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Abstract

Malignant melanoma is one of the cancers with the highest incident rates.
It is also the most dangerous skin cancer type and an early diagnosis is crucial
for the successful treatment of malignant melanoma patients. If it is diagnosed
and treated at an early stage, the survival rate for patients is 99%, however,
this is reduced to only 25% if diagnosed at a later stage.

The work in this thesis combines microsystem technology, microwave en-
gineering and biomedical engineering to develop a sensing tool for early-stage
malignant melanoma diagnostics. Such a tool could not only increase the
clinical accuracy of malignant melanoma diagnosis, but also reduce the time
needed for examination, and lower the number of unnecessary biopsies. Fur-
thermore, a reliable and easy-to-use tool can enable non-specialist healthcare
personnel, including primary care physicians or nurses, to perform a pre-
screening for malignant melanoma with a high sensitivity. Consequently, a
large number of patients could receive a timely examination despite the short-
age of dermatologists, which exists in many healthcare systems.

The dielectric properties of tumor tissue differ from healthy tissue, which
is mainly accounted to a difference in the water content. This difference can
be measured by a microwave-based sensing technique called microwave re-
flectometry. Previously reported microwave-based skin measurements largely
relied on standard open-ended waveguide probes that are not suitable for
early-stage skin tumor diagnosis. Thus, alternative near-field probe designs
based on micromachined dielectric-rod waveguides are presented here.

The thesis focuses on a broadband microwave probe that operates in the
W-band (75 to 110 GHz), with a sensing depth and resolution tailored to small
and shallow skin tumors, allowing a high sensitivity to early-stage malignant
melanoma. Prototypes of the probe were fabricated by micromachining and
characterized. For the characterization, a novel type of silicon-based heteroge-
neous sample with tailor-made permittivity was introduced. Furthermore, the
performance of the probe was evaluated in vivo. First, through measurements
on human volunteers, it was shown that the probe is sensitive to artificially
induced changes of the skin hydration. Then, measurements on murine skin
melanoma models were performed and small early-stage skin tumors were
successfully distinguished from healthy skin.

Additionally, a resonant probe for microwave skin sensing was designed
and micromachined protoypes were tested on phantom materials. However,
the resonant probe was found less suitable than the broadband probe for the
measurements on skin.

The broadband probe presented in this thesis is the first microwave near-
field probe specifically designed for early-stage malignant melanoma diagnos-
tics and successfully evaluated in vivo.

Fritzi Töpfer, fritzi@kth.se
Department of Micro and Nanosystems,
School of Electrical Engineering and Computer Science,
KTH Royal Institute of Technology, 100 44 Stockholm, Sweden.
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Sammanfattning

Malignt melanom är en av våra vanligaste cancertyper och samtidigt den
farligaste typen av hudcancer. Tidig diagnosticering är avgörande för en fram-
gångsrik behandling: 99% överlever om den upptäcks tidigt men endast 25%
överlever om den upptäcks i sent skede.

Denna avhandling kombinerar mikrosystemteknik, mikrovågsteknik, och
biomedicinsk forskning för att ta fram ett sensor-verktyg som hjälpmedel för
tidig diagnostisering av malignt melanom. I händerna på hudläkare skulle ett
sådant verktyg öka noggrannheten på diagnostiseringen, minska undersök-
ningstiden samt antalet onödiga biopsier. Ett pålitligt och lättanvänt verk-
tyg skulle dessutom kunna användas av icke-specialisthälsopersonal t.ex. pri-
märvårdspersonal eller sjuksköterskor. Eftersom många sjukvårdssystem har
brist på hudläkare skulle detta möjliggöra att fler patienter får tillgång till
tidig undersökning. De dielektriska egenskaperna hos tumörvävnad skiljer sig
från hälsosam vävnad vilket huvudsakligen beror på skillnad i vattenhalten.
Denna skillnad kan mätas med en mikrovågsbaserad sensorteknik som kal-
las mikrovågsreflektometri. Tidigare mikrovågsbaserade hudmätningar har i
huvudsak förlitat sig på vanliga öppna vågledarprober som inte är lämpliga
för att upptäcka hudtumörer i tidigt stadium. I denna avhandling presenteras
därför alternativa designer av s.k. närfälts-prober, baserade på mikrotillver-
kade dielektriska stångvågledare.

Avhandlingen fokuserar på en bredbandsprob som arbetar i W-bandet,
dvs. 75 till 110 GHz. Dess sensordjup och upplösning är skräddarsydda för
små och grunda hudtumörer för att uppnå en hög känslighet för malignt mela-
nom i tidigt stadium. Prototyper av proben framställdes genom mikrotillverk-
ning och karakteriserades med vävnadsliknande material. Det vävnadsliknan-
de materialet specialutvecklades för ändamålet och baseras på en ny typ av
kiselbaserade heterogena material med skräddarsydd permittivitet. Sondens
prestanda utvärderades dessutom in vivo. Genom mätningar på frivilliga per-
soner bevisades att sonden är känslig för artificiellt inducerad förändring av
vattenhalten i huden. Därefter utfördes mätningar på hudcancer i tidigt skede
hos möss, där tumörerna framgångsrikt särskildes från frisk hudvävnad.

Dessutom konstruerades, tillverkades och testades en s.k. resonans-prob
på liknande sätt som tidigare prober. Resonans-proben visade sig dock redan
i tester på vävnadsliknande material vara mindre lämplig för hudmätningar.

Bredbandsproben som presenteras i denna avhandling är den första när-
fälts-prob som framgångsrikt utvärderats in vivo för diagnosticering av ma-
lignt melanom i tidigt stadium.
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Chapter 1

Introduction and Outline

1.1 Overview and Motivation

Healthcare systems around the world face several important challenges, such as: in-
creasing costs and workload, a shortage of healthcare staff, and long waiting times
for patients. Emerging technological innovations are being considered more and
more to address these challenges. By using advancements from different technolog-
ical fields to address medical problems, healthcare professionals can be supported
in their work - for example, by making their work easier, faster and more reliable.

Micro
systems

Skin Cancer Diagnostics

Micromachined 
Silicon 
Waveguides

Microwave Engineering

Measurement Technology

Microwave 
Reflectometry

Micromachined Microwave Sensors 

for Skin Cancer Diagnostics

Figure 1.1: In this thesis a medical need is addressed by combining knowledge and technologies
from several engineering fields.
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New technologies can enable healthcare staff with less expertise and training to
perform certain procedures and diagnostics, currently only performed by special-
ists. Furthermore, new technology can support patients to achieve a higher degree
of self care.

Addressing medical needs by using a technical solution is the main motivation
of the work within the field of biomedical engineering; and it is also the motiva-
tion behind this thesis. This thesis addresses the timely diagnosis of early-stage
skin cancer and applies knowledge from the fields of microwave engineering, mea-
surement technology and microfabrication (Fig. 1.1). More specifically, the work
in this thesis is based on microwave reflectometry and silicon micromachining. In
this chapter the medical need as well as the relevant technological disciplines are
discussed briefly.

1.2 Skin Cancer Diagnostics

Human skin can be affected by a number of different types of cancer; the three most
common of which are basal cell carcinoma (BCC), squamous cell carcinoma (SCC),
and malignant melanoma. Basal cell carcinoma and squamous cell carcinoma are
generally described as non-melanoma skin cancers, meaning they rarely spread to
other sites of the body and are highly curable. According to recent publications
approximately 3.3 million people in the USA were diagnosed with BBC or SCC in
2012 [1], making skin cancer, including melanoma and non-melanoma types, the
most common cancer in the USA.

For malignant melanoma 91270 new cases and 9320 death were estimated in the
USA for 2018 [1]. This makes malignant melanoma the 5th most common cancer
in the USA, constituting for 5.3% of all cancer cases. In the USA annual estimated
treatment costs for all skin cancers increased from 3.6 billion USD in 2002-2006
to 8.1 billion USD in 2007-2011, whereof 3.3 billion USD accounted for malignant
melanoma treatment [2]. Worldwide 232000 new cases of malignant melanoma per
year are estimated [3].

Unlike BCC and SCC, malignant melanoma tends to metastasize, thus, more
commonly results in death. The survival rate for malignant melanoma patients
highly depends on at which stage of disease progression the cancer is diagnosed.
For tumors that are diagnosed at a localized stage, i.e. when the tumor growth is
still confined to the original site, the five-year survival rate is 99%, however this
drops to 25% for distance stage tumors, i.e. when tumor cells have spread to distant
body parts [1, 4]. An important diagnostic criterion is the thickness of the tumor,
often called Breslow’s thickness, which is directly related to the risk of developing
metastases [5–9]. This highlights the importance of early diagnosis of small skin
tumors for patient survival [10].

However, diagnosis presents a challenge for small early-stage malignant mela-
noma skin tumors. Most malignant melanomas are first detected by the patient
or a close relative. Tumors might also be found during screening of high risk indi-
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viduals or patients with a melanoma history. Diagnosis includes the examination
of the suspicious lesion and is done by a dermatologist or a primary care physi-
cian. Dermatologists inspect the skin visually and often use a dermatoscope to aid
the inspection. If the dermatologist suspects a lesion to be malignant melanoma
a surgical excision of the tumor is performed and the excised sample is send for
histologic examination. Additional examinations might be performed in order to
stage the tumor [11–15]. However, diagnosis of skin melanoma by visual exami-
nation suffers from low clinical accuracy. Exact numbers for the sensitivity, i.e.
the probability of rightly identifying an existing melanoma, differ between studies
and depend on the experience of the examiner and the melanoma subtype [16,17].
The majority of studies report sensitivities between 60% and 80% for visual inspec-
tion performed by dermatologists [11, 16, 18–20]. Not surprisingly the diagnostic
accuracy is lower for non-specialist healthcare professionals, such as primary care
physicians, compared to dermatologists [16, 21]. The diagnostic accuracy of der-
moscopy, i.e., the additional use of a dermoscope for examination, is higher than
for the inspection by the naked eye. However, it depends on the training and exper-
tise of the user [19, 20, 22, 23]. Experience with dermoscopy is low among primary
care physicians [24]. However, patients often turn to them first, as the access to
dermatological care is limited by the shortage of dermatologist [25,26].

These shortcomings in the current clinical practice of skin cancer diagnosis com-
prise the underlying motivation for this thesis. This thesis presents a novel tool for
skin cancer diagnosis aiming at improved diagnostic accuracy, shorter time to diag-
nosis and improved patient outcome. By enabling non-specialist healthcare staff to
perform a diagnosis and by reducing the number of patients referred to a specialist
as well as the number of unnecessary biopsies, this type of tool can help to reduce
healthcare related costs. An important aspect is the tool’s ability to diagnose ma-
lignant melanoma at an early stage, i.e. to discriminate small and shallow tumors
from healthy skin. This must be reflected in the design goals for such a tool, which
are discussed in detail in Chapter 3.2.

1.3 Microwave Engineering and Microwave Reflectometry

Microwave radiation is a part of the electromagnetic spectrum as shown in Fig. 1.2.
In a broad definition the term ’microwaves’ includes electromagnetic waves with
frequencies down to 300MHz and up to 300GHz, corresponding to wavelengths of
1m to 1mm. Electromagnetic waves with wavelengths of 1 cm to 1mm (30GHz to
300GHz) are also called millimeter waves [27–29]. For frequencies above 300GHz
the term terahertz radiation or sub-millimeter waves is used.

Besides the more commonly-known applications of microwave technology for
communication links and short-range radar, microwaves are also used for non-
destructive testing and evaluation of materials [30, 31]. They can provide infor-
mation on the material they interact with, without causing irreversible changes or
damage. Unlike x-rays, microwaves are non-ionizing, which makes them suitable
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300 MHz 300 GHz 30 THz3 THz 300 THz30 GHz3 GHz

MicrowavesRadio waves Infrared Visible light
Millimeter waves

Terahertz gap

Figure 1.2: The position of the microwave and millimeter-wave frequencies in the electromagnetic
spectrum.

for imaging and diagnostic applications that target biological tissue. Microwaves
mainly interact with the water in tissue, thus differences in tissue water content are
the main source for contrast in microwave imaging and sensing. The interaction
of microwaves with tissue and the underlying physical mechanisms are discussed
in detail in [32] and are summarized in Chapter 2.2 of this thesis. Advancements
in microelectronics and material science make it possible to build small, handheld
and portable microwave devices that can be used in point-of-care settings.

Because of these advantages the skin has been a target for microwave and
millimeter-wave sensing in earlier research. Researchers have tested the use of
microwaves for the monitoring of wound healing [33–36], the study of edema and
skin irritation [37, 38], the determination of skin hydration, generally [39] and for
evaluating skin treatments [40,41], as well as for the diagnosis of skin cancer [42–46].

A technique which measures of the reflection properties of a sample in order
to determine its dielectric properties is microwave reflectometry. Easy accessibility
makes the skin tissue very suitable for characterization by microwave reflectometry.
The millimeter-wave frequency range is particularly suited for skin diagnostics as
it provides a penetration depth in the order of the skin thickness, while allowing
for sub-millimeter lateral resolution.

1.4 Microfabrication and Silicon Micromachining

Microfabrication deals with the fabrication of devices and systems of micrometer to
millimeter dimensions. Microfabrication technologies are traditionally used by the
microelectronics industry for the fabrication of integrated circuits (ICs). Later these
technologies were applied to a multitude of application areas, such as microelec-
tromechanical systems (MEMS), micro optical systems, and microfluidic systems.
To address the needs and challenges of the different application areas, existing
microfabrication technologies are continuously refined and new ones added.

In general, microscale devices are fabricated from a substrate, using processes
such as layer deposition/growth, patterning and etching. Typical materials, espe-
cially for the fabrication of MEMS, include semiconductor materials such as silicon
or gallium arsenide, but also glass and metals. Polymers are widely used in the
fabrication of microfluidic systems.

