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Kurzfassung

Im Rahmen der vorliegenden Arbeit wird die breitbandige Mikrowellen-
spektroskopie auf Basis einer Sechstor-Architektur behandelt. Ein Schwer-
punkt dieser Arbeit liegt in der Entwicklung eines berührungslosen Mess-
verfahrens zur Untersuchung dielektrischer Materialien, einschließlich des
dazugehörigen Kalibrieralgorithmus. Im Fortgang werden Entwurf und Im-
plementierung eines alternativen Netzwerkanalysators auf Basis einer di-
rektumsetzenden, passiven Empfängerstruktur vorgestellt. Abschließend
stehen die Evaluation und der Vergleich verschiedener Funktionsdemons-
tratoren im Fokus dieser Abhandlung. Moderne Labormessgeräte zur Er-
fassung dielektrischer Stoffeigenschaften im Mikro- und Millimeterwellen-
Frequenzbereich sind durch hohe Anschaffungskosten sowie durch kontak-
tierende Messverfahren gekennzeichnet. Im Rahmen dieser Arbeit wird ein
neuartiges, berührungsloses Messverfahren zur Charakterisierung dielek-
trischer, schlauchgeführter Flüssigkeiten vorgestellt. Mit Hilfe des entwi-
ckelten Kalibrierverfahrens wird die spektrale Bestimmung der komplexen
Dielektrizitätskonstante im Durchfluss ermöglicht. Im Anwendungsbereich
der Stoffanalyse können mit diesem Messverfahren Konzentrationsunter-
schiede von weniger als 0.1% erfasst werden. Im Vergleich zu etablierten
Sensorprinzipien wird eine hochgenaue und kontaktlose Messung der per-
mittiven Eigenschaften an schlauchgeführten Medien über mehrere Okta-
ven ermöglicht. Das HF-Gesamtsystem, bestehend aus Netzwerkanalysator
und Sensor, ermöglicht die Erfassung der komplexen Permittivitätskonstan-
te bei vergleichsweise geringer Schaltungskomplexität. Ein wichtiger Meilen-
stein der Arbeit beinhaltet folglich die Umsetzung ultra-breitbandiger, pas-
siver Schaltungskomponenten. Zu diesen gehören insbesondere symmetri-
sche Richtkoppler, Wilkinson-Leistungsteiler und Leistungsdetektoren. Das
entworfene Messgerät einschließlich aller Subkomponenten besitzt eine re-
lative Bandbreite von mehr als 170 %. Des Weiteren wird eine neuartige Kali-
brierung des Sechstorempfängers für Permittivitätsmessungen unter Zuhil-
fenahme wohldefinierter Kalibriermaterialien vorgestellt.
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Abstract

This thesis presents wideband spectroscopy of dielectric materials based on
a Six-Port technology. The main emphasis of this work is the realization of
a contactless, dielectric measurement procedure including its calibration
algorithm. This is followed by investigations of an alternative vector net-
work analyzer, based on a passive and direct conversion receiver architec-
ture. Furthermore, a full system demonstrator will prove the concept of on-
line microwave dielectric measurements. State-of-the-art laboratory instru-
ments for spectroscopy of dielectric materials in the micro- and millimeter
wave range, suffer from penetrating measurement techniques and consider-
able costs. A novel contactless measurement concept for dielectric charac-
terization of liquid samples is proposed for applications on dielectric tubes.
The presented calibration procedure enables the on-line determination of
the complex permittivity of flowing fluids. A change of less than 0.1 % in
the composition of two samples can be obtained, depending on the under-
lying materials. Compared to other published work in this field, it shows
contactless permittivity measurements on tubes with outstanding sensitiv-
ity and frequency bandwidth. Based on the dielectric measurement concept,
requirements on an alternative vector network analyzer are derived. With
the entire RF measurement system, comprising network analyzer and sen-
sor, complex permittivity can be determined with comparatively low circuit
complexity and a remarkable frequency bandwidth of multiple octaves. An
important milestone of this work includes the investigation and implemen-
tation of wideband circuit components, including symmetrical directional
couplers, Wilkinson power dividers and power detectors. The RF measure-
ment system, as well as all sub components, offer a bandwidth of nearly four
octaves. Finally, a novel calibration technique for the Six-Port network ana-
lyzer in the context of permittivity measurements is demonstrated by means
of well-known calibration liquids.
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1 Introduction

1.1 Motivation

Microwave technology can look back to a triumphal procession in sev-
eral fields of application. Modern communication, ranging or localization
techniques are popular examples of the ongoing success story. In the past
decades, spectroscopy of dielectric materials has been captured as a further
application in the field of microwave applications. This technique enables an
analysis of materials in terms of consistence or concentration for instance. In
other words, while widespread RAdio Detection And Ranging (RADAR) pro-
vides an answer to the question of where an object is located, spectroscopy
of dielectric materials answers what the object consists of. This implies, that
spectroscopy of dielectric materials could help to investigate the molecu-
lar structure of a material under test (MUT) and vice versa. A change in
molecular structure will change the dielectric property of a substance [88].
Therefore, potential applications of spectroscopy of dielectric materials may
include, but are not limited to measurement of moisture content, biomass,
bulk density, cancer cells, chemical reactions, mechanical stress, consistency
and concentration of an MUT [16] [88]. The history of spectroscopy of dielec-
tric materials dates back to Faraday’s experiments on capacitor dielectrics in
the 1830s, followed by the explanation of relaxation mechanism a hundred
years later, in the 1930s by Peter Debye. By the following time line a rough
outline of dielectric spectroscopy development shall be given1.

1 This overview shall not be considered as chronologically perfect and obviously doesn’t make
a claim to be complete.

1



Chapter 1. Introduction

1830 Capacitor with dielectric materials (M. Faraday)
1845 Electromagnetic induction (J. Henry)
1864 Theory of electromagnetic radiation (J. C. Maxwell)
1887 Electromagnetic wave observations (H. Hertz)
1900 Electrical properties of matter (P. Drude)
1930 Relaxation process in polar liquids (P. Debye)
1939 Explanation of inter-molecular forces (J. G. Kirkwood)
1941 Multi-molecular relaxation process (K.S. and R.H. Cole)
1985 Instruments for microwave spectroscopy (Hewlett Packard)
1996 Extensive research on tissue samples (C. Gabriel)
2000 Hybrid and monolithic integration

...2030 ...Mass market application?

Electromagnetic (EM) fields can penetrate multiple layers of dielectric ma-
terial, thus the investigated measurement technique could be carried out
contactless (i.e. non-invasive). The advantages of this property are undis-
puted in many use-cases, especially in bio-medical applications. Sterility or
painlessness are strong arguments, just to mention a few. Furthermore, the
reusability can be pointed out since no additional disposables are required in
case of contactless measurements. Therefore, spectroscopy of dielectric ma-
terials could help lower the cost on consumables. Another advantage could
be found in the field of measurement automation. A dialysis machine for
instance, includes numerous on-line sensors, such as blood pressure sen-
sors, blood leakage detectors, optical blood color and ultrasound sensors for
constitution and contactless measurements [62]. Parameters of medical rele-
vance are derived from a measured physical property. For example, an ultra-
violet (UV) light sensor measures the light absorption, by which the dialysis
quality (e.g. amount of substances removed during dialysis) can be derived.

Subsequently there is already a demand for on-line, contactless sensors,
which could be addressed by spectroscopy of dielectric materials in the fu-
ture. By means of commercial aspects, the world market for civil sensor ap-
plications can be considered briefly. Until 2016, a growth of up to 184.1 billion
euros is expected, while an annual growth of almost 8% is assumed [15]. This
trend might carry microwave dielectric sensors as well.

1.2 State-of-the-Art

State-of-the-art investigations on dielectric materials requires a modern,
microwave vector network analyzer (VNA) with highly precise dielectric

2



1.3. Goal and Structure of this Work

(a) VNA with coaxial probe and PUT (b) Tissue characterization

Figure 1.1: State-of-the-art spectroscopy of dielectric materials.

probes. Several VNAs are available on the market from different suppliers.
Market leaders are Keysight Technologies (formerly Agilent Technologies),
Rohde & Schwarz and Anritsu. The actual measurement setup for conven-
tional spectroscopy of dielectric materials depends on the MUT. If gases
are investigated, antenna based measurements are preferred, while research
on solid substrate material is usually carried out by resonant structures
[86, 75, 88, 92]. Spectroscopy of dielectric materials on semi-solids, tissue or
liquid materials are preferably addressed by coaxial probes. In Fig.1.1 a con-
ventional measurement setup is illustrated, where spectroscopy of dielectric
materials can be carried out up to 50 GHz [88, 89, 92].

1.3 Goal and Structure of this Work

State-of-the-art measurement equipment suffers from two significant draw-
backs. Firstly, the required wideband VNA is a multipurpose device, being
extremely cost-intensive and thus not viable for most application scenarios2.
Secondly, conventional coaxial probes are aimed to be in contact with the
MUT and thus disqualify for contactless, in-process measurements. The aim
of this work is to address these disadvantages, by the help of an alternative
VNA with a novel probe concept. Thus, the presented work can be divided
into two parts as illustrated. One focus is related to spectroscopy of dielec-
tric materials and other part addresses appropriate microwave instruments.
Firstly, after the introduction, the molecular and dielectric relations will be
investigated in chapter 2. This will be followed by an evaluation of different

2 The expense on a modern VNA can easily exceed a quarter of a million euros.
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Part II
Instruments

Part I
Probes

Microwave Spectroscopy of Dielectric Materials
System Demonstrator

RF Network 
Analyzer

Wideband Six-Port 
Network Analyzer

Material Properties
Probe & Calibration 

Techniques

Main emphasis of this work

Figure 1.2: Structure of this work.

probe concepts in chapter 3. In this chapter, a novel probe concept will be
introduced, being particularly beneficial for in-process and contactless (non-
invasive) applications. The introduced sensing structure will be explained
along with an appropriate calibration method. Chapter 4 will validate the in-
troduced theory by selected experiments. Measurements results will be pre-
sented for animal tissue, human blood, deionized (DI)-water, alcoholic and
aqueous glucose solutions, while all relaxation parameters of the presented
measurements will be derived and provided in the appendix of this work. In
the second part of this work, microwave instruments for spectroscopy of di-
electric materials will be introduced and investigated. This starts with an in-
troduction of conventional VNAs in chapter 5, followed by an alternative ap-
proach based on a Six-Port junction in chapter 6. A considerable bandwidth
of multiple octaves will be demonstrated for any sub-component and the en-
tire instrument. This bandwidth is achieved by wideband sub-components
such as quadrature couplers, Wilkinson power dividers and power detectors.
The proposed system and sub-components cover the entire super high fre-
quency (SHF) band, i.e. seven IEEE radio bands, namely L-, S-, C-, X-, Ku-, K-
and partly Ka-band [74]. The challenging design of those components will be
addressed in a further subsection, followed by another section regarding the
entire Six-Port integration along with a linearization and calibration tech-
nique. Finally, a system demonstrator, incorporating both parts of this work,
will be shown. This setup demonstrates the feasibility of a Six-Port-based,
multi-octave, contactless spectroscopy of dielectric materials on several sam-
ples.

4



2 Dielectric Properties

In this chapter, fundamentals of dielectric properties and spectroscopy are
introduced, accompanied with the explanation of technical terms, while a
deeper analysis shall be referred to [55, 31, 46, 11]. In the first section, di-
electric properties will be explained from a macroscopic point of view, as
they might be observed by static and time-variant laboratory experiments
with a parallel plate capacitor. This first part is followed by a section which
associates macroscopic observations with microscopic (i.e. nuclear or molec-
ular) properties. These experiments and explanations are based on the work
of several pioneers like Clausius, Mossotti, Boltzmann, Drude, Debye and
Cole-Cole, just to mention a few [19, 66]. In the last section, the process of
material characterization in context of spectroscopy of dielectric materials
will be introduced. However, this subject refers to the area of pattern recog-
nition and will not be in the focus of this work.

2.1 Macroscopic Permittivity Measurements

2.1.1 Static Analysis

The dielectric property, i.e. permittivity, is one of three material parameters
which determine how a material interacts with an EM field. In the context
of spectroscopy of dielectric materials, the relative complex permittivity is
commonly investigated. Being defined as the permittivity relative to the free-
space permittivity, denoted as ϵ0.

A definition for the relative permittivity shall be given as follows: Con-
sidering Gauss’s law, from Maxwell’s equations, and the well-known relation
between the electric field intensity and flux density, as given in equation (2.1),
one can deduce the left part of expression (2.2), where D⃗ is the electric flux
density in coulombs per square meters, through the closed surface S(Ve) of
a volume Ve that includes the electric charge Q in coulombs. The electric
field (intensity), in volts per meter and the free-space permittivity in Farad
per meter are denoted as E⃗ and ϵ0, respectively.

‹

S(Ve)

D⃗ dS = Q D⃗ = ϵ0ϵrE⃗ (2.1)

The second part of equation (2.2) defines the relative permittivity with mea-
surable quantities, such as the current over time I(t), electric field intensity

5



Chapter 2. Dielectric Properties

Sample εr
V

∑I(t)

Figure 2.1: Parallel plate capacitor with static electric field.

and geometric properties of the closed surface S.

ϵr,stat =
1

ϵ0

Q‚
S(Ve)

E⃗ dS
ϵr,stat =

1

ϵ0

+∞́

−∞
I(t) dt

‚
S(Ve)

E⃗ dS
(2.2)

In case of a steady state, ideal parallel plate capacitor, illustrated in Fig. 2.1,
equation (2.2) simplifies to (2.3), while d and A are the distance between
and the area of the parallel plates and V is the measured voltage across the
plates [73].

ϵr,stat =
Qd

Aϵ0
(2.3)

A further approach, defining the relative permittivity can be found by con-
sidering the electric energy We stored in the volume Ve, as given in equa-
tion (2.4).

We =
1

4
Re
ˆ

Ve

E⃗ · D⃗∗ dVe (2.4)

This definition is of major interest for field simulation tools, as explained
in a later chapter. Since the above mentioned integral can be solved by in-
herently calculated field intensities during the simulation process. With the
calculated energies for free-space and MUT, the relative permittivity is given
as shown in equation (2.5) [74].

ϵr,stat =

´
Ve

E⃗MUT · E⃗∗
MUT dVe

´
Ve

E⃗0 · E⃗∗
0 dVe

(2.5)

The indices of the electric field intensity refers to the field vector of vacuum
and the underlying MUT, respectively.
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2.1. Macroscopic Permittivity Measurements

Sample εr V(t)

I(t)

V(t)

(a) Parallel plate capacitor.

π
2

π 3π
2

∆Q0 =
´
I(t) dt

∆QMUT =
´
I(t) dt

δloss = ϕmut − ϕ0

−V (t)

t

V and I

(b) Sinusoidal voltage and current.

Figure 2.2: Time-variant considerations on a parallel plate capacitor, with a) paral-
lel plate capacitor in time-variant electric field and b) the corresponding
sinusoidal voltage and current under steady-state conditions.

2.1.2 Time-Variant Analysis

Since Gauss’s law is also valid for time-variant fields, the previous consider-
ations must hold for dynamic flux densities as well. By substitution of the
voltage source in Fig. 2.1 for a perfect sine wave generator yields the circuit
configuration, illustrated in Fig. 2.2a.

Equation (2.2) will still be valid, however the infinite current integral
does not have a trivial solution as in the previous section. However, it can
be simplified by considering only the steady-state voltage and current for
a sinusoidal time-variant excitation. Those are illustrated in Fig. 2.2b for a
steady-state half term.

Under free-space conditions, the current has exactly +90 DEG phase
shift. Increasing the relative permittivity, by means of introducing an MUT
into the free-space capacitor, the current magnitude increases as illustrated
in the same figure. In case of a perfect dielectric material (i.e. loss-less),
only the current magnitude will change. However, if dielectric losses oc-
cur, magnitude and phase are affected. This change in phase is commonly
denoted as the phase lag between the free-space and the MUT phase lag,
i.e. δloss = ϕMUT − ϕ0, and can be considered as a measure for dielectric
losses. Thus, if the so called loss angle δloss is different from zero, electric
field energy is converted into thermal energy.

At this point, an important property of dielectric material shall be
pointed out, in context to the previous section. Hence, the permittivity can
be considered not only as a measure for the capability of material to store

7



Chapter 2. Dielectric Properties

electric field energy, but also a measure for the amount of energy which is
lost during this process.

This property can be proven by the solution of equation (2.2). However,
the time domain solution would result in extensive calculations of time vari-
ant integrals. Assuming steady-state conditions for a sinusoidal excitation
with an angular frequency ω in radians per second (rad/sec), one can simply
deduce the solution in frequency domain, while any harmonic signal S(t) is
transformed into frequency domain by the following Fourier transformation,
with j =

√
−1. Harmonic signals can be Fourier transformed as denoted in

equation (2.6).

S(t) = Ŝ cos(ωt+ ϕ) S(ω) = Ŝ exp(jϕ) (2.6)

Thus, the integral relation, given in equation (2.2), can be substituted by a
multiplication of 1/jω, with j =

√
−1, yielding a complex measure for the

relative permittivity

ϵr(ω) =
1

ϵ0

I(ω)d

jωV (ω)A
=

1

ϵ0

Îd

jωV̂ A
exp(−jδloss) ϵr(ω) = ϵ′r(ω)− jϵ′′r(ω).

(2.7)

The magnitude of a voltage and current phasor is represented by V̂ and Î ,
while δloss is the previously introduced loss angle. If the loss angle and/or
the angular frequency is equal to zero, the real part of the complex relative
permittivity ϵr(ω) is equal to the static relative permittivity ϵr,stat [74]. Con-
sidering equations (2.3) and (2.7) from a practical point of view, it should be
underlined, that scalar instruments are sufficient to determine the static per-
mittivity. The complex permittivity of equation (2.7) can only be obtained
by vector instruments, measuring magnitude and phase.

2.2 Nuclear and Molecular Relations

In the previous section, an introduction and definition of the relative permit-
tivity was given with respect of macroscopic, measurable quantities, such as
voltage, current, time and geometric dimensions. At the end of the 19th cen-
tury, a major effort was spent on finding correlations between permittivity
and the chemical structure of an MUT [66, 19, 7, 8]. This section will intro-
duce known theory on static and time-variable molecular properties. In a
perfect dielectric material, it is assumed that no charges are free to move.
Any protons and electrons are bonded in an atomic and molecular structure
by nuclear forces. Subsequently, an externally applied electrical field can not

8



2.2. Nuclear and Molecular Relations

(a)Water (b)Methanol (c) Ethanol

Figure 2.3:Molecular structure of polar liquids.

be compensated by an electric current through the material. Thus, an exter-
nal electrical field can penetrate (permit) the material and interact with the
intrinsic fields of atoms and molecules. This effect is named polarization and
shall be denoted as αpol in coulombs square meters per volt (Cm2/V) in the
following. Spectroscopy of dielectric materials deals with the observation
and explanation of these properties with respect to the frequency. Assum-
ing a mono molecular material, one can distinguish three different mecha-
nisms being responsible for polarization. Namely, electronic polarization αe,
atomic polarization αa and molecular polarization αd. Electronic polariza-
tion is the shift of the probability distribution of electrons in the opposite di-
rection of the field. Atomic polarization corresponds with the displacement
of atoms relative to each other. Permanent molecular dipoles can further be
polarized, called orientation polarization. The total polarization αpol will be
stated as the sum of all polarization processes. Denoting the relative impor-
tance of the different polarization mechanism leads to αe < αa < αd [55].
The hydroxyl functional group (-OH) plays an important role in the dielec-
tric properties of an MUT, since a significant permanent dipole exists due
to the different electronegativity of hydrogen and oxygen. The oxygen atom
attracts the two shared electrons slightly more than the hydrogen proton.
This unequal electron sharing yields a molecular dipole pointing towards
the oxygen atom. This holds especially true for any type of alcohol or water
molecule, which are exemplary illustrated in Fig. 2.3 for water, methanol and
ethanol. In case of a water molecule, the resulting permanent dipole points
in the direction of the angle bisector, as illustrated in Fig. 2.4 [81]. Due to the
dipole structure, an external electric field can affect (i.e. align) the molecule
orientation. Without an external electric field, the inter-molecular orienta-
tions can be considered as thermally disordered and mainly defined by their
hydrogen bonds.

9



Chapter 2. Dielectric Properties

p⃗n

105◦
H+ H+

O−

Figure 2.4: Structure of a water molecule.

2.2.1 Static Analysis

A molecular dipole p⃗n is assumed to consist of two electric charges +e and −e
in coulomb with a spacing equal to d⃗e in meter. The distance d⃗e is de-
fined by nuclear and molecular forces, however the probability density can
be affected by changing the local electric field E⃗local at the position of the
molecule. Thus, the previously introduced polarization αpol can also be con-
sidered as a constant of proportionality between the local electric field E⃗local

and the electric dipole moment, denoted in equation (2.8).

p⃗n = ed⃗e p⃗n = αpolE⃗local (2.8)

Apparently, the local or inner electrical field intensity E⃗local must be a su-
perposition of the external electrical field and inherent molecular field. In
case of a so called Lorentz field1, the inner electrical field intensity can be de-
noted as a function of relative permittivity and macroscopic electric field E⃗
as follows [31]

E⃗local =
ϵr,stat + 2

3
E⃗. (2.9)

The integration of all molecular dipole moments p⃗n within a volume Ve nor-
malized to the volume yields a static macroscopic polarization P⃗stat, shown
in equation (2.10). This can also be expressed in a closed form with respect
to the volume number density ndipole, as denoted in the following [31].

P⃗stat =
1

V

∑
n

p⃗n = ndipoleαpolE⃗local (2.10)

Applying an external electric field E⃗ across a parallel plate capacitor under
free-space conditions, the resulting electric flux density D0 will be given by
equation (2.11).

D⃗0 = ϵ0E⃗ (2.11)
1 The explanation and derivation of the Lorentz field is referred to [46].

10



2.2. Nuclear and Molecular Relations

In case of a capacitor filled with a dielectric material, the resulting electric
flux density D⃗ is related to the introduced free-space flux density by equa-
tion (2.12).

D⃗ = ϵ0E⃗ + P⃗stat (2.12)

Additionally, P⃗stat can be denoted as shown in equation (2.13), by introduc-
ing the electric susceptibility χe,stat.

P⃗stat = ϵ0χe,statE⃗ (2.13)

Thus, the dielectric properties of the material can be characterized as elec-
tric susceptibility, denoted in (2.14). With equation (2.12) and (2.13), one can
deduce the relative permittivity by ϵr,stat = χe,stat + 1 [31].

χe,stat =
1

ϵ0

P⃗stat

E⃗
(2.14)

For low pressure gases it can be assumed that the inner electrical field is
equal to the external electrical field. Substituting equation (2.10) into (2.14),
the electric susceptibility can be derived as denoted in equation (2.15) based
on several molecular polarizabilities and the number density ndipole which
is approximately 25 · 1024 m−3 for an ideal gas.

ϵr,stat =
ndipoleαpol

ϵ0
+ 1 (2.15)

In case of a Lorentz field is taken into account, as denoted in equation (2.9),
one can associate the permittivity with molecular constants as denoted in
the Clausius-Mossotti equation below.

ϵr,stat − 1

ϵr,stat + 2
=

ndipoleαpol

3ϵ0
(2.16)

The outstanding property of the above equations shall be underlined at this
point. Since on one side of the equations, only material parameters of an en-
gineering domain are denoted, while on the other, only chemical constants
and parameter appear. A relation for the polarizability and the electronega-
tivity2 has been introduced in 1990 [69]. Thus, a clear association between
macroscopic measures and inner chemical structure is stated. For Hydro-
gen H2, Nitrogen N2, Oxygen O2 and Carbon dioxide CO2 a polarizability
of 0.807, 1.74, 1.5 and 2.93 in (4πϵ0 ·10−30 m3) can be found in literature [63].

2 Can be read out from a periodic table of the elements in Pauling units.
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Chapter 2. Dielectric Properties

For the estimation of the permittivity of liquids and dense gases, several ap-
proaches were introduced in the past. Equations (2.15) and (2.16) hold only
for gases with no permanent dipole moment. Permanent dipole moments p⃗n
are taken into account by a so called Debye equation, given in (2.17). With T
being the absolute temperature in Kelvin and k the Boltzman constant.

ϵr,stat − 1

ϵr,stat + 2
=

ndipole

3ϵ0

(
αpol +

|p⃗n|2

3kT

)
(2.17)

In equation (2.17), no inter-dipole forces are presumed. However, to address
inter-molecular hydrogen bonds for example, a further extension of the
above equation is of interest. The work of Onsager, Kirkwood and Froehlich
took this problem into account by introducing the Kirkwood factor gkw as
denoted in equation (2.18) . With gkw being a unitless factor, defined by the
molecules formation and geometry [49, 60, 48].

(ϵr,stat − ϵ∞)(2ϵr,stat + ϵ∞)

ϵr,stat(ϵ∞ + 2)2
=

ndipole

ϵ0

(
αpol + gkw

|p⃗n|2

3kT

)
(2.18)

By simplifying equation (2.18) with ϵ∞ = 1 and resolving for the tempera-
ture dependent relative permittivity ϵr,stat(T ) one can investigate the tem-
perature characteristic of a polar liquid. For the presented estimation, the
Kirkwood factor has been set to gkw = 1.4. This estimation is within the
range of different recent publications [60, 48, 25]. Furthermore the number
density ndipole must be taken into account with respect of absolute temper-
ature, thus let ndipole = NA ρmd(T )/Mmol, while NA is the Avogadro con-
stant, ρmd(T ) is the volumetric mass density in kilogram per cubic meter
and Mmol is the molar mass in kilogram per mol. The temperature influence
on the volumetric mass density ρmd(T ) and other constants are calculated
as denoted in Tab. 2.5. Since equation (2.18) is a rational function for the rel-
ative static permittivity, the presented solutions have been found by numer-
ical calculations. The result of the permittivity over absolute temperature is
of hyperbola shape, since static permittivity and temperature are inversely
proportional, as illustrated in Fig. 2.5, while a linear approximation is also
given with a slope of −0.231 K-1, stating a strong temperature sensitivity for
the static, relative permittivity.

2.2.2 Time-Variant Analysis

Any polarization mechanism must be related with inertia (i.e. time delay)
since this process is obviously associated with molecular or nuclear mass
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ϵr,stat (Kirkwood estimation) −0.231/K · T + 147.22 (lin. reg.)

Figure 2.5: Calculated static permittivity of DI-water with high frequency permittiv-
ity ϵ∞ = 1, the total dipole polarizabilityαpol = 1.65·10−40 in Asm2 V-1, a
Kirkwood factor gkw = 1.4, temperature dependent density η(T ) accord-
ing to [47], Avogadro constant NA = 6.0 · 1023 in mol-1, molar mass den-
sityMmol = 18·10−3 in kgmol-1 and a permanent dipole |p⃗n| = 6.2·10−30

in Asm.

movement. Considering equation (2.12) with respect of time, resolved for
the polarization, yields equation (2.19).

P⃗ (t) = D⃗(t)− ϵ0E⃗(t) (2.19)

The flux density can subsequently be described as the systems response on
an electric field intensity as denoted in equation (2.20), with p(τ) being the
Dirac impulse response [46, 55, 31].

P⃗ (t) =

∞̂

0

p(τ)E⃗a(t− τ) dτ (2.20)

Commonly, for chemical reactions, a first-order linear differential rate equa-
tion can be assumed, with τrelax being the systems time constant, named
relaxation time, one can denote the polarization rate as given in equa-
tion (2.21).

dP⃗ (t)

dt
=

1

τrelax

[
P⃗stat − P⃗ (t)

]
(2.21)

The solution of the above equation yields equation (2.22).

P⃗ (t) = P⃗stat [1− exp(−t/τrelax)] (2.22)

Considering equations (2.13) and (2.21) with respect of time-variant har-
monic signals, followed by a Fourier transformation yields equation (2.23)
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Chapter 2. Dielectric Properties

and (2.24) [46, 55, 31].

P⃗ (ω) = ϵ0χe(ω)E⃗(ω) = ϵ0 (ϵr(ω)− 1) E⃗(ω) (2.23)

jωP⃗ (ω) =
1

τrelax

[
P⃗stat − P⃗ (ω)

]
(2.24)

Substituting equation (2.23) into (2.24) and resolving for the complex rela-
tive permittivity in frequency domain, one can deduce the relaxation process
in terms of relative permittivity as denoted in equation (2.25).

ϵr(ω) = ϵ′r(ω)− jϵ′′(ω) = 1 +
ϵr,stat − 1

1 + jωτrelax
. (2.25)

For very high frequencies, the relative permittivity would be equal to one [46,
55, 31]. However, those frequencies are usually far beyond the range of being
measured with a single microwave instrument. In time domain, this would
refer to a step function, which is nearly instantaneously raised and is not
resolvable within the provided resolution. By taking the effect of an asymp-
totic permittivity for very high frequencies ϵ∞ into account, one can state
the Debye equation given in (2.26).

ϵr(ω) = ϵ′r(ω)− jϵ′′(ω) = ϵ∞ +
ϵr,stat − ϵ∞
1 + jωτrelax

(2.26)

The above introduced relation between chemical and physical properties
can help to investigate the permittivity with respect of temperature or vis-
cosity of an underlying sample. For the determination of temperature sensi-
tivity of water samples, several properties and constants are calculated with
respect of the absolute temperature T in Kelvin.

The resulting relaxation frequency can be derived according to Debye as
denoted in (2.27) [49]. With Vm(T ) being the average volume per molecule
with respect of the temperature. A first-order estimation can be provided
by normalizing the total number of molecules to the specific volume as fol-
lows Vm(T ) = Mmol/(NA · ρ(T )).

