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Kurzfassung
Zukünftige Kommunikationssysteme im W-Band erfordern nicht nur direktive,
sondern zur Strahlführung ebenso rekonﬁgurierbare Antennensysteme. Für die
Realisierung solcher adaptiven Systeme sind speziell für den Mikrowellenbereich
synthetisierte Flüssigkristalle (engl.: Liquid Crystal, LC) bestens geeignet. Durch
die Integration in geeignete Komponenten mit entsprechenden Ansteuerkonzepten,
kann die Orientierung der Flüssigkristalle und damit die effektive Permittivität
kontinuierlich gesteuert werden. Zudem weisen diese Flüssigkristalle oberhalb von
10 GHz geringe dielektrische Verluste auf, welche mit steigender Frequenz sogar
sinken. Um diese einzigartigen Eigenschaften des Materials auszunutzen, liegt der
Fokus der vorliegenden wissenschaftlichen Arbeit erstmals auf der Untersuchung
eines LC-basierten Antennennetzwerks im W-Band, welches auf einer Kombination
aus einer diskreten Strahlumschaltung und einer kontinuierlichen Strahlsteuerung
zwischen den umgeschalteten Zuständen beruht. Dieses Netzwerk basiert auf
einer Butler-Matrix, welche mit kontinuierlich steuerbaren LC-Phasenschiebern
erweitert wird. Für die Auswahl der Butler-Matrix Eingänge wird ein neuartiger, interferenzbasierter HF-Schalter verwendet. Das Interferenzprinzip dieses speziellen
Schalters erlaubt ein stufenlos einstellbares Verhältnis der Ausgangsleistungen,
welches für die zeitgleiche Anregung mehrerer Signale erforderlich ist und mit dem
somit gleichzeitig mehrere Antennenkeulen generiert werden.
Für die Realisierung des gemischten strahlumschaltenden und strahlsteuernden
Netzwerks werden verschiedene Technologien untersucht. Aufgrund der hohen Integrationsfähigkeit und kompakten Bauweise wird die Niedertemperatur-EinbrandKeramik-Technologie für einen ersten Machbarkeitsnachweis, allerdings nur im
Ka-Band, untersucht. Für das W-Band werden verlustarme Technologien in Form
von metallischen Rechteckhohlleitern und dielektrischen Wellenleitern untersucht.
Während sich Hohlleiter exzellent für die Realisierung der nicht steuerbaren Verteilnetzwerke eignen, sind dielektrische Wellenleiter eine sehr vielversprechende Alternative zur Realisierung der steuerbaren LC-Komponenten, da keine metallischen Berandungen die Integration von Steuerelektroden limitiert. Als nicht steuerbare Kernkomponente des angestrebten Netzwerks wird eine Butler-Matrix mit
einem Einfügeverlust von im Mittel 3,5 dB bei 102 GHz präsentiert. Diese basiert
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auf einer neuartigen, multifunktionellen Hohlleiterkreuzung, welche zudem eine
miniaturisierte Realisierung des gesamten Netzwerks in einer einzigen Ebene erlaubt. Als Schlüsselkomponente für die Steuerbarkeit des Netzwerks wird ein
kontinuierlich steuerbarer Stufenindex-LC-Phasenschieber realisiert. Mit einer
Phasenschiebergüte von 100 °/dB bei 102 GHz übertrifft dieser elektrisch steuerbare
Phasenschieber deutlich den heutigen Stand der Technik für elektrisch steuerbare
W-Band-Phasenschieber.
Um vom Eingangsport bis hin zu den Antennenelementen eine Realisierung in einer
Ebene gewährleisten zu können, wird auf der gleichen technologischen Plattform
die hybride Integration aus verlustarmen metallischen Hohlleitern und steuerbaren
dielektrischen Wellenleitern hoher Güte am Beispiel des interferenzbasierten HF
Schalters untersucht. Der vorgestellte Demonstrator weist eine Einfügedämpfung
von 3 dB auf, während eine Isolation von 27 dB erreicht wird. Die hybride Integration von nicht-steuerbaren metallischen Hohlleitern und hochperformanten
steuerbaren dielektrischen Wellenleitern weist somit ein hohes Potenzial auf, nicht
nur für die Realisierung des angestrebten LC-basierten Antennennetzerks, sondern
allgemein für die Realisierung LC-basierter, steuerbarer Antennensysteme oberhalb
von 100 GHz.
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Abstract
Future communication systems at W-band are demanding highly directive antenna systems with beam-steering capability. For the hardware implementation
of analogue beam-steering at millimetre waves, the microwave liquid crystal (LC)
technology is ideally suited. It takes advantage of speciﬁcally synthesised LCs for
microwaves in combination with appropriate device and biasing concepts, where
the orientation of the LC, and therefore, its effective permittivity can be continuously tuned. It has low dielectric losses above 10 GHz with a decreasing trend with
increasing frequency. To exploit these unique characteristics, the focus of this scientiﬁc work is set for the ﬁrst time on the investigation of an LC-based network with
mixed discrete beam-switching and continuous beam-steering capability between