Classical commercial applications of microsystems include sensors, such as gy-
roscopes [47], pressure sensors [48, 49], accelerometers [50, 51]; and actuators, such
as micromirrors [52], as well as lab-on-a-chip systems [53]. Not surprisingly, the
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application area of microsystems also includes radio and microwave systems, often
called RF/microwave MEMS. Waveguides, transmission lines, switches, resonators
and tunable capacitors, among others, as well as complex high frequency circuits
can be manufactured by microfabrication [54].

The work in this thesis uses silicon micromachining, i.e. microfabrication based
on silicon wafers and cleanroom processing for prototype fabrication. Here micro-
machining enables the fabrication of small waveguide probes with low internal losses
that can be adapted to meet the requirements of the intended application. Fur-
thermore, several prototype designs can be realized in parallel on the same wafer,
saving time and cost of manufacturing.

1.5 Aims and Objectives

This thesis presents research in the field of biomedical engineering, which utilizes
and combines knowledge from the fields of microwave engineering, measurement
technology and microfabrication, as well as from the medical field, to address the
need of early-stage skin cancer diagnosis.

The overall aim of the research presented in this thesis is to develop and validate
a microwave-based tool for skin cancer screening, tailored for early-stage malignant
melanoma diagnosis.

The work focuses on the following specific objectives:

• Defining the requirements for a microwave-based measurement system for the
diagnostics of early-stage malignant melanoma, based on the characteristics
of early-stage melanoma tumors and the interaction of microwaves with bio-
logical tissue.

• Choosing a suitable measurement principle for a microwave-based sensing
system and defining the design goals for such a system based on the above
defined requirements.

• Implementing one or several designs for a microwave probe for early-stage
malignant melanoma diagnostics, including fabrication of prototypes.

• Technically characterizing the prototype(s) as well as assessing their perfor-
mance in early-stage malignant melanoma diagnostics in in vivo testing.

1.6 Ethical Statement

For all research presented in this thesis: All procedures involving humans were
approved by the Stockholm Regional Board for Research Ethics (ref: 2013/1900-
31/4). All research involving animals was conducted according to study protocols
approved by the animal ethics committee of Stockholm north (ref: N80/15) / the
animal ethics committee of Stockholm (ref: N100/16).
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The work involving animals in this thesis was performed at an animal facility
at Karolinska Insititutet. In order to conduct research with animals at Karolinska
Institutet a course on animal welfare and handling, which consists of a theoretical
as well as practical part, must be taken. This course, which is in accordance with
Swedish and EU Legislation regulating (FELASA B equivalent level) was taken and
passed by the author of this thesis before the start of the research on mice.

1.7 Thesis Structure

This thesis contains eight chapters and an appendix with reprints of the peer-
reviewed journal publications that this thesis is based on.

Chapter 1 introduces the context of this thesis including the motivation for
the presented research and discusses the addressed medical need and the relevant
engineering fields and their application in this work.

Chapter 2 presents the relevant medical and theoretical background as well as
a summary of earlier work found in the relevant research literature. This chapter
serves as a knowledge base to gain deeper insight into specific aspects of the pre-
sented original research work, as well as to place this thesis in the larger research
context.

Chapter 3 introduces the basic measurement principle used in this work for
microwave skin sensing and describes the development of the proposed millimeter-
wave broadband probe for early-stage malignant melanoma diagnostics. It starts
from the definition of the design goals for such a probe, and then discusses the
implemented design by electromagnetic simulation.

Chapter 4 outlines the process steps for the fabrication of the probe prototypes
by micromachining.

Chapter 5 presents the technical characterization of the probe prototypes done
by bench tests. It further introduces a novel type of tissue-mimicking samples that
were developed and used for probe characterization.

Chapter 6 overviews the different in vivo tests conducted to assess the per-
formance of the proposed microwave probe as a tool for measurements on skin in
general and for early-stage skin cancer diagnostics in particular.

Chapter 7 discusses briefly two additional types of microwave interfaces, which
are implemented based on the same dielectric-rod waveguide technology and the
same fabrication as the broadband probe: a resonant near-field microwave probe
for skin sensing and planar silicon lens antennas.

Chapter 8 presents the conclusions of the presented work and discusses open
questions and directions for future research.



Chapter 2

Background

2.1 Skin and Skin Cancer

A basic knowledge of the anatomy of the human skin and of the growth of malig-
nant melanoma skin tumors is needed to understand the interaction of microwaves
signals with the skin tissue. This knowledge is furthermore essential when designing
diagnostic or imaging systems targeting skin cancer as well as for defining require-
ments and design goals for such systems. Therefore, the aspects of human skin
and of malignant melanoma that are relevant for the work in this thesis are briefly
introduced here. The epidemiology of skin cancer and the clinical practice for skin
cancer diagnosis and its shortcomings have been discussed in the introduction of
this thesis (Chapter 1.2).

Skin Anatomy

The skin is the organ that interfaces the human body with its environment. Skin
itself is not homogeneous but built up of different layers each with their own com-
position and function. The three main layers of the skin are, starting from the
outer layer: epidermis, dermis, and hypodermis (Fig. 2.1). Each of these three
layers can be further divided into several sub-layers. The epidermis is often divided
into the stratum corneum, the surface layer built up of dead cells, and the viable
(living/cellular) epidermis [55]. The thickness of the different layers depends on the
body site and also varies between individuals. The thickness of the epidermis is in
the range of 50µm to 100 µm at most sites of the human body (not including the
palms and the eye lids) [56, 57]. The water content of the tissue is the lowest in
the stratum corneum and increases towards the inner epidermis [58]. It should be
noted that the boundaries between the different layers are not planar but rather
undulating. However, for simplicity, they are often modeled as perfectly flat planes
when simulating the interaction of electromagnetic waves with skin tissue [40,59].
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Figure 2.1: The skin with its main layers: epidermis, dermis and subcutaneous fat (=hypoder-
mis). Illustration by Don Bliss. Image source: www.cancer.gov.

Malignant Melanoma Growth, Staging, and Prognosis

All three common types of skin cancer, basal cell carcinoma (BCC), squamous cell
carcinoma (SCC), and malignant melanoma, develop from cells of the epidermis:
basal cells, squamous cells and melanocytes, respectively [55]. This work focuses
on malignant melanoma as it is the deadliest of all skin cancer types.

Most malignant melanoma tumors (e.g. of the types superficial spreading mel-
anoma and lentigo malignant melanoma) have a long initial lateral growth phase
of several month to years, followed by a relatively rapid vertical growth phase
(Fig. 2.2). During the initial lateral growth phase the tumor grows intraepidermal
or directly below the basement membrane, which constitutes the boarder between
epidermis and dermis. For nodular melanoma, one type of melanoma, however,
the lateral growth phase is short or missing and the tumor exhibits deep invasion
from the onset [11]. Clark et al. [5] defined five levels of invasion, based on the
skin layer to which the melanoma has spread, with level 1 being a melanoma in
situ (all melanoma cells within the epidermis) and level 5 describing a melanoma
that has grown to the subcutaneous tissue, and linked increasing invasion level with
increased risk of metastasis. Breslow [6] correlated the prognosis of melanoma to
the tumor thickness and noted that melanomas of less than 0.76 mm thickness
rarely metastasized. This vertical tumor thickness, known as Breslow’s depth, is
still used as an important factor for the staging of malignant melanomas in clinical
practice [11]. Nowadays, the primary tumor is classified according to the tumor
node metastasis (TNM) system into T1 (thickness <1mm), T2 (1.01mm to 2mm),
T3 (2.01mm to 4mm) or T4 (>4mm) [60]. The invasion level according to Clark
is used to further specify class T1 tumors (of less than 1mm thickness). Tumor
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Figure 2.2: Lateral and vertical growth of malignant melanoma in the skin. From [65]. © 2006,
American Association for Cancer Research.

thickness is one of the most common and most powerful clinical prognostic tools for
melanoma [8,61–63]. Risk of metastases increases significantly for primary tumors
of stage T2, T3 and T4 compared to stage T1 [9]. Therefore, a tool for melanoma
diagnosis should be able to detect and discriminate malignant melanoma tumors of
class T1. Class T1 tumor cases diagnosed in the USA between 1989 and 2009 had
a median thickness of 0.4mm [64]. This value is later used as design goal for the
sensing depth of microwave probes for early-stage malignant melanoma diagnosis
(Chapter 3.2).

2.2 Interaction of Microwaves with Biological Tissue

Dielectric Relaxation
On a macroscopic level, biological tissue behaves like a lossy dielectric when sub-
jected to a changing electromagnetic field. Its relative permittivity ε can thus be
described as a complex number with a real part ε′ and an imaginary part ε′′ at a
given frequency (note that the subscript r, which is often used to denote relative,
is omitted here for simplicity):

ε∗ = ε′ − jε′′ (2.1)

The complex permittivity of tissue depends strongly on the frequency f . When
measured over a larger frequency range the relative permittivity of tissue decreases
stepwise with increasing frequency. These steps are called dispersions or relaxations
and are each characterized by a time constant τ (often called relaxation time).

The relaxations are caused by different dielectric polarization mechanisms. The
main dispersion steps in biological tissue are referred to as α-, β-, and γ-dispersion
(Fig. 2.3). The α-dispersion is cause by ionic diffusion processes at audio frequences.
The β-dispersion is caused by capacitive charging of cellular membranes and dipolar
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Figure 2.3: The frequency dependency of the permittivity of biological tissue with the main
dispersion regions (idealised).

orientation of tissue proteins at radio frequencies. The γ-dispersion is caused by
dipolar relaxation of water around 25GHz. An additional, smaller dispersion caused
by several different mechanisms, called δ-dispersion occurs between 0.1GHz and
3GHz [32].

The real and the imaginary parts of the permittivity are linked by the Kramers-
Kronig relations [32, 66], i.e. they cannot vary with frequency independently of
each other and hence, by applying these equations, permittivity data can be tested
for consistency. Generally, biological tissue is regarded as non-magnetic and has a
relative permeability µr of 1.

Mathematical Models for the Permittivity of Biological Tissue
The relaxation caused by a single polarization mechanism can be approximated by
an expression called the Debye model [66,67]:

ε∗ = εh + ∆ε
1 + jωτ

(2.2)

The corresponding relaxation parameters are: the relaxation time τ = 1/2πfc,
the relaxation frequency fc, and the relaxation magnitude ∆ε = εl − εh, with the
low-frequency limit and the high-frequency limit of the relative permittivity, εl and
εh, respectively. The angular frequency ω is related to the frequency f by ω = 2πf .

Additional to the relaxation processes, the static (dc) conductivity of tissue
causes dissipation of energy. The losses caused by the static conductivity σS dom-
inate at lower frequencies and are taken into account as an extra term in the de-
scription of the dielectric behavior of tissue:

ε∗ = εh + ∆ε
1 + jωτ

− j σS
ωε0

(2.3)

where ε0 is the permittivity of free space.
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In reality the frequency dependency of the tissue permittivity is often more
complex, with the dispersion regions broadened, for instance, by contributions of
multiple polarization mechanism. Thus, a number of alternative mathematical
expressions have been used for the frequency dependent permittivity of tissue. The
most commonly used ones are listed below. These models include one or several
distribution parameters, denoted by α and β (not to be confused with α- and β-
dispersion). Generally, these models are empirical functions that are not based on
an underlying physical model and they are chosen solely on their ability to fit tissue
measurement data.

Cole-Cole term [68]:

ε∗ = εh + ∆ε
1 + (jωτ)1−α , (0 < α < 1) (2.4)

Davidson-Cole term [69]:

ε∗ = εh + ∆ε
(1 + jωτ)β , (0 < β < 1) (2.5)

Havriliak-Negami term [70]:

ε∗ = εh + ∆ε[
1 + (jωτ)(1−α)

]β , (0 < α < 1, 0 < β < 1) (2.6)

For a narrow frequency range with a single relaxation it can be sufficient to use a
single-order model with one relaxation term, while for a larger frequency range the
permittivity is described by a sum of several dispersion terms. For example Gabriel
et al. [71] expressed the permittivity of the different tissue types as a sum of several
Cole-Cole terms plus an additional term to account for the static conductivity:

ε∗ = ε∞ +
∑
n

∆εn
1 + (jωτn)1−αn

+ σS
jωε0

(2.7)

However, also for a narrow frequency range several terms might be used in order
to achieve a better fit of the data, e.g., multiple Debye terms might be used instead
of one Cole-Cole term. This is relevant in numerical simulations, as the Debye
model can be easily implemented in finite-difference time-domain (FDTD) while
using the Cole-Cole model is computationally more complex [72–74].

Contrast between Healthy and Cancerous Tissue
Tumor tissue differs in its composition from the healthy tissue that the tumor
developed from. One well known difference is the increased water content of the
tumor tissue [75]. For the epidermis, for instance, it was shown in the 1950s that the
water content of tumor tissue is about 20 percentage points higher than for normal
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epidermal tissue [76]. The difference in water content results in a corresponding
variation in the dielectric properties of the different tissues [77].

Besides tissue water content, which is generally seen as the main source, other
factors that might contribute to the the variation in permittivity of normal and ma-
lignant tissue at microwave and terahertz frequencies have been suggested. These
include increased vasculation and blood content [78], differences in protein and min-
eral content [79,80] as well as differences in the water distribution or structure, e.g.,
whether the water is free or bound [81–83].

The difference in permittivity has been quantified and discussed in the context
of diagnostic and therapeutic options for different cancers types in the past, e.g.,
for the detection of breast cancer [72,84,85] or for the local hyperthermia treatment
of tumors by radio frequency and microwave frequency radiation [86,87].

The contrast between normal skin tissue and skin cancer at different frequency
ranges has been determined by measurements ex vivo as well as in vivo [42, 80,
88, 89] and the values available in literature are presented in the following section.
Furthermore, benign skin lesions, such as pigmented nevi and seborrheic keratosis,
have been reported to have a similar or lower content of (free) water compared
to healthy skin. Consequently, they differ in their permittivity from healthy skin
opposite to malignant tumors [43, 82]. Therefore, they can be discriminated from
malignant tumors in microwave measurements. The available data on the contrast
of tumor tissue as well as the underlying theory advocate the idea of using the
interaction of microwaves with tissue as a measure to aid skin cancer diagnostics.

