further expand the comparison, a gel-like solution containing 15 ml Triton X-100
and 15 ml de-ionized water was prepared. At 2.45 GHz, [102] reported 35 and 8
units for real and imaginary parts of DP, respectively. In this work, the retrieved real
and imaginary DP values from the trained NN at 2.46 GHz are 33.4 and 10.4 units,
respectively. It should also be noted that, unlike [102], our work provides statistical

analysis of 625 different combinations of methanol measurements.

In [106], the traditional approach for dielectric property characterization with iterative
solution techniques was implemented. Furthermore, the Debye parameters of DMSO
between 30 MHz and 5 GHz frequency band were reported with approximately 95%
confidence level using linear interpolation via Monte Carlo modelling. The calculated
MPE between obtained results in this work and [106] is 1.2140.06 for DMSO. As
seen in Table 6.3, the maximum error was observed in the complex permittivity of
ethanol. Instead of the single-pole Debye (3 parameters), the Debye-I" (4 parameters)
can potentially offer a more suitable relaxation equation for ethanol as mentioned
in [106]. In [108], the measurement of ethylene glycol was performed using the
transmission line (TL) approach from 0.3 to 3 GHz. The Debye parameters were

calculated from the complex permittivity by solving a system of nonlinear equations
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using MATLAB’s fsolve function. The calculated Debye parameters for ethylene
glycol differ from the work in [108] as much as 1.51 units, 0.56 units and 15.52 ps for
&, €& and 7, respectively. These differences can be due to the different approaches used
in obtaining the Debye parameters. In [77], the complex permittivity of formamide was
measured from 10 MHz to 70 GHz frequency range and the best fit was represented by
a single-Debye type dispersion. As seen in Table 6.3, the retrieved Debye parameters
difference in [77] and this work is 2.57 units, 1.64 units and 0.9 ps for &, €. and 7,
respectively. In [109], formamide and 1-butanol were mixed with different volume
fractions. The measurements were taken over the frequency range of 0.2 to 13.5 GHz.
In this work, two different mixtures were prepared in fractions of 9:1 and 7:3. The
results in Table 6.4 indicate that the MPE£SPE is 5.940.18 and 1.7540.05 for these
mixtures. In another study [110], the dielectric properties of the mixture of DMSO
and monohydric alcohol were analyzed. In this work, DMSO and ethanol mixture
was prepared with a volume fraction of 2.3:7.7, corresponding to a molar fraction
of 2:8. The results show that the MPEXSPE is 8.94+0.05. Similarly, DMSO and
1-butanol mixture solution was prepared with a volume fraction of 5.4:4.6, that is molar
fraction of 6:4. The obtained results indicate MPE+SPE of 4.831+0.02. Consequently,
the results obtained from this work match well with the literature data, which were

obtained through different methods.

As a final example, the trained NN is compared with the brute force look up table
(LUT) approach. The LUT has two problems: (i) it requires a data table to be held
in memory and (ii) for each estimation, the points that are close to the data point
has to be determined, which requires evaluating the distance between the data point
and the points in the LUT. These two problems become worse with increasing the
dimension of the measured data. In contrast to this, a trained NN consists of simple
computations (multiplications, summations and activation function evaluations). From
another perspective, LUT is similar to memorization, it tries to separate all instances
of data points by dividing the output space into Voronoi cells with respect to a metric,
while NN is akin to generalization (or vary much similar to learning with aid of a
complicated formula). The goal of NN is to find a nonlinear function that can map the
input to output. To further explore the difference, the DMSO example in Table 6.3 is
re-estimated with the LUT approach. 80% of the dataset (17732 x 0.8 S-parameters
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simulations, each of which includes 276 frequencies) are used to form a LUT. With
the perspective defined above, we can think that there are 17732 x 0.8 many points in
R?76%2 in LUT. Then, the Euclidean distance between DMSO measurement in Table
6.3 and each data point in LUT is calculated and the Debye parameters of DMSO are
assigned as the Debye parameters of the closest point in LUT. To assess the robustness
of the LUT based method, it was evaluated 50 times (with different selections of
17732 x 0.8 many S-parameters simulations from 17732 simulations) and the average
Debye parameters are estimated as & = 48.7, &, = 7.35 and 7 = 24.0 ps with an
MPE of 3.37 % (this was 1.21 % for DMSO using NN as seen from Table 6.3). In
terms of computational speed, NN based method spends 3.8 ms on average, while
LUT spends 24.0 ms on average for one single dielectric property estimation. From
the point-view of memory consumption, the LUT needs much more resources than the
NN, since it needs a large table (276 x 17732 x 0.8 43 x 17732 x 0.8 = 3.9 x 10° many
complex numbers) to be held in memory to decide the best suitable estimation; while
NN requires to hold the coefficients of designed network (552 x 128 + 128 x 128 +
128 X 128 +128 x 64 +64x3=1.2x10° many real number). In conclusion, the cost
of using NN is to train a neural network, yet after training NN is more efficient than