ϵ∞ ≈ n2
optical τrelax =

3Vm(T ) η(T )

kT
(2.27)

The relative permittivity according to equation (2.26), with respect of the
absolute temperature is illustrated in Fig. 2.6, while Fig. 2.6a shows the
spectrum of the dielectric properties, Fig. 2.6b illustrates a so called Cole-
Cole plot of the permittivity in the complex plane. A significant influence
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Figure 2.6: Complex permittivity of DI-water for different temperatures with a) wa-
ter against the frequency, where the negative imaginary part is concave
downwards and illustrated in red and the real part illustrated in blue. The
Cole-Cole representation over the entire frequency range is illustrated in
b) with negative imaginary part against the real part is shown.

of the temperature on the dielectric properties can be read out over the en-
tire frequency range. This demands a constant, well-known temperature of
the MUT for material classification or concentration measurements. In case
of concentration measurements on aqueous solutions, a change in concen-
tration potentially results in a change of the liquid viscosity. Thus, equa-
tion (2.26) is investigated with focus on different viscosities, changing the
relaxation frequency given in equation (2.27). The influence of a variation in
the viscosity of ±10 percent can be observed from Fig. 2.7a. Only dielectric
materials with no charges free to move were previously taken into account.
Especially in bio-medical applications, ion current can occur inside a dielec-
tric material [29]. The influence of an ohmic conductivity onto the permit-
tivity can be denoted as shown in equation (2.28). With σion being the ionic
conduction in Siemens per meter. It is obvious, that this effect becomes dom-
inant at very low frequencies, since ω is part of the denominator [46, 55, 31].

ϵr(ω) = ϵ∞ +
ϵr,stat − ϵ∞
1 + jωτrelax

− jσion
ωϵ0

(2.28)

The resulting total conductivity, comprising ionic and dielectric conductivity
can be denoted as shown in equation (2.29), which could be a feature for
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(a) DI-water for different viscosities.
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(b) Cole-Cole relaxation process.

Figure 2.7: Permittivity against the frequency with evaluations of a) a fictive change
of viscosity being related with a change in concentration and b) a change
of the exponential Cole-Cole parameter, both illustrated up to 40GHz.

tissue classification, explained in a later chapter of this work.

σtotal(ω) = ωϵ0ϵ
′′
r = σion +

(ϵr,stat − ϵ∞)ϵ0ω
2τrelax

1 + (ωτrelax)2
(2.29)

Multiple Relaxations Models

The previously introduced fundamentals hold for a mono-molecular MUTs,
with one relaxation frequency being present. However, if in a medium mul-
tiple polarization processes occur with different relaxation frequencies, this
can be described by the superimposition of multiple relaxation processes, as
given in equation (2.30). Where ϵ∞ corresponds to the quasi asymptotic rel-
ative permittivity for very large frequencies and ∆ϵn denotes the difference
in the relative permittivity for the nth polarization mechanism.

ϵr(ω) = ϵ∞ +
∆ϵ1

1 + jωτrelax,1
+

∆ϵ2
1 + jωτrelax,2

+ ... (2.30)

However, the above mentioned effect can only be resolved, if the relaxation
constants or frequencies frel,1 << frel,2 << frel,n are well spread [31]. Oth-
erwise the MUT comprises all polarization and relaxation mechanisms in an
overlapping frequency range. Which can not be resolved, this has been pre-
sented for aqueous glucose solutions by the work of Knocks [53]. In those
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cases, the relative permittivity shall be denoted as a distribution function of
different relaxation processes as follows,

ϵr(ω) = ϵ∞ + (ϵr,stat − ϵ∞)

∞̂

0

ρ(τrelax)

1 + jωτrelax
dτrelax, (2.31)

while the integration over an infinite range yields

∞̂

0

ρ(τrelax) dτrelax = 1. (2.32)

Since the distribution function can not be directly determined by measure-
ments, empirical investigations have been carried out in the past, provid-
ing different distribution functions. The distribution function published by
Cole and Cole in 1941 is commonly referred to in this context, denoted in
equation (2.33) [31] [14].

ρ(t/τ) =
1

2π

sin(αccπ)

cosh [(1− αcc) ln(t/τ)]− cos(αccπ)
(2.33)

By introducing the additional system parameter αcc to the distribution func-
tion, one can subsequently derive a new relaxation equation, the Cole-Cole
function, as denoted in equation (2.34) and illustrated in Fig. 2.7b. If αcc is
set to zero, the Cole-Cole relaxation function equals the Debye relaxation
process [14].

ϵr(ω) = ϵ∞ +
ϵr,stat − ϵ∞

(1 + jωτrelax)1−αcc
(2.34)

In a later chapter of this work, parameters of the relaxation processes will
be determined by means of minimum squared error estimation, provid-
ing essential features for concentration measurements or material classifi-
cation. Thus, for least squares fitting techniques, it is helpful to separate
real and imaginary parts of the permittivity, as denoted in equation (2.35)
and (2.36) [31].

Re [ϵ∗r] = ϵ∞ +
∆ϵ1[1 + (ωτrelax)

1−αcc sin(12αccπ)]

1 + 2(ωτrelax)1−αcc sin(12αccπ) + (ωτrelax)2(1−αcc)
(2.35)

Im [ϵ∗r] = ϵ∞ +
∆ϵ1(ωτrelax)

1−αcc cos(12αccπ)

1 + 2(ωτrelax)1−αcc sin(12αccπ) + (ωτrelax)2(1−αcc)
(2.36)
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A further representation, can be found by eliminating ωτrelax from the
above equations, yielding the Cole-Cole representation given in equa-
tion (2.37) [31].(

ϵ′r −
ϵr,stat + ϵ∞

2

)2

+

(
ϵ′′r +

ϵr,stat + ϵ∞
2

tan
αccπ

2

)2

=(
ϵs − ϵ∞

2
sec

αccπ

2

)2

(2.37)

Resolving (2.37) for the negative imaginary part ϵ′′r , one can deduce the
Cole-Cole representation in graphical manner as a semi-circle in the com-
plex plane [46], while the diameter is given by ϵr,stat − ϵ∞ · sec 0.5 · αccπ
and the abscissa and ordinate of the circle center are equal to ϵr,stat+ϵ∞

2

and ϵ∞−ϵr,stat
2 · tan αccπ

2 as denoted in equation (2.38) [46].

ϵ′′r =

√√√√√√√
ϵr,stat − ϵ∞

2
· sec

αccπ

2︸ ︷︷ ︸
Radius


2

−

ϵ′r −
ϵr,stat + ϵ∞

2︸ ︷︷ ︸
Center−X


2

+
ϵ∞ − ϵr,stat

2
· tan

αccπ

2︸ ︷︷ ︸
Center−Y

(2.38)

This functional representation has been proven to be very efficient in terms
of parameter estimation from measured raw data. Since equation (2.37) con-
sists of only three instead of four unknown parameters and can thus help
to find an appropriate starting point for the estimation of all four unknown
relaxation parameter based on measured permittivities.

2.3 Material Classification

Spectroscopy - and especially spectroscopy of dielectric materials - is often
motivated by the characterization of an unknown material or MUT, with re-
spect of a certain concentration or the identification of tissue materials for
instance. This identification process actually refers to an automated classifi-
cation, well-known in the subject of pattern recognition. Those techniques
are not addressed in this work. For the sake of completeness, the underlying
concept shall be illustrated as a block diagram, given in Fig. 2.8 in the follow-
ing. Acquisition deals with the design of appropriate probes as well as the
microwave front end and down conversion. Followed by a pre-processing
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Acquisition
Pre-

processing
Feature

extraction
Feature

reduction Classification

Figure 2.8: Process of material identification.

task comprising subsequent amplification, filtering, analog-digital conver-
sion and calibration. Feature extraction and reduction means to compare
measured data with a selection of known features. A classifier is used to iden-
tify the investigated MUT. All of the above mentioned aspects are addressed
by the presented work, except the actual classification. However, as a starting
point for the classification process, a linear classifier (i.e. linear regression)
is proposed in the following for each feature which has been extracted from
measurements.
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3 Dielectric Probes

Previously, fundamentals of spectroscopy of dielectric materials were intro-
duced by means of a rudimentary probe concept only, where a parallel plate
capacitor was presumed. However, signal integrity can not be ensured with
parallel plate capacitors at microwave frequencies. Therefore, other tech-
niques have been developed in the past. State-of-the-art probe concepts will
be briefly introduced in this chapter, separated into lumped, distributed and
resonant concepts, associated with different calibration techniques. A dis-
tributed, non-invasive on-line dielectric probe concept with an alternative
calibration method will further be introduced. An optimal dielectric probe
type does not exist. Rather the probe design should match the individual test
requirements and sample properties, which are related to several properties.
Those are for example sample -size, -shape, -surface roughness, -structure,
-aggregate state, -expected losses, -permeability and -temperature. Other re-
quirements on the test environment must also be taken into account. These
are, measurement concept (penetrating vs. contactless), measurement sce-
nario (concentration measurements, material identification etc.), sample
reservoir (tubular, test tube etc.) The application of spectroscopy of dielec-
tric materials in bio-medical use-cases is one of the targets in this work.
Therefore, the following properties are presumed for common sample ma-
terials.

Property Requirement Property Requirement
Size > 10 ml Concept contactless
Shape n.a. Reservoir tubular test tube
Roughness n.a. Application 1 concentration estimation
Structure n.a. Application 2 material identification
Aggregate state liquid Permeability µ0

Conductivity medium Temperature 273 K. . . 373 K

From this overview, further requirements onto the dielectric probe can be de-
rived. Particularly, the frequency range shall be discussed at this point. The
use-case of concentration estimation or material identification refers to the
process of pattern recognition, which has been briefly described before and
requires multiple features as a base for estimation or identification. In spec-
troscopy of dielectric materials, these features are equal to the parameter of
Debye’s or Cole-Cole’s fundamental equations, namely, static permittivity,
relaxation frequency, exponential parameter αcc and high frequency permit-
tivity. This would end-up in a conflict of goals, regarding the frequency range
of operation. Since the static permittivity should be measured at very low fre-
quencies (i.e. direct current (DC)), while high frequency permittivity should

21



Chapter 3. Dielectric Probes

εr,COAX
εr,MUTεr,SEAL

(a) Cross section drawing.

GoutCin CoutY coax

(b) Lumped element circuit for a coaxial probe [9].

Figure 3.1: Conventional coaxial probe - drawing and equivalent lumped circuit.

be obtained at almost optical frequencies. The Cole-Cole parameter αcc and
the relaxation frequency is to be gathered in the microwave range. This goal
conflict has been addressed by the design and implementation of wideband
dielectric probes in this work, together with multi-octave instruments.

3.1 Lumped Probes

A capacitor, which dimensions are small compared to the smallest incident
wavelength, i.e. dmax << λmin, can be considered as lumped dielectric
probe. In microwave engineering and especially in the field of spectroscopy
of non-magnetic dielectrics (µr = 1), a fringing coaxial capacitor is com-
monly used [16, 6, 89, 92, 9]. The calibration method proposed by [61] has
been applied in this work and shall be briefly introduced in the following.
Other coaxial calibration techniques have been proposed in the past and
shall not be repeated at this point. A deeper introduction on other calibra-
tion concepts shall be referred to [32, 45]. The general structure of a coaxial
probe by means of cross section and bottom view is illustrated in Fig. 3.1
This simplified structure, is similar to a commercial probe, also utilized in
this work. Its general concept refers to the interaction of the fringing elec-
tric field with an MUT, attached to the end of the probe. The electric field
intensity is also illustrated in Fig. 3.1, where ϵr,coax and ϵr,seal refers to the di-
electric material of the coaxial line and the sealing at the end of the probe tip,
respectively. The unknown material is denoted as ϵr,MUT . Different equiva-
lent lumped circuits have been published in the past. Brady et al. assumed
that the circuit capacitor can be separated into a sum of fringing capacitance
both inside and outside of the coaxial line and a ohmic load, representing
sensor losses, as illustrated in Fig. 3.1b [9]. Where the inner capacitor Cin

can be considered as independent of the MUT permittivity, the outer fring-
ing field capacitor Cout(ϵr,MUT , ω) and ohmic load G(ϵr,MUT , ω) is modeled
as a function of permittivity ϵr,MUT and angular frequency ω [9]. The ohmic
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3.1. Lumped Probes

load Gout takes losses (e.g. radiation) into account. The coaxial probe ad-
mittance Y coax

(
ϵr,MUT , ω

)
in Siemens is denoted with respect of frequency

and relative permittivity as shown in equation (3.1). Frequency and permit-
tivity dependence of Cout can be neglected in case of an appropriate probe
design [61, 32, 29]. Losses are modeled as polynomial function of the MUTs
permittivity by Gout

(
ϵr,MUT , ω

)
= G0ϵ

5/2
r,MUT .

Y coax

(
ϵr,MUT , ω

)
= G0ϵ

5/2
r,MUT + jω(ϵr,MUTCout + Cin) (3.1)

Equation (3.1) then consists of three unknown parameters, which are defined
by the material and geometry of the coaxial probe. Many computation meth-
ods have been introduced in the past, determining those probe parameters
analytically [6]. However, it has also been shown, that the coaxial probe
properties can be determined, with reasonable accuracy, by measurement
of three well-known permittivities, forming a set of three equations in the
shape of (3.1) [29]. It has been further shown that Gout

(
ϵr,MUT , ω

)
is small

compared to other parts of equation (3.1) and can thus be neglected, yield-
ing a simplified admittance model given in equation (3.2). By this model only
two unknowns exist which can theoretically determined by measuring two
well-known dielectric materials and solving for Cout and Cin.

Y coax

(
ϵr,MUT , ω

)
= jω(ϵr,MUTCout + Cin) (3.2)

Previous considerations did not take aspects of microwave measurement
into account. Measurement techniques of network parameters (e.g. admit-
tance or impedance) at high frequencies will be explained in a further chap-
ter. However, at this point it shall be outlined, that different error types
must be taken into account at microwave frequencies. Those errors can be
compensated by calibration, which refers to a Möbius transformation math-
ematically as denoted in equation (3.3). Three Möbius transformation coef-
ficients b, c, d are determined by three well-known calibration standards, e.g.
open, short and load, while the underlying error model presumes a = 1 [36].
The general form of a Möbius transformation is given with equation (3.3),
with ad ̸= bc and {a, b, c, d} ∈ C.

M(z) =
az + b

cz + d
(3.3)

Marsland et al. introduced a concept which provides a method for direct
calculation of an unknown permittivity ϵr,MUT without the need of any ad-
ditional calibration steps. This is realized by means of a single calibration
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Chapter 3. Dielectric Probes

procedure for equations (3.3) and (3.1) by applying three well-known permit-
tivities ϵn,cal with n ∈ {1, 2, 3}. The subsequent calculation of the unknown
permittivity is denoted in equation (3.4) [61], where ∆ij with {i, j} ∈ n refers
to the difference in the measurement of the ith and jth well-known permit-
tivity. For {i, j} ∈ {1, 1}, a short circuit at the end of the probe is required
to ensure Y 1 → ∞. It has been shown that the absolute value of the mea-
surement is not of relevance as long a Möbius transformation exists which
transforms the measured quantity into reflection parameters, i.e. scattering
parameters1. Thus, one can denote ∆ij = Y i − Y j , since from a general point
of view, admittance is a Möbius transformation of a reflection parameter.

ϵr,MUT = −∆m2∆13

∆m1∆32
ϵ3,cal −

∆m3∆21

∆m1∆32
ϵ2,cal (3.4)

For the sake of completeness, a solution for non-negligible losses Gout ̸= 0
and non-shorted probe Y 1 ∈ R is given in equation (3.5). With yn being
the admittance normalized to the systems admittance. One can clearly ob-
serve the advantages of the previous simplification, since equation (3.5) is of
non-linear shape. Thus, roots of the permittivity must be numerically deter-
mined.

0 = Gnϵ
5/2
r,MUT + ϵr,MUT − ∆m1∆32y3y2 +∆m2∆13y1y3 +∆m3∆21y2y1

∆m1∆32y1 +∆m2∆13y2 +∆m3∆21y3
(3.5)

3.1.1 Implementation of Lumped Probes

The cross section of a coaxial probe has already been introduced. Fig. 3.2c
shows the commercial dielectric probe including a short calibration stan-
dard, utilized in several measurements of this work. The volume in which
the fringing electric field interacts with an attached MUT is a very small
area at the end of the probe, which is sealed by a borosilicate glass [88].
Another lumped probe concept - proposed in this work - is illustrated in
Figs. (3.2a) and (3.2b). The inner frame of the fixture, is shown with a disas-
sembled lid and bottom cover. Three different types are mounted within the
frame, while the fringing electric field of a vertical interconnect access (VIA)
is intended to interact with an MUT. Whereas the probes are designed for
on-line measurements by attaching a tube at the bottom of the VIA chain.
Therefore, on-line measurements are feasible by widespread planar fabrica-
tion technology and well proven calibration methods. It has to be mentioned,

1 The measurement of complex network parameters such as scattering parameters will be ex-
plained in chapter 5 of this work.
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3.1. Lumped Probes

(a) Bottom view (opened) (b) Top view (lid opened) (c) Conventional probe

Figure 3.2: Coaxial sensors for measurements on liquid dielectric materials, where a)
and b) illustrates a planar implementation integrated in an appropriate
aluminum housing with RPC-2.4 four hole flange, connecting two, four,
and eight VIA sensors. The bottom and lid cover as well as the PTFE tube
has been disassembled for the sake of clarity. A conventional coaxial probe
from Keysight Technologies© is shown in c) together with a short block.

that different cascades (VIA chain), i.e. VIAs in parallel configuration, have
been realized with the intention of increasing the sensitivity. However, mea-
surements have shown, that an increasing number of VIAs yields multiple
inter-reflections, since the VIAs have not been isolated from each other. A
reflected signal from the end of one probe travels towards the measurement
device but also to a nearby VIA. Thus, increasing the sensitivity by multiple
VIAs can only be achieved by the utilization of appropriate isolating power
dividers2 in between and could not be proven by these demonstrators.

3.1.2 Discussion of Lumped Probes

A lumped probe must be small compared to the wavelength to ensure signal
integrity in any case. However, this will also be a limiting factor in terms of
sensitivity. Since, with a given noise of an instrument for admittance mea-
surements, the signal-to-noise ratio (SNR) of ϵr,MUT can only be improved
by increasing the signal component ∆ij = Y i − Y j . From a practical point
of view, this can only be achieved by changing, i.e. increasing, the probe ge-
ometry or capacitor. However, this would violate the introduced definition
of lumped probes and requirements of signal integrity3.

2 Such as Wilkinson power divider for instance at the expense of bandwidth and transmission
losses.

3 Higher order modes in coaxial lines are defined by transcendental equations, however numer-
ical approximations enable the estimation of the cutoff frequency with respect of the coaxial
dimensions and inner dielectric material [74].
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Chapter 3. Dielectric Probes

3.2 Distributed Probes

Dielectric measurement concepts with dimensions larger than the smallest
wavelength, i.e. dmax > λmin, shall be considered as distributed probes4. Sig-
nal integrity then can be ensured by taking wave properties of EM fields at
microwave frequencies into account. In this work, only transverse electro-
magnetic wave (TEM) wave propagation will be considered and explained in
the following. By the first two Maxwell equations, in differential form as de-
noted in equations (3.6) and (3.7), one can deduce the vector wave equations.
At this point, only a brief derivation will be given. First, the curl is taken
of both equations and inserted into the contrary equation (3.6) and (3.7).
Where µ and σ are the permeability and conductivity of the propagation
medium.

▽×E⃗ (t, x, y, z) = −µ
d

dt
H⃗ (t, x, y, z) (3.6)

▽×H⃗ (t, x, y, z) = σE⃗ (t, x, y, z) + ϵ
d

dt
E⃗ (t, x, y, z) (3.7)

Assuming a source-free propagation medium, i.e. ▽ × ▽ × H⃗ =
grad div H⃗︸ ︷︷ ︸

=0

−▽2 H⃗ and only harmonic time variant EM fields, one can derive

the vector wave equations (3.8) and (3.9) in frequency domain. With γ being
a complex wave propagation constant.

▽2 H⃗ (ω, x, y, z) +
[
ω2µϵ− jωµσ

]︸ ︷︷ ︸
γ2

H⃗ (ω, x, y, z) = 0 (3.8)

▽2 E⃗ (ω, x, y, z) +
[
ω2µϵ− jωµσ

]︸ ︷︷ ︸
γ2

E⃗ (ω, x, y, z) = 0 (3.9)

Since equation (3.8) and (3.9) are from the same shape, only the wave equa-
tion for the electric field intensity is considered from hereon. However, the
considerations hold for the magnetic field vector H⃗ as well.

▽2 E⃗ (ω, x, y, z) + γ2 · E⃗ (ω, x, y, z) = 0 (3.10)

Applying the squared Laplace operator in equation (3.10) and assuming a
TEM wave propagating in the direction of ±z yields equation (3.11).

δ2

δx2
Ex (ω, z)︸ ︷︷ ︸

0

+
δ2

δy2
Ex (ω, z)︸ ︷︷ ︸

0

+
δ2

δz2
Ex (ω, z) + γ2 · Ex (ω, z) = 0 (3.11)

4 It shall be mentioned, that distributed probes can also operate under lumped probe condi-
tions where dmax << λmin, but not vice versa.
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3.2. Distributed Probes

The solution of the second order differential equation (3.11) can then be de-
noted as given in equation (3.12) [74, 4].

Ex (ω, z) = E+
0,x exp

(
−γz

)
+ E−

0,x exp
(
+γz

)
(3.12)

Considering the above solution with respect of time and space, t and z, as
shown in equation (3.13), the propagation constant can be interpreted as a
measure of the phase constant (imaginary part) in radians per meter and an
attenuation constant (real part) in Neper per meter [74, 4].

Ex (t, z) =
∣∣∣E+

0,x

∣∣∣ exp (+γrz) · cos
(
γi

(
ω

γi
t− z

)
+ ϕ+

)
... (3.13)

+
∣∣∣E−

0,x

∣∣∣ exp (−γrz) · cos
(
γi

(
ω

γi
t+ z

)
+ ϕ−

)
Since γ = ω

√
µϵ− jωµσ is now defined only by material properties and the

angular frequency, this constant is of particular interest in spectroscopy of
dielectric materials [82, 33, 76, 44, 45, 27, 28]. In the present work, only non-
magnetic and non-conductive5 materials are investigated. Thus, permeabil-
ity and conductivity are equal to free-space conditions, i.e. µ = µ0 and σ = 0.
By this simplification, one can denote with c20 = ϵ−1

0 µ−1
0 , the propagation

constant with respect to a frequency dependent permittivity as denoted in
equation (3.14).

γ2(ω) = −ω2ϵr(ω)

c20
ϵr(ω) = −

γ2c20
ω2

(3.14)

Denoting γ = α + jβ the attenuation and phase constants can be sepa-
rately denoted as in equations (3.15) and (3.16), with an interpretation of the
quotient c0/

√
ϵ′r, denoted as phase velocity vph [74, 4].

α = −
ω
√

ϵ′r
c0

√√√√√1

2

√1 +

(
ϵ′′r
ϵ′r

)2

− 1

 =
ω

vph

√
1

2

(√
1 + tan2 δloss − 1

)
(3.15)

β =
ω
√

ϵ′r
c0

√√√√√1

2

1 +

√
1 +

(
ϵ′′r
ϵ′r

)2
 =

ω

vph

√
1

2

(
1 +

√
1 + tan2 δloss

)
(3.16)

5 Conductivity will be taken into account by the imaginary part of the permittivity.
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Chapter 3. Dielectric Probes

Due to the previous considerations, one can state that measurement of the
propagation constant would address spectroscopy of dielectric materials.
With microwave measurement techniques, introduced in the next chapter, γ
can be determined. Only a brief outline shall be given at this point. The
measurement of the propagation constant is commonly implemented by a
comparison of the field intensity at different locations, z1 = 0 and z2 = l,
as denoted in equation (3.17). This can be interpreted as measurement and
comparison of an incident and transmitted wave, denoted as scattering6 pa-
rameter S21 [74, 4].

S21 =
Ex (ω, z2 = l)

Ex (ω, z1 = 0)
=

E+
0,x exp

(
−jγl

)
E+

0,x

(3.17)

Solving equation (3.17) for the propagation constant yields γ2 =
2 ln (S21) /l

2. Subsequently, the permittivity can be expressed with equa-
tion (3.14) by means of measurable quantities as shown in equation (3.18).
The complex logarithm yields infinitely many numbers regarding the argu-
ment of the complex transmission parameter. However a unique solution
can be obtained by a physical point of view, while setting jarg(S21) = ∠S21

for the result of the complex logarithm.

ϵr(ω) = −2 ln (S21)
c20
ω2l2

(3.18)

It will be later shown, that for calibration issues, it would be helpful to ex-
press equation (3.18) in the form of a Möbius transformation with ϵr =
M(S21). Equation (3.18) is apparently not a Möbius transformation. How-
ever, it shall be stated that the natural logarithm can be expressed with the
series denoted in equation (3.19)[80]. The first-order approximation of equa-
tion (3.19) is clearly a Möbius transformation, which can help to reduce the
calibration effort of microwave measurements significantly.

ln (z) = 2

[
z − 1

z + 1
+

1

3

(
z − 1

z + 1

)3

+
1

5

(
z − 1

z + 1

)5

+ ...

]
≈ M(z) (3.19)

3.2.1 Contactless Distributed Probes

A particular focus of this work is based on investigations of contactless spec-
troscopy of dielectric materials. This has several advantages for later appli-
cation scenarios. Firstly, a linear approximation of equation (3.15) yields a

6 Reflections were not taken into account yet, thus a perfectly matched source is assumed.

28



3.2. Distributed Probes

w

hεr,sub

εr,tube
εr,MUT

(a) Distributed contactless probe.

w

h

h2

εr,sub

εr,tube

εr,MUT

(b) Equivalent planar stack up.

Figure 3.3: Cross section of contactless distributed probe structures, comprising a
tube on a transmission line.

normalized attenuation of ≈ 0.5 dB per millimeter and GHz for an aqueous
solution. Multiplying by 40 GHz and 10 mm one can deduce a signal loss
of 200 dB which is almost a perfect absorption where no measurements could
be carried out. These challenging tasks will be addressed in this work by
a novel probe construction, illustrated in Fig. 3.3a, published and patented
in [26, 38]. As shown in Fig. 3.3a, it is proposed to have a fixed tube with the
inner and outer diameter 2r and 2(r+h2) on top of a microwave transmission
line7 on a dielectric substrate with the thickness equal to h. The unknown
permittivity of the MUT is denoted as ϵr,MUT , the tube and substrate mate-
rial are taken into account by ϵr,tube and ϵr,sub. The expected electrical field
lines are shown as dashed lines (Fig. 3.3a). One can observe, that the TEM
wave propagates in all different materials, while the MUT is assumed to be
an infinite half-space. In case of when the line width is assumed to be small
compared to the outer diameter, 2(r + h2) >> w, an equivalent stack-up for
quasi-static investigations is proposed, illustrated in Fig. 3.3b. The tube can
further be deformed due to minor pressure towards the transmission line,
which furthermore confirms the proposed stack-up simplification8. An ef-
fective propagation constant can be measured, comprising the superimposi-
tion of all three materials, since an EM field propagates in any of the stacked
layers. Quasi static conformal mapping techniques have been introduced in
the past, providing a closed solution for the effective permittivity, denoted
as ϵr,eff [85, 84], which can also be measured with the help of the complex

7 A microstrip transmission line is illustrated, however the proposed concept will be valid for
other open transmission lines as well.

8 Additionally, 3D EM field simulations have been carried out, validating the assumption.
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q1 εr,sub
q2 εr,tube

q3 εr,MUT

weff

Figure 3.4: Equivalent quasi-static lumped capacitor per unit length.

transmission parameter S21.

ϵr,eff (ϵr,MUT , ω) = −2 ln (S21(ϵr,MUT ))
c20
ω2l2

. (3.20)

By the theory of conformal mapping, the effective permittivity is given by a
weighted superimposition of the relative permittivities as denoted in equa-
tion (3.21), where qn represents the relative weight or filling factor of the nth

layer. The underlying effective capacitor structure behind equation (3.21) is
illustrated in Fig. 3.4. Resolving equation (3.21) for the unknown permit-
tivity ϵr,MUT yields a closed solution based on the filling factors qn with
n ∈ {1, 2, 3} and known system constants, i.e. substrate and tube material
parameter ϵr,tube and ϵr,MUT .

ϵr,eff = q1ϵr,sub +
(q2 + q3)

2

q2
ϵr,tube

+
q3

ϵr,MUT

(3.21)

The filling factors can be calculated according to Svačina [84, 85] as shown
in equations (3.22) to (3.23) in case of w > h.

q1 = 1− h

2weff
ln
(
π
weff

h
− 1
)

(3.22)

q2 =
h

2weff

[
ln
(
π
weff

h
− 1
)
− (1 + v2) · ζ

]
q3 = 1− q2 − q3 (3.23)

With

ζ = ln
[
2
weff

h

cos(π2 v2)
2h2/h− 1 + v2

+ sin
(π
2
v2

)]
, (3.24)

v2 =
2

π
arctan

[
π

πweff

2h − 2

(
h2
h

− 1

)]
, (3.25)

30



3.2. Distributed Probes

0 10 20 30 40

20

40

60

80

Frequency (GHz)

Re
[ ϵ∗ r

,M
U
T

]

(a) Spectrum for aqueous solutions.
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(b) Corresponding effective permittivity.