the switching states for high-gain antennas at W-band. It consists of a Butler matrix
combined with continuously tuneable phase shifters and a novel type of RF switch,
an interference-based Single-Pole n-Throw (SPnT). The interference principle of
the SPnT allows a continuously adjustable power splitting ratio, and hence, the
generation of multiple beams.
Different technologies are investigated for the realisation of this mixed network. Due
to its high level of integrability and compact designs, the standard low temperature
co-ﬁred ceramic technology is examined, however, for a ﬁrst proof-of-concept at
Ka-band only. For W-band, two low-loss technologies are investigated: tuneable
metallic and dielectric waveguides. While metallic waveguides are well suited for
the realisation of low-loss non-tuneable feeding networks, dielectric waveguides are
better suited for the realisation of tuneable LC components at (sub)millimetre waves,
since no metallic boundaries are limiting the integration of an electrical biasing
network. As non-tuneable core part, a Butler matrix with an average insertion loss
of 3.5 dB at 102 GHz is realised, which is based on a novel multifunctional crossover
design, allowing a miniaturised in-plane realisation of the overall mixed network.
As key component for tuning of the mixed beam-switching and beam-steering
network, a step-index dielectric waveguide phase shifter is presented. With a phase
shifter ﬁgure-of-merit of 100 °/dB at 102 GHz, this fully electrically biased phase
shifter is going far beyond the state-of-the-art for electrically tuneable W-band phase
shifter.
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To stay on the same technology platform and to allow an in-plane realisation
from the input port up to the radiating elements, the interference-based SPnTs are
additionally investigated by a hybrid implementation of metallic and dielectric
waveguides. It exhibits an insertion loss of 3 dB, while providing an isolation of
27 dB. Hence, this hybrid metallic and dielectric waveguide technology reveals a
high potential not only for the presented LC-based mixed beam-switching and beamsteering network, but also for LC-tuned continuous beam-steering networks at
frequencies above 100 GHz, since low-loss metallic waveguide feeding networks can
be generally combined with high-performance tuneable dielectric waveguides.
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1 Introduction
Due to the steadily increasing demand for higher data rates as well as the current
developments in ﬁelds such as radar imaging or radiometry, high-performance
components are required, especially in the millimetre wave range. While W-band
frequencies from 75 GHz to 110 GHz are already used in radiometry, e.g. for measuring water vapor, rain, etc. [Pei+04], the frequency range above 70 GHz with its
extremely large bandwidths, e.g. from 71 GHz to 76 GHz destined for mobile and
broadcast satellite communications, is currently insufﬁciently used for communication [Bun16]. However, it offers a promising alternative to the steadily ongoing
increase in spectral efﬁciency at lower frequency bands such as the Ku- and Ka-band.
Several bands1 have been released for the usage in a wide range of new products
and services such as high-speed point-to-point wireless local area networks and
broadband internet access [Riv+14].
While rain is the dominant loss factor of atmospheric impairments at Ku-band,
gases and clouds need to be taken into account at W-band frequencies, too. Why
especially this frequency band is well-suited for communication, can be seen in
Fig. 1.1. Oxygen and water vapour are the only gases which are signiﬁcantly
affecting the electromagnetic waves [Riv+14]. While the speciﬁc attenuation of
water increases nearly steadily with increasing frequency, the oxygen attenuation
is strongly frequency dependent due to resonant absorptions. Where the oxygen
attenuation is around 15 dB/km at 60 GHz, it reduces down to 9 · 10−3 dB/km in
the frequency range between 90 GHz to 100 GHz. The corresponding water vapour
attenuation in this frequency range is 0.4 dB/km to 0.5 dB/km. Accompanied
with the increasing free-space path loss with increasing frequency, 60 GHz systems
are only reasonable for short distance connections or inter-satellite links. Despite
the increased free-space path loss, W-band systems can additionally be used for
providing reliable data transmissions between ground stations and satellites.
For many applications in the (sub)millimetre wave range, e.g. for mobile systems
of the 5th generation or satellite communication, antennas require a very high
gain to compensate the free-space path loss. Thus, highly directive antennas or
1 71 GHz