LUT approach both in terms of time and memory performance.

6.4 Conclusion

In this work, an alternative approach is proposed for obtaining Debye parameters
from the reflection coefficient response of the OECP when terminated with a material
by utilizing a deep learning model. A synthetically generated dataset was used to
design the deep learning model. The synthetic dataset was produced by modeling the
OECP with the traditional admittance model [69]. Theoretically modeling the OECP
enabled us to effortlessly create a large-scale dataset utilized for designing the deep
learning model. A combination of 29 g, 12 &, and 51 7 Debye parameters were
used to compose Debye models representing a wide range of materials. Among the
generated Debye parameters 17732 samples were selected from the generated dataset
and reflection coefficients were calculated from 0.5 to 6 GHz with 267 frequency points
using the admittance model. A total number of 276x 17732 input dataset (reflection

coefficients) and 3x17732 output dataset (Debye parameters) was produced. To
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design the deep neural network, 80, 10, 10 % of the dataset was used for training,
validating and testing the model, respectively. The model has (mean)+(std.dev)
percent relative errors between 1.86 +3.01, 3.33 +9.52 and 2.07 £ 7.42 for predicting
&, € and 7 of test set (10% of the generated dataset), respectively. In order to
test the designed deep learning model with experimental results, 625 input dataset
(reflection coefficients) was prepared using measurements collected from five different
standard liquids, four mixtures and a gel-like material. Collected measurements
were performed in the frequency range of 0.5 to 6 GHz with 20 MHz resolution.
The complex dielectric constants are obtained from the Debye parameters retrieved
using the optimized deep learning model and the calculated complex permittivities
were compared with reference data obtained from the literature. Obtained minimum
and maximum (mean)#4(std.dev) complex permittivity percent relative errors are

1.2140.06 and 10.89+0.08, respectively.
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7. CONCLUSIONS

In this thesis, we investigate the detection of biological tissue anomalies based on
microwave dielectric properties discrepancy between the healthy and abnormal tissues

in terms of analyzing tissue- and equipment-related error.

The first part of the thesis present the sensing depth analysis of the 2.2 mm-diameter
probe for skin cancer detection. In order to examine the impact of the sensing depth and
skin tissue heterogeneity on the dielectric property measurements, we implemented
simulations and experiments using two double-layered sample configurations. In the
simulation, the axial magnitude of electric field strength was evaluated when the
probe tip is terminated with four different sample configurations. Furthermore, the
reflection coefficients obtained from simulations were applied into in-house algorithm
to investigate sensing depth of the probe with dielectric property of the samples.
Moreover, we prepared two different double-layered sample configurations including
skin-mimicking phantom as a first layer and olive oil/triton X-100 as a second layer
for the experimental measurements. Different from previously reported studies, we
carried out the experiments using a simple measurement setup without forming a
special experiment setup tank. The analysis to define the sensing depth were perfomed
with three percent thresholds in relative permittivity changes 5, 20, and 80%. The
distance results achieved from both the simulation and experiment at 2 GHz for 5%,
20% and 80% increase in dielectric properties of olive oil and triton X-100 are 0.66—1.2
mm, 0.36-0.86 mm and 0.14-0.42 mm, respectively, from the first layer (first reference
point; that is, the top surface of skin phantom). Therefore, we concluded that a
membrane layer or keratin layer on the skin tissue has a potential effect of 80% on
the dielectric property measurement. Furthermore, the results show that the layer in
immediate contact with the probe tip has the most critical impact on dielectric property

measurements.