Figure 3.5: Calculated a) relative and b) effective permittivities versus frequency with
variable Cole-Cole parameter 0 ≤ αcc ≤ 0.5 .

and the effective line or capacitor width weff , according to Wheeler [95]

weff = w +
2h

π
ln
[
17.08

( w

2h
+ 0.92

)]
. (3.26)

At this point, an evaluation of the previous equation will be given in a brief
example. Regardless of the above equations, the filling factors shall be as-
sumed as follows: q1 = 0.95, q2 = 0.04 and q3 = 0.01 with a permittivity of
the substrate and tube material ϵr,sub = 1.9 and ϵr,tube = 2.2. Further, it is
assumed that the tube is filled with an aqueous solution equal to DI-water.
The real part of the permittivity is illustrated in Fig. 3.5 for the different Cole-
Cole parameter αcc = 0 . . . 0.5. Subsequently, the correspondence between
the relative permittivity and the measurable effective permittivity can be cal-
culated as shown in Fig. 3.5. The outstanding property of these equations
shall be underlined at this point. As illustrated in Fig. 3.5, a one-to-one solu-
tion between relative and effective permittivity has been found. By resolving
equation (3.27) for ϵr,MUT , one can take advantage of the closed solution for
contactless spectroscopy of dielectric materials. Separating the known probe
parameters, such as substrate and tube permittivity as well as filling factors
yields ϵr,MUT as a function of the effectively measurable permittivity ϵr,eff .
For later calibration issues, it shall be stated that equation (3.27) can be in-
terpreted as Möbius transformation, where the transformation parameters

31



Chapter 3. Dielectric Probes

are curly braced for the sake of clarity.

ϵr,MUT (ϵr,eff ) =

a︷︸︸︷
0 ·ϵr,eff +

b︷ ︸︸ ︷
q1q3ϵr,subϵr,tube

q2︸︷︷︸
c

ϵr,eff − q2q1ϵr,sub − ϵr,tube(q2 + q3)
2︸ ︷︷ ︸

−d

= M(ϵr,eff )

(3.27)
The coefficients of the underlying Möbius transformation are limited to real
values only, i.e. {a, b, c, d} ∈ R in this special case. Furthermore, it is pro-
posed in this work, that the discussed approach can be applied to complex
permittivities as well. This equation shall be proven as follows. Under quasi-
static conditions, the above introduced must hold for conductive materials
in the same way, since J⃗ = σE⃗ or D⃗ = ϵE⃗ can both be stated for the electric
field intensity. Furthermore, it has been shown in the previous chapter, that
a complex permittivity can be described by means of its real value and an
equivalent conductivity and vice versa. The effective conductivity can sub-
sequently be interpreted as an imaginary part of the effective permittivity
by equation (2.29). It shall be mentioned, that a similar approach has been
proposed for coaxial lines in [27], which takes advantage of the approxima-
tion given in equation (3.19), however a penetrating, distributed concept is
applied in this publication.

3.2.2 Calibration of Distributed Probes

With the help of the previous examinations, spectroscopy of dielectric ma-
terials can be carried out by measured scattering parameters, well-known
probe dimensions and material parameters. However, the probe dimensions
and especially the estimation of the filling factors can only be determined
with a certain inaccuracy. Strictly speaking, for time-variant EM fields, equa-
tion (3.22) to (3.23) are not qualified. In practical cases this measurement
uncertainty would disqualify the probe concept for microwave frequencies.
Thus, in the present work, an alternative method is suggested to correct
these errors by means of a novel calibration method. It shall be assumed,
that the material properties and length of the dielectric substrate and tube
are well-known9. Hence, the Möbius transformation of equation (3.27) is de-
fined if q1, q2, q3 are determined. This can be done by measuring three sets of
S-parameters for three well-known materials as denoted in equation (3.20).
Subsequently, a set of three transformations of the shape of equation (3.27)
can be found and solved for the filling factors with respect of the frequency.

9 It will be later shown, that this presumption can be neglected.
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3.3. Resonant Probes

Afterwards, equation (3.27) can be applied for spectroscopy of dielectric ma-
terials, determining unknown permittivities over the calibrated frequency
range. One can show that the composition of a Möbius transformation is also
a Möbius transformation. Since each Möbius transformation can be repre-
sented by a 2x2 matrix, while the composition of two transformations equals
a multiplication of two matrices. With the help of the approximation, given
in equation (3.19), the MUT permittivity is related to the scattering parame-
ters by a composition of two transformations. This means, neither the tube
length l nor any material parameter ϵr,sub, ϵr,tube must be known for the pro-
posed calibration technique. It will be shown in the experimental part of this
work, that even reflection tracking, directivity and source match errors of the
utilized instrument can be addressed by this method.

3.2.3 Implementation of Distributed Probes

The implementation of the previously introduced concept in multi-layer
microstrip technology is illustrated in Fig. 3.6. Two different concepts are
shown; in Fig. 3.6a a 60 mm transmission line on 250µm RT5880 substrate
is illustrated, Fig. 3.6b illustrates a reflection based concept, where the trans-
mission line on the same substrate material is terminated by a perfect reflec-
tion by means of open and shorted transmission line, respectively. The hous-
ing construction of the proposed sensor, consists of a special main frame for
the substrate material and appropriate mounting of the microwave connec-
tors as well as a lid and bottom cover, respectively. The bottom cover is in-
tended to apply pressure to the silicone or Polytetrafluoroethylene (PTFE)
tube, ensuring a planar alignment of the transmission line and the tube ma-
terial.

3.3 Resonant Probes

For the sake of completeness, resonant probes shall be mentioned in this sub-
section. The applied concept of the distributed sensors can hold for resonant
probes as follows d = n

2λ with n ∈ {1, 3, 5...}. Therefore, a resonant struc-
ture can be considered as special use-case of a distributed probe. Resonance
methods provide high sensitivity with limited bandwidth, only. The band-
width could be enhanced by using multiple resonances at higher frequencies.
However, resonant techniques have only a limited application range, where
high sensitivity is required and no relaxation process (i.e. spectroscopy) shall
be carried out. Furthermore, it must be underlined, that the previous theory
on distributed sensors holds only for non-radiating structures. In this work,
a half wave resonator for applications on sample holder for test tubes has
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(a) Disassembled distributed sensor. (b) Reflective lines with disassembled housing.

Figure 3.6: Implementation of distributed probes in a) two- and b) one-port configu-
ration (i.e. reflect and through probe) for a disassembled sensor a) with
blood tube (venous) for hemodialysis and b) showing the disassembled
housing parts.

been investigated, illustrated in Fig. 3.7. The corresponding measurement
results will be introduce in chapter 4 and 7, without recalculation of the
MUT’s permittivity.

h
εr,1

λ/2

εr,2

εr,3

h2

(a) Cross section drawing (b) Lid opened (c) Test tube inserted

Figure 3.7: Drawing and picture of a one-port resonant probe for contactless applica-
tions with test tubes.
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4 Selected Sensor Applications

The previous chapters introduced dielectric properties and probe concepts
as well as calibration techniques for material characterization at microwave
frequencies. In this chapter, a selection of experimental results will be intro-
duced and discussed. These experiments include measurements on animal
and human tissue material as well as a number of synthesized aqueous so-
lutions. Features, i.e. parameters of the Debye or Cole-Cole relaxation equa-
tion are extracted from measured data and will be controversially discussed.
Additionally, the influence of environmental aspects such as sample temper-
ature will be investigated. Firstly, a conventional coaxial probe is applied in
theses experiments, followed by the contactless distributed probe, proposed
in this work. The following measurements have been carried out by utiliza-
tion of a conventional VNA. A large amount of dielectric materials has been
investigated in this work, however, only selected results will be presented in
this chapter. Further results are referred to the appendix of this work. A con-
ventional VNA1 including calibration tools was applied. The VNA utilized,
has been used over the entire frequency range from 10 MHz to 43.5 GHz. An
intermediate frequency (IF) bandwidth of 300 MHz was selected, while no
further averaging was made.

4.1 Lumped Dielectric Probe

Measurements with a lumped (i.e. coaxial) probe were carried out by an in-
terconnection using a 2.4 mm coaxial cable. Subsequently, calibration was
performed using air, short block and DI-water as well-known standards. Air
and short block are assumed to have vacuum and infinite permittivity, re-
spectively. Further, water properties are approximated by a well-known De-
bye relaxation process at T = 293 K. It shall be denoted, that the presumed
relaxation model for the calibration liquid has significant influence on the
measurement results. A number of up to 1000 linearly spaced frequency
points were measured in the operating bandwidth, depending on the actual
experiment. The measured permittivities were stored as real and imaginary
parts of the complex relative permittivity. These data are subsequently used
to run a parameter fit of relaxation parameters in least-square sense. A lin-
ear regression of those parameters is additionally proposed. Concentration
measurements could take advantage of these linear regressions, since they
can be applied as weighting vector for a subsequent classification process.

1 Agilent PNA-X
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(a) Brain (b) Setup (c) Tissue

Figure 4.1: Laboratory setup for investigations on animal tissue materials.

4.1.1 Animal Tissue Analysis

Experiment Description

In this experiment, dielectric properties of animal tissue material are inves-
tigated. Samples, shown in Fig. 4.1c, have been taken from the pig under test
(PUT), illustrated in Fig. 4.1a. In order to ensure valid measurement results,
the PUT was slaughtered shortly before the experiment. In total, 201 linearly
spaced frequency points were gathered on 25 tissue samples, measured at
normal temperature. Measurements were obtained either on excised tissue
samples or invasively by penetration with the coaxial probe as illustrated in
Figs. 4.1a and 4.1b.

Results

Exemplary five tissue samples were selected and illustrated in Fig. 4.2a with
respect to their complex permittivity over the entire frequency range. A pa-
rameter extraction according to the Debye or Cole-Cole relaxation models
was carried out for all 25 tissue samples, given in Tab. A.1 in the appendix of
this work. Resulting relaxation curves are also shown in Fig. 4.2b. The mea-
sured real parts of the static permittivity are between 62 and 18, depending
on the underlying tissue. Additionally, the residuals for five parameter esti-
mations are given in Fig. A.1b.

Discussion

As expected from a theoretical point of view and from former publications,
a higher amount of water is associated with higher permittivities. This can
be underlined by considering kidney or brain material, which shows a sig-
nificantly higher real part of the static permittivity compared with fat for
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Figure 4.2:Measured and fitted tissue properties from PUT, while a) has been mea-
sured with a conventional VNA and coaxial probe kit from 10MHz up to
43.5GHz and b) denotes the corresponding least squared-error fitting.

instance. Due to ionic conductivity, an increasing magnitude of the imagi-
nary part can be observed at very low frequencies (i.e. << 1 GHz). This prop-
erty is also expected from theoretical investigations as shown in the previous
chapter. Further, from the shape (i.e. slope) of the measured results, one can
assume a Cole-Cole parameter αcc being different from zero. The relaxation
frequency is clearly in the microwave (MW) range, beyond 10 GHz. The es-
timated Debye and Cole-Cole parameters, including the low frequency con-
ductivity, can be found in the appendix of this work. Absolute residuals are
below ±5 over a wide frequency range. From the measured results and from
the fitted dielectric functions, one can clearly identify or classify different
materials. The material parameters were subsequently reused in 3D EM field
simulations, using CST microwave studio. Human body simulation models
could be associated with measured material properties for further research
projects [41] [40] [39]. A commercial geometric 3D human body model [10] -
partly illustrated in Fig. A.1a - has been used.

4.1.2 Human Blood Analysis

Within the following experiments dielectric properties of human blood sam-
ples were investigated2. Experiments were carried out by means of self-

2 Approval from ethical review committee (ERC) has been obtained.
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Figure 4.3: Experiments with MHS and changing ECF concentration in blood sam-
ples.

experiments and as part of a clinical study [24], where human blood serum
samples were gathered.

Experiment Description (ECF)

This experiment targets at the investigation of extracellular fluid (ECF) con-
centration in human blood. It is anticipated, that a variation of the ECF con-
centration can be determined. For this reason, several blood samples were
taken. In order to get multiple samples by a single penetration, an indwelling
intravenous cannula has been applied and connected with a three way stop
cock as illustrated in Fig. 4.3b. Over 40 blood samples could be taken with a
volume of approximately 10 ml each. Since sample temperature has a major
influence on the measurement results, all blood samples were filled into pre-
tempered test-tubes at 310 K. Subsequently, the ECF concentration, denoted
as χ in the following, was increased dropwise applying a 0.9% sodium chlo-
ride infusion solution. The resulting change in concentration is estimated by
assuming a drop volume of approximately 20 µl. After the ECF was increased,
the test tube has been measured by the coaxial probe. Due to clotting, it was
important to ensure comparable coaxial probe positions between these mea-
surements.

Results (ECF)

Due to the large amount of measured samples (≈ 40), only a selected num-
ber of results is shown in the following. Further results and dielectric param-
eters are presented in the appendix of this work. In Fig. 4.4a the measured
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Figure 4.4: Permittivity of human blood samples with different ECF concentration
against the frequency, a) measured with a conventional VNA and coaxial
probe kit from 10MHz up to 43.5GHz and b) the corresponding least
square-error fitting.

complex permittivity is illustrated against the frequency, considering three
samples with an increasing ECF concentration from 1% to 10%. A Cole-Cole
plot is not illustrated, since blood permittivity will not result in a single semi-
circle. Based on these measurements, relaxation parameter were estimated
by means of least-square fitting. The resulting permittivity is illustrated in
Fig. 4.4b As one can observe from Fig. 4.4, the influence of ECF concentration
is small compared to the nominal permittivity. Thus, in Fig. 4.5, only differ-
ences over frequency are considered for real and imaginary parts separately.
In these illustrations, the influence can be clearly obtained. However, for a

systematical analysis, relaxation parameter shall be considered. For each con-
centration, all Cole-Cole relaxation parameter as well as the specific ion re-
sistance ρ has been extracted. In Fig. 4.6a the influence of an increasing ECF
concentration on the static permittivity is illustrated. Further, a linear regres-
sion is provided in the same figure. On the right-hand-side, the influence on
the blood conductivity is shown. A change of ECF concentration up to 10%
is assumed as physiological relevant and magnified in both figures. For the
sake of completeness and in order to verify the least-square parameter fit,
the residuals are exemplary shown in Fig. 4.7.

Discussion (ECF)

Two properties of blood samples make measurements extremely challeng-
ing. Firstly, blood is a suspension, with strong heterogeneous properties.
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Figure 4.5: Change of the permittivity of human blood sampleswith different changes
of extra cellular fluid concentration against the frequency, measured with
a conventional VNA and coaxial probe kit from 10MHz up to 43.5GHz.

Secondly, clotting occurs immediately after the blood sample was taken.
Since blood is a suspension with strong inhomogeneous properties, an influ-
ence of the coaxial probe position (i.e. altitude) within the test-tube has been
observed. This introduces potential errors on each measurement. Another
very challenging aspect concerns the time variance of the sample. Within
the sweep time of a single measurement, blood clotting can be observed.
Furthermore, even if the utilized equipment such as test-tubes were tem-
pered, the sample temperature varies within a small range. From a theoreti-
cal point of view, an increasing ECF concentration will be accompanied with
a decrease of bloods viscosity. The influence of a viscosity variation was dis-
cussed in a previous chapter. Thus, from a decrease in viscosity it is expected
to result in an increased relaxation frequency. Obviously, further relaxation
parameters are effected. Since a sodium chloride 0.9% intravenous infusion
solution has been used to increase the ECF concentration in the test-tube,
the specific resistance decreases simultaneously, as one can observe from
Fig. 4.6b. All parameters show a clear tendency, however for measurements
of concentration variations of physiological relevance, inaccuracies should
be addressed.

Experiment Description (DH)

As previously mentioned, there are two major problems with measurements
on fresh blood samples, minor homogeneity and clotting. With the supervi-
sion of Professor Eskofier (Institute of pattern recognition), a clinical study
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Figure 4.6: Relaxation parameters of human blood samples with different ECF con-
centration against the frequency, estimated by means of least square-
error fitting of the measured complex permittivity and an underlying De-
bye relaxation equation, while an ionic conductivity b) has been taken
into account by means of a volume resistivity.

on dehydration during sport activities was organized [24]. For a comprehen-
sive introduction is referred to the work of Eskofier et al. At this point, only
a very brief overview will be given, regarding the test conditions. The under-
lying study addressed the investigation of human dehydration during sports
activities. For this reason, a well defined dehydration was aimed by a thirst-
ing period of ten hours, followed by a minor fluid intake and two hours of
sports activity. Before, during and after the sport period, several blood sam-
ples were taken from each subject. Blood samples with an arbitrary volume
between 10 ml and 20 ml were filled into test-tubes containing anticoagulant,
preventing blood clotting. Subsequently all blood samples were centrifuged
to extract blood serum. A total amount of 40 samples were gathered by ten
male human subjects (MHS). These samples were measured at a total num-
ber of 451 frequency points. In Fig. 4.8b a sample is shown while permittivity
is measured. Errors due to temperature variations were avoided by simulta-
neous defrosting within a water quench for several hours. From Fig. 4.8a one
can further observe, that only lumped measurement techniques could be ap-
plied in this case, since only a minor sample volume of approximately 1 ml
was provided for coaxial measurements.
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Figure 4.7: Residuals of the calculated permittivity regarding human blood samples
with different ECF concentration against the frequency.

Results (DH)

In this section, only the real part is shown for the sake of simplification. Fur-
thermore, no nominal permittivity is illustrated rather than the difference
before and after sport activity. During the investigated time period, all MHSs
lost a significant amount of water (several hundred milliliter). Fig. 4.8a il-
lustrates the change of the permittivity, on five serum samples before and
after sports activity against the frequency range. The difference on the real
part is illustrated against a reduced frequency range, while permittivities be-
low 8 GHz were discarded. One can clearly observe the systematical influ-
ence from these samples.

Discussion (DH)

As shown in Fig. 4.8a, a reasonable change in the serums permittivity could
be observed at five out of ten MHSs. The remaining subjects did not show the
proposed change regarding the permittivity. Even an inverse response could
be obtained at some MHSs. Errors could be introduced by the following con-
ditions. As mentioned before, an arbitrary anticoagulant concentration must
be presumed. Since the blood sample, had an arbitrary volume, while a fixed
amount of anticoagulant was pre-filled in the test-tube. Further, the quality
of the centrifugation is unknown. This might also influence subsequent mea-
surements. Thus, one can state, that dehydration potentially has an impact
on the permittivity of tissue material and particularly on blood. However,
further investigations are strongly recommended at this point. Especially a
larger amount of test persons are desirable in future experiments.
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Figure 4.8: Investigations on blood permittivity with respect of dehydration, where
a) represents five exemplary results gathered by measurements on blood
serum, illustrated in b) with inserted conventional coaxial probe.

4.1.3 Temperature Range

As denoted in several previous chapters, temperature has a major influence
on the relative permittivity of an MUT. Therefore, this has been investigated
separately, proving the introduced theory.

Experiment Description

In this experiment, no tissue material is investigated, all measurements ver-
sus temperature are carried out on DI-water. The test setup consists of the
commercial VNA and coaxial probe, mounted over a magnetic stirrer with
integrated proportional (PT) temperature regulator. In order to ensure an
exact temperature regulation, the entire setup was automated and the tem-
perature sensor was permanently inset into the sample material, close to the
coaxial probe. The measurement procedure includes the following steps. A
water sample of 200 ml was stirred and heated until the target temperature
was reached. Afterwards, stirring and heating was stopped and a dielectric
measurement was triggered. During the entire sweep, a number of 431 fre-
quency points were measured and the temperature was monitored. After the
sweep has been accomplished, a new target temperature was set and the pro-
cess restarted.
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Figure 4.9: Relative permittivity of DI-water against temperature and frequency from
10MHzup to 43.5GHza)measuredwith a conventional VNAand coaxial
probe kit and b) the corresponding least square-error fitting for each tem-
perature step. Real- and imaginary of the conjugate complex permittivity
are illustrated as dashed and solid line, respectively.

Results

The measured permittivity is illustrated for five different temperature steps
in Fig. 4.9a. Starting from room temperature at 294 K up to 354 K. For sys-
tematical investigations, all parameters of a Cole-Cole relaxation process
were estimated by means of least-square curve fits. The corresponding re-
sults are illustrated in Fig. 4.9b with real and negative imaginary parts over
an inter-and extrapolated frequency range. One can clearly observe similar-
ity between measured and fitted curves. For systematical investigation, the
residuals are calculated for each temperature and frequency. All residuals
are illustrated in Fig. 4.10 over the measured frequency range. All relaxation
parameters were estimated by means of least squares fitting. They are illus-
trated in Fig. 4.11 against the measured temperature. Further, in Fig. 4.11a
the relaxation frequency is illustrated versus the sample temperature, while
Fig. 4.11b provides the static permittivity over the same temperature range.
A linear regression is provided for both plots, illustrated as solid line.

Discussion

From the presented measurement results, one can clearly observe the ex-
pected temperature influence. An increasing sample temperature results in
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Figure 4.10: Residuals of DI-water relaxation curves against temperature and fre-
quency for measurements with a conventional VNA between 10MHz
and 43.5GHz with one-port measurements and Agilent dielectric probe
kit.

a significant decrease of the static permittivity and an increased relaxation
frequency. Both effects are proposed by theory and have been proven by the
above measurements. Since the residuals are small compared to the nomi-
nal dielectric constant, a well estimation of the relaxation parameters can
be assumed. In Fig. 4.11b, the measured data shows a nearly linear tempera-
ture tracking. However, according the theory of Debye, Kirkwood and oth-
ers, the permittivity is assumed to be inversely proportional to the sample
temperature. Thus, a hyperbolic relation is expected, regarding the static
permittivity and the sample temperature. For the sake of clarification, a hy-
perbola according to Kirkwood is illustrated as dashed line in Fig. 4.11b. It
shows a good agreement with the linear regression of the static permittivity.
Therefore, a linear slope can be considered as a good approximation between
room and boiling temperatures of water under normal pressure conditions.
The proposed regression underlines the requirements of temperature stabil-
ity during measurements on dielectric samples. Since a change of the sample
temperature equals to 1 K, results in a variation of the relaxation frequency
of approximately 610 MHz.

4.1.4 Aqueous Glucose Solutions

Experiment Description

A total number of 22 samples were prepared by a composition of 250 ml of DI-
water with a various amount of glucose, denoted as χ in the following. Liq-
uid samples were prepared from 0 mg/dl to 100 mg/dl and from 100 mg/dl
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Figure 4.11: Relaxation parameter of DI-water against temperature by means of least
square-error fitting and an underlying Debye relaxation process with ne-
glecting ionic conductivity. The calibration with an open and short probe
has been further carried out with DI-water under normal conditions, i.e.
room temperature.

to 200 mg/dl with a difference of 10 mg/dl and 20 mg/dl, respectively. Fur-
ther concentrations equal to 250 mg/dl, 500 mg/dl, 1000 mg/dl, 2000 mg/dl
and 5000 mg/dl were also investigated. Each sample was measured two
times, with a 10 MHz frequency spacing, resulting in 4351 frequency points.
The resulting measurements are pre-filtered, rejecting frequency points be-
low 1 GHz, since accuracy of the coaxial probe is weak at very low frequencies.
The sample temperature was continuously monitored to ensure valid mea-
surement results at room temperature, despite minor concentration varia-
tions. In order to provide a homogeneous sample quality, the aqueous solu-
tion was permanently stirred.

Results

In Fig. 4.12a, the conjugate complex permittivity for exemplary seven differ-
ent glucose concentrations is illustrated against the frequency. Since the in-
fluence of a glucose concentration on the nominal permittivity can not be
observed clearly from Fig. 4.12a, the change of real and imaginary part due
to different glucose concentrations is illustrated in Fig. 4.13. These plots il-
lustrates the variation of glucose concentration in an area of physiological
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Figure 4.12: Permittivity a) measured with a conventional VNA and coaxial probe
kit for different glucose concentrations in aqueous solutions and corre-
sponding residuals b) of the underlying least square-error fitting with
respect of a Cole-Cole relaxation process, while calibration has been car-
ried out by a open and short coaxial probe as well as DI-water at room
temperature.

relevance, while a concentration of 0.1 % is approximately equal to 100 mg/dl.
Further investigations were carried out based on the systematical estimation
of the underlying relaxation parameters. Therefore, the Cole-Cole parame-
ters were calculated in least square sense, the corresponding residuals are
illustrated in Fig. 4.12b. Since each curve fit yields an individual set of resid-
uals, only the maximum residual for each frequency point is illustrated in
Fig. 4.12b, representing the worst case. This means, that the actual fitting er-
ror is no higher than the illustrated value. A systematical investigation of the
glucose influence on aqueous solutions requires the evaluation of all relax-
ation parameters against the concentration. Details for all concentrations
are provided in the appendix of this work. Fig. 4.14 shows the exponential
parameter αcc of the Cole-Cole relaxation process against the mass fraction
(i.e. glucose concentration). Furthermore, the relaxation frequency is illus-
trated on the right-hand-side of the same figure. The area of physiological
relevance is magnified in both plots. The estimation of αcc has been carried
out by two different algorithms, resulting in two values for each concentra-
tion, illustrated in Fig. 4.14. The first method takes the relaxation process
against the frequency into account and performs a curve fit by means of least
square errors. The second approach yields an optimal curve fit regarding the
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Figure 4.13: Change of the permittivity for binary aqueous glucose solutions, against
different glucose concentrations changes from 10MHz up to 43.5GHz,
measured with a conventional VNA and coaxial probe kit for a) the real
part and b) the imaginary part of the complex permittivity.

Colo-Cole circle. Since the relaxation frequency is not part of the Cole-Cole
circle, only one estimation is given for each concentration Fig. 4.14b. Further
results and parameter estimations shall be referred to Tab. A.2 and A.3, given
in the appendix of this work.

Discussion

First of all, it shall be pointed out that the presented measurement results
showed good agreement with the introduced theory. This can be explained
as follows. An increasing concentration of glucose molecules affects both,
the exponential parameter αcc as well as the relaxation frequency. From a
theoretical point of view, an increasing concentration of an arbitrary foreign
substance within a carrier solution (i.e. DI-water) yields multiple superim-
posed relaxation processes and therefore an increased exponential parame-
ter αcc being different from zero. Considering the estimated relaxation fre-
quency in Fig. 4.14b, one can observe a clear decrease with an increasing
glucose concentration. This can also be clarified by theory, since the glucose
solution will increase the resistance deformation (i.e. viscosity) of the under-
lying samples. From a practical point of view, a larger amount of sugar in-
creases the “thickness” of the sample material and subsequently, from equa-
tion (2.27), it follows a decreased relaxation frequency. Relaxation parame-
ters are estimated with an outstanding accuracy, as one can observe from
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very minor residuals in Fig. 4.12b. A significant change of the residuals be-
tween 10 MHz to 20 GHz and 20 GHz to 43.5 GHz can be obtained. It indi-
cates a switching from one internal receiver path or signal source onto an-
other, in order to provide the required frequency range. In other words, the
relaxation parameters are well estimated and mainly the uncertainty based
on the utilized hardware remains. Finally, the accuracy shall be considered.
From the linear regression of the relaxation frequency with respect to the glu-
cose concentration, one can deduce 29 MHz frequency change by 10 mg/dl
(i.e. 0.01 %) glucose variation. For valid and precise measurement results in
the range of 10 mg/dl, the introduced errors on the relaxation frequency
must be small compared to 29 MHz. The introduced errors might be caused
by several hardware and environmental effects. By only considering the influ-
ence of the sample temperature, one can deduce the ambiguous aim of glu-
cose measurements with physiological precision. Since a change of the sam-
ple temperature equal to 1 K yields a 21 times larger impact on the relaxation
frequency compared with 10 mg/dl glucose variation. In other words, the ac-
curate measurement of 10 mg/dl glucose solution would require to have a
temperature stability of no less than 0.0047 K. However, available state of
the art temperature controllers for laboratory experiments offer an accuracy
of about 0.2 to 1 K. In the underlying laboratory experiments, a temperature
controller with 0.2 K accuracy has been utilized [35]. Subsequently, the intro-
duced error by inaccurate sample temperature causes an incorrect relaxation
frequency, which corresponds to an error of at least 42 mg/dl in glucose con-
centration. Beside the temperature, numerous errors persist, which are not
discussed any further.

4.1.5 Dissolved Gases

In a further experiment, the influence of dissolved carbon dioxide in DI car-
rier solution was investigated. Carbon dioxide was injected under high pres-
sure into DI-water, providing a solution with a maximum carbon dioxide
concentration under normal conditions. This solution was stepwise weak-
ened applying pure DI-water. Thus, multiple samples with different carbon
dioxide concentrations are investigated. Due to the large amount of dissolved
gases with no physiological relevance, the results are presented in Tab. A.5,
in the appendix of this work only.

4.2 Distributed Probes

In the following section, experimental results of novel distributed dielectric
sensors will be introduced. Further, the proposed calibration algorithm will
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Figure 4.14: Relaxation parameter for binary aqueous glucose solutions by means of
least square-error fitting with respect of a Cole-Cole relaxation process,
where a) denotes the exponential parameter and b) the relaxation fre-
quency for least square-errors. The extracted curve parameters are illus-
trated as solid dots, while a linear regression is given as solid line.

be demonstrated on several liquid samples. A commercial two-port VNA
has been applied for the presented experiments, with its calibration plane
at the end of a 2.4 mm coaxial connector. A total number of 1000 linearly
spaced frequency points were measured between 10 MHz and 43.5 GHz. A
two-port distributed probe was applied and connected with the VNA by two
1 m coaxial lines. The sensor consists of several parts, ensuring mechanical
stability of the measurement setup. Firstly, the microwave transmission line,
on a four layer substrate material, assembled within an aluminum main-
frame. The mainframe consists of two coaxial-to-planar transitions. A thin-
walled PTFE tube with a nominal thickness equal to 250µm and outer di-
ameter of 4.72 mm (denoted as American Wire Gauge (AWG)-06), could be
pressed against the sensor structure by the bottom part. The bottom and
lid are both made of aluminum. The liquid closed loop comprises a mi-
crowave section (i.e. sensor part) and a temperature controlled reservoir of
approximately 200 ml on a magnetic stirrer as well as an automated peri-
staltic pump [56]. The available pump rate can be adjusted between 0.5 ml/h
and 900 ml/min, while microwave measurements were carried out with both,
active and deactivated peristaltic pump. The entire measurement setup is
fully automated within a MATLAB environment. For the sake of clarity, an
overview of all samples are given in Tab. 4.1. Mixtures will be denoted in
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Table 4.1:Mixtures utilized in this work.