to 76 GHz, 81 GHz to 86 GHz and 92 GHz to 95 GHz

13

1 Introduction
100

100

 (dB/km)

Data rate (Gbit/s)

sub-mm- &
THz waves

10

Oxygen
Water

1
0.1

0.01

10
1
FWA (P-P)

WiMAX
FPU

0.1
LAN

FWA (P-MP)

0.01
Mobile

0.001

1

10

100

f (GHz)

1000

0.001
1

10

100

500

f (GHz)

Figure 1.1: (left) Speciﬁc attenuation due to atmospheric gases [R16] and (right)
relationship between carrier frequency and data rate in various wireless communications technologies [AST11].
antenna arrays with a large number of elements are needed. By increasing the
number of antenna elements, highly directional pencil beams can be generated. To
compensate a shift of the pencil beam due to mechanical vibrations as well as for
tracking or on-the-move applications, adaptive beam-steering is mandatory. In the
micro- and millimetre wave range, this is exemplarily provided by mechanically
moving parabolic antennas. However, this is associated with high maintenance
efforts and costs. Therefore, an electronic beam-steering without mechanically
moving components is aimed for. By selectively adjusting the progressive phase
shift between the individual antenna elements, the main beam direction of the
antenna array can be changed. Particularly analogous techniques are of great
interest, because of their easy and low-cost fabrication of large arrays, e.g. with
64 × 64 individual antenna elements. Further, even large passive arrays have a low
power consumption.
Therefore, the scope of this work is the realisation of an analogue electrically controlled
mixed beam-switching and beam-steering network for imaging and communication
applications at W-band frequencies, being based on the discrete phase switching of
the Butler matrix combined with continuously tuneable phase shifters.
A key component for the hardware implementation of analogue beam-steering
is the phase shifter, being integrated into each signal path in front of the individual antenna elements. Phase shifters can be realised in different technologies. In
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semiconductor technologies, the GaAs, GaN and SiGe technologies are already
established for this frequency range, but with the drawback of high losses and a low
linearity in the desired millimetre wave range [Shi+07; Ozt+14; Den+11; Mar+14].
Nevertheless, they can be directly combined with active components, compensating
the high loss, however, with the expense of a high power consumption and manufacturing cost. Microsystems (micro-electro-mechanical systems, MEMS) mainly
allow discrete phase states by switching between different transmission line lengths.
Together with their susceptibility of wear-out failures, due to the mechanically
moving components, they are not really suitable for the implementation in large
steerable antenna arrays with an extremely large number of switching cycles, e.g.
for satellite applications [Som+12; Ste+08; Psy+13]. Tuneable components based
on ferrites are also not an alternative for this application, since they require a high
current ﬂow for the provision of high magnetic ﬁeld strengths, which are needed
for tuning. Furthermore, they show increased losses in the desired frequency range
[Hor89]. Ferroelectrics, which are already established for the lower GHz range, are
suffering from high dielectric losses in the millimetre wave range, and therefore,
are not considered for applications in the W-band [Vel+07; Koz+01].
The microwave liquid crystal (LC) technology, which has been innovatively developed during the last decade at TU Darmstadt, appears to be the most promising
approach for tuneable components at millimetre waves, since the dielectric losses
are on a very low level over a wide frequency range up to the THz regime [Wei+13a].
Up to now, the research on continuously tuneable LC components can be divided
into two main categories:
1. high-performance waveguide-based devices [Gae15] and
2. low-proﬁle components with fast response times [Kar14; Gö09].
The low proﬁle components can be easily realised with automated manufacturing
techniques similar to LC display technology, enabling a low-cost fabrication of
large arrays even for a low-volume production. However, these planar structures
have inherently higher losses than waveguide topologies, which are increasing
with frequency. Therefore, the components investigated in this work are based on
high-performance waveguide topologies, due to the required antenna efﬁciency.
Beside the investigation of metallic waveguide topologies for the design of tuneable
components, the main focus is on a new class of low-loss, lightweight tuneable
dielectric waveguides. By the hybrid combination of both types of waveguides,
low-loss mixed beam-switching and beam-steering networks can be realised at
W-band.
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1 Introduction
This work is divided as follows. In chapter 2, the fundamentals of LC are presented
to provide an insight on its unique properties for microwave applications. Chapter
3 describes the functional principle of the original beam-switching Butler matrix
as well as the mixed beam-switching and beam-steering network, including the
continuously LC-tuned phase shifters and single-pole double-throw (SPDT) with
adjustable power-splitting ratio.
In chapter 4, low temperature co-ﬁred ceramics (LTCC) are investigated as possible technology for the realisation of an embedded mixed beam-switching and
beam-steering multilayer network. Exemplarily, tuneable phase shifters as well as
SPDTs were realised at Ka-band frequencies, already including all non-tuneable
components needed for a Butler matrix realisation.
In chapter 5, the applicability of the well-known LC-metallic waveguide technology
is examined for W-band frequencies by means of a tuneable phase shifter as well as
an SPDT. They are limited to a solely magnetically biasing, because of difﬁculties in
the integration of an electrical biasing network. Although these components cannot
be used in an electrically controlled mixed beam-switching and beam-steering
network without an electrical biasing network, their performances will serve as
reference for new, electrically biased technologies. Also, a non-tuneable Butler
matrix was realised as a proof-of-concept for an in-plane waveguide topology based
on a new innovative multifunctional crossover design.
To overcome the limitations of the LC-metallic waveguide technology, tuneable LC
components based on dielectric waveguides are established for W-band frequencies
and presented in chapter 6. Due to open boundaries compared to metallic waveguides, an easy implementation of the needed electrical biasing system is ensured.
The system-inherently increased dimensions compared to metallic waveguides
ensure an easy realisation even at frequencies in the submillimetre wave range,
paving the way for tuneable high-performance LC components beyond 100 GHz.
However, dielectric waveguides are prone to parasitic radiation, due to their loose
ﬁeld conﬁnement, being overcome by the hybrid implementation of non-tuneable
metallic and tuneable dielectric waveguides.
Finally, the results are summarised and further developments based on these research results are given. Moreover, an outlook about other approaches for the
realisation of mixed beam-switching and beam steering networks for millimetre
wave applications is given at the end on three different level: the component,
fabrication and technology level.
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2 Fundamentals of Liquid Crystal
In 1888, the Austrian botanist Friedrich Reinitzer from the German University of
Prague published his observation of colourful phenomena while cooling down
melts of cholesteryl acetate and benzoate. Furthermore, in cholesteryl benzoate he
discovered what he deﬁned as a "double melting point" at 145.5 ◦C and 178.5 ◦C.
He described the liquid phase in between these melting points as a cloudy liquid,
which he ﬁrst assumed to be contaminated [Rei88]. In 1889, Otto Lehmann, who
was working together with Reinitzer on the interpretation of the discovered effects,
used the term of "liquid crystal" for the ﬁrst time in his publication "Über ﬂiessende
Krystalle" (engl.: On liquid crystals) [Leh89]. While research on liquid crystals was
going on at a low level during the following decades, it gained a high activity from
the 1960s on, especially due to the nowadays well established liquid crystal display
(LCD) technology. From 2002 on, research is also focussing on the implementation
of the liquid crystal technology to microwave applications, e.g. as tuneable material
in phased array antennas for SatCom applications.
The name "liquid crystal" (LC) is a combination of the material’s main properties,
since it is in a mesophase (from the greek word μέσoς (meso) - middle) between a
crystalline solid and an isotropic liquid. Therefore, it can ﬂow like a common liquid
while exhibiting characteristics, e.g. birefringence, common for crystalline structures.
Due to the formation of mesophases, those kind of material systems are referred
to as mesogenic compounds. Where crystals normally lose their translational
periodicity as well as orientational order during the process of melting, mesogenic
compounds show a stepwise melting through different mesophases, which is why
liquid crystals partially retain orientational order [New05]. The most common
liquid crystalline phases are depending on the systems temperature, hence, they
are deﬁned as thermotropic (see Figure 2.1). The melting and clearing point deﬁne
the temperature range in which the mesophase is thermodynamically stable and
both transitions are of ﬁrst order, exhibiting a latent heat as well as a discontinuous
change in density [Kum00]. In contrast, lyotropic liquid crystals exist between
the solid state and its isotropic solution, where the amount of solvent is the most
important parameter [Ste04].