Permittivity Values for Normal Skin and Skin Tumor Tissue
As discussed above, the discrimination of skin cancer from healthy skin with the
use of microwaves builds on the assumption that skin tumors have a permittivity
different to that of healthy skin in the measurement frequency range. When devel-
oping microwave probes to sense this contrast, the knowledge of the permittivity
values in the operating frequency range of the probe is needed. Knowledge of the
permittivity values might in fact already be important when choosing the frequency
range to work in for a certain application. Therefore, an overview over the per-
mittivity values of skin and skin tumors available in literature is given here. The
overview focuses on the frequency range 1GHz to 100GHz and solely measurements
on human skin were considered.

Permittivity measurements on skin have been performed as far back as the 1950s
[90, 91] but also more recently [40, 59, 89, 92, 93]. A summary and discussion of the
more recent skin permittivity measurements as well as a comprehensive discussion
on a reflectometry-based method for measuring the complex permittivity of the
skin using an open-ended waveguide probe is provided by [59]. The majority of
publications presents the measured permittivity data in terms of model parameters
that were extracted from fitting the data to either the Debye or the Cole-Cole
model [40,71,92,94,95]. In some cases the results are provided as a discrete list of
permittivity values for different frequencies [96–98] or as a plot graph [99]. Table



2.2. INTERACTION OF MICROWAVES WITH BIOLOGICAL TISSUE 13

2.1 lists a selection of the available permittivity data for healthy skin, only data
from measurements in vivo is shown.

Data on skin cancer is much more sparse, therefore also measurements ex vivo
are included in Table 2.2. A number of publications with data for BCC and healthy
skin in the frequency range 100GHz to 3000GHz can be found [42, 80, 88, 100]; in
2017 a comprehensive study on the permittivity of BCC tumor, SCC tumors, and
adjacent healthy skin at 0.5GHz to 50GHz was published [89].

There are differences between the data of the different publications. These
variations can be caused, e.g., by the measurement method, the dimensions of the
tissue sample and the sample preparation. Skin is usually treated as one semi-
infinite, homogeneous layer but in fact has different layers with differences in water
content. Therefore, the measured permittivity will differ depending on the thickness
of the skin (layers) at the measurement site and the sensing volume of the probe
[101]. The varying thickness of the skin is sometimes accounted for by reporting
individual data for different sites of the body [92, 94]. Furthermore, most data is
based on a small number of measurements, in some cases even only on one sample.
Thus, differences between different individuals and between different body sites
of the same individual can lead to differences in the reported data. For cancer
tissue, the measured properties may not only depend on the type of cancer but
also on the amount of tumorous tissue in the sample [80, 102]. Data obtained in
vivo (measured on the patient directly) is expected to differ from data measured
ex vivo (on excised tissue samples), caused, e.g., by differences in temperature,
loss of tissue water after excision and missing blood circulation. The magnitude
of this difference is still debated, tests as on breast cancer samples suggest that
this difference is small [85], while measurements on liver tumors conclude that the
differences cannot be neglected [103]. For excised samples, differences might also
depend on the sample treatment after excision and the time between excision and
measurement. Therefore, when publishing or evaluating data on skin permittivity
all the above discussed factors should be reported alongside the data. Therefore,
these factors are included in Table 2.1 if available in the original publication.

As can be seen in Table 2.2, the data on the permittivity of skin tumors is sparse
and limited to BCC and SCC. For malignant melanoma, no explicit permittivity
measurement data was found. However, microwave reflection measurements of
malignant melanoma tumors suggest that the permittivity of malignant melanoma
tissue differs from healthy skin and benign tumor tissue, even though no explicit
value for the permittivity was determined [43].

It is worth mentioning that a possibility to at least partially address this lack of
data is to estimate the permittivity of tumor tissue by theoretical approaches. The-
oretical approaches include, for instance, the extrapolation of permittivity values
from the properties of other tissue and the knowledge on the tissue water con-
tent [40] as well as analytical and numerical solution of different dielectric mixing
models [104–106]. This is, however, outside of the scope of this thesis and, thus, it
is not further discussed here.



Table 2.1: Permittivity of skin tissue in the frequency range 1GHz to 100GHz, selected in vivo measurement data from literature.

reference freq. range measurement probe sample model and parameters

Gabriel et al.
1996
[71]

10Hz
to
20GHz

open-ended coaxial
probes

forearm
(wet /
dry skin)

multiple Cole-Cole
ε∞= 4, ∆ε1= 32, τ1= 7.23 ps, α1= 0, ∆ε2= 1100,
τ2= 32.48 ns, α2= 0.2, σ= 0.0002 (dry skin)

Ghodgaonkar
et al. 2000
[95]

28GHz
to
57GHz

rectangular waveguide
w/ semi-infinite flange
and λ/4 impedance
transformer

palm
N=1

single Debye
εs = 26.47, ε∞= 1.5 , τ= 9.57 ps, σ= 0.92

Hwang et al.
2003
[92]

0.5GHz
to
110GHz

coaxial probe
�=1 mm,

wrist,
palm
N=1

Cole-Cole
εs= 19.73, ε∞= 4.596, fc= 7.223 GHz,
α= 0.2531, σ= 0.287 (palm)
εs= 21.86, ε∞= 4.581, fc= 15.54 GHz,
α= 0.2672, σ= 0.1895 (wrist)

Alekseev and
Ziskin 2007
[40]

37GHz
to
74GHz

open-ended
rectangular waveguides

forearm,
palm
N=12

single Debye
ε= 2.96, σ=0 (SC*)
εs= 4, ∆ε= 32.4, τ= 6.9 ps, σ= 1.4 (E+D*)
(forearm model)

Chahat et al.
2011
[93]

10GHz
to
60GHz

coaxial slim probe forearm,
wrist,
palm
N=7

Cole-Cole
ε∞= 8.35, ∆ε= 20.5 τ= 7.13 ps,
α= 0.064 σ= 0.5 (forearm, wrist)
ε∞= 5.29, ∆ε= 17.4 τ= 10.08 ps,
α= 0.258 σ= 0.5 (palm)

All ε denote relative permittivity. All conductivity σ in Sm−1. *SC...stratum corneum, E+D...viable epidermis and dermis.



Table 2.2: Permittivity of skin cancer tissue in the millimeter-wave frequency range, in vivo and ex vivo measurement data from literature.

reference freq. range probe / technique tumor type, tissue data: model and parameters

Pickwell et al.
2004 [107]

100GHz
to
2THz

Terahertz
Pulsed
Imaging

tissue ex vivo
BCC, N=7
normal skin, N=7
(unknown body site)

double Debye
εs= 16.1, ε2= 4.14, ε∞= 2.55, τ1= 1.37 ps,
τ2= 0.0543 ps (BCC); εs= 12, ε2= 3.95,
ε∞= 2.52, τ1= 1.19 ps, τ2= 0.0582 ps (normal)

Pickwell et al.
2005 [42]

100GHz
to
2THz

Terahertz
Pulsed
Imaging

tissue ex vivo
with BCC, N=10
normal, N=10
(neck and head)

double Debye
εs= 17.6, ε2= 4.23, ε∞= 2.65, τ1= 1.55 ps,
τ2= 0.0614 ps (BCC); εs= 14.7, ε2= 4.16,
ε∞= 2.58, τ1= 1.45 ps, τ2= 0.0611 ps (normal)

Pickwell et al.
2005 [42]
based on data
from [100]

100GHz
to
3THz

Terahertz
Pulsed
Imaging

tissue in vivo
BCC, N=5:
normal, N=5
(various body sites)

double Debye
εs= 40, ε2= 6.2, ε∞= 4.2, τ1= 10 ps,
τ2=1 ps (BCC); εs= 25, ε2= 5, ε∞= 3.4,
τ1= 7 ps, τ2=1 ps (normal)

Mirbeik-Sabzevari
et al. 2018 [89]

0.5GHz
to
50GHz

slim-form
open-ended
coaxial probe

freshly excised tissue
BCC, N=25
normal (adj. BCC), N=50
SCC, N=23
normal (adj. SCC), N=48
(various body sites)

single Cole-Cole
∆ε= 43.04, ε∞= 6, τ= 7.66 ps, α= 0.08,
σ= 0.05 (BCC); ∆ε=39.52, ε∞= 7, τ=7.96 ps,
α= 0.05, σ= 0.05 (normal, adj. BCC);
∆ε=32.99, ε∞=10, τ=3.05 ps, α= 0.11,
σ= 0.01 (SCC); ∆ε=43.89, ε∞=3, τ=8.10 ps,
α= 0.08, σ= 0.05 (normal, adj. SCC)

All ε denote relative permittivity. All conductivity σ in Sm−1.
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2.3 Microwave Techniques for Skin Diagnostics

Microwave sensing, i.e., the use of microwave techniques to obtain information
on certain physical properties of a sample, is commonly used for non-destructive
material characterisation and testing in a wide range of applications. Because of
its non-destructive nature, its application to non-invasive diagnostics of biological
tissue has been explored by researchers; and skin is one of the common targets
for diagnostic application of microwave sensing. Besides using microwaves for skin
cancer diagnostics, applications such as evaluating skin hydration [39] and burn
degree diagnosis [33,35,36] have been suggested.

This section provides a general overview of non-invasive microwave frequency
measurement systems that are used to detect or diagnose potentially pathological
changes of the skin based on the complex permittivity of the tissue. It starts with
a introduction of some basic considerations for such systems and then provides
examples of specific sensing and imaging techniques and systems.

Basic Considerations

For diagnostic applications targeting the skin, a number of different measurement
principles and probe designs are suited, each having advantages and disadvantages,
as discussed below. When choosing the measurement principle as well as when
developing the sensor in more detail, one needs to consider how to best meet the
requirements of the targeted application. A good understanding of the medical
application is crucial in order to be able to define the requirements for microwave
sensing systems. Parameters to take into account are, e.g., the range of permittivity
values of the tissue, the contrast between different tissue types, the dimensions of the
sample as well as whether the tissue properties are homogeneous and whether they
are isotropic. Based on these parameters, the requirements for the measurement
system such as measurement range, lateral resolution, sensing dept, and sensitivity
can be defined, as well as whether spatial information needs to be aquired. Fur-
thermore, when choosing the basic measurement principle, it should be taken into
account whether aspects such as easy probe handling, short measurement time, the
possibility to achieve low manufacturing costs, and a small footprint for the final
measurement system are important.

The following list provides a number of fundamental considerations that need
to be addressed when choosing a suitable measurement principle and designing a
microwave sensing system for tissue diagnostics:

• The operational frequency range; this affects the spatial resolution and sens-
ing depth, as well as on the tissue permittivity range and contrast between
different tissue types.

• Whether reflected and/or transmitted waves will be recorded and if measure-
ments from different angles are made; depends on the geometry of the sample
and determines the spatial information that can be gained.
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• Near-field or far-field measurement; has influence on the measurement resolu-
tion and on the reconstruction algorithm needed to calculate the permittivity
distribution.

• Resonant or broadband sensor; affects, e.g., the resolution and the sensitivity.

• Frequency domain or time domain measurement; this influences the instru-
mentation needed.

• The signal that is recorded, e.g., amplitude and phase of the reflection coef-
ficient; this influences the information that can be determined and the mi-
crowave instrumentation needed.

• Whether the probe is in direct contact with the sample or at a stand-off
distance as well as if a coupling medium is used; this affects the coupling of
the signal into sample and thus the sensitivity of the measurement.

Examples of Microwave Techniques and Systems
All systems introduced here are for measurements in vivo, i.e., they are non-
destructive and can be used directly on the patient (instead of on an excised and
specially prepared tissue sample). The systems are categorized according their ba-
sic measurement principle: microwave tomography systems, radar-based systems,
free-space quasi-optical systems, and near-field microwave reflectometry. Passive
radiometric approaches have also been reported [108], but are not further discussed
here.

Microwave tomography refers to active microwave imaging methods which
obtain a 3D image of the permittivity of a sample. To reconstruct the spatial
distribution of the complex permittivity, wave scattering must be taken into account
and thus, complex algorithms for two- or three-dimensional image reconstruction
are employed. Due to the high absorption of millimeter waves in biological tissue,
microwave tomography is limited to lower frequencies and to samples that are
thin or have a low water content, such as breast tissue. Therefore, microwave
tomography is mainly used for breast cancer imaging [109–111] but has also been
suggested for skin cancer diagnostics [112,113].

Microwave radar is another imaging technique that has mainly been applied
to breast cancer [114–118]; however, a millimeter imaging system based on synthetic
aperture radar has also been suggested for the evaluation of skin burn wounds
[36,119]. It remains to be shown whether microwave tomography and radar systems
could resolve skin tumors of small size.

In free-space quasi-optical systems a collimated beam is guided, by e.g.,
lenses and mirrors, onto the skin and the reflected beam is collected. From the
measurement data spectroscopic information is calculated. A terahertz reflection
spectroscopy system for skin, which uses pulsed THz radiation and has a usable
frequency range of 100GHz to 3THz after Fourier transformation [42,80,100,120],
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has been used to determine the complex permittivity of healthy skin and BCC ex
vivo as well as in vivo (see section 2.2). Furthermore, this system has been suggested
for the delineation of tumor margins pre-operatively with in vivo measurements.
Generally, free-space systems allow for contactless measurements and facilitate easy
scanning of a sample area. The choice of their operation frequency is governed by
a compromise between spatial resolution, which is diffraction limited, and sensing
depth, which decreases with increasing frequency. The sensitivity of free-space
systems might be limited by the fact that a large part of the energy is reflected at
the air-tissue interface.

The most common microwave technology for skin characterization is near-field
microwave reflectometry which employs either a broadband probe or a resonant
probe.