Shortcut Substance 1 Substance 2 Volume
Mix-AP Air -/- -/-
Mix-SP Short -/- -/-
Mix-WP DI-water H2O -/- 100 / 0
Mix-MP Methanol98 CH4O -/- 100 / 0
Mix-EP Ethanol96 C2H6O -/- 100 / 0
Mix-IP Isopropanol90 C3H8O -/- 100 / 0
Mix-ME1 Methanol98 CH4O Ethanol96 C2H6O 25 / 50
Mix-ME2 Methanol98 CH4O Ethanol96 C2H6O 50 / 50
Mix-ME3 Methanol96 CH4O Ethanol96 C2H6O 50 / 25
Mix-WI DI-Water H2O Isopropanol90 C3H8O 50 / 50
Mix-MI Methanol96 CH4O Isopropanol90 C3H8O 50 / 50
Mix-CP Cola -/- 100 / 0
Mix-DC Diet Cola -/- 100 / 0

short form: Mix-XY, while X and Y represent the two components of a bi-
nary mixture. A sample of Water and Isopropanol is subsequently denoted
as Mix-WI. In case of sample, consisting of a single substance, in the short
form Y is denoted as Pure. Thus, pure DI Water is denoted as Mix-WP in the
following chapters. The subscript numbers in Tab. 4.1 refers to the purity of
the utilized sample.

4.2.1 Alcoholic and Aqueous Solutions

Experiment Description

In this section, alcoholic and aqueous solutions will be investigated and
discussed. The experimental setup consists basically of a VNA, thin-walled
tubes with peristaltic pump and the distributed sensor. The VNA has been
calibrated with an electronic calibration tool to the end of the coaxial ca-
ble. Further errors due to coaxial-to-planar transitions or transmission have
been taken into account by a subsequent thru reflect line (TRL) calibration.
In a later chapter, it will be shown, that these two calibrations steps can
be addressed by well-known calibration liquids. The utilized TRL calibra-
tion required three line standards to cover the entire frequency range. One
can clearly obtain the benefit of a liquid calibration, since TRL calibration
requires additional calibration tools, screwing and math calculations. After
TRL calibration was carried out, the complex transmission parameters by
means of S21 were obtained for different well-known calibration materials,
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Figure 4.15: Effective permittivity against the frequency, measured with a conven-
tional VNA, calibrated with TRL standards, for a) the real and b) the
imaginary part for different calibration liquids flowing through a dielec-
tric tube. Measurements were carried out in two-port configuration, i.e.
distributed transmission line sensor, while frequency points were gath-
ered from 10MHz up to 43.5GHz.

which are air, ethanol and methanol with the denoted purity. However, the
advantage of a TRL calibration is, that with the help of equation (3.20), one
directly can deduce the effective permittivity with respect of different MUTs.
This has been illustrated in Fig. 4.15. Plausibility of the measured effective
permittivity can be simply done by comparison with the substrate and tube
dielectric constant. The effective permittivity of an air filled PTFE tube is ob-
tained to approximately 2.1 to 2.2, depending on the frequency. An increas-
ing inner permittivity, by introducing ethanol or methanol into the tubing
system, yields an increase of the corresponding effective permittivity. This
effect can also be read out by Fig. 4.15. The corresponding imaginary part
behaves analogously, as denoted in Fig. 4.15b. Equation (3.21) can be used to
calculate the filling factors with the help of well-known calibration, substrate
and tubing permittivity. Since the permittivity of substrate and tube mate-
rial is given in the datasheets [77, 78], one can calculate the filling factors as
shown in Fig. 4.16. By these quantities, equation (3.27) is fully defined and
can be applied for measuring an unknown permittivity. The measurement
of the filling factors is an outstanding result of this work, since at least to the
authors knowledge, this has not been published yet.
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Figure 4.16: Filling factors based on measurements of S-Parameters against the fre-
quency for a) the real part and b) the imaginary part between 10MHz
and 43.5GHz with a conventional VNA and the proposed distributed
structure for on-line measurements of flowing liquids, where q1 denotes
the filling factor for the substrate material, i.e. Rogers duroid/RT5880,
q2 the filling factor for the PTFE tube and q3 represents the fraction of
the electrical field inside the flowing MUT.

Results

The previous calibration method has been used as a starting point for mea-
suring further liquids with the help of a distributed sensor. A selection of
all measurement results are presented in this sub-section. A set of result-
ing Cole-Cole circles is illustrated in Fig. 4.17, for methanol, isopropanol,
diet cola, water-isopropanole, water-glycerol and methanol-ethanol mix-
tures. On the abscissa and ordinate, the real and negative imaginary parts
are illustrated. Measured permittivities are denoted as solid points, while pa-
rameter estimation, by means of least-square-errors, is given as dashed and
dotted lines. Since the parameter estimation has been performed by means
of circle and relaxation curve fitting, two solutions (dashed and dotted) are
shown. The influence of an increasing glycerol concentration, denoted as χ
in the following, is evaluated by considering the corresponding relaxation
parameters, such as static permittivity and relaxation frequency in aqueous
solutions. In Fig. 4.18a the properties for the static permittivity is illustrated
against the glycerol concentration. On the right-hand-side, the relaxation
frequency is given by means of least-square estimation over the same glyc-
erol concentration. In both figures a linear regression is also provided over an
interpolated range of concentrations. The ability of highly sensitive dielectric
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Figure 4.17:Measured Cole-Cole plot, i.e. imaginary part against the real part, for
different MUTs, where solid marks represent measured values and thin
dashed and densely dotted circles represent the corresponding least
square-error fitting of a Cole-Cole circle function (dashed) or a relax-
ation curve fitting (densely dotted). Measurements were carried out with
the proposed distributed on-line sensor with a PTFE tube in two-port con-
figuration and a conventional VNA from 10MHz up to 43.5GHz.
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Figure 4.18: Dielectric features of DI-water at different glycerol concentrations while
a) represents the behavior for the static permittivity and b) the relaxation
frequency against the glycerol concentration. A linear regression (solid
line) is proposed as a first order classifier, separately for static permittiv-
ity and relaxation frequency.
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Figure 4.19: Permittivity for a) the real part and b) the imaginary part of ethanol
solutions with different methanol concentrations, measured with a con-
ventional VNAwith the proposed distributed sensor for on-line measure-
ments. Measured results were gathered between 200MHz and 43.5GHz,
whereas only each second measurement result is illustrated.

measurements, with a contactless approach, shall be underlined by mea-
surements on ethanol-methanol mixtures with minor concentration varia-
tions. Measurements of 13 different concentrations are illustrated in Fig. 4.19
for the real and imaginary part, showing apparently good agreement with
known properties from literature. The abscissa is given in logarithmic scale
from 100 MHz to 43.5 GHz and the ordinate denotes the real and imaginary
part of the relative conjugate permittivity, respectively. The derived Cole-
Cole parameters of the presented measurements on methanol and ethanol
solutions are referred to Tab. A.4, in the appendix of this work.

Discussion

The presented experiments aimed a prove-of-concept for contactless spec-
troscopy of dielectric materials. Fabricated sensors and the proposed cali-
bration algorithm was successfully tested. The measurement of an effective
permittivity - illustrated in Fig. 4.15 - comprises all errors of the measure-
ment setup. This means, errors due to presumed geometrical and material
properties would introduce uncertainties on these values. In other words,
the calculated effective permittivity is only as accurate as the known mate-
rial properties, e.g. sensor length and dielectric constant of the substrate and
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Figure 4.20: Relaxation parameter of ethanol solutions for a) the static permittivity
and b) the relaxation frequency against different methanol concentra-
tions in binary solution between 0 and 50 percent. A linear regression
is provided for both features illustrated as solid line, whereas extracted
curve parameters are given as solid marks.

tube material. However, they will be compensated by well-known calibration
materials subsequently. Additionally, it has been shown, that the filling fac-
tors of the well-known quasi-static conformal mapping approach can be es-
timated by the proposed method. As known from theory, the major amount
of the electrical field is located between the ground and the copper strip-line.
Thus, the first filling factor is significantly larger than the two other values.
More than 90% of the electrical field strength is held inside the substrate ma-
terial, ensuring a guided wave propagation over the entire frequency range.
Only a minor fraction penetrates the tube and MUT. Further, the imaginary
part is very small compared to the real part. From a theoretical point of view,
it should not exist. However, due to minor errors, the imaginary part dif-
fers from zero. With the known filling or weighting factors, any unknown
material inside the tubing system can be measured as illustrated before. It
could be shown, that major measurement errors occur if solutions with a
significant water content are measured, such as glycerol-water mixtures or
diet cola. From these observations, one can deduce two recommendations
for the application of the proposed sensor. Firstly, the complex permittivity
of an unknown MUT should lay within the range of the two calibration liq-
uids. Second, the sensor design should take the propagation speed of any
participating material into account. Thus, for measurements on materials
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with high permittivity, such as water, it is recommended, to use a substrate
and tube material with high dielectric constant. In the presented work, only
PTFE (ϵr ≈ 2.2) has been applied for the underlying substrate and tube.
Thus, one can clearly observe from simple calculations with measured S-
parameters as well as from 3D finite element method (FEM) field simula-
tions, that at an upper cutoff frequency, radiations could potentially occur.
Subsequently the required condition of a TEM propagation is not fulfilled
and the calibration algorithm fails. The first recommendation has been taken
into account, while measurements on water-glycerol solutions were carried
out. This means, that air, methanol and water were applied for the calibra-
tion process. Subsequently, by introducing a certain amount of glycerol, the
permittivity drops and lays in between the calibration liquids (methanol and
water). By this approach, the relaxation parameters, given in Fig. 4.20, could
be deduced which shows the expected properties for the static permittivity.
However, the derived relaxation frequency follows an almost linear slope
with an increasing glycerol concentration. By increasing the amount of glyc-
erol, the viscosity will be increased. Thus, a negative slope is expected for the
relaxation frequency versus glycerol concentration. However, the measured
conjugate complex permittivity for ethanol-methanol solutions shows out-
standing correlation with the known properties from literature. Even minor
changes in concentration could be detected. The estimated static permittiv-
ity also shows a linear relation to the amount of methanol in ethanol. Espe-
cially the estimated relaxation frequency shows highly linear relation with
the concentration as one can observe from Fig. 4.20b. Further investigations,
regarding the activity of the peristaltic pump for instance, have shown no in-
fluence on the accuracy of the proposed measurement technique.
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5 RF Network Analyzers

The previous chapters have introduced the potential of spectroscopy of di-
electric materials, which demands accurate measurement of network pa-
rameters, i.e. admittance or scattering parameters. These terms shall be ex-
plained in this section, followed by the introduction of instruments for accu-
rate network analysis. A network analyzer is utilized to determine the elec-
trical probe properties at microwave frequencies. The outstanding require-
ments on network analyzer for spectroscopy of dielectric materials shall be
underlined by a rough sensitivity calculation.

A binary aqueous solution, consisting of water with a minor additive sub-
stance shall be assumed to be investigated inside a parallel plate capacitor. It
shall further be assumed, that an admixture in the range of 0.1% or 100 mg/dl
will be associated with a change of the liquids viscosity ∆η = 0.1%1. Accord-
ing to equation (2.27), this can be related with a change of the permittivity.
Subsequently, this can be associated with a change of the current amplitude
into the MUT capacitor by equation (2.7). The capacitor area shall be as-
sumed to A = 22 · 10−9m2 2. By this simplification, the parallel plate ca-
pacitor, filled width d = 1 mm aqueous solution, is fully determined. The
resulting change in the currents magnitude ∆Î and phase ∆δloss can be de-
rived in the range of ∆Î ≈ 100 · 10−9 A and ∆δloss ≈ 10−3 DEG as illustrated
in Figs. 5.1a and 5.1b.

This shall underline the strong requirements on a network analyzer for
spectroscopy of dielectric materials. In the previous simplified example, mea-
surements of voltage and currents are discussed. However, direct sampling
with a high-impedance becomes more and more difficult and even impossi-
ble with higher frequencies. Thus, it is more convenient for network analysis
to describe a device under test (DUT) with respect of its wave properties and
its corresponding reflection and transmission parameters. A comprehensive
explanation and derivation of network parameters in terms of wave proper-
ties is referred to literature [58]. The complex wave variables a and b in

√
W

are defined as given in equation (5.1). They can be associated with voltage
and current, V +

i and I+i , normalized to a system impedance Zs. Furthermore,

1 This is an estimation only and will be used as a rough approximation.
2 Assuming a maximum operation frequency of 15 GHz, the resulting wavelength inside the

MUT can be approximated to 3 mm, the plate area should be small against the minimal wave-
length, e.g. twenty times smaller.
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Figure 5.1: Influence of a change in viscosity ∆η = 0.1 of a binary aqueous solution
within a parallel plate capacitor.

the square of a and b can be considered as power proportional quantity.

a =
V +
i√
Zs

= I+i
√

Zs b =
V −
i√
Zs

= I−i
√

Zs (5.1)

The derivation of conventional terminal voltage and current, V̂ and Î , is de-
fined by satisfying the following two equations, given in (5.2).

a =
1

2

(
V̂√
Zs

+ Î
√

Zs

)
b =

1

2

(
V̂√
Zs

− Î
√

Zs

)
(5.2)

Due to the previous definition, a and b can be interpreted as traveling waves
excited or reflected at the corresponding port, respectively. The port reflec-
tion coefficient is subsequently defined as quotient of reflected and incident
wave denoted as Γ = b/a. Which can be applied for multiport scattering
parameters as follows

b = S · a (5.3)

where the entry Sii of the scattering matrix S denotes the input reflection
coefficient at the ith port, when all other ports are terminated with the nor-
malization impedance or system impedance Zs. The transmission parame-
ter Sij with i ̸= j is the wave ratio between an input port j and an output
port i while all others are terminated. If S-parameters are measured, they can
directly be used to calculate a propagation constant or the dielectric proper-
ties, respectively. By another transformation, one can deduce

Y =
1

Zs

1 + Γ

1− Γ
, (5.4)
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Figure 5.2: Block diagram of a fullN -port VNA according to [36].

being the network or lumped probe admittance [74]. Conventional concepts
of S-parameter measurements will be introduced in the following sections.

5.1 Heterodyne VNA

A full N -port heterodyne VNA is illustrated in Fig. 5.2 [36], being able to de-
termine the full N -by-N S matrix given in equation (5.3), comprising N VNA
test-sets, at each measurement port. A test-set consists of a directive element,
a signal source and stepped attenuator for level adjustment. The directive ele-
ment provides the separation of incident and reflected wave. The microwave
signal generator delivers a stimulus signal over an appropriate switch to-
wards the measurement ports. The receiver consists of a buffer or amplifier
at its input port, followed by an appropriate filter and mixer stage. If the
local oscillator (LO) operates at frequencies different from the microwave
generator, this VNA structure is named heterodyne. Otherwise a homodyne
structure is given, in case of two coherent signal sources. A brief introduction
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Figure 5.3: Three term error model for one-port network analysis [36].

into homodyne VNAs is given in the next subsection. At the mixer output
ports, analog signals of measurement and reference channel can be gathered
at the IF or they can be further down converted [74] onto a second IF. Finally,
the signals of N measurement channels are provided at N analog to digital
converter (ADC) for conversion into digital domain and further signal pro-
cessing. The digital raw data consists of complex numbers which are given
to a user front end. If no calibration is performed, the explained VNA struc-
ture can be considered as very precise but not accurate, due to systematic
errors. Thus, measuring accurate S-parameters requires an appropriate cal-
ibration procedure. In one-port measurements, basically three error terms
can be addressed by a simple flow-graph, given in Fig. 5.3. Where e00, e11
and e01 = e10 denotes directivity, source-match and transmission-tracking
errors, respectively. Three well-known calibration standards are required to
determine these error terms [36]. The wanted reflection coefficient Γ is sub-
sequently calculated by the measured reflection coefficient ΓM , according
to the following equation [36]. It is further highlighted, that this calculation
is also from the shape of a Möbius transformation with only three unknown
transformation parameters.

Γ =

a︷︸︸︷
1 ·ΓM

b︷︸︸︷
−e00

e11︸︷︷︸
c

ΓM + e10 − e11e00︸ ︷︷ ︸
d

= M(ΓM ) (5.5)

Subsequently, precise and accurate measurements can be carried out. The
introduced VNA concept can be considered as a very general and universal
laboratory instrument. Since the aim of this work is to demonstrate a wide-
band spectroscopy of dielectric materials, an alternative VNA concept has
been investigated for wideband spectroscopy of dielectric materials. In the
following subsections, a brief overview about conventional circuit designs
will be given.
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Figure 5.4:Homodyne two-port VNA operating between 14GHz to 16GHz [43], fab-
ricated on Rogers RO4350 laminate with a hybrid integrated VCO (Hittite
HMC632) with an output power below 12 dBm, feeding an asymmetric 4-
way power divider. A fraction of about 0 dBm drives the LO input port
of each in-phase and quadrature (IQ) mixer (Hittite HMC775). By this
structure a hybrid integrated homodyne VNA has been implemented and
tested. Wiggly line quadrature couplers are applied to provide enhanced
directivity.

5.2 Narrowband Homodyne VNA

Since the introduced, distributed dielectric probes represents only passive
and reciprocal two-port networks, the circuit complexity can be significantly
reduced. With certain drawbacks, a single reference channel can be used.
In Fig. 5.4a, such a simplified block diagram is illustrated. It consists of a
two directional couplers, a free running voltage controlled oscillator (VCO)
(i.e. microwave generator) that provides both: a stimulus signal for the mea-
surement port as well as the LO signal for down conversion. Thus, this VNA
is considered as homodyne VNA. Providing an equal LO power at the mixers
and a different signal strength at the DUT port, an unequal power split has
been implemented. In-phase and quadrature base-band signals are gathered
by six coherent ADCs, providing raw measurement data to a user front-end.
The fabricated hybrid integrated solution is illustrated in Fig. 5.4b. The pre-
sented demonstrator, has only narrow bandwidth due to the utilized compo-
nents, such as power dividers and directional couplers. Those components
are providing full functionality only between 14 GHz to 16 GHz, since they
are based on quarter wavelength conditions. The evaluation of the illustrated
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Figure 5.5: Scalar network analyzer utilized between 5GHz and 20GHz [42], with a
reflectometer fabricated on a four layer Rogers RO4350B and RO4450F
with a nominal thickness of 168µm and 100µm, respectively. The direc-
tive elements were implemented in embedded stripline technology while
power detectors in conventional microstrip technology were connected by
an RPC-2.92 connector (not illustrated above).

structure and its utilization in biomedical applications has already been pub-
lished in [43] and shall not be discussed in this work.

5.3 Wideband Scalar Network Analyzer

Another simplification can be achieved with a so called scalar network an-
alyzer. A scalar network analyzer measures only scalar quantities and net-
work parameters are gathered without any phase information. Considering
the parallel plate capacitor in the previous example, a current variation can
be observed in both, magnitude and phase. The utilization of a scalar net-
work analyzer instead of a VNA allows the monitoring of permittivity vari-
ations. However, the calculation of the complex permittivity is inherently
not possible. A simplified block diagram of a two-port scalar network ana-
lyzer is illustrated in Fig. 5.5a. Comparing this approach with the previous
VNA in Fig. 5.4, one can observe several differences. The total bandwidth is
approximately 15 GHz, enabling the monitoring of an MUT over a wide spec-
trum. The improved bandwidth is basically due to an optimized, wideband
reflectometer, illustrated in Fig. 5.5b, fabricated in a planar four layer tech-
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nology, with embedded microwave strip lines. Further, narrowband IQ mix-
ers could be completely substituted by scalar, wideband microwave power
detectors. From a general point of view, Fig. 5.5 shows a very wideband mea-
surement device with the drawback of not being able to deduce a materials
complex permittivity. Further explanations and experimental results of the
illustrated demonstrator have been published previously in [42] and shall
not be repeated in this work.

5.4 Other Network Analyzers

For the sake of completeness, it shall be mentioned that further VNA con-
cepts exist. They could be divided into the following fundamental differ-
ences. A first concept uses a measurement bridged as directive element,
which replaces the mode coupling of a microwave directive element [36, 52].
Especially at lower frequencies3, the utilization of measurement bridges, in-
stead of directional couplers, can help to reduce the overall size, since mode
coupling is always related to a fraction of the wavelength. The second group
applies pulsed sources instead of sinusoidal oscillators. While the VNAs
shown earlier, are fed by a microwave source, sweeping over the entire spec-
trum, a time domain reflectometer (TDR) approach applies short pulses in
time domain to cover a wide frequency band, instantaneously. Comprehen-
sive investigation on pulsed ultra-wideband techniques shall be referred to
[34, 94, 18, 65, 79, 51]. Both methods, TDR and lumped element measure-
ment bridges are not considered any further in this thesis. In the next chap-
ter, an alternative VNA will be theoretically investigated, providing both,
wide bandwidth and the ability of measuring complex network parameters
and permittivities.

3 The application of monolithic measurement bridges have been published at microwave fre-
quencies as well.
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6 Alternative Vector Network Analyzer

In the 1970s, an alternative approach towards the analysis of vector network
parameter has been introduced by Glenn F. Engen and Cletus A. Hoer. The
most important publications on their alternative VNA have been published
in 1977 [21] [22] [23]. In this day and age, it has been proven, that the Six-Port
gains more and more importance in modern society [54]1.
At this point certain terms and concepts should be clarified. Any arbitrary,
passive circuit, comprising of exactly six microwave-ports, can be considered
as Six-Port junction2. When connecting four ports to power meters, one port
to a stimulus and the remaining port to a DUT, this structure is named Six-
Port reflectometer, while a reflectometer is to be considered a special case of
a general N -port VNA, with N = 1. Vice versa, with a number of N Six-Port
reflectometers, an N -port VNA can be built. If the N -port VNA consists of
at least two Six-Port reflectometers, this structure shall be named Six-Port
network analyzer from hereon.

Different Six-Port junctions have been introduced since the 1970s. How-
ever, the principal functionality of the Six-Port junction can be described as
follows, which is underlined by the illustration of Fig. 6.1. The Six-Port junc-
tion consists of six ports, while at two ports an incident signal is fed into
the underlying junction and will be superimposed in an arbitrary but linear
manner. The power (i.e. a scalar measure) of the two superimposed sinu-
soidal signals is measured at four output ports. Engen and Hoer have shown
that one can deduce the magnitude and phase (i.e. vector parameters) of the
incident signals by only scalar measurements of the four superimpositions.
This has been published as an alternative Six-Port reflectometer as well as

1 A very modern society, consisting of mainly microwave engineers.
2 Like a Six-Pack of beer (SPB) which must consist of exactly six bottles, while the kind and

quality of the beer is still undefined (i.e. arbitrary).

D1 D2 D3 D4

DUT /

MUT

RF-Source

Six-Port-Junction

56

Figure 6.1: Simplified block diagram of a Six-Port reflectometer with port 5 and 6 be-
ing the stimulus and DUT terminal, respectively. D1...D4 denotes the four
power detectors at each output port.
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D1 D2 D3 D4

DUT/ 

MUT

RF-

Source

Six-Port-Junction

a1 a2 a3 a4b1 b2 b3 b4

b6

a6 b5

a5

Figure 6.2: Six-Port reflectometer block diagram with power wave variables at each
port, while for an ideal Six-Port reflectometer, a1 . . . a4 are equal to zero.

Six-Port network analyzer.

6.1 Six-Port Reflectometer

General terms and properties have already been introduced briefly. In Fig. 6.2
a Six-Port reflectometer is illustrated with power waves labeled at each port.
The Six-Port junction is assumed to be a constant and time invariant passive
structure which can be fully described by its 6 × 6 scattering matrix [30].
Thus, the power waves in Fig. 6.2 can be related to the Six-Port S-parameters
by

bi =

6∑
j=1

Sijaj , i = 1 . . . 6. (6.1)

The reflection coefficients at any power detector, denoted as rj , are also con-
sidered as constant and time invariant as shown in equation (6.2) [22].

aj = bjrj , j = 1 . . . 4 (6.2)

Considering equations (6.1) and (6.2) the number of variables are reduced to
two. Now let Γ be the reflection coefficient of the DUT with b = b5 and a =
a5 = Γb than Γ = a/b. By this assumptions, it has been shown elsewhere
that the power wave received at the ith detector can be expressed as denoted
in equation (6.3) [22].

bi = Aia+Bib = bAi

(
a

b
+

Bi

Ai

)
= bAi (Γ− qi) i = 1 . . . 4 (6.3)

Considering equations (6.3) from a general point of view, it states that the
power waves to be measured at each detector is an arbitrary superimposition
of a and b wave variables to and from the DUT. This is basically the math-
ematical notation of the general definition of a Six-Port reflectometer. An
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arbitrary superimposition means, that Ai and Bi can be any complex num-
ber, only depending on the Six-Port inner structure. From now the power
provided at each detector port shall be considered. The measured power Pi

at detector i is proportional to the square of the absolute value of bi and b,
respectively [22].

Pi = |bi|2 = |b|2|Ai|2|Γ− qi|2 (6.4)

P1 = |b|2|B1|2|dΓ + 1|2 (6.5)

In the following, the Six-Port junction shall not be completely arbitrary. One
power detector is assumed to be a reference detector, being independent
from the DUTs reflection coefficient3. Hence, it is assumed that the refer-
ence detector (denoted as detector D1 in this work), receives only a measure
for the power wave a6 or b5, respectively. Thus, A1 can be assumed to be zero
and the according q-value tends to infinity. Then, P1 = |b|2 |B1|2 |dΓ + 1|2
with d = A1/B1 = −1/q1 can be deduced for an perfectly isolated refer-
ence detector. By this assumption for a general Six-Port, one can eliminate
the dependence of the source power or incident power wave, shown in the
following [21, 30].

pi =
Pi

P1
= Ci

∣∣∣∣ Γ− qi
dΓ + 1

∣∣∣∣2 i = 2 . . . 4 (6.6)

with

Ci =

∣∣∣∣Ai

B1

∣∣∣∣2 (6.7)

Equation (6.8) can be interpreted in a graphical manner, while the reference
detector is assumed to be perfectly isolated and thus d = 0 [30].

pi = Ci |Γ− qi|2 i = 2 . . . 4 (6.8)

In Fig. 6.3a equation (6.8) is illustrated for i = 2 . . . 4 while qi is the center
point of a circle with the radius equal to the normalized power pi at detector i.
Thus, one can further denote for the illustrated radius ri =

√
pi
Ci

. Each point
on a circle is potentially the wanted reflection coefficient Γ.

The actual reflection coefficient lays on the intersection point of all three
circles. It can be shown, that in case of d ̸= 0, equation (6.6) is still a cir-
cle due to the properties of the underlying Möbius transformation and the
solution of Γ follows the same procedure. However, the solution of three

3 Referring to the previous footnote, the beer in the presented Six-Pack shall be made of water,
malt and hops (purity order / Reinheitsgebot). Still very general, but not arbitrary.
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q4

(a) Geometric solution

 

a23
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(b) Intersection area

Figure 6.3: Geometrical interpretation of reflection coefficient measurements based
on the Six-Port reflectometer using an intersection of three lines, con-
structed with the measured power circles.

generalized circles could yield ambivalent solutions, i.e. multiple intersec-
tions. The unwanted, but very realistic case, is shown in Fig. 6.3b, for a real
measurement result. One can clearly observe an intersection area, instead
of a single intersection point. However, a solution using three straight lines,
constructed by multiple intersection points yields a unique solution for the
reflection coefficient.