17

2 Fundamentals of Liquid Crystal

crystalline

nematic
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Figure 2.1: Schematic of the different phase states of thermotropic liquid crystal.
At the melting point Tm the crystalline material becomes nematic, while at the
clearing point Tc the mixture becomes an isotropic liquid. In contrast to non-ideally
single crystalline and isotropic phase, the nematic phase shows a certain anisotropy,
resulting in speciﬁc range of possible effective permittivity values.
There are two major types of thermotropic liquid crystals, being the discotic and
calamitic liquid crystals. While discotic liquid crystal molecules have a disk-like
shape as well as the tendency to form columns, calamitic liquid crystal molecules
have a rod-like shape and tend to align in distinctive layers. The structure of
calamitic smectic (from the greek word σμη̃γμα - soap) liquid crystals come closest
to a crystalline structure. There, molecules are organizing in layers with a onedimensional translational periodicity and orientational order. Calamitic nematic
(from the greek word νη̃μα - thread) liquid crystals on the other hand lack of
translational periodicity, not forming any layers, which is the reason for having a
higher disorder than smectic liquid crystals. Thus, nematic phases usually occur at
higher temperatures [New05].

2.1 Nematic Liquid Crystal
The main properties of nematic liquid crystals can be summarised as follow [Yan+06]:
• The molecules’ long axes tend to align parallel to each other. Therefore, the
main direction of the molecules inside a unit volume element can be described
with the help of the director n, a macroscopic unit vector. Hence, the material’s
phase is uniaxial with an rotational symmetry around the director.
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Figure 2.2: Schematic of (left) a unit volume element of liquid crystal molecules,
(middle) a unit volume element of liquid crystal molecules including their director
n and (right) the orientation a of a liquid crystal molecule, where the director n is
showing in z-direction.
• The molecules’ centres of mass do not show a long-range correlation, being
the reason for the ﬂuid character of nematic liquid crystals.
• Despite the fact that the molecules exhibit a certain polarity, it does not lead to
a macroscopic effect. The uniaxial phase has no polarity (n = −n).
For nematic liquid crystal, the orientation of a single molecule is described by the
vector a, whose direction compared to the director is speciﬁed by the polar as well
as azimuthal angles Θ and Φ (see Figure 2.2). The orientation of a, and therefore,
of the molecule, can be described by an orientational distribution function f (Θ, Φ),
where f (Θ, Φ) sin ΘdΘdΦ is the probability of the molecule being oriented within
Θ + dΘ and Φ + dΦ [Yan+06]. The average value N of molecules being oriented in
a certain direction is therefore given by

N =

2ππ

f (Θ, Φ) sin ΘdΘdΦ .

(2.1)

0 0

Since liquid crystals are uniaxial, there is no preferred orientation along one of the
two short axes and thus f (Θ, Φ) = f (Θ) [Col+97]. The distribution function will
have its maximum around Θ = 0 and Θ = π (parallel to the director), while a
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minimum is expected for Θ = π/2 (perpendicular to the director). In a ﬁrst step, an
order parameter needs to be deﬁned, which should be zero in the unordered and
non-zero in the ordered phase. By this, the orientational order can be quantitatively
speciﬁed. Considering the component az = cos Θ of the molecule as the ﬁrst-order
Legendre polynomial (see Figure 2.2), the average value along the director is

π
0

 az  = cos Θ =

cos Θ f (Θ) sin ΘdΘ

π

.

(2.2)

f (Θ) sin ΘdΘ

0

Due to the fact that the molecules are randomly oriented in an isotropic phase
and that, for a nematic phase, the probability is the same for molecules to be
oriented at angles Θ or π − Θ, equation (2.2) cannot provide information about the
orientational order, since for both phases cos Θ = 0. Therefore, the second-order
Legendre-polynomial is used to deﬁne the order parameter as [Yan+06]


S =  P2 (cos Θ) =

1
(3 cos2 Θ − 1)
2

π 1



=

0

2
2 (3 cos Θ − 1) f (Θ ) sin ΘdΘ

π

.

(2.3)

f (Θ) sin ΘdΘ

0

While the order parameter for ideally aligned molecules in the direction of the
director (Θ = 0) will be S = 1, it will be S = 0 for an isotropic liquid without any
preferred orientation ( f (Θ) = const.). Also, negative order parameter values are
possible, even down to S = −0.5, which would correspond to molecules, being
aligned in a plane perpendicularly to the director (Θ = π/2), but at the same time
randomly oriented to each other [Yan+06]. However, such kind of order parameters
have not been discovered up to now.
To be able to describe the intermolecular interactions of a nematic liquid crystal,
Maier and Saupe introduced a molecular-statistical theory in 1959/1960 [Yan+06].
They deﬁned a single molecule potential

V (Θ) = −νS
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Figure 2.3: Schematic of the order parameter S as a function of the normalised
temperature ϑ. The non-continuous jumps at the melting and clearing point are due
to the phase transition of ﬁrst order. In the nematic phase, the order parameter is
varying between 0.8 ≥ S ≥ 0.4 [Gae15; Col+97].
which is the potential being effective on each molecule in a mean ﬁeld approximation. There, ν is the orientational interaction constant with values in the range of
1 eV. The potential has a minimum if all the molecules are aligned parallel to the
director, its strength is proportional to the order parameter S and it is taking into
account, that the orientation antiparallel to the director is the same as parallel to it.
With the help of the orientational distribution function
f (Θ) =

e−V (Θ)/k B T
= π

Z

e−V (Θ)/k B T

,

(2.5)

e−V (Θ)/k B T sin ΘdΘ

0

with Z being the molecule partition function, the order parameter can be calculated
by

S=

1
Z

π

P2 (cos Θ)eνSP2 (Θ)/k B T sin ΘdΘ .