In the second part of this thesis, the sensing depth of 2.2 mm-diameter open-ended

coaxial probe was investigated for animal experiment. Rats are widely used as
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experimental animals for breast cancer research because their hormone responses with
histopathology and premalignant stages are similar to the human breast cancer model.
However, a heterogeneous formation beneath the rat’s pelt, leakage of milk from the
gland and bodily fluids or bleeding during the experiment can mislead the measurement
results. To this end, the double-layered samples were prepared that included rat
breast and wet skin tissue as a first layer and liquids (olive oil and triton X-100)
added as second layers. Liquids with relatively low dielectric properties provide
important information for the potential change in dielectric properties measurement,
as the liquids mimic the effect of adipose tissue, which can overlay healthy tissues
and tumors. Five percent thresholds for relative permittivity and conductivity changes
(5%, 10%, 20%, 80% and 90%) were examined at five frequency points to find the
appropriate definition of sensing depth. The change from 5% to 90% increase in
relative permittivity for the olive oil was reported between 3.28 to 0.42 mm probe tip
distance from the breast tissue at 0.5 GHz. Also, the changes from 5% to 90% increase
in conductivity for the olive oil was taken place in the distance range of 5.2—0.38 mm
at 1.05 GHz. Similarly, the dielectric property changes of triton X-100 was in the
distance range of 1.43-0.61 mm. Apart from these changes, the percent decrease in
dielectric properties for rat breast and skin tissues was addressed in the distance range
of 0.02-1.33 mm. Any membrane layer (between 0.4—0.8 mm thickness) on the wet
skin tissue and breast tissue can mislead the measurement results of dielectric property

by 52-84%.

In the third part of thesis, the main contribution is to designate the sensing depth of
the open-ended coaxial probe in order to use an appropriate probe for the experiments.
Therefore, it can reduce the errors caused by the tissue heterogeneity for skin cancer

detection.

Three probes with different aperture sizes (0.5, 0.9 and 2.2 mm-diameter) and
double-layered sample configuration (skin tissue and olive oil) were simulated to
analyze sensing depth of the probes. Furthermore, the simulation was validated by
the experiment performed with the 2.2 mm-diameter probe and the double-layered
configuration. Consequently, the probe aperture proportionally affected the sensing
depth. If the dielectric property of thin skin tissue layers is a target for measurements,

the smaller probe aperture required selecting to reduce errors related to the
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heterogeneity of the tissue. Yet, when measuring with a smaller aperture probe, if
there is a layer of membrane or any tissue fluid on the target tissue surface, the
measurement result will be affected more than expected. Thus, it is necessary to
establish a measurement protocol for tissues consisting of a multilayer structure or
which may have a membrane or any other layer on the measurement surface. In
addition, it is possible to determine tissue heterogeneity using probes with multiple

aperture sizes.

In the forth and last part of the thesis, we propose an alternative approach to retrieve
Debye parameters from the reflection coefficient response of the open-ended coaxial
probe by using a deep learning model. The large-scale training, validating and testing
dataset were synthetically generated by theoretically modeling open-ended coaxial
probe with the traditional admittance model. 2x276x 17732 reflection coefficients as
total input and 3 x 17732 Debye parameters as total output are generated. To design the
deep neural network, the dataset is split into 80%, 10% and 10% to train, validate and
test the model, respectively. The designed model was analyzed by percent relative
errors using (mean)t(std.dev). The results for predicting &, €. and T was found
1:86+3:01, 3:33£9:52 and 2:0747:42, respectively. The designed deep learning
model was also tested with experimental measurements collected from five different
standard liquids, four mixtures and a gel-like material. The minimum and maximum
(mean)=(std.dev) complex permittivity percent relative errors are 1.21+0.06 and

10.8940.08, respectively.
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