6.1.1 Six-Port Structures

In the previous section, it was shown that one can find the solution of the
desired reflection coefficient Γ in geometrical manner. In an ideal environ-
ment, were no noise and time variance is present, the described procedure
yields a closed solution for most cases. However, from a practical point of
view, noise and minor time variance of the Six-Port reflectometer should
have only minor influence on the determined Γ value. However, it has to be
mentioned, that the deduction of optimal q-values will not lead to a global
optimum in terms of a strict mathematical circuit optimization. Obviously,
one can not derive the optimal operating point or design parameters for an
instrument, being optimal with respect to any system parameter or any user
requirement. Other optimization techniques have been investigated, such
as maximizing the output variation of a Six-Port junction with respect to
a minor change of δΓ at the DUT port. Additionally, one could potentially
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6.1. Six-Port Reflectometer

optimize the operating point of the utilized power meters [20, 30].
However, in the following, the well-known geometrical interpretation and
optimization of q-values position is considered. By simple geometrical in-
vestigations, it is obvious that the position of the q-values (i.e. center points)
have major influence of the determined reflection coefficient, while the po-
sition of the center point is clearly determined by the underlying microwave
passive circuit design. Thus, the q-value can be considered as a quality fea-
ture. For instance, if a Six-Port has been designed where all q-values lay on
the same center point, this would result in an infinite solution of Γ values,
which implies a very poor circuit design4. Another bad Six-Port design could
lead to q-values lying all on a straight line. Hence, the solution of such cir-
cle equations would not be unique. By those considerations, certain require-
ments for optimal q-values have been published in the past [30]. Firstly, the
reference detector should be isolated from any other port. Secondly, the q-
values should be spread in the Γ-plane with a 120 DEG phase difference
(i.e. symmetrically spread). Thirdly, the magnitude of the q-values should
be between 1 and 2 to have sufficient distance of the DUT reflection coeffi-
cient.
By this very general description of the requirements on q-values, clear param-
eters of a microwave design can be derived. This process will be explained
in the following, yielding a so called frequency compensated optimal six port
junction [30]. Such a Six-Port structure is explained first and illustrated in
Fig. 6.4. The junction consists of different power splitter (PS), quadrature
coupler (QC) and line sections (L). In the following, the properties for the
utilized quadrature couplers and line sections are deduced, by neglecting
losses and imperfections of couplers and power splitters. Being c1 the cou-
pling of the first quadrature coupler (QC1) with an electrical length ΘQ, as
well as Θ1 being the electrical length of the first line section (L1), one can de-
rive the incident wave at the DUT with respect to the stimulus power wave
as shown in equation (6.9).

b5 = ja6c1e−j(ΘQ+Θ1) (6.9)

With ΓDUT being the reflection coefficient of the DUT, one can deduce
the reflected power wave equal to a5 = ΓDUTb5. Proceeding this in an analog

4 Referring to the previous footnote, this would be a six-pack of only empty bottles (makes
no sense at all [93]). Unfortunately, the author is not a brewer by profession, thus further
discussion will consider only microwave theory on Six-Port junctions and not the taste of
beer.
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QC1

P6

L2

b1

D1 D2
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PS: power splitter
QC: quadrature coupler
L: line

b5

a5
a6

L1

PS2

to DUT/ MUT

Figure 6.4: Block diagram of an optimal frequency compensated Six-Port junc-
tion [30].

manner, one can finally derive for b1 b2 b3 and b4 as denoted in the following.

b1 =
−jb5t1
c1
√
2

e−j(ΘP+Θ6−Θ1) (6.10)

b2 =
jb5t1c2√

2
e−j(2ΘQ+Θ1+Θ2+Θ3+ΘP)(

ΓDUT − t2
c1c2

e−j(−2Θ1−Θ2−Θ3−ΘQ+Θ6+Θ7)

)
(6.11)

b3 =
b5t1√
2

e−j(2ΘQ+Θ1+Θ2+Θ5+ΘP)
(
t2t3e−j(Θ3+Θ4+ΘQ−Θ5) + jc3

)
(
ΓDUT − −c2t3e−j(−2Θ1−Θ2−Θ5+Θ4+Θ6+Θ7)

c1
(
t2t3e−j(Θ3+Θ4+ΘQ−Θ5) + jc3

) ) (6.12)
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QC: −3 dB / 90 DEG coupler
RF Source

−6 dB / 90 DEG coupler

L4

L2
L1

a5b5

DUT/MUT
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L5 L3

L7 L6

QC4

D1 D2 D3 D4

P6
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Figure 6.5: Block diagram of a quasi-optimal frequency compensated Six-Port junc-
tion [30].

b4 =
b5t1√
2

e−j(2ΘQ+Θ1+Θ2+Θ5+ΘP)
(

jt2c3e−j(Θ3+Θ4+ΘQ−Θ5) + jt3
)

(
ΓDUT − −jc2c3e−j(−2Θ1−Θ2−Θ5+Θ4+Θ6+Θ7)

c1
(

jt2c3e−j(Θ3+Θ4+ΘQ−Θ5) + t3
) ) (6.13)

with t1, t2, t3: coupler transmission coefficient c1, c2, c3: coupling factors
ΘQ, ΘP: electrical length. Θ1...Θ7: electrical line length. As previously de-
scribed, losses are neglected and power dividers are assumed to be symmet-
rical in the above calculations. One can observe that the first port (D1) is
assumed to be the six port reference port. Additionally, the q-values can be
directly observed by

q2 =
t2
c1c2

e−j(−2Θ1−Θ2−Θ3−ΘQ+Θ6+Θ7), (6.14)

q3 =
−c2t3e−j(−2Θ1−Θ2−Θ5+Θ4+Θ6+Θ7)

c1
(
t2t3e−j(Θ3+Θ4+ΘQ−Θ5) + jc3

) , (6.15)

73



Chapter 6. Alternative Vector Network Analyzer

and

q4 =
−jc2c3e−j(−2Θ1−Θ2−Θ5+Θ4+Θ6+Θ7)

c1
(

jt2c3e−j(Θ3+Θ4+ΘQ−Θ5) + t3
) . (6.16)

At this point, the q-values are still not constant and would rotate over the
frequency range. This could effect the quality and reliability of the calibra-
tion and S-parameter calculations. Thus, an optimal frequency compensated
Six-Port reflectometer must fulfill the following requirements [30].

2Θ1 +Θ2 +Θ3 +ΘQ = Θ6 +Θ7 Θ3 +Θ4 +ΘQ = Θ5

If so, a six port is called frequency compensated and can be further simplified
to

q2 =
t2
c1c2

, q3 =
−c2t3

c1 (t2 + jc3/t3)
, q4 =

−c2
c1 (t2 − jt3/c3)

. (6.17)

It has been shown, that a certain selection of q-value positions promise a
better performance in terms of reflection coefficient determination, i.e. clear
intersections will be achieved instead of an intersection area. A magnitude
equal to |qi| = 1.5 is assumed to be optimal as denoted in the following [30].

q2 = 1.5∠0◦ q3 = 1.5∠120◦ q4 = 1.5∠− 120◦ (6.18)

By the previous results, one can calculate the required coupling parameters
for an optimal frequency compensated six port to

c1 = 0.45 ≈ −6.93 dB, c2 =

√
2√
3
≈ −1.76 dB, c3 =

1√
2
≈ −3.01 dB.

(6.19)

By the previous calculations, the optimal hardware design has been derived.
However, the drawbacks of this structure are strong demands to any sub-
component, especially on directional couplers and power dividers. Multi-
ple quadrature couplers with different coupling factors and well matched
power detectors are required [30]. This effort can be reduced by lowering the
design requirements. Which yields another Six-Port reflectometer named
quasi-optimal six port junction, introduced by Engen et al. and shown in
Fig. 6.5.

In this design, no power dividers are required, however the q-values are
still well spread over the Γ plane. It can be shown, according to the previous
calculation, that symmetrical directional couplers are required only with a
coupling factor of −6 dB and −8.34 dB.

q2 = 2∠− 45° q3 = 2∠− 135° q4 =
√
2∠90° (6.20)
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Assuming an equal electrical length for all quadrature couplers, further re-
quirements are

2Θ1 +Θ4 = Θ2 +Θ3, Θ5 +Θ7 = Θ3 +Θ6, (6.21)

defining the length of the utilized transmission lines.

6.2 Wideband Six-Port Components

In the previous sections, two optimal Six-Port circuit designs were analyti-
cally derived in terms of coupling factors and electrical line length. These
optimal design parameters can be applied to the quadrature coupler, power
divider and transmission lines. It shall be mentioned that the proposed wide-
band Six-Port junction differs from published approaches by means of the
application of symmetrical, non-uniform quadrature couplers. This provides
a relative bandwidth of more than 140 %, which exceeds published results
significantly [5]. Since a quadrature coupler can be considered as a key com-
ponent of the presented Six-Port junctions, the fundamentals will be intro-
duced in this section. Followed by a subsection of further wideband compo-
nents, such as power divider and detectors.

6.2.1 Quadrature Coupler

The origin of the term directional coupler is unknown until today [13]. How-
ever, one of the first known publications of a directive element is given by
an US Patent 1615896 by Herman A. Affel in 1922, granted in 1927[1]. It uti-
lizes a long two-wire transmission line in parallel to a quarter-wave two-wire
line with a resistor (load) at one side and a detector circuit at the other side.
By an appropriate design, this junction can clearly operate as a directional
coupler. Later, the first implementation of directive elements were proba-
bly realized as a pair of capacitive probes in a quarter-wave spacing, named
Bethe-hole coupler, invented and patented in the 1940s [13]. In the 1950s, an
exact design theory for tight and loose coupling was given by B. M. Oliver for
TEM waves [71]. Later, in the 1960s, theory’s on cascading an odd number of
multiple line sections for enhancing the couplers bandwidth were published
by E. G. Cristal and L. Young’s paper [17]. Followed by derivations for asym-
metric couplers, patented by Casper and McFarland (c/o Narda Microwave
Corp.), with improvements regarding the insertion loss based on a reduced
coupler length by almost fifty percent5. Further developments in 1966, with a

5 A conventional heterodyne VNA requires broadband directional couplers with almost no
restrictions to its phasing. That means no quadrature property is needed and thus the coupler
length and losses can be significantly reduced.
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continuous line structure were published, improving the return loss by non-
uniform line properties. In the past, major investigations were carried out
on innovative implementations of coupler structures, i.e. coupling aperture,
in a planar microwave hybrid or monolithic integrated technology. Other in-
vestigations addressed multiband quadrature couplers to provide function-
ality only at dedicated frequency bands. Further research was carried out,
considering bandwidth enhancement of branchline couplers by introduc-
ing reactive microwave circuits at the conventional structure [64, 50]. This
yields a relative bandwidth of up to 40 %. As previously presented, a wide-
band Six-Port structure requires directive elements with a 90 DEG phasing
between two ports over the target bandwidth. Thus, basic theory on direc-
tional quadrature couplers will be considered in the following.

A directional coupler is considered to be a four port network from hereon,
while port 1 shall be the input port, port 2 is named through port, port 3 and 4
are coupled and isolated ports. Coupling from one port to two other ports,
while isolating a fourth port, can be considered as a fundamental property
of any directional coupler. Defining a coupling factor k, one can denote the
scattering matrix of an optimal and symmetrical directional coupler as given
in equation (6.22) [74].

S =


0 −j

√
1− k2 k 0

−j
√
1− k2 0 0 k

k 0 0 −j
√
1− k2

0 k −j
√
1− k2 0

 (6.22)

The coupling C, isolation I , directivity D and insertion loss L , all in decibel,
are defined as denoted in equation (6.23). Since in real implementations, a
perfect isolation can not be reached, a quantity is defined, representing the
imperfection of a directional coupler. Another property is named directiv-
ity and is a measure for the difference between coupled and isolated signal
power [74].

C/dB = 20 log(b3/a1) = 20 log(k) I/dB = 20 log(b4/a1)
D/dB = 20 log(b3/a4) = C − I L/dB = 20 log(b1/a2) (6.23)

Coupled Line Directional Couplers

The effect of coupling between a system of parallel conductors is well-known
and deeply investigated in communications engineering, motivated by a
problem named crosstalk [71]. These investigations were intended to elimi-
nate a parasitic coupling rather than using it in a beneficial manner. This will
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be addressed in the following. Considering two parallel stripline conductors
in a homogeneous substrate and assuming a TEM propagation, subsequently
electrical properties of the transmission line system can be determined from
the effective capacitance between the lines Ce, Co and the velocity of propa-
gation vph along the line [73]. The electrical properties in terms of even and
odd mode line impedance Z0e and Z0o is given in equation (6.24).

Z0e =
1

vphCe
Z0o =

1

vphCo
(6.24)

The determination of the effective capacitance requires to make a so called
even and odd mode analysis. This means a separate investigation for even
and odd mode excitation, followed by the superimposition of their results,
while the even and odd mode impedances are given as shown in equa-
tion (6.24). For the even mode, the symmetry of the electric field results in an
effective capacitance equal to the capacitance of a single line to ground Ce =
C11 = C22, where C11 and C22 denotes the single line self capacitance. For
the odd mode, the capacitance between both conductors C12 = C21 must
be taken into account, this yields Co = C11 + 2C12. The capacitance per
unit length is therefore determined by the stripline geometry and dielectric
properties, only [74].

Input Impedance

The result of an even-odd mode analysis with respect to an impedance trans-
formation along the transmission line, results in an expression for the input
impedance, given in equation (6.25). The interpretation of this result means,
that coupling and matching are independent for a directional coupler. In
other words, a directional coupler can be matched to a system impedance Z0

achieving an arbitrary coupling factor k at the same time [73]. This is fulfilled
by equation (6.25) in case of the even and odd mode impedance are equal to
the geometric mean of the system impedance, denoted as the square root of
the product, Z0

!
=

√
Z0eZ0o [74].

Zin = Z0 +
2(Ze

inZ
o
in − Z2

0 )

Ze
in + Zo

in + 2Z0
(6.25)

Coupling - Isolation - Transmission

If the coupling factor k will be defined as denoted in equation (6.26), one
can deduce by further even-odd mode analysis, that equation (6.27) hold for
the voltage coupling V3/V between the terminal voltage V at the incident
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port and the coupled voltage V3 at port 3. Furthermore, the through port 2,
is subsequently expressed as shown in (6.28) also with respect to its termi-
nal voltage V2, followed by the isolation, regarding port 4, which results by
the symmetrical properties of the underlying even-odd mode network as de-
noted in equation (6.29) [73].

k
!
=

Z0e − Z0o

Z0e + Z0o
(6.26)

V3

V
=

jk tan θ
√
1− k2 + j tan θ

(6.27)

V2

V
=

√
1− k2√

1− k2 cos θ + j sin θ
(6.28)

V4 = V e
4 + V o

4 = V e
2 − V o

2 = 0 (6.29)

Frequency Bandwidth and Coupling Factor

In the previous considerations, only the electrical length θ was taken into
account, by considering the scattering parameters. However, the electrical
length is clearly a function of physical line length l, operation frequency f
and velocity of propagation vp as given in equation (6.30) [74].

θ = 2π
l

λ
= 2π

lf

vph
(6.30)

In the following, a physical line length of a quarter-wave λc/4 at the center
frequency fc is assumed, denoted as

l =
λc

4
=

vp

4fc
, (6.31)

which yields

θ = 2π
lf

vph
= 2π

vphf

vph4fc
=

π

2

f

fc
.

By the previous assumptions and simplifications, one can deduce for the
S-parameters of an ideal, backward directional coupler the following prop-
erties with respect to the normalized frequency [74].
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Figure 6.6: Calculated properties of quarter-wave directional couplers.

S =


0

√
1− k2

√
1− k2 cos

π

2
f
fc

+ j sin
π

2
f
fc

jk tan
π

2
f
fc

√
1− k2 + j tan

π

2
f
fc

0

S12 0 0 S13

S13 0 0 S12

0 S13 S12 0


(6.32)

With the previous equations, one can define a 3 dB coupling bandwidth,
according to equation (6.33) [74].

|S31(fgl)| = |S31(fgu)| =
k
√
2

(6.33)

Which results in the following equation for the magnitude of the coupling
factor,

|S31| = k

√
tan4 θ + (1− k2) tan2 θ

1− k2 + tan2 θ
. (6.34)

The above equation is illustrated for a coupling C of −10 dB, −8.34 dB
and −3.01 dB in Fig. 6.6a. It can further be shown, that for a given coupling
factor k, the lower and upper 3 dB cutoff frequency is defined as shown in
equation (6.35). The relative bandwidth B can be deduced by the center fre-
quency and the lower or upper cutoff frequency, respectively. This yields the
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result of equation (6.36).

fgu
fc

=
2

π
arctan

√
1− k2 (6.35)

B = 2

(
1−

fgu

fc

)
= 2

(
1−

2

π
arctan

√
1− k2

)
(6.36)

At this point, the previous equations shall be reviewed from a practical point
of view. It has been shown, that for a quarter-wave coupled line directional
coupler, a fixed bandwidth to coupling factor relation is inherently given
and can not be improved by hardware modifications or design optimization.
The 3 dB bandwidth over the coupling factor is illustrated in Fig. 6.6b, from
zero up to equal power split, i.e. from −∞ dB to −3.01 dB coupling.

Tandem Coupler

Certain applications require high coupling factors. However, those coupling
values make strong demands on the fabrication process. This can be ex-
plained by the relation between the coupling factor k in equation (6.26).
A higher k requires an increased nominator, thus Z0e + Z0o must be max-
imized, while the condition for the required system impedance must be ful-
filled. This is achieved by minimizing Z0o and maximizing Z0e. Since the line
impedances and its capacitances are inversely proportional, the line capaci-
tance must be maximized for strong coupling in case of odd-mode excitation.
This requires minor gaps between two metal layers. Thus, the implementa-
tion process will finally limit the upper coupling value in practical cases. The
appropriate configuration of two couples, denoted by the index 1st and 2nd,
yields the following total coupling coefficient [68].

S31 = S31,1st S21,2nd + S21,1st S31,2nd (6.37)

This means, two directional couplers are connected in series, while the
through path from the first coupler will feed the coupled path of the second
directional coupler. For two identical directional couplers the previous con-
siderations simplify with Sij,1st = Sij,2nd = Sij as shown in equations (6.38).

S31 = 2 S21 S31 = −j 2 k
√

1− k2 S21 = S2
21 + S2

31 = 2 k2 − 1 (6.38)

The utilization of two −8.34 dB directional couplers in series yields a wide-
band −3.01 dB quadrature coupler as shown in the following [68]. A cou-
pling of −8.34 dB yields a nominal coupling factor

k = 10−8.34/20 = 0.383
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Figure 6.7: Concept of a stepped directional coupler.

and thus a total coupling and through path equal to

|S31| = 2 · 0.383 ·
√

1− 0.3832 = 0.71 and |S21| = 2 · 0, 3832 − 1 = 0.71.

Multisection Coupler Design

Since this work targets wideband spectroscopy of dielectric materials, very
broadband measurement devices are of particular interest. In the previous
sub-section, a single directional coupler has been introduced as a key com-
ponent. Those considerations were based on a single quarter-wave condi-
tion. Thus, only a limited bandwidth can be achieved. As mentioned in
the outset, in the mid 1960s, major investigations were focused on multi-
section directional couplers to benefit from an increased bandwidth. Those
techniques will be discussed in the following. Since the underlying appli-
cations (i.e. Six-Port reflectometer or Six-Port network analyzer) require
symmetrical, quadrature directional couplers, only these types will be con-
sidered. An uniform directional coupler then consists of an odd number
equal to N quarter-wave directional couplers, each having the same elec-
trical length θ. The strongest coupling is located at the center of the struc-
ture, while the coupling reduces at the outer cascades. Fig. 6.7 illustrates the
concept while k5 = k3, k6 = k2 and k7 = k1 holds due to the described
symmetry. Since the exact mathematical description of N cascaded direc-
tional couplers is complex, the following analysis will hold only for weak
coupling (kn << 1) [73]. By this assumption, the scattering parameter Sn

31

for the N th directional coupler is given as denoted in equation (6.39). Thus,
it will be assumed, that the entire signal power is transmitted and an addi-
tional fraction is coupled to port 3. This violates the conservation of energy,
however it has been proven to be a useful simplification for weak coupling
sections.

Sn
31 =

jkn tan θ√
1− k2n + j tan θ

≈
jkn tan θ

1 + j tan θ
≈ jkn sin θ · e−jθ ≈ jkn sin θ (6.39)
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Equation (6.40) yields a magnitude equal to one. Hence, the transmitted
signal will only be phase shifted.

Sn
21 =

√
1− k2n√

1− k2n cos θ + j sin θ
≈ e−jθ (6.40)

The total transmission phasing is described by the cascade of N couplers as
denoted in equation (6.40). It can further be shown - by neglecting return
losses - that the total coupling S31 of a cascaded structure can be expressed
as

S31 = 2j sin θe−jNθ

[
k1 cos(N − 1)θ + k2 cos(N − 3)θ + · · ·+

1

2
kn+1

2

]
.

It shall be pointed out, that the relative phasing between the two output
ports, i.e. port 2 and port 3, is independent of the electrical length at this
point. Dividing equation (6.2.1) by equation (6.40) to the N th yields the rela-
tion between the two ports. The argument of this result will be a quadrature
component, being independent of θ, also mentioned in [13]. This can be con-
sidered as a fundamental feature of a coupled line directional coupler com-
pared with a hybrid branch line coupler, commonly used in Six-Port junc-
tions [54]. With the help of equation (6.2.1) one can deduce the unknown
voltage coupling factors kn with n ∈ {1...(N + 1)/2} by further require-
ments concerning the coupler properties. Those requirements are for exam-
ple the total number of cascades N , the voltage coupling factor k at center
frequency, and the coupler response (e.g. equiripple or maximally flat). For a
maximally flat response for instance, the first and second derivative of equa-
tion (6.2.1) must be equal to zero. For a simple three-section coupler with
weak coupling, the synthesis can be done manually by simple calculations.
However, it results in a complex task, if no simplifications or approximations
are made regarding the couplers feedback or coupling strength. This prob-
lem has been addressed by E. G. Cristal and L. Young in their publication
in 1965 on extensive design tables, covering symmetrical multiple-section
couplers up to N = 9, for coupling of −3.01 dB, −6.0 dB, −8.34 dB, −10 dB
and −20 dB [17]. For maximally flat response as well as for equal ripples
of ±0.05, 0.1, . . . ± 1.0 dB6. In the following, two examples of multi-section
directional couplers will be compared. First, a maximally flat approach

6 It shall be mentioned, that two papers from different authors were published in the same
issue and arrived the IEEE Headquarters at the same time, dealing with the same type of
directional coupler prototypes. However, [17] was considerably extensive and can be stated as
standard work today [13].
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Figure 6.8: Calculated coupling factor against the normalized frequency for different
prototypes.

Table 6.1: Relative bandwidth for different number of cascades, coupling factors and
design requirements.

C = −3.01 dB C = −6.02 dB
N max. flat equirip. 0.1 dB max. flat equirip. 0.1 dB
1 122 % 109 %
3 146 % 156 % 138 % 147 %
5 156 % 170 % 150 % 164 %
7 164 % 180 % 156 % 173 %
9 168 % 182 % 162 % 178 %

with N ∈ {1, 3, ...9} has been evaluated according to the corresponding pro-
totypes, published in [17]. Simulation results are illustrated in Fig. 6.8a. Sec-
ondly, a 0.1 dB equiripple responses has also been investigated in simulation
and is illustrated in Fig. 6.8b. It is worth mentioning, that a maximum band-
width growth per section, can be observed from an one to a three section
coupler, i.e. N = 1 → N = 3. This holds for both, the maximally flat and
the equiripple response type. Moreover, in both figures one can observe that
a further increase of cascades will only result in a minor increase of relative
bandwidth. Additionally, it can be shown that the coupling-bandwidth re-
lations, known from equation (6.36) and Fig. 6.6b, holds for multi-section
couplers as well. This is drawn out by Tab. 6.1, where one can also observe
that an equiripple responses yields a larger bandwidth.
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Symmetrical Non-Uniform Coupler

In the previous subsection, multi-section directional couplers were de-
scribed with each section having a constant coupling. This implies an abrupt
step in line impedance or coupling, respectively at the intersection. Those
discontinuities cause an increased return loss, coupling error and directiv-
ity degradation [13]. Tapering the intersection will not solve this problem,
if the taper structure will not be taken into account during the coupler
design process. C. P. Tresselt addressed this problem in his publication in
1966 [91]. Tresselts approach can be described as follows [67] [91]. Firstly, a
uniform cascaded directional coupler is to be selected according to Cristal
and Young [17] with a target coupling factor k. By this, the ripple level and
frequency-bandwidth ratio, the number of steps N and the coupled line
impedances Z0e,n are inherently defined. A trigonometric series can be sub-
sequently derived by applying equation (6.41), while vph is the velocity of
propagation, u the coordinate along the transmission line, l the total cou-
pler length and p(u) is the reflection coefficient distribution in the following
equations.

S31(f) = je−2πj(lf)/vph

·
(N+1)/2∑

n=1

ln
Ze,((N+3)/2)−n

Ze,((N+1)/2)−n
sin

[
2π(2n− 1)

lf

vphN

]
(6.41)

Since Tresselts assumption, i.e. equation (6.41), holds only for weak coupling,
it has been suggested to perform term-by-term coefficient weighting to over-
come this drawback. The weighting factors are calculated according to Tres-
selt by comparison of equation (6.41) with a reference Fourier series, such as
denoted in equation (6.42) [91].

SRef
31 (f) = k0 ·

4

π

∑
n=1

1

2n− 1
sin

[
2π(2n− 1)

lf

vphN

]
(6.42)

A sectional weighted reflection distribution function pw(t) can be gathered
by the multiplication of the corresponding coefficients with equation (6.43),
with k0 being the target coupling factor [91].

p(u) = −
k0

π

sin2(u/2)

u/2
(6.43)

The Sinc function is chosen previously, since it provides a maximum
frequency-bandwidth product. The desired even mode impedance versus dis-
tance function Z0e(u) is subsequently calculated by the integration shown
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Figure 6.9: Calculated directional coupler properties against the distance.

in equation (6.44) [91].

Z0e(u) = exp
(
2

ˆ u

−∞
pw(t)dt

)
(6.44)

The continuous coupling versus distance function k(u) can subsequently cal-
culated according to equation (6.45).

k(u) =
(Z0e(u)/Z0)

2 − 1

(Z0e(u)/Z0)2 + 1
(6.45)

Finally, the total physical length of the coupler can be calculated according
to equation (6.46) [91].

d =
(N + 1)vph

4fc
(6.46)

This underlines that non-uniform coupler require an extra quarter wave-
length in terms of physical length compared with a cascaded directional cou-
pler. At this point, it shall be mentioned that equation (6.41) is a first-order
simplification and valid for weak coupling, only. This fact makes compensa-
tions based on weighting necessary. Therefore Tresselts solution can not be
considered as strict mathematical optimum. However, it shows impressive
results in practical implementations. Tresselts equation is generally based
on the integral relation between the reflection distribution function and the
coupling as given in equation (6.47). Hence, coupling can also be considered
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as Fourier transform of the reflection coefficient distribution function.

S31(f) =

ˆ d

0
e(−j4πfu/vph)p(u)du (6.47)

The function p(u) depends on the even mode impedance Z0e(u) as denoted
in equation (6.48).

p(u) =
1

2

d
du

ln Z0e(u) (6.48)

This implies for a cascaded directional coupler discrete Dirac impulses at
each intersection. Due to the properties of the Dirac impulses and the cou-
pler symmetry, one can write equation (6.47) in the form of equation (6.49)
and finally transform the integral into the sum denoted in equation (6.41).

S31(ω) = −je−j(2πf/vph)l

ˆ d/2

−d/2
sin 4π

f

vp
· p(u) du (6.49)

Synthesis and Implementation

The previous sub-section introduced the requirements for a wideband
quadrature coupler design in terms of coupling or line impedance over cou-
pler length. However, this does not result in the real fabrication design. For
the process of synthesis and implementation, the underlying fabrication
technology (material and geometry) must be taken into account. Afterwards,
one can derive the coupler structure in terms of the fabrication layout data.
This process is named synthesis. Different coupling technologies exist, a fun-
damental overview is given in [74] and shall not be repeated at this point.

In this work, quadrature coupler based on offset parallel coupled lines as
well as an aperture coupling structure are investigated. Both structures are il-
lustrated in Fig. 6.10 and have been realized in different fabrication technolo-
gies. Each stack-up comprises four metal layers denoted as Cu-1 to Cu-4 and
three substrate materials, denoted as Sub-1 to Sub-3. In Tab. 6.2, both tech-
nologies are compared regarding the design of a −8.34 dB and N = 9 section,
non-uniform directional quadrature coupler, while bsubN and tCu−N denotes
the substrate and copper thickness of the N th layer, respectively. Further, the
permittivity and minimal structure size wmin are compared.

The first technology refers to a well-known rapid prototyping process,
based on photolithography, drilling, hot injection and electroplating. The
second technology refers to an experimental thin-film fabrication technol-
ogy, consisting of lamination, laser deposition, seed layer application, pho-
tolithography, electroplating, differential etching.
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Table 6.2: Technology parameter and design rules.

Parameter Technology 1 Technology 2 Unit
Substrate RT/duroid 5880 PerMX3000 n/a

b 338 325 µm
wmin 250 60 µm
bsub1 127 150 µm
bsub2 58 25 µm
bsub3 127 150 µm
sslt,s 58 25 µm
tCu−N 17.5 5 µm
ϵr,sub−N 2.2 3.2 (1)

From Tab. 6.2 one can clearly observe, that the thin-film process allows
minor structure size and line distances, which is required for tight coupling
between offset parallel coupled lines.

These requirements on the fabrication process can be relaxed by applying
an aperture coupled design, which has been proposed by Tanaka in 1988,
illustrated in Fig. 6.10a [87].