(2.6)

0

From this formula, S can be calculated numerically for a given value of the normalised temperature ϑ = k B T/ν. According to [Yan+06], three solutions are possible, why the corresponding free energies need to be examined. Above the clearing
temperature (ϑ = ϑc ≈ 0.2) , the free energy of the isotropic phase (S = 0) must be
lower, while below this temperature, the nematic phase has the lower free energy.
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A schematic of the order parameter as a function of the normalised temperature is
given in Figure 2.3. While the order parameter of the crystalline phase is given by
S = 1, it non-continuously drops to around 0.8 at the melting point (ϑm ≈ 0.1), due
to the ﬁrst order phase transition. In the nematic phase it is in between 0.4 to 0.8
[Gae15; Col+97], before dropping down to S = 0 at the clearing point. However,
the Maier-Saupe theory provides only a qualitative description. The quantitative
behaviour of the order parameter as a function of the normalised temperature is
better described by the empirical formula [Yan+06]

S=

1−

0.98ϑ
ϑc

0.22
.

(2.7)

Due to their elongated molecule shape, liquid crystals exhibit a certain anisotropy
in magnetic susceptibility as well as permittivity, when being inﬂuenced by an
external magnetic or electric ﬁeld, respectively. Hence, the effect of magnetic and
electric ﬁelds on liquid crystal will be discussed in the following.

2.2 Magnetic Properties
The ﬁrst anisotropic property of nematic liquid crystals to be discussed is the mag weak magnetic dipole moments
netic susceptibility. Through a magnetic ﬁeld H,
 [Ste04]. It can
are acting on the molecular orientation, inducing a magnetisation M
 and the magnetic induction B by
be deﬁned by the magnetic ﬁeld H


 ,
 = B −H
M
μ0

(2.8)

 and dividing this equation by
with μ0 being the magnetic constant. Using B = μ H
B/μ0 , where the magnetic permeability μ is the product of the magnetic constant
and the relative permeability μ = μ0 μr , leads to the deﬁnition of the dimensionless
magnetic susceptibility

χm = μr − 1 = μ
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M
.
B

(2.9)

2.2 Magnetic Properties
To describe the magnetisation induced in a nematic phase, this expression needs to
be generalised to
Mν =

1
χm Bω ,
μ νω

ν, ω = x, y, z .

(2.10)

Assuming the molecule/director to be pointing in z-direction, the elements χνω of
the tensor are given by
⎛

χm

⎞
χ m⊥
0
0
χ m⊥
0 ⎠ .
=⎝ 0
0
0
χ m

(2.11)

There, χm and χm⊥ correspond to the magnetic susceptibility when the ﬁeld is
parallel and perpendicular to the director. This leads directly to the deﬁnition of the
magnetic anisotropy
Δχm = χm − χm⊥ = μ − μ⊥ .

(2.12)

Both susceptibilities χm and χm⊥ are of the order of 10−6 to 10−5 , resulting in a magnetic anisotropy of nematic liquid crystals of the order of 10−6 , which is generally
positive (Δχm > 0). Therefore, the director tends to align parallel to the magnetic
ﬁeld. If the magnetic anisotropy has negative values, as reported for the liquid
crystal 7CCH with Δχm = −4.05 · 10−7 , the director will align perpendicularly to
the magnetic ﬁeld [Ste04].
This effect can also be described by the magnetic energy density
1
 = − 1 μ0 μ⊥ H 2 − 1 μ0Δχm (n · H
 )2 ,
f mag = − B · H
2
2
2

(2.13)

 | and only the last term is depending on the director’s orientation
where H = | H
 need to be parallel to
[Ste04]. For minimisation of the magnetic energy, n and H
each other if Δχm > 0, and perpendicular if Δχm < 0.
Due to the small values of the susceptibility, the relative permeability μr = 1 + χm
shows values close to unity. Therefore, the diamagnetic moments of the molecules
are small, making the interaction between the molecules negligible. Hence, the
externally applied ﬁeld working on the molecules is not disturbed by interactions
between the molecules.
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2.3 Dielectric Properties
The second anisotropic property to be discussed is the dielectric permittivity. When
applying an electric ﬁeld to the liquid crystal, an electric dipole moment, and
therefore, polarisation 
P is induced, similar to the magnetic case. If the director is
oriented in z-direction, the polarisation can be described as

P = ε 0 χeE ,

(2.14)

with χe being the electric susceptibility [Ste04]
⎛

⎞
χ e⊥ 0
0
χ e = ⎝ 0 χ e⊥ 0 ⎠ .
0
0 χ e

(2.15)

χe and χe⊥ correspond to the susceptibilities parallel and perpendicular to the
director. Comparable with (2.10), the polarisation can be written in the general
expression
Pν = ε 0 χe νω Eω ,

ν, ω = x, y, z .