Coaxial probes [33, 43, 92] and open-ended rectangular waveguide probes [34–
36, 39, 41, 44, 45, 59] have been used as broadband probes for near-field mi-
crowave reflectometry. Many early publications on the complex permittivity
of healthy skin employed coaxial probes [71, 94, 99]. During the measurement, the
open end of the probe is pressed lightly against the sample area under test and a
continuous wave is applied. The reflected signal is measured using e.g. a slotted
line or a network analyzer. Alternatively, a measurement in the time domain can
be performed by applying a broadband pulse [121]. Measurements can be done
directly on any accessible surface of the body and no sample preparation needed.
However, care must be taken not to trap unwanted air between the probe and the
sample. Standard coaxial probes or rectangular open-ended waveguide probes are
not particularly well adapted to the intended applications, e.g., in terms of sen-
sitivity, lateral resolution or sensing depth. For example, the resolution depends
on the the footprint of the probe, but small coaxial probes are hard to manufac-
ture and suffer from high losses while miniaturization of a rectangular waveguide
probe is limited by the cutoff frequency. Therefore, alternative designs for minia-
turized microwave probes for near-field reflectometry of biological tissue have been
suggested. These include tapered waveguide probes [122], tapered transmission
line probes [123,124], open-ended strip line probes [125,126], micromachined open-
ended RF MEMS coaxial probes [127] and planar probes with broadside coaxial
aperture [128,129]. The only miniaturized broadband probes specifically developed
and tested for the detection of skin cancer are the recently presented microstrip
sensor by Dubuc [130], the rectangular glass filled probe by Chan [131] and the
tapered dielectric-rod waveguide probe presented in this thesis.

Near-field microwave reflectometry systems using a resonant probe
are relatively similar to near-field microwave microscopy systems, which have been
suggested for a range of different imaging applications, such as the evaluation of
material integrity and characteristics in semiconductor fabrication [132–136]. The
design probe itself can be either aperture based or apertureless. Apertureless probes
often have a field-concentrating feature, e.g. a sharp tip. Possible probe designs
include, but are not limited to: rectangular hollow waveguides with a resonant slot,
stripline or microstripline resonators with or without a tapered tip, and coaxial
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cavity resonators with an aperture or with the center conductor tapered into a
sharp tip extending beyond the cavity walls. More advanced antenna designs have
also been presented [137,138]. For measurement the resonant probe is placed close
to the sample, either in direct contact or at a small stand-off height, so that the
near-field of the probe is coupled to the sample. Depending on the dielectric prop-
erties of the sample the resonance frequency shifts. Furthermore, the quality factor
changes depending on the losses in the sample. Measurements can be performed in
fixed-frequency mode. In this case, a frequency at the steepest point of the slope of
the response curve should be chosen in order to achieve a high measurement sensi-
tivity. Alternatively, the resonant frequency can be tracked and the quality factor
determined in order to obtain a measure of the dielectric properties of the sample.
Generally, for lossless samples, resonant measurements provide excellent measure-
ment sensitivity [134]. However, biological tissue exhibits considerable losses at
microwave frequencies, which leads to a decrease in the loaded quality factor of the
probe and thus decreases the overall sensitivity of the probe. High sensitivity to
the sample permittivity can be achieve by high probe to sample coupling but at the
same time the overall sensitivity is diminished by the low quality factor resulting
from the losses in the biological sample. On the other hand, for weak probe to
sample coupling, the quality factor and the steepness of the response curve is high
but the influence of the sample on the reflections is low. This makes it difficult to
achieve a high overall sensitivity of the system. The lateral resolution of the probe
depends mainly on the probe design, e.g. the resonant slot dimension or the tip
size. The probing depth is also mainly determined by the geometry of the probe.
Probes for near-field microwave microscopy as used for semiconductor evaluation
achieve a lateral resolutions in the range of few micrometers and a similar probing
depth. For diagnostic applications on skin, lateral resolution and probing depth in
the range of several hundred micrometers to a few millimeters are more suitable.
Resonant probes for skin cancer diagnostics have been developed by [137–140] and
the proposed probe designs include a microstrip resonator probe [139], a substrate
integrated waveguide probe [140], and a helix antenna as well as a loaded aper-
ture waveguide probe [137]. Some of these probes were tested in measurements on
skin phantoms [137,139] and were found to discriminate skin tumors with a lateral
dimension of several millimeters. However, for early-stage skin cancer detection a
sub-millimeter resolution is required.

Conclusion
Microwave-based sensing techniques have been suggested for a number of diagnos-
tic applications in the past. The possibilities for designing a microwave system for
skin diagnostics are manifold. A number of basic system properties that influence
the performance and applicability of a microwave-based sensing system were intro-
duced here. Of the presented measurement methods, microwave reflectometry has
most commonly been used for measurements on skin by researchers, since it offers
a number of advantages, with the most important being that measurements can
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be performed with simple and widely available equipment. However, the standard
wavguide probes used in microwave reflectometry are not suitable for the diagno-
sis of small tumors and there is a lack of microwave probes that are specifically
customized to early-stage skin cancer diagnosis. Furthermore, no measurements on
early-stage tumors that prove the potential of microwave measurements for early-
stage skin cancer diagnostics were found in literature.

2.4 Tissue Models for Sensor Characterization and Testing

In order to evaluate the performance of a measurement system, the use of samples
or models is inevitable. Different models reflect different aspects of reality and,
thus, depending on the question to be answered by the respective test, the model
must be chosen to fit the objective of the test. In this section a number of different
types of models are discussed, which can be used for the evaluation of microwave
probes for skin cancer diagnostics.

Physical Models: Test Samples and Phantoms
For the characterization and testing, as well as the calibration of microwave sensors
for tissue analysis, samples are needed that emulate the dielectric properties of
biological tissue in the desired frequency range. The properties of these samples
must be known and stable. The samples can be made from a range of different
materials, categorized as liquid, semisolid or solid. These materials are often called
tissue-mimicking materials, tissue-equivalent materials or phantom materials; the
term phantom is generally used to refer to a semisolid or solid sample.

Liquid samples include such simple materials as deionized water, aqueous
sodium chloride solutions [141], methanol, ethanol, and acetone [127]. These ref-
erence liquids are often used for calibration or simple, initial tests, as they are
inexpensive and easy to handle. Their properties are highly reproducible and can
cover a wide permittivity range [142]. As tissue consists to a large percentage of
water, liquid tissue mimicking samples are often based on water-salt solutions, to
which components such as sugars, glycol, and microspheres can be added for fine-
tuning of the dielectric properties [143]. The probe under test can be immersed
in the liquid, which ensures a good contact between probe and sample. Liquid
samples, however, do not emulate the mechanical properties of tissue and do not
allow for complex shapes or heterogeneous samples.

Semisolid samples or phantoms are generally based on water which is so-
lidified with the help of a gelling agent. Common gelling agents are: agar [144],
gelatin, and TX-150 / TX-151 (TM The Oil Research Centre, Lafayette, Louisiana)
[145, 146]. Regulating components are added to achieve the wanted permittivity.
These can be, e.g., salts or sugars to increase the conductivity and mimic the glucose
content of the tissue. For decreasing the permittivity and/or conductivity of the
sample, polyethylene powder [147], ethanediol [148], or oil [146,149] can be added.
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A high oil fraction can be used to mimic fat tissue with a low water content [150].
Further additives can be used to improve handling or storage capability of the
sample, e.g., dye for color coding of different materials within one phantom and
preservatives to prolong the shelf life of the phantom. The production of semisolid
phantoms is relatively inexpensive and easy but care must be taken to avoid air
bubbles. The dielectric properties can be manipulated within a wide range and
it is possible to create materials that mimic certain tissue over a wide frequency
range. The samples are mechanically stable, have a plasticity and elasticity close
to real tissue and can be molded or crafted into large and complex shapes, thus,
enabling heterogeneous phantoms, e.g. anthropomorphic phantoms for pre-clinical
studies and for UWB applications. However, the dielectric properties of semi-solid
samples are not long-term stable as evaporation causes the samples to dehydrate
and diffusion occurs across the interfaces in heterogeneous models.

The materials for solid samples are generally conductor-insulator composites
consisting of an insulating matrix and a conductive filler. The insulating matrix
provides mechanical integrity and the base for the dielectric behavior of the sample.
It can be made of, e.g., ceramic powder [151], plastic resin [147, 152], silicone or
urethane rubber [152–154]. By adding a conducting filler, the dielectric properties
of the material can be adjusted within a wide range. Possible fillers are poly-
acetylene [147], metal powder, carbon powder [151], and carbon fibers [155]. Solid
samples are mechanically stable, can be made from elastic materials, and allow for
complex shapes and heterogeneous phantoms with long-term stable dielectric prop-
erties. Their drawbacks are relatively high material costs as well as complicated
manufacturing procedures.

For testing of the millimeter-wave probes in this thesis, different samples were
used for different purposes. Deionized water was used for evaluating the sensing
depth of the probe (Paper 1). Novel micromachined silicon samples were introduced
and used for probe characterization (Paper 1). Agar-based samples were used
for evaluation of an alternative resonant probe design (Paper 5). The properties
and fabrication of these samples are discussed in more detail in Chapter 5.2 and
Chapter 7.1, respectively.

Murine Models for Skin Cancer

Tests using samples of tissue-mimicking material are very suitable to assess the
technical functionality of the probe. However, using artificial samples cannot take
into account the natural variations of biological samples and cannot reproduce the
complex reality of biological systems. Furthermore, the data on the permittivity of
skin tumors, which is needed to create realistic samples, is sparse (section 2.2).

The use of animal models in probe assessment is one possibility to do pre-clincial
testing and obtain measurement data in vivo on real skin tissue. Animal models can
enable experimental protocols that are not possible with measurements on patients
due to ethical consideratins.
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Mice are widely used as a model organism for skin cancer, and consequently a
large body of knowledge exists on murine malignant melanoma models [156–159].
There are several ways to achieve growth of malignant melanoma tumors in mice.
These can be roughly divided into transplantable tumor models and primary tumor
models [160]. The former are based on the transplantation of tumor cells into a host
animals and can eiter be syngeneic or xenogeneic. For a syngeneic model, melanoma
cells of a murine tumor line are engrafted in the mice, e.g., by subcutaneous injection
[161]. The B16 cell line and its sub-lines are widely used for syngeneic models and
detailed protocol for using B16 cells in a murine model can be found in [162]. For
a xenograft model human melanoma cells are transplanted into immune-deficient
mice [163]. Primary tumor models are often based on transgenic mice, i.e., mice that
are genetically modified so that they spontaneously develop malignant melanoma
[157, 164]. Furthermore, spontaneous primary tumor growth can be induced by
exposing the animals to ultraviolet radiation or carcinogens; this techniques are
often used with transgenic mice that are susceptible to tumor growth [159].

The use of syngeneic or xenograft models, where the tumor cells are transplanted
into the host animal, allow for a controlled spatiotemperal tumor growth regime.
For transplantation the tumor cells are often injected subcutaneously, which results
in subcutaneous tumor growth. To achieve tumor growth inside the skin, the cell
can be injected into an upper dermal blister created by a suction blister device [165,
166] or directly injected intradermally with a fine syringe [163, 167]. An overview
of tumor models in animals as well as guidelines for the welfare of animal in cancer
research can be found, for instance, in [160].

A murine tumor model was used to assess whether the developed microwave
broadband probe can discriminated small early-stage malignant melanoma tumors
from health skin (Paper 4). The details of the used tumor model and the results of
the experiments are discussed in Chapter 6.3.



Chapter 3

Sensing Technique and Probe
Design

3.1 Sensing Principle

This research aims at a microwave sensing system that can distinguish between
healthy skin and malignant melanoma and that, furthermore, is optimized to de-
tect tumors at an early stage. Based on the discussion in Chapter 2.3, microwave
reflectometry using a near-field probe was chosen as the basic measurement princi-
ple. Microwave reflectometry is a measurement technique, where the reflection of
a microwave signal from the tip of a microwave probe is measured. The probe tip
is either in direct contact with the sample or at a small stand-off distance. The
amplitude and phase of the reflected signal depend on the interaction of the near
field of the probe with the sample. Therefore, the reflected signal depends on the
dielectric properties of the sample.

Furthermore, the following basic decisions concerning the measurement principle
were taken:

• During measurement the probe tip is in direct contact with the skin. This
way good coupling of the signal into the tissue can be achieved without the
need for a coupling medium. Furthermore, contact measurements are easier
to perform and prone to less errors than measurements where the probe has
to be kept at a defined distance to the sample. Because of the probe tip’s
small size and the elasticity of the skin, no significant air pockets, which could
influence the measurement, are expected to get trapped between both.

• In order to adjust for variations in skin permittivity between different in-
dividuals and different body sites, differential measurements are used. The
measured signal at a suspicious lesion is compared to measurements on the
surrounding tissue and the difference is evaluated.

23
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• The measured reflection coefficient S11 at one or several frequencies is used
to discriminate between healthy skin and malignant melanoma. The tissue
permittivity does not need to be quantified.

The design of the probe affects the extent of the near field in the sample as well
as the matching between probe and sample. Therefore, the probe design determines
the lateral resolution, sensing depth and responsivity of the probe. Consequently,
it plays an important role in adapting the microwave system to the medical appli-
cation.

Therefore, the work in this thesis focuses on designing and testing probes for
microwave reflectometry for early-stage skin cancer diagnostics. In this chapter
the design of a broadband probe is introduced. First, the general design approach
for such a probe is discussed and then the probe specifications are presented. An
alternative approach using a resonant probe design was also investigated and is
presented in Chapter 7.1.

3.2 Probe Design Goals

With the intended application in mind and based on the knowledge of skin tissue,
malignant melanoma and skin tumor growth (Chapter 2.1) as well as the interaction
of microwaves with tissue (Chapter 2.2) a number of design goals for a microwave
probe can be derived.

The measurement contrast between healthy skin and cancerous skin tissue should
be as high as possible. Therefore, an operational frequency must be chosen at which
the permittivity of malignant melanoma tumors differs significantly from the per-
mittivity of healthy skin. Furthermore, the probe should be designed such that
this difference in permittivity results in a large difference of the measured reflection
coefficient.