Tanaka’s stack-up comprises several advantages for hybrid integrated cir-
cuit design. The placement of a transmission line on the outer substrate,
yields inherently lower material losses, compared to a suspended line on
the same substrate material. This can be simply explained with the TEM
wave properties, which propagates partly in free-space where almost no loss
occur. Secondly, assembling of lumped elements or connectors can be re-
alized without VIAs. Thirdly, tight coupling can be achieved with almost
no restrictions to the minimal line width or clearance. As a disadvantage of
Tanaka’s structure, electromagnetic compatibility (EMC) issues should be
mentioned. Subsequently, a careful circuit and housing design is required,
since fringe fields and radiation might occur and must be taken into account.
Fig. 6.11 illustrates the result of the previously shown integral equation, yield-
ing a continuous even mode impedance over the electric length of the cou-
pler. Subsequently, the odd mode impedance is determined by the system
impedance Z0o(u) = Z2

0/Z0e(u). With the known line impedances, one can
derive a continuous line geometry in terms of line and slot width. Empiri-
cal solutions exist for this procedure, however for an accurate line dimen-
sion at high frequencies, two-dimensional FEM is required. Several quadra-
ture coupler with different coupling factors, lengths and technologies have
been implemented and evaluated. In Fig. 6.12, two coupler designs are il-
lustrated on a slot coupling concept, while the slot (white) is illustrated on
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Figure 6.10: Comparison of coupled line and aperture multilayer stack up. The illus-
trated configuration (a) has been utilized based on conventional fabri-
cation techniques, i.e. high frequency laminates. Directional couplers
based on (b) were fabricated in conventional as well as in thin-film tech-
nology.

metal layer Cu-2 and Cu-3 (both yellow). The corresponding transmission
lines are on metal layer 1 and 4. Fig. 6.12a shows the structure of a maxi-
mally flat, Θ = 10π ≈ 40 mm, k = 6 dB wideband quadrature coupler. A
directional coupler (C = −3.01 dB) has been implemented, based on the
tandem concept introduced before. The resulting structure is illustrated in
Fig. 6.12b, for a fundamental electrical length Θ = 4π ≈ 16 mm, resulting
in a −3.01 dB wideband quadrature coupler. Different fabricated structures
are illustrated in Fig. 6.13. The non-uniform structure for a thin-film direc-
tional coupler is illustrated in Fig. 6.14, based on offset parallel coupled lines.
Fig. 6.14a illustrates a Θ = 10π ≈ 28 mm, C = −8.34 dB quadrature coupler
and Fig. 6.14b shows the corresponding −3.01 dB wideband tandem coupler.
Any fabricated coupling structures has been measured, using a four port con-
ventional VNA from 10 MHz up to 35 GHz. Exemplary measurement results
for −8.34 dB directional coupler are given in Fig. 6.15. The S-parameter of
both couplers are shown on the ordinate, while S11, S21, S31 and S41 de-
notes the matching, transmission, coupling and isolation, respectively. The
slot coupler has been measured after a TRL calibration, with a measurement
plane lying on the circuit board. Subsequently, the thin-film structure has
been characterized, based on an open short match (OSM) calibration at the
connector plane. The fixture correction for the thin-film coupler has been
addressed by the division of the S-parameters of a measured thru line, de-
noted as Sc. By the comparison of Fig. 6.15a and 6.15b one can notice slightly
higher transmission losses for an offset parallel coupled line. The directiv-
ity, i.e. the difference between coupling and isolation, is more than 10 dB up
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(b) Symmetrical three section slot tandem coupler
with C = −3.01 dB

Figure 6.12: Layout of all four metal layers of different slot directional couplers.

to 35 GHz for the thin-film coupler. The coupler matching is less than −10 dB
for both structures over the entire frequency range. For the sake of complete-
ness, it shall be mentioned that flatness of coupling for a slot coupler can
only be measured with an appropriate housing or bond wires, ensuring po-
tential equalisation between the left and right ground metal on layer 2 and 3.
Since quadrature property of the directional couplers is of major interest
for Six-Port junctions, it has been comprised in Fig. 6.16a. An approximately
ninety degree phasing is measured over the entire frequency range starting
from 10 MHz up to 35 GHz. Conventional branch line coupler or lumped ele-
ment coupler can reach this quadrature property approximately over a 20 %
frequency bandwidth [52]. This underlines the advantage of non-uniform
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(a)−6.0 dB quadrature coupler (long).

(b)−8.34 dB quadrature coupler (long). (c)−6.0 dB and −8.34 dB quadrature coupler
(short).

Figure 6.13: Fabricated symmetrical directional couplers in slot line technology
on four layer RT/duroid5880 (top view), with a) −6.0 dB symmetrical
quadrature coupler as nine section (long) version b)−8.34 dB symmetri-
cal quadrature coupler as nine section (long) version for tandem applica-
tions and c)−6.0 dB (left) and−8.34 dB symmetrical quadrature coupler
as three section (short) version, for tandem application as well. The bot-
tom layer looks similar to the illustrated top layer. The inner defected
ground layers (CU-2 and CU-3) are not illustrated. All couplers can be
connected by a 2.4mm end launch connector.

wideband directional couplers for Six-Port junctions.

6.2.2 Power Divider

An optimal frequency compensated Six-Port junction requires wideband
power dividers beside directional couplers. A simple power split could be
implemented by a so called T-junction, with the disadvantage of no isola-
tion between the output ports. Further, not all three ports can be matched
with a simple T-junction. By applying a resistive divider, matching of all three
ports can be achieved over a wide frequency range. However, this resistive
power divider is not loss less and no isolation is given. In 1960, Ernest J.
Wilkinson patented and published an approach for a three port network,
having all three ports matched and with an isolation between the two out-
put ports, known as Wilkinson power divider [97, 98]. The general circuit
concept on an equal split Wilkinson power divider is given in Fig. 6.16b.
The investigation of the illustrated circuit can be completed by an even and
odd mode analysis, where the transmission line on port 1 is separated into
two

√
2 · 50Ω transmission lines in parallel and the 100Ω resistor is consid-

ered as two R = 50Ω resistors in series. By this assumption, one can con-
sider the symmetrical plane as virtual open and ground for even and odd
mode excitation, respectively. The underlying quarter waver transformer is
described in equation (6.50). With Zt, Zin and Zout, denoting the quarter-
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(b) Two nine-section broadside coupled directional
coupler forming a tandem coupler with C =
−3.01 dB

Figure 6.14: Layout of all fourmetal layers of different thin-film broadside directional
couplers on PerMX3000 substrate material.

wave line impedance, input and output impedance, respectively.

Z2
t = ZinZout (6.50)

By this and the even and odd mode analysis of the illustrated circuit, one can
derive the following circuit properties in terms of S-Parameter.

S11 = S22 = S33 = S23 = S32 = 0

Which can be considered as a proof for matching at all three ports and the
isolation of port 2 and 3. By an equal power split one can further denote

S12 = S21 = S31 = S13,

with a 90 DEG phasing from the input two any output port as follows

S21 = − j√
2
.
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Figure 6.15:Measured properties of directional couplers with a nominal coupling
of C = −8.34 dB and comparison of a) slot aperture coupling using
a conventional microwave fabrication technology and b) the implemen-
tation of a broadside coupled thin-film technology on PerMX3000 sub-
strate material. Both measurements were carried out by a four port VNA
from 10MHz up to 35GHz.

These properties result in a scattering matrix for the underlying three port
network, given in equation (6.51).

S =

 0 −j
√
2 −j

√
2

−j
√
2 0 0

−j
√
2 0 0

 (6.51)

The approach of Wilkinson has been expanded by Seymour B. Cohn in 1968
for broadband power division [12]. This is of particular interest for the aim of
this work and shall be briefly introduced in the following. The Cohn power
divider utilizes a Wilkinson power divider as starting point, cascading multi-
ple quarter-wave transformers and isolation resistors in series as illustrated
in Fig. 6.17. In his paper, Cohn proposed an approximated solution for cascad-
ing of up to n = 7 quarter-wave structures. A set of corresponding isolation
resistors Rn which are given in Tab. 6.18b according to [12]. The fabrication
of the final power divider would benefit from the utilization of microwave
resistors with only even values, i.e. commercial off-the-shelf (COTS) resis-
tors. This requirement has been taken into account, together with the imper-
fection of the underlying resistors and quarter-wave structure. Both aspects
yield an optimization problem that has been addressed in [90] and shall
not be investigated at this point. An exemplary result for the optimization,
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Figure 6.16: In Fig. 6.16a the relative relative phase properties of broadside and aper-
ture (i.e. slot) coupled quadrature couplers are compared. The relative
phase is illustrated by means of comparing through and coupled path.
In Fig. 6.16b, the concept of a Wilkinson power divider is shown.
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Figure 6.17: Concept of a Cohn power divider.

regarding the isolation resistor is illustrated in Tab. 6.18b.
The resulting S-parameters are illustrated in Fig. 6.18a for cascad-

ing N = 7 quarter-wave transformers. The abscissa denotes the frequency
from 0 GHz to 30 GHz and the ordinate represents the S-parameters in deci-
bel regarding matching, transmission and isolation. Based on an iterative
synthesis, published in [90], the divider structure can be derived with 3D
FEM simulation tools as shown in Figs. 6.19, where a four and seven sec-
tion power divider is illustrated in microstrip technology. The underlying
layer stack-up consists of a Rogers RT/duroid 5880 substrate material with
a nominal thickness of 127µm, while two metal layers CU-1 and CU-2 are
used as illustrated in Fig. 6.10a. Cohns design approach would require non-
standardized resistors at microwave frequencies. The advanced synthesis-
process is based on discrete values for the resistor domain. Hence, the re-
sistor domain includes {50, 100, 250,∞}Ω. This limited set of resistors can
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N Zλ/4,n Rn

1 56Ω 442Ω
2 60Ω 616Ω
3 65Ω 446Ω
4 70Ω 319Ω
5 76Ω 217Ω
6 83Ω 130Ω
7 88Ω 248Ω

(b) Power divider attributes.

Figure 6.18: Simulation results (a) with numerical optimization and initial values
from Cohn (b).

subsequently be addressed by implementation of arbitrary, i.e. non-quarter
wave, impedance transformers. The line length of the impedance transform-
ers lies approximately within {λ/6 . . . λ/3} for the synthesis process. For a
seven-step power divider, then R1 = R2 = R3 = 250Ω, R4 = R5 =
100Ω, R6 = 50 and R7 = ∞ could be found. It has been further shown, that
only six resistors must be assembled [90]. The four-section power divider
requires only R1 = 100Ω and R2 = R3 = R4 = 250Ω. From a theoreti-
cal point of view, the main difference between a four- and a seven-section
power divider is only the operation bandwidth. This has been verified by
simulation and measurement. However, it shall be underlined, that a rela-
tive narrow bandwidth enhancement, will increase transmission losses sig-
nificantly. Fabricated layouts of the power dividers are given in Fig. 6.20 with
assembled surface-mount device (SMD) isolation resistors and three 2.4 mm
end launch connectors. The resulting S-parameter over frequency are il-
lustrated in Fig. 6.21. The measurement plane has been set after the end
launch connectors by applying a TRL calibration. From the measured results,
one can observe an approximately −3.01 dB power split over the entire fre-
quency range. The seven-section power divider shows an enhanced match-
ing and isolation over wide frequency range, compared with the four-section
divider. However, due to the shorter transmission path, the four-section di-
vider benefits from lower transmission losses, especially at higher frequen-
cies. Since for Six-Port junction, an equal phase split between the two output
ports is required, the phase difference between both output ports is illus-
trated in Fig. 6.22 against the frequency. From the measured results one can
observe an almost linear phasing between both output ports. This can be
explaind by mechanical and calibration tolerances as follows. An effective
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Figure 6.19: Top layer of cascadedmulti-octave power divider. Resistors for port isola-
tion are denoted as R1...4 and R1...7, respectively. However, R7 may not
be assembled due to its theoretically high resistance in a seven section
power divider.

permittivity ϵr,eff = 2.0 is assumed and an approximately 13 DEG phasing
is measured at 35 GHz with a linear slope. The reason for the linear phasing
could be based on a mechanical length offset of approximately ∆l = 150µm
between port 2 and 3. This is within the fabrication tolerance of planar and
coaxial transmission lines. Above 28 GHz further phase ripples can be ob-
served, which can also be neglected. In summary, both power dividers qual-
ify for wideband Six-Port reflectometer.

6.2.3 Power Detector

A central component of the proposed Six-Port reflectometers is the hybrid
integrated microwave power detector. This power detector circuit is a two-
terminal device, intended to rectify an incident microwave signal and sub-
sequently providing a DC output voltage which is in a linear relation to the
microwave power wave. The presented detector circuits are based on a Schot-
tky diode as nonlinear V − I device. In the presented work a brief discus-
sion about Schottky power detector circuits shall be given. However, a com-
prehensive disquisition on detector circuits and Schottky diodes shall be re-
ferred to [74]. The non-linear voltage-current relation of the semiconductor-
metal junction can be expressed as

Is(Vs) = I0 (exp (αsVs)− 1) , (6.52)
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(a) Four sections (b) Seven sections

Figure 6.20: Fabricated multi-octave power divider - ©IEEE [90] on RT/duroid 5880
with nominal thickness of 127µm and 2.4mm end launch connectors.
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Figure 6.21:Measurement S-parameters of cascaded Wilkinson power dividers.

with αs = e/nkT , Vs being the voltage applied over the Schottky barrier, e be-
ing the unit charge in Coulomb, k is Boltzmann’s constant, T is the absolute
temperature in Kelvin, n is an ideality factor of the diode, and I0 is the satu-
ration current [74, 58, 59]. A small-signal approximation with Vs = Vbias+vs
can be derived by the Taylor series of the above equation. Subsequently, for
a zero biased Schottky diode, utilized in this work, one can denote

is(vs) = I0

∞∑
i=1

(αsvs)
i

i!
= I0

(
αsvs +

(αsvs)
2

2!
+

(αsvs)
3

3!
+ · · ·

)
(6.53)

for the small signal v − i characteristic. Assuming a harmonic microwave
voltage vs = vRF cos(ω0t) with a signal magnitude vRF , one can show that
the resulting diode current is a superimposition of ω ∈ {0, ω0, 2ω0, 3ω0, . . .}.
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Figure 6.22:Measured phasing of multi-octave power divider and comparison of a
four and seven section power divider according to Cohn.

An approximated result is given in equation (6.54).

is(vs) = I0
(vRFαs)

2

2 · 2!︸ ︷︷ ︸
DC

+ I0

(
vRFαs

1 · 1!
+

3(vRFαs)
3

4 · 3!

)
cos(ω0t)︸ ︷︷ ︸

ω0

+ . . . . . .︸ ︷︷ ︸
2ω0,3ω0,...

(6.54)
From the previous equation, one can read a direct current component ex-
ists, being in a squared relation to the magnitude of the incident power-
wave. This DC component is also called video current, yielding a video volt-
age vvideo over an appropriate resistor, connected with the diode terminals.
Since the incident power is propotional to the square of microwave magni-
tude i.e. PIN ∼ v2RF , one can subsequently state a linear relation between
the microwave input power and the video voltage or current. This is denoted
in equation (6.55).

vvideo ∼ ivideo ∼ v2RF,in ∼ PIN (6.55)

In Fig. 6.23 the utilized microwave power detector circuit is illustrated in-
cluding the video amplifier stage. The Schottky diode is embedded within
an input and output matching network. The input matching network is re-
alised as T-junction, consisting of a blocking capacitor CIN and a resistor net-
work RT,1 and RT,2. The capacitor decouples any DC components between
the Six-Port junction and the power detector. The resistors are subsequently
tuned to provide well matching over the entire frequency range. The output
network, connected to the remaining diode terminal, is designed to dissi-
pate the microwave currents to ground via CRF . The DC video current yields
a corresponding video voltage vvideo over the video resistor RV . In order to
provide an appropriate output voltage level VDC,out at the ADC between 0 V
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Figure 6.23: Schottky power detector circuit with video amplifier circuit and filter
stage.

and 10 V, the video voltage is amplified by the factor of gv = 1+R2/R1 = 50
This has been realized by a non-inverting operational amplifier as illustrated
on the right-hand side of Fig. 6.23. A second order R − C low pass filter is
implemented, providing a 3 dB cutoff frequency at 22 Hz regarding the am-
plified output voltage VDC,out. For an ideal Schottky-based microwave power
detector, one can deduce the microwave power to DC voltage as a linear rela-
tion given in equation (6.56) with a conversion constant C, which can easily
be related to the diode parameters by the help of equation (6.54).

PIN ∼ vvideo ∼ VDC,out (6.56)

Linearization

In practical applications, the linear relation can only be assumed within a
limited power range. However, assuming linear relation as denoted in equa-
tion (6.56) would yield large residuals as it will be shown in the following.
Subsequently major measurement errors in the subsequent application must
be expected. In order to minimize these errors, different linearization tech-
niques have been introduced in the past, approximating the measured P−V
relation. Commonly, these approaches can be expressed as an exponential
function fe to the base B as denoted in equation (6.57).

PIN ∼ Bfe (6.57)

Where the exponent fe = fe(Vc) is a voltage dependent polynomial func-
tion of the degree n. With Vc = (VDC,out − V0)/gv being the corrected output
voltage, by taking the video amplification gv and the zero point correction V0

into account. A summary of published approaches is given in Tab. 6.3.
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Table 6.3: Comparison of power detector mathematical relations.

Author B fe (Vc)

Hoer et al. [37] Vc 1 +
n∑

i=1
aiV

i
c

Zhaowu et al. [99] 10
n∑

i=1
ai [ln (Vc + 1)]i

Potter et al. [72] exp
n∑

i=1
aiV

i
c

This work Vc

n∑
i=1

ai
k
√

V i
c

∣∣
k∈N∧k<n

Embedded Linearization

The above mentioned functional relations between the incident power and
the output voltage requires the determination of a set of n unknown poly-
nomial coefficients ai. In this section, the calculation of these parameters is
explained by considering the embedded power detectors within the Six-Port
reflectometer. Several source power levels are to be adjusted to gather an ap-
propriate number of (Pi, Vi) combinations to solve the set of n exponential
equations fe, given in Tab. 6.3. This can be implemented by connecting dif-
ferent DUTs at the Six-Port reflectometer to ensure that the entire output
voltage range will be covered [30]. Since the underlying Schottky power de-
tectors are embedded into the Six-Port junction, the incident power at each
detector is unknown. Due to the linear properties of the Six-Port junction,
the incident power is clearly in a linear relation with the adjusted source
power Psrc. In Fig. A.3 the signal source power is illustrated against the mea-
sured output voltage for different DUTs, namely (O)pen (S)hort and (M)atch,
while the output voltage VDC,out is given for source power levels between
0 mW to 14 mW. In a subsequent step, one P − V curve is selected for each
detector, providing the maximum output voltage. The other curves are not
considered from now on and can be discarded. The selected curves can be
observed from Fig. 6.24, where the source power is illustrated against the
compensated video voltage Vc, being in the range of mV. Zero point correc-
tion is performed by determining the output voltage V0 for zero input power.

In a subsequent step, the exponent fe(Vc) as a function of the compen-
sated video voltage Vc is calculated by applying the logarithm to both sides
of equation (6.57) as given in equation (6.58).

fe(Vc) ∼
log(PIN )

log(Vc)
∼ log(Psrc)

log(Vc)
(6.58)
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Figure 6.24:Measured microwave power against output voltage for selected detec-
tors and terminations.

The right part of equations (6.58) consists of measured and/or adjusted quan-
tities. The aim of the fitting procedure is to minimize the residuals of the
measured and fitted exponent fe(Vc). Applying the method, introduced by
Hoer [37], yields the polynomial curve fits in Fig. 6.25. In this figure, the mea-
sured exponents are illustrated against the compensated video voltage as
dashed lines and a least squares fitting for ai according to Hoer [37] are illus-
trated as solid lines. One can clearly observe a sufficient approximation for
both, the optimal and quasi-optimal Six-Port reflectometer. However, under-
and overshoots due to the polynomial approach can be observed for any de-
tector and any Six-Port reflectometer. This can even be clarified by show-
ing the residuals against the compensated video voltage, given in Figs. 6.25c
and 6.25d. The oscillations around the measured curves due to the polyno-
mial fitting can be clearly observed. In this work, an alternative approach
has been implemented, taking the measured curve properties of fe(Vc) into
account. Since the measurement of fe(Vc) bears similarity to common root
functions, a curve fitting based on x1/k = k

√
x is proposed. This can be stated

as the sum given in Tab. 6.3 and explicitly denoted in equation (6.59), where
the fourth root, i.e. k = 4 has been selected.

12∑
i=1

ai
4

√
V i
c = a1

4
√

Vc + a2
4
√

V 2
c + a3

4
√

V 3
c + a4Vc + . . .+ a12V

3
c (6.59)

The resulting approximation for fe is illustrated in Figs. 6.26a and 6.26b,
where the measured and fitted curves are plotted as dashed and solid lines,
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Figure 6.25:Measured (dashed) and polynomial fit (solid) according to [37] with n =
12 exponents against the detector output voltage, illustrated in (a) and
(b). Residuals of the polynomial fit according to [37] with n = 12, illus-
trated in (c) and (d).

respectively. The residuals of the proposed approach are illustrated for the
optimal and quasi-optimal Six-Port reflectometer in Figs. 6.26c and 6.26d.
One can clearly observe the benefit of the introduced fitting method, since
the residuals are close to zero and significantly reduced compared to known
techniques [37]. For the sake of completeness it shall be underlined, that the
presented power detector linearization is intended to minimize the residu-
als in terms of V to P approximation. Other techniques, regarding minimal
noise or temperature variance were introduced in the past, but are not in the
focus of this work.

6.3 System Implementation

The components (i.e directional coupler and power divider) of a common
Six-Port reflectometer were introduced in the previous chapter, including
a widespread design approach of an optimal and quasi-optimal frequency
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Figure 6.26:Measured (dashed) and proposed fitting function of the exponent (solid)
with k = 4 and n = 12 against the detector output voltage. Residuals of
the least square error fitting with k = 4 and n = 12.

compensated Six-Port reflectometer structure. With the help of these com-
ponents, a wideband Six-Port junction is presented in the following. The
implementation of an optimal and quasi-optimal Six-Port reflectometer will
be introduced based on the illustrated designs in Fig. 6.27, where an optimal
and quasi-optimal Six-Port is shown on the left and right side of Fig. 6.27,
respectively.

6.3.1 Layout and Fabrication

Both Six-Port reflectometers are fabricated on Rogers RT/duroid 5880 four
layer stack-up, introduced in a previous section in Fig. 6.10a. For simplifica-
tion, all metal layers are mapped to the same color at the illustrated floor
plans. Both circuit designs require an external microwave source, which is
not part of this work. The microwave source signal is coupled into two paths
by the first directional coupler. A fraction of approximately 6 dB is applied for
excitation of the DUT port. The remaining source signal is simultaneously
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passed through, towards detector 1,2,3 and 4. Detector 1 is the reference de-
tector. This means that the received power at detector 1 depends only on
the source power and is inherently independent of a DUT reflection coeffi-
cient. Subsequently, the DUT reflection and the source signal are superim-
posed and measured at the remaining three microwave power detectors. One
can further observe that the quasi-optimal Six-Port approach benefits from
lower component complexity, since only two different quadrature couplers
are required, as one can observe from Fig. 6.27b. The applied quadrature
couplers are based on the introduced tandem concept. In Fig. 6.27a, one can
further observe the utilized Wilkinson power dividers, where both are fab-
ricated on different layers, i.e top and bottom metal layer. The microwave
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Figure 6.27: Simplified fabrication layout of different Six-Port reflectometers.

power detectors are implemented also on the top and bottom layer, respec-
tively. Providing DC voltage for the incident microwave power, followed by
a low pass filter, video amplifier and a further filter stage. The power supply
for the operational amplifier (video amplifier) is equal to ±10 V. The am-
plifier circuit is based on a non-inverting, rail-to-rail low noise operational
amplifier with a voltage gain of gv = 50. The analog output signals are con-
nected to a data acquisition (DAQ) unit with a valid voltage input level be-
tween 0 V and 10 V. The second order low-pass filter with a cutoff frequency
of 22 Hz has been implemented by assuming a 7.5 kΩ video resistance of the
power detectors. The video filter has to be chosen by the underlying applica-
tion scenario. Since spectroscopy of dielectric materials is considered to be
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a near time-invariant measure, a narrow video bandwidth can be chosen,
enabling measurements with low noise. For both Six-Port reflectometers,
an appropriate brass housing has been designed, illustrated in Fig. 6.28a.
It shall be pointed out, that the housing does not require any absorption
material for EMC issues. Rather, housing resonances are avoided by an ap-
propriate cavity design, with respect to the entire circuit and the cavity res-
onance equation fmnl = c0/(2π

√
µrϵr)

√
(mπ/ac)2 + (nπ/bc)2 + (lπ/dc)2

and m,n, l ∈ {0, 1, 2...} [74]. Where ac, bc, dc are the cavity dimensions of
the microwave housing in x, y, z direction. One can observe from the disas-
sembled lid in Fig. 6.28a, that the cavity dimensions are designed to ensure
the first resonance frequency fr,min to be larger than the maximum oper-
ational frequency fmax. One can further observe from Fig. 6.28a, that the
microwave input (signal source) and output (DUT) ports are connected by
a 2.40 mm male four hole square flange. The video output detector voltages
are connected to the DAQ system illustrated in Fig. 6.28 by sub miniature ver-
sion A (SMA) cables. The DAQ system provides an 8-channel differential 18-
Bit ADC, interconnected with a Blackfin controller, illustrated in Fig. 6.28b.
All eight channels are simultaneously sampled, therefore two Six-Port reflec-
tometers can be measured at the same time.

104



6.3. System Implementation

RF-source

DUT port 1

(and cal. unit)

Housing (top)

Power supply

Baseband outputs

6-Port-Junction

Video-amplif.

(a)Quasi-optimal Six-Port reflectometer.
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Figure 6.28: Fig. 6.28a shows the quasi-optimal Six-Port reflectometer, implemented
on Rogers RT/duroid 5880. It comprises four quadrature couplers with
C = −3.01 dB realized as tandem coupler with C = −8.34 dB and a
further −6.0 dB directional coupler at the source port. The planar hy-
brid integrated circuit is embedded in a brass housing, while the lid has
been disassembled for the photo picture. The proposed sliding calibra-
tion kit connected at the RPC-2.4 four hole flange on the right part of
Fig. 6.28a. Analog output signals are fed by four coaxial lines towards
theDAQ,which has eight synchronized ADC input ports (coaxial), while
in Fig. 6.28b the fabricated main board is illustrated, comprising an ap-
propriate power supply unit and a stacked DSP and ADC board. The in-
tegration of the demonstrator in a aluminum housing is illustrated in
Fig. 6.28c.
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6.4 Calibration

In one of the previous chapters the fundamental Six-Port equation has been
introduced and derived as shown in equation (6.60). With pi being the power
reading at the ith detector normalized to the received power at the reference
detector, denoted as P1 in the following. Measuring an unknown reflection
coefficient Γ of a DUT, can be subsequently interpreted in graphical manner
by the intersection of three circles.

pi =
Pi

P1
= Ci

∣∣∣∣ Γ− qi
dΓ + 1

∣∣∣∣2 i = 2 . . . 4 (6.60)

The above equations define the reflection coefficient Γ by three equations,
related to the normalized power readings. The circle radii can be directly
measured. However, eleven unknown system parameters remain in equa-
tion (6.6). The unknowns are qi and d (complex constants) and Ci (real con-
stants). These system parameters must be determined by an appropriate cal-
ibration procedure with well-known calibration standards.

The most common method has been published by Glenn F. Engen [22] in
1978. Later, especially in the 1990s, several techniques based on his approach
were released [96, 83, 70]. Engen proposed a separation of the calibration
procedure into two parts.

Firstly, equation (6.60) is to be simplified in a way that only five un-
knowns remain in the set of three equations. This simplification can be ex-
ecuted by a Möbius transformation of the underlying problem from the Γ-
plane into a virtual ω-plane. Calculation of the five unknown system param-
eters can be subsequently performed by means of arbitrary sliding termi-
nations. For this procedure, the reflection coefficients need not be known
exactly.

In the second calibration step, the six unknowns regarding the proposed
Möbius transformation are to be determined using three well-known calibra-
tion standards. Open, short and matched circuits could be applied for this
task. A Möbius transformation of equations (6.6) is carried out. This reduces
the actual Six-Port junction to an ideal four port junction, being connected
with a DUT in the ω-plane. Subsequently, the wanted reflection coefficient Γ
is determined by an inverse Möbius transformation. The constants of the in-
verse transformation were previously obtained by three well-known calibra-
tion standards. This can be interpreted in graphical manner, as illustrated in
Fig. 6.29. The advantage of Engen’s approach is clearly, that not all unknowns
of equation (6.6) must be determined simultaneously by well-known calibra-
tion standards. The transformation into the virtual ω-plane can be explained
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hicle sliding contacts.

as follows. It has been shown, that the transformation yields the set of equa-
tions given in (6.61), while pi are the normalized power readings at the ith

power detector. Z, R, ω1 and ω2 are constants, representing the inner struc-
ture of the Six-Port junction.

p2 = |ω|2 Zp3 = |ω − ω1|2 Rp4 = |ω − ω2|2 (6.61)

The equations in (6.61) can also be interpreted as three circles, while their
intersection yields the reflection coefficient in the ω-plane and can subse-
quently be determined by the inverse transformation into the Γ-plane as
illustrated in Fig. 6.29. Since the imaginary part of ω1 is set to zero by defini-
tion, only five parameters are to be calculated. Those are Z,R and ω1, being
real constants, as well as the real and imaginary part of ω2 = u2 + jv2. It has
been shown by Engen that one can eliminate ω from equations (6.61) which
results in equation (6.62).

Ap22 +BZ2p23 + CR2p24 + (C −A−B)Zp2p3 + (B − C −A)Rp2p4

+(A−B − C)ZRp3p4 +A (A−B − C) p2 +B (B − C −A)Zp3

+ C (C −A−B)Rp4 +ABC = 0

(6.62)
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with

A = |ω1 − ω2|2 , B = |ω2|2 , C = ω2
1. (6.63)

The inverse Möbius transformation from the ω- to the Γ-plane can be de-
noted as given in equation 6.64, while additionally three complex unknown
constants are to be determined.

ω =
aΓ + b

cΓ + 1
(6.64)

This subsequently requires a set of three well-known calibration standards
(e.g. open short matched).