(2.16)

⎞
ε⊥ 0 0
ε = 1 + χe = ⎝ 0 ε ⊥ 0 ⎠ ,
0 0 ε

(2.17)

By making use of the dielectric tensor
⎛

with 1 being the identity matrix, the dielectric displacement can be written as

 = ε 0E + P = ε 0 εE .
D

(2.18)

While the parallel and perpendicular dielectric permittivities are deﬁned as ε  =
1 + χe  and ε ⊥ = 1 + χe ⊥ , the dielectric anisotropy is given by Δε = ε  − ε ⊥ . With
this, the dielectric displacement is [Ste04; Gen+95]

 = ε 0 ε ⊥ E + ε 0Δε(n · E)n .
D
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(2.19)

2.4 Biasing Schemes
Together with the deﬁnition of the electrical energy density
1 
1
1
· E = − ε 0 ε ⊥ E2 − ε 0Δε(n · E)2 ,
f el = − D
2
2
2

(2.20)

it can be seen that for positive dielectric anisotropies the directors tend to align
parallel, while for negative dielectric anisotropies they tend to align perpendicularly
to the electric ﬁeld [Gen+95]. Typical values for microwave-optimised liquid crystal
mixtures used in this work are between 0.7 < Δε < 0.9, thus, aligning parallel to
the electric ﬁeld lines. However, also dual-frequency LCs can be used in microwave
applications. The dielectric anisotropy of this particular type of LC can be changed
from positive to negative values and vice versa just by varying the frequency of its
biasing ﬁelds [Kuk+02].

2.4 Biasing Schemes
Up to now, only ideal single crystals have been considered, i.e. the molecules are
aligned along a common direction. In practical applications curvatures are often
observed, for example when an external ﬁeld is working against the force induced
by surface anchoring of the molecules. Assuming small spatial variations of n,
the LC still is uniaxial with a variable preferred direction n(r ) and a ﬁxed order
parameter S( T ). The overall order parameter of the complete LC volume is then
described by a tensor [Gen+95]
1
Qαβ = S( T ) nα (r )n β (r ) − δαβ
3

,

(2.21)

with α, β = x, y, z and δαβ being the Kronecker delta

δαβ =

1 , if
0 , if

α=β
.
α=β

(2.22)

Signiﬁcant variations usually occur in the range of μm while the molecular dimensions are in the range of nm. This is why curvatures can be described by the
continuum theory of Frank and Oseen, being analogue to the classical elastic theory
of a solid [Gen+95; Fra58; Ste04].
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bend

splay

twist

Figure 2.4: Two-dimensional schematics of the bend, splay and twist reorientation.
Each of these reorientations contributes to the elastic energy and has its speciﬁc
elastic constant K11 (splay), K22 (twist) and K33 (bend).
The free energy stored in a bulk of LC molecules is a function of its dielectric and
elastic constants. In contrast to an uniform LC alignment, where the Gibbs free
energy is minimised, energy needs to be applied to the system in order to cause
locally effective torques, and therefore, curvatures. This kind of energy can be
applied in different ways, e.g. by applying an electric or magnetic ﬁeld, or by
changing the volumes boundaries, i.e. the cavity walls of the LC volume. Then, the
system will minimise its energy, resulting in three possible types of reorientations,
the bend, splay and twist reorientation, shown in Fig. 2.4.
The contributions of these deformations to the energy of the system is described by
the free energy density for nematics [Ste04]
f elast. = f splay + f twist + f bend
1
 · n)2 + 1 K22 (n · ∇
 × n)2 + 1 K33 (n × ∇
 × n)2 .
= K11 (∇
2
2
2

(2.23)
(2.24)

The quantities Kii (i = 1, 2, 3) are often referred to as Frank elastic constants, being
material-, temperature-, and therefore, order parameter dependent values. Further,
surface terms need to be taken into account if the LC volume is small compared to
its surface [Gae15]
1
 · ((∇
 · n)n + n × ∇
 × n)) ,
f surf. = − K24 (∇
2
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(2.25)

2.4 Biasing Schemes
with K24 being the saddle-splay constant.
Together with the contributions for the magnetic and electric ﬁeld from (2.13) and
(2.20), respectively, the total free energy of the system can be calculated by
F=


V

( f elast. + f surf. + f ﬁeld ) dV .


(2.26)

f mag + f el

Since the systems free energy is always striving to a minimum, the LC molecules
tend to align parallel to the ﬁeld lines for an LC with positive dielectric anisotropy.
If one of the contributions changes, torques become effective until the torquebalance-equation
Γﬁeld + Γelast. + Γdiss. = 0

(2.27)

is met again, where Γdiss. is the dissipative torque. It originates from the internal
friction, which occurs due to a movement of the director towards the minimum
energy level, caused by an imbalance of the electrical and elastic torques. The resulting momentum counteracts the movement of the LC and its magnitude depends on
the rotational viscosity γrot .
The orientation of LC can be controlled in three different ways:
• surface anchoring: a polyimide ﬁlm is spin coated on the carrier substrate and
mechanically rubbed in a preferred direction using a velvet cloth, as shown in
Fig. 2.5. By this, grooves are produced on the surface to which LC molecules
next to this surface will align parallel. Therefore, it is often referred to as
polyimide
velvet cloth
carrierr substrate