At an early stage, a tumor is only up to a few millimeters in size and is less
than one millimeter in thickness, i.e., it has not yet grown to the lower layers of
the epidermis (Chapter 2.1). If the sensing volume of the probe is considerably
larger than the tumor volume, small tumors might be hidden in the background
of the surrounding healthy tissue. Thus, the sensing volume of the probe must
be adapted to the dimensions of early-stage tumors, i.e it must have a spatial
resolution that allows even small tumors to be resolved. The sensing depth of the
probe should cover the epidermis and upper layer of dermis and the probe must be
able to penetrate through the outermost, dry layer of the stratum corneum.

Furthermore, it would be advantageous if the final microwave system can be
built of simple and low cost components. Thus, ideally, the measurement of the
absolute value of the reflection coefficient |S11| at one or several frequencies is suffi-
cient as the measure for the difference in tissue permittivity. Measuring amplitude
information only also allows for simple measurements and calibration.
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(1)
Dielectric-rod waveguide (2)

Tapering towards tip

(3)
Dielectric-wedge 
transition

VNA
 Tip

Sample

Figure 3.1: The basic design of the probe, consisting of: (1) a metalized dielectric-rod waveguide
(DRW), (2) a tapering towards the tip, which is also metalized (the tip itself is not metalized),
and (3) a transition to couple the microwave signal into the DRW.

In summary the design goals are:

• a microwave probe for measurement of reflection coefficient S11,

• operating at a frequency range were high difference in permittivity between
healthy and cancerous skin exists,

• high responsivity
(

∆S11
∆εr

)
at the operation frequency range ,

• sensing depth in the range of 400µm, and

• sub-millimeter lateral resolution.

3.3 Basic Probe Design

As the basic design of the probe an open-ended waveguide probe was chosen. How-
ever, a number of modifications compared to a hollow metal waveguide probe„ which
is commonly used in microwave reflectometry [35,45], have been implemented in or-
der to adapt the probe to the above listed requirements. These modifications and
their motivation as well as the resulting basic probe design are introduced here.
The basic design is shown in Fig. 3.1. The probe consists of three main parts: (1)
the waveguide, (2) the tapering towards the tip, and (3) the feeding.

Instead of a hollow waveguide a dielectric-rod waveguide (DRW) is used. This
addresses the need to reduce the footprint of the probe to achieve the specified
resolution and sensing depth. By using a dielectric material with a high dielectric
constant as the core material the waveguide dimension can be reduced as compared
to an air-filled waveguide at the same frequency. The dielectric-rod waveguide is
metalized in order to confine the electric field within the waveguide.

High-resistivity silicon was chosen as core material of the probe for a number of
reasons. Silicon has a relative permittivity of approximately 12 in the millimeter-
wave frequency range and a high resistivity, which allows for a waveguide with
smaller dimensions and relatively low internal losses. Furthermore, silicon was
chosen because of the high flexibility and freedom that micromachining by common
silicon processing in a cleanroom offers. Micromachining is well suited for the
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fabrication of miniaturized probes as needed here. In order to reduce the footprint
of the probe further, the waveguide is tapered towards the tip.

The DRW probe must be connected to microwave components for signal gen-
eration and detection, i.e., means to couple a microwave signal into the DRW
are needed. For prototype testing it was decided to use a vector network ana-
lyzer (VNA) and to feed the DRW from a standard rectangular waveguide. For
signal transition between the standard rectangular waveguide and the DRW, a di-
electric wedge transition, i.e., a tapered and non-metallized section of the DRW, is
used. In order to build a compact device that can be used in a clinical setting, the
VNA could eventually be replaced by fully integrated VNA technology providing
microwave components of small size [168–170].

For operational frequency the range around 100 GHz was found to offer some
valuable benefits: At 100GHz the permittivity of skin is around 5.6−7.3i and
the permittivity of skin tumor tissue is estimated to 6.2−8.7i. This difference
is expected to provide good measurement contrast. The permittivity of silicon
at 100GHz is relatively similar to the permittivity of tissue; this allows for good
matching and, thus, a high responsivity.

3.4 Final Probe Design and Simulation

The exact dimensions of the single parts (1)-(3) and of the probe as a whole were
specified through a number of simulations using CST microwave studio.

The core of the dielectric-rod waveguide (DRW) is made of of high resistivity
silicon (> 4000W cm, εr = 11.6, tan δ of 6× 104 measured at 100GHz [171] ) and has
a cross section of 0.6mm× 1mm. The cross section of the DRW is approximately
20% of the footprint of a corresponding open-ended WR-10 waveguide probe. In
order to reduce the footprint further, the DRW is tapered towards the tip. Different
tip heights were considered, ranging from 0.6mm× 1mm (the DRW cross section)
down to 0.6mm× 0.3mm, with the smallest tip size being only 5.6% of the cross
section of the feeding WR-10 waveguide (Fig. 3.2b). The sidewalls are metalized
with a 0.7µm thick layer of gold, approximately three times the skin depth of gold
at 100GHz (0.236 µm).

The DRW is fed from a rectangular WR-10 waveguide that is connected to a
VNA. The dielectric-wedge transition is not metalized and has a length of 9 λDRW
which results in low reflections over a large bandwidth (Fig. 3.3a). The probe has
to be accurately placed in the center of the feeding WR-10 waveguide for good
signal transmission, as a shift or tilt can introduce unwanted reflections. Therefore
a special mount was designed which is shown in Fig. 3.2c. Small extensions of
0.1mm× 0.75mm are added to the DRW, which hold the probe in place. The
parasitic reflections caused by these extensions are, at around −30 dB, negligible
(Fig. 3.3b).

The DRW is fed from a rectangular WR-10 waveguide that is connected to a
VNA. The dielectric-wedge transition is not metalized and has a length of 9 λDRW ,
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Dielectric-wedge transition, 
broadband

Probe tip, 
not metalized
sizes: from 0.6 × 0.3 mm2 

to 0.6 x 1 mm2

Metal waveguide, 
WR-10, 75-100 GHz,
size: 2.54 × 1.27 mm2

Dielectric-rod waveguide, 
metalized, silicon-core, size: 0.6 × 1 mm2

Waveguide tapering
metalized, silicon-core

(a)

Dielectric-rod waveguide:
0.6 mm x 1 mm  

Probe tip:
0.6 mm x 0.3 mm 

(or 0.6 mm x 0.4 mm 

 or 0.6 mm x 0.5 mm 

 ... )

WR-10 metal waveguide:
2.54 mm x 1.27 mm

(b)

DRW probe

Mount for DRW probe

WR-10 
waveguide

Extensions 
for mounting

(c)

Figure 3.2: (a) CAD drawing of the metalized dielectric-rod waveguide (DRW) with a tapering
towards the tip, fed through a dielectric-wedge transition from a WR-10 waveguide. (b) Cross
section of the probe tip as compared to a WR-10 rectangular waveguide probe. (c) Assembly of
the probe in a WR-10 waveguide with a micromachined mount.
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Figure 3.3: Simulation results: (a) Simulated S21 for the dielectric wedge transition that couples
the signal from a standardWR-10 waveguide (TE10 mode) into the dielectric-rod waveguide (TE01
mode). Transmission losses are close to 0 for frequencies from 93GHz to 101GHz. (b) Additional
reflection cause by the extensions needed for the fixation of the DRW.
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Figure 3.4: (a) Simulated transmission and (b) reflection spectra of probes with different tip
sizes. The probes show broadband behavior in the frequency range between 90GHz and 104GHz
for all tip sizes. From Paper 1. © 2015, IEEE.
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Figure 3.5: Simulated S11 vs. complex permittivity of the material under test at different
frequencies for a probe with a tip size of 0.6mm × 0.3mm. The estimated values for healthy and
cancerous skin are marked by a cross and and star, respectively. If they are located where the
function exhibits a steep slope a high measurement contrast is achieved. From Paper 1. © 2015,
IEEE.
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Figure 3.6: Sensing depth for a sample with εr = 5.62 - j7.26 (corresponding to normal skin)
at 100GHz: Simulated electric field strength vs. distance from sample surface for two different
probe tip sizes. Both probes have a sensing depth in tissue between 300 µm and 400µm. From
Paper 1. © 2015, IEEE.

which results in low reflections over a large bandwidth (Fig. 3.3a). The probe has
to be accurately placed in the center of the feeding WR-10 waveguide for good
signal transmission, as a shift or tilt can introduce unwanted reflections. Therefore
a special mount was designed which is shown in Fig. 3.2c. Small extensions of
0.1mm× 0.75mm are added to the DRW, which hold the probe in place. The
parasitic reflections caused by these extensions are, at around −30 dB, negligible
(Fig. 3.3b).

Fig. 3.4 shows the simulated transmission and reflection of the probe including
the dielectric-wedge transition, the DRW and the tapering towards the tip for
different tip sizes. The probe shows broadband behavior for all tested tip sizes
in the frequency range between 90GHz to 104GHz with a return loss better than
15 dB. The dependency of the reflection coefficient S11 on the complex permittivity
of the material under test (MUT) at different frequencies was simulated using CST
microwave studio. The results for a probe with a tip size of 0.6mm× 3mm are
shown in Fig. 3.5. The dependency of the probe’s response on the permittivity of
the MUT exhibits a steep slope in the permittivity range in which the estimated
values for healthy and cancerous skin tissue lie. This is important for achieving a
high measurement contrast. The lateral dimensions of the sensing area correspond
to the tip size at the surface of the tissue. For measurements on a homogeneous
sample the electric field strength in the sample decays with the distance to the
surface of the sample as shown in Fig. 3.6. The sensing depth, the distance where
the field strength has decreased to 1/e of the value at the contact surface, lies
between 300 µm to 400µm for the different probe tip sizes for normal skin (modeled
with a permittivity εr = 5.62 - j7.26 at 100GHz). The probe design is discussed in
Paper 1.





Chapter 4

Fabrication

Prototypes of the probes were fabricated by silicon micromachining. As silicon
micromachining enables batch fabrication, several probe prototypes with different
tip sizes as well as the mount for the probe were fabricated simultaneously on the
same wafer. The process flow is outlined in Fig. 4.1.

The probes were fabricated using a 100mm, 600-µm-thick, high-resistivity sili-
con substrate (HRSS) (>4000W cm, εr = 11.6, tan δ of 6× 104 measured at 100GHz
[171]) with a 3-µm-thick silicon dioxide layer that is used as a hard mask (a). The
silicon dioxide layer was patterned by a standard photolithography process followed
by dry etching of the oxid. The wafer was then attached to a carrier wafer us-
ing commercially available thermal release tape (Revalpha, Thermal Release Tape
3195M) (b). Then, deep reactive-ion etching (DRIE) in an inductively-coupled
plasma etcher was used to etch through the wafer (c).

The mask layout is such that the probes were still connected to a shared handling
frame after the DRIE step. These framed probe arrays were easy to handle in the
subsequent steps. The probe arrays were then released from the thermal release
tape using a hot plate. The remaining silicon dioxide was removed by wet etching
in hydrofluoric acid (d). Subsequently, the probe walls were metalized with a 0.7-
µm-thick gold layer by electron-beam evaporation. Titanium served as adhesion
layer. To achieve a uniform coverage of all four sides sidewalls of the DRW, the
metalization was done in four steps, between which the probes were turned 90° (e).
Shadow masks are used to protect the dielectric-wedge transition from metalization
(Fig. 4.2). A custom made holder was used to align the probes and the shadow
masks. During the metalization step the probe tips were still connected to the
handling frame and thus the faces of the tips were not metalized.

After the metalization the probes were separated from the handling frame by
dicing (f). In a final manual assembly step each probe was fixated in a WR-10
waveguide with the help of a mount (Fig. 3.2c). The parts of the mount for the
fixation of the probe were fabricated on the same wafer in parallel with the probe
prototypes. Fig. 4.3 shows a photograph of a probe prototype after final assembly.
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Figure 4.1: Outline of the fabrication of probe prototypes by micromachining. The mask design
is such that several probes are attached to a handling frame; this allows for easy handling during
metalization. After metalization the probes are separated from the frame by dicing.
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Figure 4.3: The microwave probe after final assembly.



Chapter 5

Technical Probe Characterization

5.1 Introduction

It would make little sense to use any sensor in experiments in vivo, e.g. on patients,
before it has been technically characterized and shown to function as designed.
Knowledge of the sensor behaviour is needed in order to interpret results from mea-
surements on patients. Therefore, the fabricated probe prototypes were technically
characterized. Probe parameters, such as resolution, sensing depth, and responsiv-
ity were determined. Prototypes with different tip sizes (from 0.6 × 0.3mm2 to
0.6 × 1mm2) were characterized in order to choose the most suitable tip size for
measurements in vivo.

A set of samples with known dielectric properties covering the range of per-
mittivity values expected for skin tissue are needed for the probe characterisation.
Therefore, micromachined silicon samples that can be fabricated with a tailor-made
permittivity were introduced (Paper 1). A general discussion of tissue-mimicking
materials is provided in Chapter 2.4. The micromachined silicon samples are de-
scribed in detail at the beginning of this chapter. Then, the measurement setup
used for probe characterization is depicted and finally, the results are provided and
discussed.

5.2 Micromachined Samples for Probe Characterization

A new type of tissue-mimicking material was introduced by the author: solid sam-
ples consisting of thin silicon slices with a periodic pattern of square-shaped air-filled
holes, where the hole size is smaller than the wavelength of the probe (Fig. 5.1).
The (bulk) complex permittivity of the samples depends on the ratio between the
silicon and the holes and on the conductivity of the silicon. Artificial dielectrics,
fabricated by adding spherical or cylindrical holes to a base material in order to
lower its permittivity had already been discussed in the 1950s for a range of poly-
mer base materials [172]. Silicon as the base material has been used, for instance,
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Figure 5.1: Silicon-based tissue-mimicking samples, the effective permittivity is determined
by the hole size h: (a) In a heterogeneous sample, several areas with different hole size are
implemented. (b) Microscope pictures of three samples, each with uniform hole size h; effective
relative permittivity εr,eff given for silicon resistivity of >4000W cm and pitch p = 100.

in the design of micromachined WR-band phase shifters [173]. Here, silicon mi-
cromachining is used to fabricate samples with a tailored permittivity that mimic
different types of tissues and have long-term stable dielectric properties. Using sil-
icon micromachining, heterogeneous samples can be fabricated, e.g., samples with
small areas of increased permittivity that mimic small tumors in a background of
healthy skin. Layered tissue can be mimicked by stacking several sample slices on
top of each other.