6.4.1 Calibration in the ω-Plane

From a theoretical point of view, the Six-Port reflectometer can be calibrated
by the introduced equations. Gathering a set of at least five non-linear equa-
tions, in the shape of (6.62), a numerical solution for Z, R, A, B and C a
solution can be obtained. In order to minimized the residuals and ensure
the convergence of these numerical solutions, the initial guess of the above
mentioned parameters is of major importance. Since the equation must be
fulfilled for any DUT connected to the Six-Port, one could find a solution
for the five unknown parameters by connecting a number of arbitrary but
different calibration standards to the Six-Port reflectometer. However, it has
been shown in the past, that a termination ωcal (i.e. sliding reflect) with a
constant reflection magnitude |ωcal| and well spread phase properties can
help to find an initial guess or even determine the unknown system param-
eters. In other words, reflection coefficients lying on a circle in the Γ- as
well as ω-plane are helpful for the initial calibration. Therefore, a sliding ter-
mination has been designed and fabricated in this work, as illustrated in
Fig. 6.30. The inner structure of the calibration unit consists of a grounded
coplanar waveguide on Rogers RT/duroid 5880 substrate material with a
nominal thickness of 127µm. The implemented waveguide, with Zl = 50Ω,
is connected with a 2.4 mm male end launch flange. A sliding braided cop-
per, well-known from slot cars7, also illustrated in Fig. 6.30, has been used
as sliding reflect at microwave frequencies. The bottom of the sliding car-
riage is in contact with the top of the coplanar transmission line yielding
an almost constant reflection magnitude with tunable phasing. The mini-
mum applicable frequency is set by the physical length of 80 mm and the

7 Patent DE3800568
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Figure 6.31:Measured output power during dual tone calibration at 6GHz with a
dual tone offset frequency∆f = ±1Hz for Sdut = 256 raw data samples
gathered by aNadc = 18 bit resolution. Both circuits (optimal and quasi-
optimal) Six-Port junctions were driven by two conventional laboratory
signal sources.

applied dielectric material for the transmission line. Thus, the fabricated slid-
ing termination can be applied from 1.4 GHz up to at least 30 GHz. At the
upper frequency limit, three and three-fourth turns are required to cover an
entire 360 DEG phase shift. This ensures sufficient accuracy to adjust even
minor phase shifts. If numerous frequency points shall be measured, the
calibration unit can further be automated by a step motor, driving the illus-
trated lead-screw. Another approach for virtually sliding terminations has
been published by Li et al. in 1996 [57]. His work addressed the aim of a con-
stant reflection coefficient with tunable phasing by means of a dual-tone ap-
proach. This concept has been successfully applied in this work and shall be
briefly explained in the following. Instead of a passive load with Γcal = b/a,
a second carrier is utilized in order to synthesize a virtual (i.e. active) re-
flection, with b = |b| exp j (2πf2t+ ϕ2). The source signal is assumed to
stimulate the DUT with an incident wave a = |a| exp j (2πf1t+ ϕ1). It is
supposed that slightly different frequencies f1 and f2 can be neglected in
terms their influence on the system constants in equation (6.62). A time vari-
ant, virtual termination can subsequently be observed, as denoted in equa-
tion (6.65), with a constant speed of rotation ∆f . The preservation of circles
is assumed as particular case of the underlying Möbius transformation. Sub-
sequently, it can be stated that circles in the Γ-plane are mapped onto circles
in the ω-plane and vice versa. This becomes clearly when Γcal(t) is set into

109



Chapter 6. Alternative Vector Network Analyzer

equation (6.60). The rectified power signals at three detectors of the Six-Port
reflectometer are subsequently time variant sinusoidal signals, as long as the
second carrier is applied. For an ideal Six-Port junction, the reference detec-
tor should be independent from the DUT (i.e. second carrier) and thus the
power reading at detector D1 is assumed to be time invariant.

Γcal(t) =

∣∣∣∣ ba
∣∣∣∣ exp j (2π∆ft+∆ϕ) (6.65)

The raw power readings for Detector D1 to D4 have been sampled using
an 18 bit ADC and are illustrated against the sample number (i.e. time) in
Fig. 6.31, where the power readings are denoted in mW for an optimal and
quasi-optimal Six-Port reflectometer at an exemplary frequency of 6 GHz.
In total, 1001 frequency points (NOP ) were observed between 1.0 GHz
and 33 GHz. One can clearly identify Detector 1 as the systems reference de-
tector from Fig. 6.31, with a power reading being nearly constant over time.
In the subsequent section, D1 will be used as a reference detector and power
readings at D2, D3 and D4 will be normalized to D1. In Fig. 6.32, the received
power at D1 to D4 is illustrated for an excitation at 30 GHz. At this upper fre-
quency, the reference detector is not perfectly isolated anymore. Thus, one
can clearly observe the oscillation power at D1. However, as it will be shown
later, a robust calibration can be performed despite of the weak isolation.

Initial Estimates for Z and R

In Fig. 6.33, the ω-plane is illustrated with the corresponding circle for the
reflection coefficient ωcal of a sliding termination. As mentioned above, the
special case of a Möbius transformation is considered, where circles are
mapped onto circles in both domains. The initial estimates for the unknowns
in Engen’s equations were investigated by several authors. In this work, the
methods proposed by Neumeyer et al., Stumper et al. and Wiedmann et
al. [70, 83, 96] are used and shall be briefly explained. Basically the extrema
of the normalized power readings pi for a sliding termination ωcal are con-
sidered by the underlying techniques. With the law of cosines, any point on
the ωcal circle in Fig. 6.33 can be denoted as follows, while d0, d1 and d2 are
the length of the vectors ⃗ω0w, ⃗ω1w and ⃗ω0w, ⃗ω1w, with w denoting the center
of the calibration circle in the ω-plane.

p2 = d20 + r2 − 2d0r cos α (6.66)

Zp3 = d21 + r2 − 2d1r cos (α− φ1) (6.67)

Rp4 = d22 + r2 − 2d2r cos (α− φ2) (6.68)
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Figure 6.32:Measured output power during dual tone calibration at 30GHz with a
dual tone offset frequency∆f = ±1Hz forSdut = 256 raw data samples
gathered by aNadc = 18 bit resolution. Both circuits (optimal and quasi-
optimal) Six-Port junctions were driven by two conventional laboratory
signal sources.

The constant magnitude of the sliding termination is denoted as |ωcal| and α
is the angle ∠ω0wωcal. ϕ1 and ϕ2 represent the angles ∠ω0wω1 and ∠ω0wω2.
Engen has shown, that α can be eliminated from equations (6.66) to (6.68),
which yields equation (6.69) [22].

X1p
2
i + 2X2pipk +X3p

2
k + 2X4pi + 2X5pk + 1 = 0

i, k = 2, 3, 4; i ̸= k (6.69)

The set of equations are elliptical-shaped in the pi − pk-plane and linear for
the introduced elliptical parameter Xi with i = 1 . . . 5. In a subsequent step,
the unknowns X1...5 are to be determined by measuring sufficient samples
of the sliding termination, with constant magnitude and well spread phas-
ing. After X1...5 are determined, one can deduce the extrema of the elliptical
curves in the pi − pk-plane by equation (6.70)

pi,ext =
X2X5 −X3X4 ±

√
(X2X5 −X3X4)

2 −
(
X1X3 −X2

2

) (
X3 −X2

5

)
X2X3 −X2

2
(6.70)

At this point, the calibration procedure of Wiedmann differs from Stumper
and Neumeyer, with the aim of being more robust. Since an ellipse in
the pi − pk-plane might be very flat compared with other i− k combination,
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Figure 6.33: Sliding terminations in the ω-plane [96], with transformed q-points in
a way that one q-point is located at the origin and another is set to the
real axis per definition. The reflection coefficient of a sliding termina-
tion in the ω-plane is illustrated as dashed line for a constantmagnitude.
Exemplary a single reflection coefficient is illustrated as ωcal, laying on
the dashed calibration circle. The distance form this point to the trans-
formed q-points is equal to√

p2,
√
Zp3, and

√
Rp4, respectively.
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Figure 6.34:Measured pi−pk ellipses for the estimation ofR andZ for multiple nor-
malized power constellations and different exemplary frequencies. For
the solution of R and Z, the extrema of the illustrated ellipses must be
determined.

it is of major interest to choose a well-shaped ellipse for the determination
of the extrema. Wiedmann has shown, that for an arbitrary linear combi-
nations of pi and pk equation (6.69) is still valid and a numerical solution
of equation (6.70) could become more robust. In Fig. 6.34, the measured
ellipses at 6 GHz and 30 GHz are illustrated. The extrema of the plotted el-
lipses could be directly read from Fig. 6.34. However, the analytical solution
exists for this problem, denoted above. If the minima and maxima for any
power ratio are determined, the parameter Z and R can be calculated. From
equation (6.66) to (6.70) as well as from Fig. 6.33, one can deduce that the
following difference of the maxima and minima are equal to the diameter of
the ω-circle.

√
p2,max ∓

√
p2,min =

√
p3,max ∓

√
p3,min

=
√
p4,max ∓

√
p4,min

= 2r (6.71)

Thus, it follows,

Z =

(√
p2,max ∓

√
p2,min

√
p3,max ∓

√
p3,min

)2

, R =

(√
p2,max ∓

√
p2,min

√
p4,max ∓

√
p4,min

)2

. (6.72)

Since the corresponding calibration circle might include or exclude the
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Figure 6.35:Measured system constants Z and R based on the evaluation of the
above ellipses and the extrema extraction. Regardless of the residuals, all
values are illustrated in a) for the optimal and b) for the quasi-optimal
Six-Port reflectometer. Especially, in a) significant discontinuities can
be read out, while b) is comparably smooth.

origin O, ω1 or ω2, one has to choose the corresponding sign, in the above
equations. The ex- or inclusion of a center point requires a negative or pos-
itive sign, respectively. This will be further investigated in an experimental
section. At this point, only a passive, sliding termination is considered and
therefore the negative sign is to be chosen. Especially the described dual-
tone calibration requires faithful handling of the sign problem. In this work,
it is proposed to calculate any possible solution and choose the final solu-
tion by means of minimum residuals in equation (6.62). The corresponding
system constants R and Z as solution of equation (6.72), are illustrated over
the entire frequency range for the optimal and quasi-optimal Six-Port reflec-
tometer.

Initial Estimates for A, B and C

In a further calibration step, three system parameter A, B and C are calcu-
lated, while the approach of Wiedmann and Stumper differs at this point.
Wiedmann introduced three new values QA, QB and QC for the deduc-
tion of the remaining calibration parameters. These auxiliary quantities are
calculated by linear combinations of p2 to p4, according to equation (6.66)
to (6.68), denoted in the following three equations.

QA = Rp4 − Zp3 = d22 − d21 − 2r (d2 cos (α− φ2) + d1 cos (α− φ1)) (6.73)
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QB = p2 −Rp4 = d20 − d22 − 2r (d0 cos α+ d2 cos (α− φ2)) (6.74)

QC = Zp3 − p2 = d21 − d20 − 2r (d1 cos (α− φ1) + d0 cos α) (6.75)

By using the law of cosines and the relation
k1 cos (αφ1) + k2 cos (αφ2) = k cos (α− φ) with

k =
√
k21 + k22 + 2k1k2 cos (φ2 − φ1) φ = arctan

k1 sin φ1 + k2 sin φ2

k1 cos φ2 + k2 cos φ2

Wiedmann has shown, that equations (6.73) to (6.75) can be written as de-
noted in the following equations.

QA = Rp4 − Zp3 = d22 − d21 − 2r
√
A cos (α− φA) (6.76)

φA = arctan
d2 sin φ2 − d1 sin φ1

d2 cos φ2 − d1 cos φ1
(6.77)

QB = p2 −Rp4 = d20 − d22 − 2r
√
B cos (α− φB) (6.78)

φB = arctan
−d2 sin φ2

d0 − d2 cos φ2
(6.79)

QC = Zp3 − p2 = d21 − d20 − 2r
√
C cos (α− φC) (6.80)

φC = arctan
d1 sin φ1

d1 cos φ1 − d0
(6.81)

A graphical solution, based on measurements with an optimal and quasi-
optimal Six-Port reflectometer is illustrated in Fig. 6.36, where an example
at 6 GHz and 30 GHz has been selected. Since QA, QB and QC are of the same
shape as p2, p3 and p4, they can now be solved by the same method, i.e. de-
duction of elliptical extrema. This yields finally the parameters A, B and C
while the radius can be determined from equation (6.71) as given in (6.82).

A =

(
QA,max −QA,min

4r

)2

B =

(
QB,max −QB,min

4r

)2

C =

(
QC,max −QC,min

4r

)2

r =

√
p2,max ∓

√
p2,min

2
(6.82)

By using the set of equations, given in (6.63), one can derive the remaining
unknowns as denoted below, while again a sign must be determined by an
appropriate procedure.
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Figure 6.36:Measured power ratio illustrationsQA,QB ,QC at 6GHz and 30GHz.

ω1 =
√
C + j 0 ω2 =

B + C −A

2
√
C

+±j
√

B − u22 (6.83)

At this point, the initial estimates for the system constants are defined. By
these results, the Six-Port reflectometer can be fully calibrated in the ω-plane.
The unknown reflection coefficient ω = u + jv can be found by solving
equations (6.61), given in equation (6.84) and (6.85).

u =
p2 − Zp3 + ω2

1

2ω1
(6.84)

v =
p2 −Rp4 + u22 + v22 − 2uu2

2v2
(6.85)

The analytical solution shall be clarified by the measured power circles
and system constants illustrated in Fig. 6.38a and Fig. 6.38b, for 6 GHz
and 30 GHz respectively. The unique intersection can be clearly obtained
even at the upper frequency, where degradation in isolation occurs.

6.4.2 Transformation into Γ-Plane

The transformation from ω-plane into Γ-plane yields the actual reflection
coefficient Γ of an unknown DUT. As previously mentioned, this transforma-
tion is a special case of a common Möbius transformation and requires three
unknown parameters to be determined by well-known calibration standards
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Figure 6.37:Measured system constants A, B and C as initial estimates.
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Figure 6.38:Measured power circles at a) 6GHz and b) 30GHz with highlighted in-
tersection point ωDUT for a quasi-optimal Six-Port reflectometer. The
power circles were constructed by the determined Six-Port parameters
ω1, ω2, R and Z, respectively. A clear intersection point could be deter-
mined at lower and higher frequencies.
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Figure 6.39:Measured power at a reference detector for OSM calibration standards.
As expected by theory of the reference detector, the output power de-
pends only on the frequency but not on the connected DUT or calibra-
tion standard. From b) one can clearly observe the area of operation of
the directional coupler, since a significant power drop can be readout at
approx. 2.5GHz and 32GHz.

such as open, short and match. A set of three well-known calibration stan-
dards Γcal,i with i = 1 . . . 3 yields a set of three equations given in (6.86),
with ωmeas,i being the measured reflection coefficient in the ω-plane for
the ith calibration standard.

0 = −ωmeas,i (1 + cΓi) + aΓi + b i = 1, 2, 3 (6.86)

For three different calibration standards, equation (6.86) has a unique solu-
tion for a, b and c. Thus, the Möbius transformation is defined as denoted in
the following.

Γ =
b− ω

cω − a
(6.87)

The corresponding OSM power readings have been illustrated in Fig. 6.39
and Fig. 6.40, for the reference detector and an arbitrary measurement de-
tector.

6.4.3 Verification of the Calibration

In order to verify the above mentioned calibration process, several offset
standards were measured afterwards. Since the calibration process is based
on a numerical solution of a non-linear equation, the convergence with a
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Figure 6.40:Measured power at a non-reference detector for OSM calibration stan-
dards. As expected by theory,the output power alternates with the fre-
quency as well as with the connected calibration standard. Especially
in a) one can clearly observe the area of operation of the directional
coupler, since the dependence of the output power versus frequency and
DUT increases significantly at approx. 3GHz and drops at 28GHz.

valid solution is not inherently given. The correctness of the system param-
eters must be verified. This has been implemented by the measurement of
a further approximately known reflection coefficient and determining the
residuals of equation (6.62). If the solution of equation (6.62) exceeds a well-
defined threshold, this frequency point will be discarded by an error flag. The
resulting error flags are illustrated in the appendix of this work, in Fig. A.2
for the optimal and quasi-optimal Six-Port reflectometer over the frequency
range.

Further measurements have been carried out, verifying the calibration
procedure over a wide frequency range. This can be determined by the
Smith chart in Figs. 6.41a and 6.41b the results for the magnitude and phase
properties, given in Fig. 6.42 and 6.43. [t]

6.5 Calibration of a Two-Port VNA

In the previous section, the Six-Port reflectometer concept has been ex-
plained. By applying multiple Six-Port reflectometers, one can form a multi-
port VNA instead of a single reflectometer. Since a two-port VNA is of ma-
jor interest for transmission based material characterization, this structure
(named Six-Port network analyzer) will be explained in the following. The
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Figure 6.41: Verification of the calibration in a Smith chart by means of offset mea-
surements, connected to the a) optimal and b) quasi-optimal Six-Port
reflectometer. Measured over the entire frequency range, except of the
frequency points where the calibration residuals of Engen’s equations
are above the defined threshold. A female-female through adapter has
been connected to the underlying OSM calibration standard, providing
a 82 ps offset.
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Figure 6.42: Verification of the reflection magnitude for selected DUTs over a multi-
octave frequency range with neglected frequency points bymeas of resid-
ual comparison against the defined threshold.
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Figure 6.43: Verification of the reflection phase for offset (S)hort and (O)pen stan-
dards.

fundamentals of an Six-Port network analyzer are introduced for the simpli-
fied case of a linear and reciprocal DUT. The block diagram of a Six-Port
network analyzer is shown in Fig. 6.44. The source signal is split through a
power divider and fed into two Six-Port junctions through a variable network.
In order to provide a number of k signal source constellations to each of the
two Six-Port reflectometers, a stepped attenuator and/or a phase shifter can
be utilized [30]. As one can observe from Fig. 6.44, this constellation violates
the fundamental definition of S-parameter, because both DUT ports will be
simultaneously stimulated. However, this has no impact on the measured

Power Divider

 

Six-Port-

Junction 1

Six-Port-

Junction 2

DUT/

MUT

D1 D1D2 D3 D4 D4 D3 D2

a1

b1

a2

b2

A1 A2ϕ 

1 2

Figure 6.44: Block diagram of a Six-Port network analyzer with single microwave
stimulus.
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network parameters in case of a linear and passive DUT is investigated. For
the power waves towards each Six-Port reflectometer one can denote the fol-
lowing matrix equation, while Sij represents the two-port S-parameters of
the DUT. [

b1k
b2k

]
=

[
S11 S12

S21 S22

] [
a1k
a2k

]
(6.88)

It is assumed that both Six-Port reflectometer are fully calibrated in the Γ-
plane. Thus, in the constellation of two Six-Port reflectometers shown in
Fig. 6.44, each of the reflectometers will obtain a virtual reflection coeffi-
cient. This can be denoted as follows, with k being an arbitrary source signal
constellations and i the port number.

Γik =
bik
aik

i = 1, 2 (6.89)

By introducing the auxiliary variable gk = a2k/a1k one can rewrite (6.89) as
Γ1k−S11 = gkS12 and Γ2k−S22 = S21/gk. The variable gk can be eliminated
by multiplication of the previous equations, which yields the following set
of results.

(Γ1k − S11) (Γ2k − S22) = S12S21 (6.90)

The solution for the product of reflection coefficients yields equation (6.91),
while ∆ = S11S22 − S12S21 is defined as determinant of the scattering ma-
trix [30].

Γ2kS11 + Γ1kS22 −∆ = Γ1kΓ2k (6.91)

Equation (6.91) is of fundamental importance for the determination of the
unknown DUTs scattering matrix. It consists of only three unknowns, those
are the both true reflection coefficients and the determinant of the scattering
matrix. From a practical point of view, a set of at least three equations from
the shape of (6.91) must be gathered, using at least k = 3 signal source con-
stellations in Fig. 6.44. If more than three constellations are obtained, equa-
tion (6.91) can be solved in least-square sense, minimizing the measurement
errors. Since for a reciprocal DUT the transmission coefficients are equal, one
can deduce for the magnitude of S21 the relation given in equation (6.92).

|S12| = |S21| =
∣∣∣√S11S22 −∆

∣∣∣ (6.92)

For the phase of the transmission coefficients, equation (6.93) to
(6.94) can be derived, with φ1 = arg (Γ1k − S11), φ2 = arg (Γ2k − S22) and
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Figure 6.45: Block diagram of a Six-Port network analyzer with a second microwave
stimulus.

φg = arg (gk), while φ1 and φ2 are known by measurements of the virtual
reflection coefficients.

φ12 = arg (S12) = φ1 − φg (6.93)
φ21 = arg (S21) = φ2 + φg (6.94)

For the reciprocal case, the equations above can be resolved accordingly,
with n being an unknown integer value, determined by a further measure-
ment of an approximately known calibration standard.

φ21 =
φ1 + φ2

2
+ nπ n = 1, 2, . . . , N (6.95)

φg =
φ1 − φ2

2
+ nπ n = 1, 2, . . . , N (6.96)

The phase measurements can be simplified by resolving equation (6.95)
with utilization of equation (6.91), yielding a expression for the transmission
phase, given in equation (6.97).

arg (S12) = arg (S21) = arg
(√

S11S22 −∆
)
+ nπ

n = 1, 2, . . . , N. (6.97)

In the previous calculations, at least three arbitrary constellations of attenu-
ators and phase shifters are required. Thus, it is proposed in this work, that
the effort of attenuation and phase shifting can be reduced by the utilization
of a second carrier, illustrated in Fig. 6.45. By this constellation, the deter-
mination of the five system constants (A, B, C, Z and R) is also possible
for the single reflectometer. The output frequencies of the first and second
signal source are denoted as f1 and f2 with f1 ≈ f2. Analog to the dual-tone
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Figure 6.46:Measured reflection and transmission parameters with the presented
Six-Port network analyzer.

calibration, shown in the previous section, the calibration of a Six-Port net-
work analyzer can be derived. The delta frequency ∆f = f1 − f2 should be
selected that S(f −∆1) ≈ S(f +∆1) is fulfilled and the frequency difference
is small compared to the cutoff frequency of the video circuit. The virtual
reflection coefficient at each reflectometer can subsequently be denoted as
given in the following equation.

Γi(t) =

∣∣∣∣ ba
∣∣∣∣ exp j (2π∆ft+∆ϕ) i = 1, 2 (6.98)

The rectified power readings are subsequently related to the beat fre-
quency ∆f = f1 − f2 and multiple samples for equation (6.91) can be gath-
ered and an overdetermined set of equations can be formed.

6.5.1 Verification of a Two-Port Calibration

Analog to the previous section, the calibration process has been verified
by means of measuring further offset calibration standards. The results for
the reflection and transmission coefficients are illustrated in Fig. 6.46. A
widespread method for the verification of two-port VNAs can be performed
by means of determining the S-parameter of a so called Beatty-Standard [36].
Those standards consist of a 50Ω transmission line with 25Ω inner section,
resulting in periodical oscillations of the S-parameters over the frequency.
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6.5. Calibration of a Two-Port VNA

This evaluation has been applied in numerical simulations with the real S-
parameter of the Six-Port junction. The results are illustrated in Fig. 6.47.
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Figure 6.47: Verification of the calibration algorithm with a Beatty-Standard, con-
nected in a circuit simulator to the measured Six-Port junction S-
parameters, with neglectable detector noise or other imperfections.
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7 System-Level Demonstration

The proposed system demonstrators were tested in different measurement
scenarios. In the first experiments, the Six-Port reflectometers were utilized
in combination with lumped sensors, followed by measurements on dis-
tributed probes. The demonstrated combination of Six-Port reflectometer
and distributed sensor shows outstanding results regarding the sensitivity
despite contactless (i.e.non-invasive) measurements. Both Six-Port architec-
tures, optimal and quasi-optimal Six-Port reflectometers, are compared in all
measurements. Finally, a two-port VNA has been implemented, comprising
two single Six-Port reflectometers. Subsequently, a transmission based, two-
port distributed probe, could be investigated by means of complex S21 = S12

measurements. Since the entire system comprises numerous system param-
eters, an overview of the underlying parameter values is provided in Tab. 7.1.
Prior to all measurement, a full calibration was performed. Thereby, all gath-
ered S-parameters can be shown in the following. This calibration consists of
the following steps. Firstly, a power detector linearization was performed at a
single frequency of 6 GHz. In order to ensure a sufficient power swing at each
detector output, different terminations were utilized. The input power was
logarithmically increased over 40 dB, providing sufficient steps for the 12th-
order linearization. Secondly, the internal system parameters of the Six-Port
junction are determined by means of a dual-tone calibration. Thirdly, three
well-known calibration standards are measured, enabling an error-box cali-
bration. The well-known standards are either open, short and load or three
arbitrary but different calibration liquids. However, due to the properties
of a Möbius transformation, any material calibrations could have been car-
ried out in the ω-plane as well, yielding same results. The nominal frequency
range of the proposed system demonstrators lies between 2 GHz and 28 GHz.
It shall be further underlined, that the utilized coaxial probe can be uti-
lized at 500 MHz up to 50 GHz [2]. Since valid measurements could be car-
ried out beyond the target frequency range, all measurement results are pre-
sented between 100 MHz to 33.1 GHz. For microwave stimulation, a conven-
tional signal source was utilized in all experiments [3]. Within this frequency
range, 1000 linearly spaced frequency points are gathered with a frequency
spacing of 33 MHz. The detector video voltages are converted using a 18 bit
ADC. With an averaging, denoted as Sdut, of eight samples per frequency
point. The sweep time of the entire system was measured to 400 s. The bot-
tleneck has been identified, being the utilized bus-interconnect to the labo-
ratory signal generator, which is not part of this work.
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Table 7.1: Software defined system parameters.

Description notation value unit
Supply voltage Vsupply ± 10 V
Voltage gain factor G 50 1
3 dB video bandwidth Bvideo 22 Hz
Samples for pow. calibration mode Slin 128 #
Samples for OSM calibration mode Serr 128 #
Samples for dual tone calibration mode Sdual 4096 #
Samples for measurement mode Sdut 8 #
Offset frequency for dual tone calibration ∆f 1 Hz
Frequency for linearization flin 6 GHz
Calibrated power range ∆Pdet,cal 50 dB
Start frequency fstart 100 MHz
Stop frequency fstop 33.1 GHz
Power loss compensation function Pout(f) ∝ f2 -
Resolution (ADC) Nadc 18 (or 16) bit
Number of frequency points Nf,points 1001 #
Frequency step size fstep 33 MHz
Sweep time Tsweep 400 s

7.1 Six-Port Reflectometer with Lumped Probe

Experiment Description

In the following experiment, both Six-Port reflectometers were connected
with a conventional coaxial probe (2.4 mm connector) from Agilent Tech-
nologies [2]. The coaxial probe was directly connected to the Six-Port cali-
bration plane. Both Six-Port reflectometers were calibrated and the result-
ing measurement plane was set to the 2.4 mm flange connector. Material
samples were prepared and subsequently applied within appropriate test
tubes. Those are air, short, DI water, ethanol, methanol, water-isopropanol,
cola and diet cola. Samples were measured multiple times, while raw ADC
output data has been recorded for all samples. Measurements on air, short
block and DI water were subsequently used for material calibration. Numer-
ical post processing has been performed in Matlab. The S-parameter, are
illustrated in Fig. 7.2 and Fig. 7.3 against the frequency, for magnitude and
phase, respectively. The dynamic range of the observed S-parameters is more
than 20 dB at 33.1 GHz. Frequency gaps can be observed at the optimal Six-
Port reflectometer due to the divergence of the Six-Port calibration at certain
frequency points. S-parameters have been discarded in case of significant
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Figure 7.1: Block diagram of system demonstrator and laboratory setup for coaxial
measurements.

residuals after calibration. The general span of all obtained S-parameters
(magnitude) is plausible and within the expected range [2]. Same holds for
the phasing, illustrated in Fig. 7.3, while both architectures yield comparable
results. A phase shift of roughly 180 DEG can be observed for the short block.
The measured reflection coefficients for water, cola and diet cola showing
reasonable similarity.

Results

Based on the measured reflection coefficients and the introduced calibration
process, spectroscopy of dielectric materials can be performed. Exemplary re-
sults are given for the optimal and quasi-optimal Six-Port reflectometer sep-
arately by means of Cole-Cole diagram, real and imaginary part of the conju-
gate complex permittivity. Least-square parameter estimation has been de-
rived for the relaxation curves as well as for the Cole-Cole plots. Fitted curves
are illustrated as dashed and dotted lines over an extra- and interpolated fre-
quency range. The curve parameters are given in Tab. 7.2.
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Figure 7.2:Measured S-parameter magnitude by coaxial probe and Six-Port reflec-
tometer with different liquid samples, gathered by themeasurement setup
illustrated in Fig. 7.1.

Table 7.2: Relaxation parameter estimation for the real-part, based on coaxial mea-
surements with optimal Six-Port reflectometer.

Mixture ϵr,stat ϵr,∞ frelax αcc

EP 42.4838 4.6774 0.8071 0.0410
MP 39.3925 6.6787 2.7708 0.0130
WI 49.1823 6.8899 4.0925 0.0646
CP 77.2878 3.7992 15.7115 0.0541
DC 79.4482 3.7974 17.9961 0.0000
WP #2 80.4473 4.6409 17.0441 0.0000

Discussion

Wideband spectroscopy of dielectric materials, based on Six-Port reflectome-
ter, has been successfully proven for both architectures. Both Six-Port re-
flectometers enable considerable measurements on different samples, with
relative permittivity between water and air within a frequency from 2 GHz
to 28 GHz. From both hardware demonstrators, dielectric properties of five
exemplary samples were obtained. The amount of sugar in cola could be
clearly determined, since the permittivity is significantly reduced, due to the
gain of viscosity. Diet cola showed similar properties to water samples. Per-
mittivity measurements of ethanol, methanol and water-isopropanol over
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Figure 7.3:Measured S-parameter phasing by coaxial probe and Six-Port reflectome-
ter with different liquid samples, gathered by the measurement setup il-
lustrated in Fig. 7.1.