ca iierr substrate
car
carrier
substra
b t te

carrier
carri
ierr substrate
ier
subbs
bbstrate
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Figure 2.5: Schematic of the alignment layer fabrication process. The polyimide
ﬁlm is spin coated to the substrate and rubbed in a preferred direction using a
velvet cloth. By this, very small grooves are applied to the polyimide layer. The LC
molecules are orienting parallel to their direction.
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Figure 2.6: Schematic of a rudimentary electric biasing system, where a parallel
plate capacitor is ﬁlled with LC. The threshold voltage VTh needs to be exceeded
before the LC molecules start aligning parallel to the ﬁeld lines.
alignment layer. Due to the tendency of the LC molecules to align parallel to
each other, the complete volume will align parallel to the grooves.
• electric biasing: assuming a parallel plate capacitor ﬁlled with LC, as shown
in Fig. 2.6. A biasing voltage VB can be introduced to the capacitor, generating
an electric biasing ﬁeld inside. Before an alignment of the LC is possible, the
threshold voltage VTh , also known as the Freedericksz threshold, needs to be
exceeded [Ste04]. It deﬁnes the voltage where the electric and elastic forces of
the surface anchoring are in an equilibrium. If the voltage is further increased,
the electric torques are exceeding the elastic ones and LC is aligning parallel
to the ﬁeld lines.
• magnetic biasing: similar to the electrical biasing, two rare earth magnets
are placed as parallel plates around the LC cavity, by which the directors will
align parallel to the magnetic ﬁeld lines. This biasing method is only used
in the lab for a fast ﬁrst proof-of-concept. For practical applications it is not
reasonable, since the reorientation of the magnets would require a mechanical
adjustment. Alternatively, electromagnets can be used with the expense of a
high power consumption.
For the realisation of tuneable microwave components, LC is integrated into the
transmission line or waveguide or even into the antenna element itself. In contrast to
optical applications, where the polarisation of light is rotated by LC, the orientation
of LC within microwave components is always changed with respect to the applied
radio frequency (RF) ﬁeld. A change of the LC orientation results in a variation of
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Figure 2.7: Schematic of the hybrid biasing scheme using the example of an LC
ﬁlled microstrip line. The alignment layer is orienting the LC by default perpendicularly until a biasing voltage VB is applied to the transmission line, aligning the LC
ideally parallel to the RF-ﬁeld, coinciding the biasing ﬁeld.
the effective permittivity as well as dielectric loss. All possible orientations between
the two extreme cases of perpendicular (ε r,⊥ and tan δ⊥ ) and parallel (ε r, and tan δ )
to the RF-ﬁeld can be continuously adjusted, see also Fig. 2.7 and Fig. 2.8. Thus, a
variable delay line can be realised by the implementation of LC, where the electrical
length of the line can be varied just by tuning the LC’s orientation.
For practical application two different biasing schemes are used:
• hybrid scheme: for planar devices as introduced in [Kar14], a mixture of
surface anchoring and electric biasing is chosen. Since the LC layer heights
are comparatively small (hLC ≤ 100 μm), an alignment layer as mentioned
above is used to orient the LC perpendicularly to the RF ﬁeld in the unbiased
state. By applying a biasing voltage VB to the transmission line, the LC starts
to align parallel to the RF- ﬁeld (see Fig. 2.7). If the voltage is switched off
again, the LC is reorienting.
• fully electric scheme: in metallic waveguide devices as presented in [Gae15],
a pure electric biasing network is needed, since the use of an alignment layer
is inappropriate for LC layer heights of several mm. There, several pairs of
electrodes are included inside the metallic waveguide to provide a quadrupole
biasing ﬁeld for tuning (see Fig. 2.8). By varying the biasing voltages, the
biasing ﬁeld can be changed both in orientation and ﬁeld strength.
While the hybrid biasing scheme is well-known from the display technology, the
fully electric biasing scheme has been investigated especially for high-performance
microwave application [Gae15]. This has its origin in the fact, that the response
time of LC devices would be much too long when an alignment layer is used in a
metallic waveguide component. In the following, the response time will be deﬁned
according to the example of the LC ﬁlled microstrip line of Fig. 2.7 [Ste04].
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Figure 2.8: Schematic of the electric biasing scheme using the example of an LC
ﬁlled metallic waveguide. There, several pairs of electrodes are included inside the
waveguide to provide a quadrupole biasing ﬁeld for tuning.
Let us assume the case of an ideally pre-orientated LC. The time, which is needed
to align the LC directors parallel to the RF ﬁeld after the biasing voltage (VB > VTh )
is switched on, is called the switch-on response time

τon

γrot
=
2 )
ε 0Δε( E2 − ETh

=

γrot h2LC
2
2
Kii π (VB2 /VTh

ETh

,

− 1)

.

π
=
hLC


Kii
ε 0Δε

(2.28)
(2.29)

It is mainly dependent on the rotational viscosity γrot , the LC layer height hLC ,
the biasing voltage VB as well as the corresponding Frank elastic constant. If VB
is increased, the switch-on response time is decreasing. When the biasing voltage
is switched off again, the LC starts to reorient comparatively fast, based on the
degree of deformation. The restoring force, and thus, the re-aligning speed slows
down steadily with decreasing elastic deformations until the perpendicular preorientation is almost reached again. The so-called switch-off response time is deﬁned
as [Ste04]

τoff =

30

γr h2LC
.
Kii π 2

(2.30)

2.5 Micro- and Millimetre Wave Characterisation
Since it is only depending on the LC layer height hLC , this orientation mechanism
needs longer than the electric biasing scheme, especially for LC volumes with
heights in the range of mm. Hence, in high-performance metallic waveguide
components based on LC, this re-alignment would take much too long, which is
why the fully electric biasing scheme is used.
For estimating the response times, not only the rotational viscosity of the material
system is needed, but also the anisotropy Δε for low frequencies in the kHz range
[Gae15]. Further, the design of continuously tuneable components based on LC
requires a knowledge of the dielectric properties of the material.