The effective permittivity of the silicon sample can be estimated using the fol-
lowing equations (applicable for TExy modes):

ε∗r,eff =
(

1 + p− h
h

1
ε∗r,Si

)−1

+ p− h
p

ε∗r,Si. (5.1)

Here ε∗r,Si = εr,Si− jσSi/(ωε0) is the complex relative permittivity of silicon and its
real part εr,Si is assumed to be constant for the frequency range between 80GHz
and 110GHz, σSi is the conductivity of the silicon and ω is the angular frequency.
The ratio between silicon and air is determined by the pitch p and the hole size
h. Eq. 5.1 was used in Paper 1. A more accurate calculation of the effective
permittivity of a silicon substrate with a periodic pattern of holes is discussed in
Paper 6, where this type of artificial dielectric was used for the matching region of
a planar lens antenna (Chapter 7.2).

The silicon samples were fabricated from 350µm thick wafers by micromachining
using deep reactive-ion etching and a silicon-dioxide hard mask. Two types of wafers
were used: with a silicon resistivity of 1.225W cm, and with a silicon resistivity of
>4000W cm. The hole pitch was p = 100µm and hole size h ranged from h =
46µm to h = 81µm. Furthermore, samples with locally modulated permittivity
were fabricated. These samples have areas of two different permittivity values: a
background with an effective permittivity of εr,eff = 4.9 and lines of width varying
from 100µm to 600µm with an effective permittivity of εr,eff = 6.6. They were
used for characterizing the lateral resolution of the probe.



5.3. MEASUREMENT SETUP 35

Agilent E8163A vector 
network analyzer

Millimeter-wave measurement 
heads up to 110 GHz

Microwave probe
Test sample

X-Y-Z stage 

Precision scale to measure 
contact force between probe 
and sample 

Setup

Close-up, Probe

Coaxial to waveguide adapter

WR-10 waveguide

Figure 5.2: Setup for measurements on test samples with x-y-z-stage and high precision scale to
control the contact force between probe tip and sample.

5.3 Measurement Setup

The probe is connected to an Agilent E8163A vector network analyzer (VNA) with
millimeter-wave extension heads (up to 110GHz) through a coaxial to waveguide
adapter. The VNA is calibrated at the coaxial to waveguide adapter output plane by
thru-reflect-line (TRL) or one-port calibration using WR-10 calibration standards.
The probe is fixated to an x-y-z-stage with 10µm precision in all three dimensions.
The probe is lowered onto the sample until a good contact between the probe tip
and the sample is achieved, then the reflection coefficient S11 is measured. The
sample is placed on a high-precision scale of 1× 10−5 N resolution, which allows
to measure the force between probe tip and sample. Controlling this force, a good
contact between probe tip and sample and thus stable and repeatable measurements
are achieved.

For probe characterization, lossless samples with a relative permittivity ranging
from εr = 3.5 to εr = 6.7 and lossy samples with a relative permittivity ranging
from εr = 3.2− j2.8 to εr = 7.2− j8 were used. Heterogeneous silicon samples with
laterally altering permittivity were used to evaluate the lateral resolution of the
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Figure 5.3: S11 from 94GHz to 106GHz for test samples of different permittivity with a probe
of 0.6 × 0.5mm2 tip size. From Paper 1. © 2015, IEEE.

probe. The sensing depth of the probe was determined using deionized water as a
tissue-mimicking material. The probe tip was immersed into the water and S11 was
measured for different distances of the tip from a metal surface. The distance at
which S11 was equal to S11 for a semi-infinite water layer was determined (similar
to [128,174]).

5.4 Characterization Results

The reflection coefficient S11 in a frequency range from 94GHz to 106GHz was
measured for silicon samples with different permittivity. Prototypes with a tip size
of 0.6× 0.3mm2, 0.6× 0.4mm2, 0.6× 0.5mm2, and 0.6× 1mm2 were used. S11 for
lossy samples and a probe tip size of 0.6× 0.5mm2 is shown in Fig. 5.3; the spectra
for the remaining tips sizes are presented in Paper 1. The probes show a broadband
behavior, but some spurious resonances are observed, caused by reflections in the
measurement setup.

The reflection coefficient S11 at 96GHz was plotted against the absolute value
of the complex relative permittivity of the sample; 96GHz was chosen because
of the large responsivity at this frequency (Fig. 5.3). On lossy samples the re-
sponsivity (∆S11/∆εr) at 96GHz was determined to −0.95 dB, −1.34 dB, −1.83 dB
and −0.20 dB for the tip size 0.6× 0.3mm2, 0.6× 0.4mm2, 0.6× 0.5mm2, and
0.6× 1mm2 respectively (Fig. 5.4b). For lossless samples smaller responsivity val-
ues were observed; these generally followed the same trend (Fig. 5.4a). The probe
with a tips size of 0.6× 0.5mm2 was found to have the highest responsivity. For this
probe a difference in return loss of approximately 2 dB is expected between healthy
(5.62 - j7.26, loss tangent: 1.29) and tumorous (6.2 - j8.7, loss tangent: 1.4) skin
tissue. The stratum corneum, which is the outermost, dry layer of the skin, is not
taken into account here. However, because of its small thickness of approximately
20µm [175], its influence on the measurement is expected to be negligible.
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Figure 5.4: Measured S11 at 96GHz vs. sample permittivity for different tip sizes. (a) Test
samples of high resistivity silicon (>4000W cm, tan δ = 6 × 104 ); (b) Test samples of low resistivity
silicon (1.225W cm, tan δ = 1.26 ). From Paper 1. © 2015, IEEE.

The standard deviation for S11 measurements on different randomly chosen
spots on a silicon sample was 2.26% of the power level when the contact force was
controlled and kept between 10mN to 100mN and 3.29% when the force was not
controlled. A low contact force increases the risk for insufficient contact between
sample and probe tip, while a high contact force might eventually damage the
probe tip. However, when performing measurements on elastic samples, such as
skin, this is less of a problem and the contact force does not need to be controlled
to ensure good contact. This was shown in later experiments on skin (Paper 3).
The long-term stability of the measurement setup was 0.66% (standard deviation)
of the power level for measurements in air when using the setup during eight hours.
These variation are mainly caused by temperature drift and a drift in the VNA
calibration due to movement of cables and connectors.

The lateral resolution of the probes was characterized using heterogeneous
samples (Fig. 5.5a). Measurements, taken on the center of a 600µm-wide line with
a permittivity different from the background resulted in a S11 similar to measure-
ments on a homogeneous sample with similar relative permittivity. For measure-
ments on smaller lines of altered permittivity, portions of both, the line and the
surrounding area are contained in the sensing area. Line width of 200µm were re-
solved when the probe (tip size 0.6× 0.3mm2) was scanned over the samples. This
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Figure 5.5: Measurements to determine the lateral resolution of the probe: (a) Heterogeneous
samples are used. These have 100 µm to 600 µm wide lines with a higher permittivity compared
to the background. S11 is measured along a line in x-direction as well as on a line in y-direction
with a probe with a tip size of 0.6 × 0.3mm2. (b) S11 at 103.2GHz; lines of 200 µm width and
wider can be resolved by the probe. From Paper 1. © 2015, IEEE.
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distance of the probe tip to the metal plate. For probes with a tip size of 0.6 × 0.5mm2 and of
0.6 × 1mm2 the sensing depth is about 400 µm.
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was true for either orientation of the probe (Fig. 5.5). Due to its sub-millimeter
resolution the probe is expected to have a high sensitivity even for small early-stage
tumors, as small as 200µm.

The sensing depth of the probe in water was determined to approximately
400µm (Fig. 5.6). This value provides a good estimation for the sensing depth in
skin tissue as the permittivity of water and tissue are comparable at frequencies
around 100GHz [176]. Furthermore, it agrees well with simulation (Chapter 3.4).

With an expected contrast between healthy and cancerous skin tissue of 2 dB,
a sensing depth of 400µm, and a lateral scanning resolution down to 200µm, the
prototypes meet the design goals that were defined for an early-stage skin cancer
probe (Chapter 3.2). Furthermore, a low standard deviation and good long-term
stability was observed. These values could be improved further by integrating the
microwave generation and detection into a small robust prototype that replaces the
bulky vector network analyzer setup. The tip size 0.6× 0.5mm2 was chosen for in
vivo testing due to its superior responsivity.





Chapter 6

Probe Assessment in vivo

6.1 Motivation

No phantom can fully represent the complex composition of skin with its different
layers, nor can tests on phantom material take into account the natural inter- and
intrahuman differences in the (dielectric) properties of skin. Furthermore, data for
cancerous skin tissue is generally obtained from measurements on large tumors and
might not be valid for early-stage tumors. Therefore, the performance of the mi-
crowave probe was assessed through a number of in vivo measurements on human
volunteers as well as on a murine malignant melanoma model. Measurements on
human volunteers were performed as a first assessment whether the probe is suit-
able to discriminate between skin tissues with different water content. A murine
model was used to conduct measurements on skin tumors in order to determine the
measurement contrast between healthy skin and skin tumors and to study whether
small early-stage tumors can be resolved. These in vivo experiments are found in
Paper 3 and in Paper 4.

6.2 Measurements on Human Volunteers

Materials and Methods

The measurements on human volunteers are performed using a similar setup as
used during probe characterization (Chapter 5.3). During measurement the arm
of the volunteer is placed in a holder beneath the probe (Fig. 6.1). The probe
is lowered onto the measurement spot until it indents the skin lightly in order to
ensure a good contact between probe tip and skin. Measurements on normal skin
as well as on benign skin lesions (benign nevi) on the arms of several volunteers
were performed.

Furthermore, a sodium lauryl sulfate (SLS) exposure test was performed. SLS
is a commonly used model irritant for tests on skin and its use for the evaluation of
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VNA with millimeter-wave 
extender heads, up to 110 GHz

X-y-z stage to 
move probe

Microwave 
probe

Holder for 
the arm

Figure 6.1: Setup for measurements on the arms of human volunteers.

new diagnostic devices targeting the skin has been reported in literature [177–179].
Low concentrations of SLS on the skin cause, among other things, spongiosis, a
temporary increase of the water content in the epidermis [177]. Thus, an SLS
exposure test allows for comparison of measurements on healthy/normal skin and
on skin that underwent some changes in its water content.

The SLS test was performed according to the guidelines available in litera-
ture [177]. A detailed description can be found in Paper 3. Aquarous SLS solutions
with concentration of 1%, 2%, 5% and 10% by weight as well as pure water
were applied for 24 hours to 1 cm× 1 cm spots on the arms of human volunteers.
Afterwards the skin reaction to the SLS application was assessed visually by a der-
matologist. Furthermore, transepidermal water loss (TEWL) was measured as a
reference. TEWL is commonly used to provide information about the skin barrier
function and thus can provide information on the strength of the skin reaction.
However, it does not measure the water content of the skin [180]. The reflection
coefficient S11 was measured for the SLS treated spots during eleven days after
application of SLS.

Results and Discussion
Fig. 6.2 shows S11 at 96GHz for benign nevi and the surrounding skin of three
volunteers. For each nevus S11 is either similar or higher than S11 for the sur-
rounding skin tissue. Furthermore, S11 for the surrounding skin differs between the
volunteers. This confirms the need for a differential measurement.

The measurement results for the SLS test are shown in Fig. 6.3 and Fig. 6.4. In
one volunteer the SLS exposure led to a significant reaction on all four spots, with
a clear change in the appearance of the skin and an increased TEWL compared to
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Figure 6.2: Measurement of S11 at 96GHz for four benign nevi and adjacent skin (of three
human volunteers).

the control spot. TEWL was as high as 46 g/(hm2) for the spot with 10% SLS
as compared to 16 g/(hm2) for the control spot. For the remaining volunteers,
unfortunately, no reaction was observed visually and TEWL was similar to the
control spot for all SLS exposed spots. The reasons for the missing reaction in
these volunteers is unknown. For the skin with a clearly visible reaction to SLS, S11
changes significantly between the different measurement days (Fig. 6.3). Initially
S11 is similar to the baseline value of the control spot, but it then decreases until
it reaches the highest difference to the baseline on day four to seven. Subsequently,
it approaches baseline values again. The magnitude of the observed changes in
S11 is directly related to the applied SLS concentration. Trends similar to the
progression of the microwave signal observed here, are reported in the literature
for other parameters measured after SLS exposure, such as capacitance and signal
levels in optical coherence tomography [178,181].

The measurements on human volunteers are a first demonstration in vivo that
the microwave probe can measure changes in the dielectric properties of the skin
and that the measured signal is related to the water content in the skin tissue. The
results show that a possible alternative application of the microwave probe is the
long-term monitoring of skin healing. It should be noted that for benign nevi S11
values were high compared to normal skin, while for the SLS treated spots S11 was
lower than for normal skin. These observations are in line with previously reported
measurement results using standard waveguide probes [43, 45]. They suggest that
the probe can discriminate benign nevi from high water content tissue such as
malignant melanoma.
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Figure 6.3: (a) Arm of human volunteer with clearly visible reaction after being exposed to
different concentrations of SLS and pure water (control) for 24 h using a closed patch test system.
(b)-(f) S11 at 96 GHz and TEWL (in g/(hm2) ) after SLS exposure on the different spots exposed
to 10% SLS, 5% SLS, 2% SLS and 1% SLS, and pure water (control), respectively. Mean and
standard deviation for n = 3. The baseline was calculated by linear regression of the control spot
data. From Paper 3. © 2017, IEEE.
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Figure 6.4: (a) This volunteer showed no reaction to the SLS exposure, TEWL levels were stable
and below 15 g/(hm2) for all days. (b) S11 for the spot where 10% SLS had been applied and
(c) for the control spot (pure water). Mean and standard deviation for n = 3. The baseline was
calculated by linear regression of the control spot data.