Table 7.3: Relaxation parameter estimation for the real-part, based on coaxial mea-
surements with quasi-optimal Six-Port reflectometer.

Mixture ϵr,stat ϵr,∞ frelax αcc

EP 36.2001 4.5014 0.7725 0.0746
MP 35.0747 6.6271 3.1243 0.0000
WI 47.2917 7.0225 4.1599 0.0505
CP 77.8463 4.3353 15.0088 0.0582
DC 79.4463 4.7916 17.4694 0.0000
WP #2 80.4942 5.3004 16.6218 0.0000

the entire frequency range were successfully demonstrated. By comparing
the measurements of an optimal and quasi-optimal junction, an increased
noise level can be apparently obtained at the optimal design. However, this
should not be generalized and can not be considered as characteristics for
the optimal Six-Port reflectometer. The estimated relaxation parameters are
comparable with the known results from literature. However, especially the
static permittivity has been derived with significant difference in all three
parameter estimations. This can be explained, by considering the extrapola-
tion, since the static permittivity represents the sample property at DC. From
a practical point of view, the low-frequency permittivity should be measured
using appropriate low frequency techniques. At higher frequencies, derived
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Figure 7.4: Cole-Cole plot based on the previous S-parameter measurements. Illus-
trated as imaginary part against the real part, for different MUTs, where
solid marks represent measured values and thin dashed and densely dot-
ted circles represent the corresponding least square-error fitting of a Cole-
Cole circle function (dashed) or a relaxation curve fitting (densely dotted).
Results are presented for an optimal Six-Port reflectometer and different
liquid samples at frequencies up to 28GHz.

parameters are well fitted and comparable to results, given by other publica-
tions.

7.2 Six-Port Reflectometer with Distributed Probe

Experiment Description

A distributed probe (one-port) comprising of a transmission line with re-
flect (open or shorted) end was utilized in this experiment. The PTFE tube
(AWG-06) was fixed within an aluminum housing on top of the distributed
sensor structure. In order to ensure appropriate sensitivity and dynamic re-
quirements, the effective length of the distributed sensor structure was de-
fined to 50 mm. The temperature of the sample medium was monitored in-
side the reservoir (but not controlled) during this experiment. All samples
were handled by the peristaltic pump with 0 ml/min (deactivated pump)
and 200 ml/min pump rate during microwave measurements. The measure-
ments were performed with identical liquid samples for both Six-Port ar-
chitectures. However, environmental conditions (relative humidity, ambi-
ent and MUT temperature) changed during measurement. Further, it has
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Figure 7.5:Measured real part of the conjugate complex permittivity by coaxial probe
and optimal Six-Port reflectometer with different liquid samples.

to be ensured that the utilized tube is sufficiently flushed between two sam-
ple materials. The output voltages of the four power detectors were gath-
ered by the introduced DAQ unit and post processed in Matlab. For the sake
of completeness, all calibrations (Six-Port, error box and material calibra-
tion) have been performed, by means of dual tone, OSM and well-known
material samples. Subsequently the complex reflection constant can be de-
rived as intermediate results, shown in Fig. 7.11 and Fig. 7.12, for magnitude
and phase, respectively, where the illustrated phase has been normalized
to the phase properties of air. Thus, only the relative phase ∠S11/S

AP
11 is

denoted in the lower figure, comprising the relevant information. The mea-
sured S-parameters are almost identical for both Six-Port architectures and
are plausible in terms of magnitude and phase. Minor differences could be
explained by frequency points where the non-linear calibration was not con-
verted or environmental conditions changed. The plausibility can be proven
by comparing different MUTs with an increasing permittivity (e.g. from air
over methanol to water). From a theoretical point of view, this would yield
an increase of the effective permittivity and subsequently in an increased
propagation constant β and attenuation constant α. Subsequently, reflection
magnitude and phase response is expected to decrease. By these qualitative
considerations, the measured S-parameters can be considered as plausible
within the nominal frequency range from 2 GHz to 28 GHz. The measured
S-parameters showed a dynamic range of up to 20 dB at 33.1 GHz, which can
be clearly covered by the proposed hardware demonstrators.
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Figure 7.6:Measured imaginary part of the conjugate complex permittivity by coax-
ial probe and optimal Six-Port reflectometer with different liquid samples.

Table 7.4: Relaxation parameter estimation for the real-part, based on distributed
probe measurements with optimal Six-Port reflectometer.

Mixture ϵr,stat ϵr,∞ frelax αcc

ME1 33.1043 4.8210 0.8836 0.0000
ME2 45.7299 5.2036 0.9885 0.0000
ME3 36.3764 5.5533 1.5959 0.0400
IP 66.2301 3.6665 0.4600 0.0000

Results

With the help of three well-known calibration materials (e.g. air, methanol
and ethanol), the reflection coefficient can be mapped on complex relative
permittivity. The measured conjugate permittivities for five different MUTs
(three different methanol-ethanol mixtures, isopropanol and air) are illus-
trated against a logarithmic frequency axes in Fig. 7.13 and Fig 7.14, by means
of real and imaginary relaxation process. Additionally, the least squares fit-
tings are illustrated as dashed and dotted lines in the same figure. The cor-
responding estimations for ϵr,stat, ϵr,∞, frelax and αcc are provided for all
MUTs.

Discussion

Measurement results below 1 GHz and beyond 30 GHz were discarded for
both Six-Port junction. Comparing the optimal and quasi-optimal Six-Port
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Figure 7.7:Measured Cole-Cole plot by coaxial probe and quasi-optimal Six-Port re-
flectometer with different liquid samples.

Table 7.5: Relaxation parameter estimation for the real-part, based on distributed
probe measurements with quasi-optimal Six-Port reflectometer.

Mixture ϵr,stat ϵr,∞ frelax αcc

ME1 28.8045 5.0456 1.6346 0.0008
ME2 37.3890 5.1181 1.4502 0.0533
ME3 32.8701 5.8153 2.5164 0.0008
IP 38.7478 3.3176 0.7101 0.0000

reflectometer, one can state reasonable results for both architectures. Espe-
cially in the nominal frequency range, starting from 2 GHz, the measured
results are sufficient for the prove-of-concept. By comparing the real part
of measurements on isopropanol, the results gathered by the quasi-optimal
design yields the expected relaxation curve. Measurements with the opti-
mal Six-Port junction yield a flat curve only. The relative permittivity for
measurements on air (Mix-AP) is expected to be equal to one. The measure-
ment results stated a slight difference from one, which might be due to rema-
nent water inside the tube. Critical interaction between an active peristaltic
pump and measurements on spectroscopy of dielectric materials could not
be obtained in the entire measurements. The concept has been proven to be
robust against flow speed of the MUT or EM coupling (e.g. pulse-width mod-
ulation (PWM) of the peristaltic pump motor). The experiment shall be con-
sidered as prove-of-concept regarding wideband Six-Port based spectroscopy
of dielectric materials. Since the sample temperature was not regulated and

135



Chapter 7. System-Level Demonstration

0 5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

90

Frequency (GHz)

Re
[ϵ
∗ r
]

Mix-EP Mix-MP Mix-WI Mix-CP Mix-DC Mix-WP

Figure 7.8:Measured Debye plot, i.e. real part against the frequency, for different
MUTs, where solid marks represent measured values and thin dashed
and densely dotted lines represent the corresponding least square-error
fitting of a Cole-Cole circle function (dashed) or a relaxation curve fitting
(densely dotted). Results are presented for a quasi-optimal Six-Port reflec-
tometer and different liquid samples at frequencies up to 28GHz.

subsequently measurements were carried out at varying room temperature
(292 K to 299 K). Therefore, results in terms of relaxation parameters shall
not be considered as highly accurate. Sensitivity could even be improved,
since the dynamic range of the hardware demonstrators exceeds the dynamic
range of the fabricated sensors. Applying a longer effective line length of the
sensor would result in more sensitive sensor structure, on the expense of
dynamic range.

7.3 Six-Port Reflectometer with Resonant Probe

Considering previous contactless measurements on liquid MUTs, the sen-
sitivity reduces by a growing wall-thickness of the tube. At a thickness of
several hundred micrometers or even millimeters, the weighting factor and
field magnitude inside the MUT falls below a measurable threshold. Thus,
no measurements could be carried out in this case. The following experiment
shall prove the feasibility of contactless dielectric measurements through a
wall of 1 mm thickness. Results for a optimal and quasi-optimal Six-Port are
identical, thus only measurements of an optimal Six-Port reflectometer are
presented.
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Figure 7.9:Measured imaginary part of the conjugate complex permittivity by coax-
ial probe and quasi-optimal Six-Port reflectometer with different liquid
samples.

Experiment Description

The Six-Port reflectometer was connected with a modified test tube holder,
consisting of a fixture with a microwave half-wave resonator at the bottom.
The design of a half-wave structure, takes advantage of an increased pen-
etration through any wall or MUT. The utilized polystyrene test tubes of-
fer a wall-thickness of 1 mm. In order to avoid any reflections of the radi-
ated field at the liquids surface, a sufficient filling level should by ensured.
The frequency span has been reduced to 10 GHz, with a starting frequency
of 6.5 GHz to an upper frequency of 16.5 GHz. This frequency range has
been selected, based on the half wave condition of the resonant structure,
centered at about 15.5 GHz (without MUT and test tube). Due to new fre-
quency points, Six-Port linearization, a dual tone and OSM calibration was
repeated for the presented experiment. The linearization has been carried
out at 13 GHz and dual tone calibration is performed with an frequency off-
set equal to 3 Hz. A total number of 501 frequency points were measured,
implying a frequency step size of 20 MHz. Point averaging of the video out-
put signal was set to 128 samples, while total of eight MUTs were measured.

Results

Five different reflection coefficients for the gathered MUTs are illustrated in
Fig. 7.15, with magnitude and phase against the frequency, while a 1.2 GHz

137



Chapter 7. System-Level Demonstration

 

Peristaltic
pump

Magnetic stirrer &
Temperature control

MUT

90°

+10V

-10V
GND

18 bit ADC

DSP

Ethernet

Sensing area

Six-Port-Junction

V
id

eo
 a

m
p

.

Video signals

D
e

t.

Port 1R
F-

So
u

rc
e

co
ax

ia
l l

in
e

D
A

Q
 U

n
it

Figure 7.10: Block diagramof systemdemonstrator and laboratory setup for one port,
distributed measurements.

frequency window has been magnified for illustrating the reflection coef-
ficient in decibel. Since radiation is not taken into account by any of the
presented material measurements, only the reflection coefficient could be
measured with the help of a resonant structure.

Discussion

The reflection coefficient is clearly different from zero at the resonance fre-
quency and shows a characteristic phasing over the presented frequency
range. Those observations are certainly based on radiation losses. However,
the approach benefits clearly from the increased fringing field, being sen-
sitive against any change of the MUT. The measured reflection coefficient
shows a considerable sensitivity against the wall thickness. At 15.4 GHz
the measured samples result in a change of the reflection magnitude of up
to 3 dB and more than 15 DEG in phase. Finally, it can be stated by this ex-
periment, that even very low concentration changes could be determined by
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Figure 7.11:Measured S-parameter magnitude, based on the measurement setup il-
lustrated in Fig. 7.10. With an applied distributed probe and Six-Port re-
flectometer for different liquid samples.

this approach.

7.4 Six-Port Network Analyzer with Distributed
Probe

Distributed probes can be designed as single or multi-port dielectric sen-
sor. Measuring a transmission- instead of a reflection coefficient could be
accompanied by certain advantages, mainly based on an enhanced isolation
between the incident and receiving path of the utilized VNA or Six-Port net-
work analyzer. In the following a prove-of-concept for two-port spectroscopy
of dielectric materials based on two Six-Port junctions shall be given. It shall
further be clarified if spectroscopy of dielectric materials could take advan-
tage of extensive two-port measurements.

Experiment Description

The overall measurement setup is illustrated in Fig. 7.16. The RF probe con-
sists of a 50 mm distributed sensor section on a four layer Rogers RT/duroid
5880 laminate. The probe section is connected by two 90 DEG bends and
two 2.4 mm flanges, mounted on a aluminum housing. The housing com-
prises of a main frame with lid and bottom fixture. Test samples are pro-
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Figure 7.12:Measured S-parameter phasing by distributed probe and Six-Port reflec-
tometer with different liquid samples.

vided in a 200 ml reservoir pumped through the sensing structure by a peri-
staltic pump. The sample temperature was monitored during the entire ex-
periment, but not controlled. Temperature sensor was placed inside the
reservoir. Any measurement was carried out with active and inactive peri-
staltic pump. Both Six-Port reflectometer were linearized and calibrated
separately, as presented earlier. Subsequently, the two-port calibration has
been carried out. For the dual tone calibration, 4096 samples of the raw
data were converted with an 18 bit resolution at each frequency point. The
dual tone offset frequency has been set to 3 Hz. After an appropriate cali-
bration, a total of 1001 linear spaced frequency points were measured be-
tween 100 MHz and 33.1 GHz. Eight different MUTs were subsequently ap-
plied, while three well-known materials are used for calibration. These ma-
terials are air, ethanol and methanol. Complex S-parameters by means of
reflection and transmission coefficient were subsequently derived for any
sample. Those are illustrated in Fig. 7.17a and Fig. 7.17b, for its magnitude
and phase. Nearly no reflections are expected for the transmission line sen-
sor, only the phase of the transmission coefficient is illustrated. For the sake
of clarity, the transmission phase has been normalized to the phasing of an
air filled tube. The measured reflection coefficient is below −15 dB over the
nominal frequency range for all investigated MUTs. At 28 GHz, the inser-
tion loss of a water loaded sensor is approximately −25 dB. The S-parameters
could be treated as very plausible, since increased losses can be observed for
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7.4. Six-Port Network Analyzer with Distributed Probe
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Figure 7.13:Measured real part of the conjugate complex permittivity by distributed
probe and Six-Port reflectometer with different liquid samples.

Table 7.6: Relaxation parameter estimation of the real part, based on measurements
with Six-Port network analyzer and distributed probe.

Mixture ϵr,stat ϵr,∞ frelax αcc

ME2 27.3930 5.1934 7.2402 0.0000
EP #2 29.2425 4.6883 3.1773 0.0000
EP #3 22.3493 4.2903 4.2834 0.0000
IP 32.7270 3.0060 1.7681 0.0082
WI 30.2008 5.0670 3.9305 0.0002

MUTs with stronger permittivity.

Results

From the obtained S-parameter, the complex permittivity could be calcu-
lated. Those results are illustrated for the real and conjugate imaginary part
over a logarithmic frequency axis in Figs. 7.18a and 7.18b, respectively. Mea-
surements are illustrated as single solid points. Based on the obtained data,
a least square curve fits was carried out and being illustrated in both figures
as dashed or dotted line. The derived relaxation parameters are denoted in
Tabs. 7.6 and 7.3.
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Figure 7.14:Measured imaginary part of the conjugate complex permittivity by dis-
tributed probe and Six-Port reflectometer with different liquid samples.

Discussion

With an increased ethanol concentration, a lower static permittivity and re-
laxation frequency could be observed in all measurements. From a molecular
point of view this reflects the underlying theory. Isopropanol, the largest-
sized investigated alcohol molecule, has the lowest relaxation frequency.
However, by comparing the measured data with the Debye or Cole-Cole re-
laxation curve, one can clearly observe a significant variation of the mea-
sured data between 1 GHz and 4 GHz. At higher frequencies, up to 30 GHz
measured data follow the relaxation curve as known from theoretical inves-
tigations. Several MUTs were measured multiple times, the resulting per-
mittivity for pure ethanol (Mix-EP) in the second (#2) and third (#3) run
is also illustrated. In this case, the obtained repeatability is considerable at
the upper frequency range, while the estimated static permittivity showed
signification variation. However, determining the static permittivity with a
microwave measurement approach is clearly challenging and could be de-
rived with DC techniques easily. Finally, it can be stated, that extensive two-
port measurements did not yield improved results in terms of spectroscopy
of dielectric materials compared to the reflective approach. Especially, since
two Six-Port reflectometers are utilized, the applicable frequency range is re-
duced to this point, where both Six-Port reflectometers could be successfully
calibrated. Therefore it is recommended to use reflective distributed probe
structures for contactless dielectric measurements.
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7.4. Six-Port Network Analyzer with Distributed Probe
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Figure 7.15:Measured complex S-parameter by resonant probe and optimal Six-Port
reflectometer with different liquid samples.
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Figure 7.17:Measured complex S-parameter, i.e. magnitude and phase illustrated in
(b) and (a). Results were gathered by applying two Six-Port reflectome-
ter in the network analyzer configuration, illustrated in Fig. 7.16. Several
liquid samples were characterised by applying a distributed probe.
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Figure 7.18:Measured real and imaginary part of the conjugate complex permittivity
by distributed probe and Six-Port network analyzer with different liquid
samples.
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8 Conclusion and Outlook

Investigations in the field of spectroscopy of dielectric materials require a
comprehensive understanding of various subject areas. Therefore, the pre-
sented work was divided into two parts. Firstly, material or molecular prop-
erties were discussed and dielectric probe concepts were investigated to-
gether with a novel calibration technique. Secondly, measurements of mi-
crowave network parameters were described and an alternative multi-octave
concept was fabricated and investigated. The presented multi-octave Six-
Port reflectometer and Six-Port network analyzer consists of novel wideband
directional couplers, Wilkinson power divider and conventional wideband
power detectors with a remarkable bandwidth of multiple octaves. Finally,
outstanding results could be carried out by testing both parts of this work
together in a system demonstrator. This demonstrator consisted of a multi-
octave Six-Port network analyzer and contactless dielectric probes. By this
setup, a novel calibration technique could be successfully demonstrated. It
has been shown by the help of the group composition property of a Möbius
transformation, that a Six-Port reflectometer 3-term error-box and a dis-
tributed dielectric probe can be calibrated in a single procedure, by sharing
only three well-known material standards.

The capability of non-invasive dielectric measurements has been proven
by contactless measurements on different tubes. The distributed dielectric
sensor takes advantage of the tubular shape, which is potentially applicable
in several industrial and medical scenarios where liquids are inherently han-
dled in tubes.

Outlook

Due to the wide bandwidth of the proposed Six-Port junction, other appli-
cations could take advantage of the presented results. A major drawback of
previous, narrowband Six-Port RADARs is based on their limited bandwidth,
resulting in a minor range discrimination. Thus, two potential RADAR tar-
gets could not be distinguished if they are located close together in the direc-
tion of propagation. With a proposed wideband Six-Port junction, a radial
discrimination of multiple targets in the range of millimeters is generally
feasible. Fig. 8.1 illustrates a potential future application of the introduced
Six-Port reflectometer. The reflection coefficient has been measured in a
RADAR use case. The illustrated time domain response was measured with
the proposed quasi-optimal Six-Port reflectometer, connected to a horn an-
tenna with an operational frequency between 18 GHz and 26.5 GHz. A total
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Figure 8.1: Pulse reflection over propagation distance.

number of 501 frequency points were measured and the reflection coeffi-
cient could be obtained. By a Fourier transformation, an impulse response
could be carried out, yielding the reflection properties in time domain. Sub-
sequently, by assuming a speed of propagation equal to c0, one can derive an
impulse response in propagation direction. Clutter, obstacles and the actual
corner reflector can be clearly distinguished. Therefore, the hypothesis of
discrimination of multiple targets in the range of millimeters with even sub-
millimeter accuracy could be carried out and might be investigated in future
research projects. Stringent requirements on the signal source could be con-
sidered as a major drawback of the proposed Six-Port-based concept. Since
spectral purity of the oscillator signal is required over a multi-octave fre-
quency range. Therefore, a commercial, wideband signal source was utilized
in the presented experiments. Future investigations could target the mono-
lithic integration of wideband signal generators in the proposed frequency
range. Another approach, lowering the strict requirements on the oscillator
is suggested by means of a multiband signal source, which provides a spectral
purity only in limited frequency bands. Since dielectric relaxation processes
could be described by at least three parameters ϵr,stat, ϵr,∞ and frelax, it
would be sufficient to provide the stimulus signal only in the corresponding
frequency ranges by a multiband source. A first hybrid integrated demon-
strator has been developed as illustrated in Fig. 8.2. The programmable and
stabilized VCO output signal is amplified using a programmable gain ampli-
fier (PGA) and fed to a first passive frequency doubler. At this point, three
output ports can be selected via a software interface. The first output yields
a multiplication by two, the second actively multiplies by four and the third
actively multiplies by eight. Using this constellation, the presented Six-Port
reflectometer could be operated in multiple narrow frequency bands, spread
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Figure 8.2:Multiband microwave signal source.

over the entire operation range of the Six-Port reflectometer. It enables to de-
termine a relaxation process by means of well spread frequency bands. From
a theoretical point of view it would be sufficient to cover only three frequency
bands over the relaxation process. Thus, it can be assumed, that only a very
limited number of frequency points might be sufficient to determine the
entire relaxation curves. This hypothesis could be a starting point for future
investigations, lowering the requirements on signal generation and enabling
a monolithic integration of the required signal generator.
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A Appendix

A.1 Measured Results in EM Simulations

(a) 3D EM field simulation - geometric model
from [10].
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Figure A.1: Application of the measured results with corresponding residuals.
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A.2 Measured Dielectric Properties

Table A.1: Cole-Cole relaxation fit with respect of ionic conductivity in least-squares
sense, based on measurements on an animal subject with a coaxial probe.

MUT ϵr,stat ϵr,∞ frelax αcc ρDC

Aorta 49.1489 2.6676 14.8797 0.1404 1.4272
Bone 4.3996 3.2114 0.1074 0.2281 36.5773
Bone 52.8070 0.3508 2.7520 0.7360 46.0497
Brain 58.9831 0.3440 11.8777 0.1851 4.6102
Eye 64.5834 1.1476 15.8096 0.0935 0.9976
Fat 17.0307 3.0708 14.7344 0.1606 4.1128
Fat 15.4074 3.3492 14.7637 0.1925 5.3669
Gullet 63.8535 1.9150 16.2733 0.0820 1.0478
Heart 55.3663 3.4619 16.2420 0.0693 1.1858
Heart 64.3166 5.5638 15.2260 0.0769 1.0908
Kidney 60.9500 4.9611 13.8519 0.0919 1.3294
Kidney 59.5189 4.4952 13.8080 0.0987 1.3610
Liver 65.2848 4.9955 13.1416 0.0740 1.1821
Liver 68.5805 4.1085 12.8096 0.0636 1.1902
Liver 57.6173 5.1969 12.7342 0.0919 1.5504
Lung 59.3196 2.7539 15.7234 0.1152 1.2327
Lung 49.8222 5.8065 13.8903 0.1117 1.3213
Lung 52.3970 3.6314 15.5608 0.1277 1.1384
Skin 50.4940 2.4290 13.0699 0.1896 1.4711
Skin 51.8763 3.4884 12.3658 0.2011 1.5417
Skin 35.3413 3.7550 12.3760 0.2331 2.7593
Skin 35.3756 2.5783 12.2555 0.2292 2.6161
Skin 37.3001 3.6577 12.1801 0.2281 2.5428
Tissue 59.6112 3.0437 13.6325 0.1184 1.1156
Tissue 68.5031 2.9937 13.8254 0.0783 0.8889
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A.2. Measured Dielectric Properties

Table A.2: Cole-Cole parameter fit in the least-squares sense based onmeasurements
at aqueous glucose solutions, in a first laboratory experiment.

Conc. (mg/dl) ϵr,stat ϵr,∞ frelax αcc

0 80.5411 5.2015 16.5558 0.0012
60 81.8709 6.5432 16.4823 0.0015
70 80.5494 5.2381 16.4600 0.0016
80 81.7045 6.3954 16.4100 0.0015
90 80.1923 4.8724 16.4528 0.0017
100 80.5019 5.2116 16.4559 0.0016
120 80.2898 4.9673 16.4323 0.0016
140 80.9581 5.6560 16.3858 0.0016
160 80.3458 4.9749 16.3408 0.0019
180 81.4550 6.1114 16.3661 0.0018
200 80.4588 5.1418 16.3490 0.0019
250 79.3307 4.0059 16.3188 0.0021
500 79.9357 4.6911 16.2551 0.0029
1000 81.7751 6.6937 16.1069 0.0045
2000 80.2400 5.3309 15.8109 0.0078
5000 78.8673 4.5671 15.0021 0.0179
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Table A.3: Cole-Cole parameter fit in the least-squares sense based onmeasurements
at aqueous glucose solutions, in a second laboratory experiment.

(mg/dl) ϵr,stat ϵr,∞ frelax αcc

0 80.5862 5.3042 16.4654 0.0014
10 79.7108 4.3334 16.4563 0.0017
20 79.8953 4.5405 16.4447 0.0016
30 80.4913 5.2033 16.4644 0.0015
40 81.0291 5.7261 16.4360 0.0016
50 80.2555 4.9200 16.4602 0.0017
60 80.5901 5.2614 16.4562 0.0016
70 81.3802 6.0697 16.4675 0.0014
80 80.4369 5.1350 16.4518 0.0015
90 79.7162 4.4010 16.4292 0.0017
100 82.4648 7.1352 16.4277 0.0018
120 80.0992 4.7489 16.4057 0.0018
140 79.3229 4.0061 16.3768 0.0017
160 80.8681 5.5174 16.3265 0.0018
180 80.3338 4.9984 16.3363 0.0020
200 80.8819 5.5187 16.3229 0.0019
250 81.7120 6.3817 16.3005 0.0022
500 79.3855 4.1661 16.2287 0.0028
1000 80.4673 5.3392 16.0933 0.0047
2000 80.2803 5.3406 15.8087 0.0079
5000 79.4310 5.1755 15.0050 0.0177
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A.2. Measured Dielectric Properties

Table A.4: Cole-Cole relaxation fit in the least-squares sense based onmeasurements
with the proposed distributed dielectric alcoholic solutionswith increasing
ethanol concentration in methanol carrier solution.

Material under test ϵr,stat ϵr,∞ frelax αcc

Eth. 0% Meth. 300 K (pump off ) 26.2 4.5 1.2057 0.0000
Eth. 4% Meth. 300 K (pump off ) 26.7351 4.5723 1.2492 0.0005
Eth. 4% Meth. 300 K (pump on) 26.6793 4.5708 1.2536 0.0005
Eth. 8% Meth. 300 K (pump off ) 27.357 4.6407 1.2882 0.0010
Eth. 8% Meth. 300 K (pump on) 27.2198 4.6377 1.2957 0.0011
Eth. 12% Meth. 300 K (pump off ) 27.7569 4.7066 1.3374 0.0012
Eth. 12% Meth. 300 K (pump on) 27.6532 4.7034 1.3412 0.0016
Eth. 16% Meth. 300 K (pump off ) 28.2644 4.7748 1.3789 0.0017
Eth. 16% Meth. 300 K (pump on) 28.0143 4.7753 1.3986 0.0000
Eth. 20% Meth. 300 K (pump on) 28.6194 4.8331 1.4291 0.0018
Eth. 24% Meth. 300 K (pump off ) 29.0758 4.9016 1.4749 0.0000
Eth. 24% Meth. 300 K (pump on) 28.8686 4.8999 1.4828 0.0000
Eth. 28% Meth. 300 K (pump off ) 29.2084 4.9586 1.522 0.0000
Eth. 28% Meth. 300 K (pump on) 29.0322 4.9552 1.5364 0.0000
Eth. 32% Meth. 300 K (pump off ) 29.2546 5.0173 1.5787 0.0000
Eth. 32% Meth. 300 K (pump on) 29.2692 5.0131 1.585 0.0000
Eth. 36% Meth. 300 K (pump off ) 29.6821 5.0654 1.6185 0.0000
Eth. 36% Meth. 300 K (pump on) 29.4435 5.0619 1.634 0.0000
Eth. 40% Meth. 300 K (pump off ) 29.8739 5.1111 1.6719 0.0000
Eth. 40% Meth. 300 K (pump on) 29.7731 5.1099 1.6779 0.0000
Eth. 50% Meth. 300 K (pump off ) 30.6673 5.2055 1.7484 0.0042

Table A.5: Cole-Cole relaxation fit in the least-squares sense based on coaxial VNA
measurements at DI-water with decreasing (1-5) gas concentration. The
amount of gas could only be obtained qualitatively not exactly quantified.

Mixture ϵr,stat ϵr,∞ frelax αcc

1 81.6869 6.6222 16.3322 0.0009
1 80.5027 5.4305 16.3077 0.0008
2 80.5437 5.5038 16.2950 0.0007
2 80.5812 5.5598 16.2769 0.0005
3 79.6056 4.5670 16.2490 0.0005
3 80.5251 5.5515 16.2429 0.0002
4 80.3865 5.3668 16.2284 0.0000
4 80.3718 5.3096 16.2356 0.0000
5 80.0129 4.9912 16.1832 0.0000
5 79.9368 4.9310 16.1793 0.0000
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Figure A.2: Calibration indication with error flags (0=invalid, 1=valid).

A.3 Calibration Results

0 2 4 6 8 10
0

2

4

6

8

10

12

14

VDC,out (V)

P
s
r
c
,I

N
(m
W
)

D1 O D2 O D3 O D4 O
D1 S D2 S D3 S D4 S
D1 M D2 M D3 M D4 M

(a)Optimal design

0 2 4 6 8 10
0

2

4

6

8

10

12

14

VDC,out (V)

P
s
r
c
,I

N
(m
W
)

D1 O D2 O D3 O D4 O
D1 S D2 S D3 S D4 S
D1 M D2 M D3 M D4 M

(b)Quasi-optimal design

Figure A.3:Measured microwave power against output voltage for any detector and
termination.
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