6.3. MEASUREMENTS ON A MURINE MELANOMA MODEL 45

(a) (b)

(c) (d)

Figure 6.5: (a, c) Intracutaneous and (b, d) subcutaneous malignant melanoma tumor in mouse
model. After tumor size reached several millimeter, intracutaneous (shallow) and subcutaneous
(deep) tumors could be discriminated by their appearance.

6.3 Measurements on a Murine Melanoma Model

The Murine Model for Probe Assessment

To study if malignant melanoma skin tumors can be discriminated from healthy
skin a murine skin tumor model was used. A murine model that accurately models
malignant melanoma skin tumors, especially with respect to the depth of growth,
had to be established first.

Tumor growth in mice can be induced in a number of ways (Chapter 2.4). For
this work a transplantable tumor model, based on the injection of tumor cells into
the host animal, was chosen. The use of such a murine tumor model promises
control over the tumor type, the growth side and the time point of tumor growth.
Knowing where and when the tumor will be developing, measurement sides can be
chosen such that they include the (future) tumor location as well as healthy skin
adjacent to the tumor site. Athymic Nude-Foxn1nu mice were used as host animals.
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Table 6.1: The steps towards the final murine model of early-stage malignant melanoma used
for probe assessment in vivo.

cell line injection volume injection site outcome

Pre-round 1: Six 5-weeks-old female athymic Nude-Foxn1nu mice
6x Sk-MEL-28

(human malignant
melanoma)

2 × 106 cells
in 80µl PBS

subcutaneous
right flank

no tumor growth
(after 1 month)

6x no injection
(control)

- left flank no tumor growth
(after 1 month)

Pre-round 2: Nine 6-weeks-old female athymic Nude-Foxn1nu mice
2x B16F10

(murine skin
melanoma)

0.5 × 106 cells
in 200µl PBS

subcutaneous
left flank

palpable tumor
(after 9 days)

2x B16F10
(murine skin
melanoma)

1 × 106 cells
in 200µl PBS

subcutaneous
left flank

palpable tumor
(after 9 days)

2x B16F10
(murine skin
melanoma)

2 × 106 cells
in 200µl PBS

subcutaneous
right flank

palpable tumor
(after 9 days)

6x Sk-MEL-28
(human malignant
melanoma)

3 × 106 cells
in 200µl PBS

subcutaneous
left or right
flank

no tumor growth
(after 2 weeks)

3x none, only PBS
(control)

200 µl PBS subcutaneous
right flank

no tumor growth
(after 2 weeks)

3x no injection
(control)

- right flank no tumor growth
(after 2 weeks)

Final model: Twelve 6-weeks-old female athymic Nude-Foxn1nu mice
12x B16F10

(murine skin
melanoma)

0.5 × 106 cells
in 20µl PBS

intracutaneous
left flank

palpable tumor
(after 5 days)

6x Sk-MEL-28
(human malignant
melanoma)

1 × 106 cells
in 20µl PBS

intracutaneous
right flank

no tumor growth
(after 9 days)

6x none, only PBS
(control)

20 µl PBS right flank no tumor growth
(after 9 days)
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Cell line, cell number and injection site were iterated and adapted in three
rounds of experiments as shown in Table 6.1. To control for tumor type, size and
depth, several tissue samples of the tumor sites including surrounding tissue were
fixated in formaldehyde and sent for histology. Subcutaneous injection resulted in
tumor growth beneath the skin at a depth of several hundred micrometers. As these
subcutaneous tumors had a high layer of healthy skin on top, they did not represent
a good model for early-stage malignant melanoma tumors, which grow close to the
skin surface. Therefore, the protocol was changed to intracutaneous injection for
the final model. Intracutaneous injection results in tumors growing from inside the
skin and thus close to the surface of the skin. Tthe superficial growth of early-stage
skin tumors must be realistically modeled as the sensing depth of the microwave
probe is optimized towards diagnosing thin and shallow tumors. After the tumor
cells had grown into large, palpable tumors, deep and shallow tumor growth was
easy to differentiate by the appearance of the skin surface (Fig. 6.5).

Two different cell lines where tested, Sk-MEL-28 and B16F10. Injection of
Sk-MEL-28 human malignant melanoma cells did not result in tumor grows, even
though this cell line is commonly used for early-stage melanoma models in nude
mice [182]. The reason for this remains unknown. The injection of B16F10 cells
resulted in the growth of tumors, for both, subcutaneous and intracutaneous injec-
tion. Injected cells were immediately visible as a dark spot under the skin surface
and grew into a palpable tumor within several days.

Materials and Methods

A total of twelve mice received intracutaneous injections of 0.5× 106 B10F16 ma-
lignant melanoma cells in 20µl phosphate buffered saline (PBS) in the left flank
area. Six of the animals were additionally injected with 0.5× 106 Sk-MEL-28 cells
in 20 µl PBS in the right flank area, while the remaining six animals received in-
jections of 20µl pure PBS instead (Fig. 6.7a). Subsequently, tumor growth was
observed at the left injection site (Fig. 6.7b).

Measurements were performed on day 2, 5, and 7 after the injection of the tu-
mor cells (day 0). During measurement the mice were anesthetized using isoflourane
applied through a face mask and placed on a heating pad to keep the body temper-
ature stable (Fig. 6.6). The probe was lowered onto the measurement spot until a
small indent on the skin was visible to ensure good contact with the tissue. Then
the reflection coefficient S11 was measured.

Measurements were taken on several spots on the injection sites, respectively the
tumor sites, as well as on adjacent healthy skin. The measured data was classified
into one of the following five categories: (IL-T) left injection site, (NL) healthy skin
next to the left injection site, (IR-NT) right injection site, (I-C) control injection
site, and (NR) healthy skin next to the right injection site, as shown in Fig. 6.7a.
For the data analysis the measured return loss at 96GHz is used.
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Heating pad

Face mask for 
anesthesiaMicrowave probe

x-y-z stage

Vector network analyzer

Mouse (test subject)

Figure 6.6: Setup for measurement on murine cancer model. The mouse is anesthetized using
isoflourane applied through a face mask and placed on a heating pad to keep the body temperature
stable. The probe is fixated to an x-y-z stage.
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Figure 6.7: (a) Injection/measurement sites. (b) Representative examples of the different injec-
tions sites on day 2, 5, and 7 after injection. NL...normal skin, left flank; NR...normal skin, right
flank; I-C...control injection site, injection of PBS; IL-T...left injection site, injection of B16-F10,
tumor growth; IR-NT...right injection site, injection of SK-MEL-28, no tumor growth.
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Figure 6.8: Return loss for the different measurement sites on day 2, 5, and 7 after injection.
N...normal skin next to injection sites; I-C...control injection site, injection of PBS; IL-T...left
injection site with tumor growth, injection of B16-F10; IR-NT...right injection site without tumor
growth, injection of SK-MEL-28.

Table 6.2: Mean and standard deviation of the return loss measured on the different sites.

day 2 day 5 day 7

N 9.61 ± 0.06 (24) 9.62 ± 0.06 (24) 9.65 ± 0.07 (18)
I-C 9.60 ± 0.05 (6) 9.62 ± 0.06 (6) 9.65 ± 0.07 (5)
IL-T 9.78 ± 0.06 (12) 9.84 ± 0.06 (12) 9.93 ± 0.03 (5)
IR-NT 9.73 ± 0.06 (6) 9.71 ± 0.07 (6) 9.73 ± 0.12 (4)
N...normal skin, both on left side (NL) and right side (NR) of animal;
I-C...control injection site, injection of PBS; IL-T...left injection site
with tumor growth, injection of B16-F10; IR-NT...right injection
site without tumor growth, injection of SK-MEL-28.
The numbers in parenthesis denote the number of data points.

Results and Discussion

The measurement results are summarized in Fig. 6.8 and in Table 6.2. The mea-
surements on healthy skin (NL and NR) are combined here (data set (N)). The
measured value is displayed as return loss, which is the negative of the reflection
coefficient S11 expressed in decibels and, thus it is a positive value here (i.e., it is
the same value as S11 but without the minus sign). Table 6.3 lists the probability
of similarity between the data sets of healthy skin (N) and of the different injection
sites (IL-T, IR-NT, I-C). The probability was estimated using the unpaired t-test.
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Table 6.3: Probability for similarity between return loss on different measurement sites.

day 2 day 5 day 7

N&I-C 0.74 0.82 0.24
N&IL-T 0.00000003* 0.000000002* 0.00000006*
N&IR-NT 0.0032* 0.0204* 0.10
IL-T&IR-NT 0.11 0.0037* 0.042*
Statistical similarity calculated using the unpaired t-test. N...normal
skin; I-C...control injection site, injection of PBS; IL-T...left injection
site with tumor growth, injection of B16F10; IR-NT...right injection
site without tumor growth, injection of SK-MEL-28.
*Probability of similarity less than 0.05 indicates a significant difference.

The return loss is significantly different for healthy skin and the left injection site
(N&IL-T). Tumor growth was observed at the left injection site for all animals,
thus, it will also be called tumor site from here on. There is no significant differ-
ence between healthy skin and the control injection site (N&I-C); the injection of
20 µl PBS did not cause a difference in the measured return loss on any of the mea-
surement days. Therefore, it can be concluded that the increased return loss of the
tumor site is caused by the presence of the tumor cells and the onset of the tumor
growth and not by the injected PBS. Furthermore, as control injection site (I-C)
and the tumor site (IL-T) are at similar locations on the animal’s flank, the higher
values for the tumor site are not caused by the spatial location on the animal. The
difference between tumor site and control site is already significant on the second
day after injection when the tumors are still small and shallow (Fig. 6.7b). For the
right injection site (IR-NT), where tumor cells were injected but no tumor growth
observed, the difference to the adjacent skin is significant on day 2 and 5 after
injection but not on day 7. There is a significant different to the tumor site on all
days but day 2. These observations could be caused by the presence of the tumor
cells in the first days after injection or by a local reaction to these cells. However,
this remains speculation and a more thorough investigation would be needed.

Measurements on subcutaneous tumors and intracutaneous tumors are com-
pared in Fig. 6.9. While for the intracutaneous tumors a difference in return loss to
the adjacent skin is measured, the difference for the subcutaneous tumors is around
zero and similar to the control site without tumor growth. This shows the impor-
tance of using a suitable tumor model. The probe is designed such that its sensing
depth is confined to the upper skin portion (0µm to 400µm), where early-stage
tumors grow, in order to limit the influence of deeper tissue layers and achieve a
high sensitivity to these shallow early-stage tumors. The subcutaneous tumors are
located below the skin volume that is measured by the probe (Fig. 6.5).

The return loss difference of the tumor site to the respective adjacent skin was
calculated for each animal and day. Similarly, values for the control site compared
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Figure 6.9: Difference in return loss at 96GHz (a) for subcutaneous malignant melanoma tumor
vs. adjacent healthy skin, (b) for intracutaneous malignant melanoma tumors vs. adjacent healthy
skin, and (c) for PBS injection sites (control) vs. adjacent skin. For the subcutaneous tumors
the difference to adjacent skin is around 0, as it is for the control site. The microwave probe
is designed for the diagnosis of early-stage malignant melanoma tumors and its sensing depth
is limited to the upper parts of the skin. Therefore, subcutaneous tumors do not influence the
measured return loss. This highlights the need for a well suited malignant melanoma model with
a realistic tumor location for the assessment of the probe.
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Figure 6.10: Scatter plot of the difference in return loss for the control injection site vs. adjacent
normal skin and the tumor site vs. the adjacent normal skin (I-C - NR and IL-T - NL, respectively)
calculated individually for each animal and each day. The measurement of the two groups are
plotted in chronological order. The choice of the cut-off value determines the sensitivity and
specificity of the diagnostic method. For this data set, containing the values of all measurement
days, a decision value of 0.1 yields a sensitivity of 93% and a specificity of 88%. A decision value
of 0.08 yields a sensitivity of 100% and a specificity of 88%.
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to the adjacent skin were calculated (Fig. 6.10). Differential measurements between
the suspicious lesions and the adjacent skin are intended to be used in a clinical
setting with the final sensor. The difference in return loss (or S11) could be used as a
classifier for whether a suspicious lesion constitutes malignant melanoma. A cut-off
value defines the difference value above which the lesion is classified as malignant
melanoma. The choice of this value determines the sensitivity and specificity of
the diagnostic test with the microwave sensor. For this data set, where the return
loss difference at 96GHz is used as classifier, a cut-off value of 0.08 would result
in sensitivity of 100% and a specificity of 88% (Fig. 6.10). These values can only
serve as indication for the performance of the probe. To determine realistic values
for a clinical setting, a larger data set from a clinical trial involving patients would
be needed.

The measurements show that the microwave probe can discriminate between
malignant melanoma and healthy skin. Furthermore, it was shown that the probe
is sensitive even to small, early-stage tumors. The results are in line with results
from the probe characterization and with the measurements on human volunteers.
Malignant melanoma results in a higher return loss, i.e., a lower S11, compared to
healthy skin. This is caused by the increased water content in malignant melanoma
tissue. Similarly, the skin of a volunteer undergoing a temporary increase in the
tissue water content after SLS exposure showed decreased S11 compared to normal
skin tissue. For benign nevi S11 was similar or increased compared to healthy skin
in the measurements on human volunteers. Thus, malignant melanoma and benign
tumors can be discriminated by measurements using the micromachined microwave
probe. However, these results should be confirmed in a clinical trial in the future.



Chapter 7

Alternative Sensor Implementation
and Technology Application

The microwave probes in this thesis are based on dielectric rod waveguides (DRW)
fabricated by bulk micromachining of high resistivity silicon. Micromachining offers
a high flexibility and allows to fabricate different designs of microwave probes and
interfaces in parallel. Two further concepts for microwave sensing interfaces were
implemented and are presented here. First, a resonant near-field probe, which is also
based on a DRW, is presented as an alternative probe concept for microwave skin
sensing. Prototypes of the resonant near-field probe were fabricated and then tested
using agar phantoms. Second, planar silicon lens antennas are discussed. Using
micromachining, lens antennas with multiple matching regions can be fabricated
with the same simple process flow as the microwave skin probes.

7.1 Resonant Near-Field Skin Probe

Probe Design and Simulation
The resonant probe an open-ended metalized dielectric-rod waveguide (DRW), the
probing end of which is in contact with the material under test (MUT, e.g., skin)
(Fig. 7.1). The DRW is 5mm long, and has a silicon core with a cross section
of 600µm× 200µm and metalized side walls. The DRW is mounted into the iris
(610µm× 210µm) of a custom-made 3mm-thick aluminum flange, which is fixated
to the end of a WR-10 waveguide. The WR-10 waveguide is connected to a vector
network analyser (Agilent E8364B) for the measurement of the reflection coefficient
S11 in the frequency range 95GHz to 105GHz.

Probe Tests using Agar-Based Phantoms
The performance of the resonant probe was tested in measurements on agar-based
phantoms. Three different agar phantom materials with a water content of 50%,
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material under test 
(MUT) 

aluminum flange
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waveguide

metalized silicon 
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(a)
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Figure 7.1: (a) CAD drawing of the resonant probe. The resonant probe is a metalized, silicon-
core dielectric-rod waveguide (DRW) in direct contact with the material under test (MUT). The
DRW is mounted in a WR-10 waveguide with the help of a custom-made aluminium flange with
an iris: (b) Simulated E-field in the resonant probe in contact with the MUT. From Paper 5.
© 2013, John Wiley & Sons A/S.
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Table 7.1: Phantom material permittivity and loss tangent, extrapolated, at 100 GHz.

ε′
r ε′′

r Tan δ

Phantom 1 (50% water ) 6.86 3.33 0.49
Phantom 2 (75% water ) 7.34 5.71 0.78
Phantom 3 (95% water ) 7.55 13.72 1.82

Agar-based phantom (MUT)

WR-10 metal waveguide

Aluminum flange

Metalized DRW waveguide

Figure 7.2: Phantom, resonant probe, aluminum flange, and WR-10 waveguide, which is con-
nected to a VNA. The agar-based phantom is held in place with Vaseline and brought in contact
with the DRW probe during measurement. The WR-waveguide is connected to a VNA.

75%, and 95%, respectively, were made from a mixture of deionized water, agar,
polyethylene powder, and TX-151. Cubic, homogeneous phantoms with dimensions
5 cm× 5 cm× 1 cm were fabricated. An Agilent probe was used to measure the
complex relative permittivity of the phantoms in the frequency domain up to 50GHz
[183]. The dielectric properties (Table 7.1) were extrapolated up to 100GHz using
a general second order dispersion model.

Fig. 7.2 shows a photograph of the resonant probe and an agar sample. The
sample was placed in contact with the probe tip for the measurement of the re-
flection coefficient (S11). The measured and simulated S11 for the three different
agar-based phantoms are shown in Fig. 7.3. Measurement results show the same
trend as simulations and the resonance frequency depends on the permittivity of
the sample (Table 7.2). The additional losses seen in the measurements can be
attributed to losses inside the silicon waveguide and radiation around and through
the sample.

The frequency shift between the phantom materials 1 and 2 is 0.5GHz and the
one between phantom 2 and phantom 3 is 3GHz. The phantom materials, though,
do not represent differences in tissue anomalies accurately, since there is a difference
in ∆ε′′ ≈ 8 in the imaginary part of the sample permittivity between phantom 2
and phantom 3, whereas the difference in the imaginary part of the permittivity
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Figure 7.3: (a) Measured and (b) simulated reflection coefficient S11 of three agar phantoms
with different water content of 50%, 75%, and 95%. From Paper 5. © 2013, John Wiley &
Sons A/S.

Table 7.2: Measured and simulated resonance frequencies and return loss (S11) for three different
agar phantoms.

Fres (GHz) ∆ (GHz) S11(dB)

Measured
Air 101.4 −14.28
Phantom 1 (50% water ) 100.7 0.7 −9.22
Phantom 2 (75% water ) 100.2 1.2 −8.59
Phantom 3 (95% water ) 97.14 4.26 −5.81

Simulated
Air 101.7 −3.83
Phantom 1 (50% water) 100.8 1.04 −0.84
Phantom 2 (75% water) 100.7 1.14 −0.86
Phantom 3 (95% water) 97.85 3.89 −0.46

for healthy skin and tumor tissue is only ∆ε′′ ≈ 1 . As already discussed in
Chapter 2.3, a resonance sensor measurement principle has high sensitivity for
measuring dielectric materials only if the materials under test are of low losses. This
is not the case for tissue, which has a high water content. This can also be seen by
the measurements, which show that water content above 50% results in degradation
of the Q-factor of the resonance, which drastically reduces the sensitivity (frequency
shift) and confidentiality (accuracy of determining the resonance frequency) of a
resonant measurement method. These results confirm the decision to put more
focus in this thesis on non-resonant probes for skin diagnostics.
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Figure 7.4: (a) Planar silicon lens with a single matching region. (b) Comparison of concentric
and shifted matching regions. (c) Microscope picture of the matching region of a micromachined
lens prototype.

7.2 Planar Silicon Lens Antennas

Planar silicon lens antennas which can be made by the same simple microfabrication
process that is used for the microwave probes were developed (Fig. 7.4). The
fabrication is based on silicon bulk micromachining by a single DRIE step and allows
the creation of matching regions with a tailored permittivity by etching a periodic
pattern of holes into the silicon. The etching of the hole pattern creates an artificial
dielectric similar to the micromachined test samples introduced in Chapter 5.2. The
feeding of the lenses is similar to the microwave probe through a dielectric wedge
transition from a rectangular metal waveguide.

In this section the overall lens design is briefly introduced and then the calcula-
tion of the permittivity of the artificial dielectric used for the matching regions is
discussed. This calculation could also be applied to determine the permittivity of
the earlier introduced silicon test samples (Chapter 5.2).

Micromachined Matching Regions

The basic shape of the planar silicon lenses is that of circular disc (Fig. 7.4) which
results in a fan-beam radiation pattern. Generally, lens antennas made of a material
with a permittivity that is high compared to free space, such as silicon, suffer
from internal reflection at the lens-air interface. Therefore, these type of lenses
usually have one or several intermediate layers at the interface with a permittivity
and thickness such that the reflections are significantly reduced. These layers are
known as matching regions [184, 185]. Here, the lower permittivity of matching
regions is not achieved by using a different material to silicon but by etching a
periodic pattern of holes into the silicon (Fig. 7.4c). The pitch p (here: p = 80µm)
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Figure 7.5: Electric Field at 100GHz for (a, c) a planar silicon lens antenna without matching
region, and (b, d) a planar silicon lens antenna with three shifted matching regions.

and the size of these holes h determine the resulting permittivity of the matching
region. Several matching regions with different permittivity in the same lens can
easily be fabricated by micromachining.

A lens prototype with a single concentric matching region was fabricated and
tested; the results are presented in [186]. Furthermore, a new type of shifted match-
ing region was introduced in Paper 6. These shifted matching regions differ in their
geometry from the commonly known concentric matching regions which have a uni-
form thickness (Fig. 7.4b). A number of different designs with up to three stepped-
impedance concentric or shifted matching regions were optimized and compared
by numerical simulation. A design with three shifted matching regions was found
to offer the best reduction of internal reflection losses for a wideband application
(Fig. 7.5). A detailed discussion of the matching regions and the different lens
designs can be found in Paper 6.

Calculation of Permittivity of the Matching Regions

The matching regions are fabricated similar to the micromachined samples which
were discussed in Chapter 5.2 and in Paper 1. The equation (Eq. 5.1) used to calcu-
lated the permittivity of these samples based on the on the pitch p and the hole size
h provides only a relatively rough estimation. Therefore, an alternative approach
for calculating the permittivity of the matching regions is discussed in Paper 6.
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Case 1                  Case 2                   Case 3                  Case 4        

Figure 7.6: Cases for the calculation of the effective permittivity of artificial dielectrics which
have a periodic pattern of air-filled holes in a silicon substrate. The calculation depends on the
direction of the plane wave propagation. For the matching region of the planar silicon lenses cases
3 and 4 apply. From Paper 6.

hole size h / period p
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
ffe

ct
iv

e 
re

la
tiv

e 
pe

rm
itt

iv
ity

 

0

2

4

6

8

10

12

E in-plane, calculated according to Eq. 5.1 (paper 1)

E in-plane, calculated according to Eq. 7.1 (paper 6)

E in-plane, CST simulation for different h

E out-of-plane, calc. according to Eq. 5.1 & Eq. 7.1

Figure 7.7: Effective relative permittivity of the matching region in dependency of the hole
size h, calculated according to the equation given in Paper 1 and the equation in Paper 6; and
from numerical simulation for a number of different h, at 100 GHz, for HRSS.

Following [187], the effective relative permittivity can be calculated according to:

εeff = εSi
εSi(1− κ) + κ+Kd(1− (εSi(1− κ) + κ))

εSi +Kd(1− (εSi(1− κ)− κ)) , (7.1)

where εSi is the relative permittivity of the silicon substrate, κ = (h/p)2 is the
volume density of the holes, and Kd is the depolarization coefficient. The effective
material in the matching regions is anisotropic, i.e., the permittivity depends on
whether the electrical field is perpendicular or parallel to the cylindrical holes (which
here have a square cross section). In the case of the planar lens the applied electric
field is perpendicular to the cylinders, comparable to cases 3 and 4 in Fig. 7.6.
The depolarization coefficient Kd for cases 1,3, and 4 is Kd = 0.5 and for case 2
it is Kd = 0. To validate the calculated values, the effective relative permittivity
at 100GHz was derived from numerical simulation for a number of different hole
sizes h, the results compare well with Eq. 7.1 (Fig. 7.7). A detailed discussion of
the calculation of the effective relative permittivity of the matching regions can be
found in Paper 6.





Chapter 8

Conclusion and Outlook

This thesis presented work towards a microwave-based tool for early-stage malig-
nant melanoma diagnostics. Even though the use of microwaves for skin cancer
detection had been assessed using standard waveguide probes before, this is the
first time that a microwave probe tailored for early-stage malignant melanoma di-
agnostics was developed and successfully tested in vivo on an early-stage cancer
model.

The following contributions to the field of microwave measurement technologies
for skin diagnostics were made:

• Design goals for a microwave-based tool for early-stage skin tumor screen-
ing/diagnostics were derived from the skin anatomy and the disease charac-
teristics. This provides guidance for future efforts in the field beyond this
thesis.

• The microwave probe was identified as the most critical part of a microwave
measurement systems to meet the requirements of skin cancer diagnostics.
Therefore, probes based on two different measurement concepts, a broadband
and a resonant probe, were developed and tested on tissue-mimicking mate-
rial. The broadband probe concept was considered more promising and was
therefore taken further to in vivo testing.

• It was shown for the first time in an in vivo setting that microwave measure-
ments can be used to discriminate small and shallow early-stage skin tumors
from healthy skin tissue.

• It was shown in measurements on an animal model in vivo that measurements
recording solely the amplitude of the reflection coefficient S11 are sufficient
to reliably discriminate malignant melanoma tumors from healthy skin. Fur-
thermore, measurements on human volunteers show that benign nevi result
in a contrast the is opposite to the one of malignant melanoma. This holds
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the promise that microwave devices for clinical use can be build from simple
and inexpensive microwave components.

• A novel type of tissue-mimicking sample for the use in microwave probe char-
acterization and calibration was developed. This new sample type comprises
an artificial material with custom-made permittivity and enables the sim-
ple implementation of heterogeneous samples with long-term stable dielectric
properties.

• A murine malignant melanoma model with a realistic depth of tumor growth
has been described. Such a model enables meaningful in vivo testing of mi-
crowave probes for early-stage skin cancer diagnostics.

• Furthermore, the field of millimeter-wave sensing for tissue diagnostics gener-
ally was reviewed by a comprehensive literature survey, resulting in a review
paper, which discusses potential application areas of millimeter-wave tissue
sensing and identifies challenges and gaps in the field.

The results of the work presented here give reason to believe that a tailor-made
microwave sensor can constitute a highly sensitive measurement tool for the diagno-
sis of malignant melanoma. It was shown that the sensor can distinguish melanoma
from healthy skin, and furthermore, indicated that it will also be able to discrimi-
nate melanoma from benign lesions. However, these results rely on measurements
on an animal model and are based on a limited amount of data. The next step
would be to investigate how this measurement tool performs in a clinical trial on
human patients.

However, before using the developed probe in a clinical trial, a number of im-
provements have to be made to the measurement setup, which at the moment relies
on large and bulky laboratory equipment and is prone to errors from improper han-
dling. The signal generation and detection, currently done by a vector network an-
alyzer, needs to be miniaturized and integrated into a small, handheld device. This
can be achieved using VNA on a chip, a fully integrated vector network analyzer
technology, which has been demonstrated in recent publications. Furthermore, the
measurement time should be reduced so that a large number of individual measure-
ments on different sites can be performed. This could be achieved, for instance, by
limiting measurements to one or a few frequency points. The sensor concept could
be taken even further to designs that are based on probe arrays or that allow for
fast scanning of a large skin area.

A device that facilitates a high number of measurements on any body part (in-
stead of just the arm) in a short time, could expedite the investigation of some
questions related to the reliable diagnosis of skin cancer. For this work, malignant
melanoma was chosen as it is the most deadly of all skin cancer types, however, in
the future the use of this type of device in the diagnostics of other skin cancer types
could be investigated. At the moment it is unknown whether the microwave probe
can distinguish between the different types of skin cancer. Furthermore, it could
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be interesting to study whether the high resolution of the probe can be utilized to
resolve the typical tissue inhomogeneities within a single melanoma lesion. Alter-
native applications of the sensor, such as monitoring the healing process of skin
wounds and burns, are another opportunity for future research. Wound healing is
particularly interesting for microwaves sensing as microwave can penetrate through
non-transparent materials, such as bandages.
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