2.5 Micro- and Millimetre Wave Characterisation
The dielectric properties of LC can be determined, either by using a broadband
transmission line-based characterisation setup or by using a precise resonator-based
setup, making use of the cavity perturbation technique [Pen+04; Mue07; Kar14;
Gae15]. There, a resonator is measured with and without LC inside a sample holder
made of silica. The dielectric properties of LC will cause a shift of the resonant
frequency compared to the measurement carried out with an empty sample holder.
While this kind of measurement is limited to a single frequency, the dielectric
properties and especially the dielectric loss can be determined much more precise
than with broadband measurement setups.
A dual-mode cylindrical resonator has been designed in [Gae15], with which the
permittivity and dielectric loss of LC can be measured for both parallel and perpendicular orientation in one single step. A schematic of the resonator including the
used RF modes is shown in Fig. 2.9.
The silica tube is placed in the centre of the resonator. The excitation is provided
through a coupling hole just above the bottom plate of the resonator, being fed
by a rectangular metallic waveguide. Two different modes are evaluated, each of
them having an electric ﬁeld distribution only parallel or perpendicular to the long
axis of the silica tube. During the characterisation, the LC’s long axes are aligned
parallel to the silica tube by means of permanent magnets. Measurements with an
empty and an LC ﬁlled tube are compared and evaluated. Due to the dielectric
properties of LC, the ﬁeld distribution, and therefore, the resonance frequency of the
excited mode will shift compared to the reference measurement. A more detailed
and mathematical description of this method can be found in [Gae15].
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Figure 2.9: Schematic of the resonator based LC characterisation setup of [Gae15].
Two orthogonal RF modes are excited in the resonator at the same time, allowing
the determination of the dielectric properties for both extreme LC orientations in a
single measurement.
By providing this characterisation method, the LC mixtures could be improved for
the micro- and millimetre wave range in cooperation with Merck KGaA, Darmstadt.
To be able to compare different LC mixtures, two important quantities have been
deﬁned. The material tuneability
τLC =

ε r, − ε r,⊥
ε r,

=

Δε r
ε r,

(2.31)

quantiﬁes the relative anisotropy of the mixture. If it is divided by the maximum
dielectric loss tan δmax , the material quality factor
ηLC =

τLC
tan δmax

(2.32)

is achieved. A comparison of different LCs, measured at 19 GHz and room temperature, is shown in Fig. 2.10.
Where the ﬁrst tuneable microwave devices in the early 2000’s were realised using
display LCs, new mixtures were speciﬁcally synthesised for the microwave range.
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Figure 2.10: Comparison of different LC mixtures, regarding their material tuneability and dielectric loss. The measurements of these material parameters have
been carried out at 19 GHz and room temperature using the resonator-based measurement setup from [Gae15; Fri+17].
Table 2.1: Dielectric properties of different LC mixtures measured at room temperature and 19 GHz (source: Merck KGaA)
Mixture

ε r,

tan δ

ε r,⊥

tan δ⊥

τLC (%)

ηLC

Δε at 1 kHz

GT3-23001

3.28

3.8 · 10−3

2.46

1.4 · 10−2

25.2

17.6

4.6

3.27

2.2 · 10−3

2.39

7.0 · 10−3

27.0

38.3

1.0

GT5-26001

The values for tan δ were reduced by more than a factor of 4 from K15 to TUD-566.
Further, the tuneability has been doubled. With the GT-series, Merck launched the
ﬁrst commercial microwave LC mixtures. The material properties of the mixtures
used in this work are given in Table 2.1. Because of their availability in larger
quantities, the GT3-23001 mixture was used in chapter 4, while for the components
in chapter 5 and 6 the GT5-26001 mixture was chosen.
As one advantage of LC is the decreasing dielectric loss with increasing frequency
in the range above 15 GHz, measurements up to 1.5 THz have been conducted
using a time-domain spectroscopy (TDS) THz measurement system [Wei+13a]. A
detailed description can be found in [Wei17]. With this, LC has been proven as
well-suitable material for the realisation of continuously tuneable devices not only
in the microwave- but also in the (sub)millimetre wave and THz range. Thus, the
devices realised in this work prove the concept in the lower and higher millimetre
wave range.
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3 Mixed Beam-Switching and
Beam-Steering Network
As for many applications in the millimetre wave range, high gain antenna systems
are needed to overcome the increasing free-space path loss. This requires not only
low-loss feeding networks, but also highly directive antennas or antenna arrays
with a large number of single antenna elements. For beam corrections of the pencil beams, but in particular for portable, tracking and on-the-move applications,
an adaptive beam-steering is mandatory. An alternative to commonly used mechanically moving parabolic antennas or electronically beam-steering phased array
antennas are mixed beam-switching and beam-steering networks based on Butler
matrices in combination with tuneable phase shifters, e.g. based on varactor diodes
[Cha+10].

3.1 Butler Matrix
The Butler matrix is a beam-switching network, which was invented in 1961 for the
simpliﬁcation of antenna array feeding networks [But+61]. It is an N × N network
with N = 2n inputs/outputs. It is composed of ( N/2) log2 N hybrid couplers as
well as ( N/2) log2 ( N − 1) phase shifters [Bal+07].
Within the Butler matrix, the input signal is split equally to all output ports, by
which a well-deﬁned phase distribution is achieved. A schematic of the original 4×4
Butler matrix, fed at an outer input port, is given in Fig. 3.1. All 4×4 Butler matrices
discussed in this work are equipped with 90° hybrids, generating four beams, which
are equally distributed around the broadside direction. By selecting different inputs
with an RF switch, the phase distribution changes, resulting in a switching of the
beam to predeﬁned directions, as shown in Fig. 3.1. Not only a single beam can
be excited by this, but also multiple beams by choosing e.g. two input ports at
the same time. The signal of the second input will then form a beam in another
direction as for the ﬁrst input. If a beam in broadside direction is preferred, more
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Figure 3.1: Schematic of a 4×4 Butler matrix fed at port 1. It consists of 90° hybrid
coupler, ﬁxed 45° phase shifters as well as crossovers.
complex Butler matrix designs are needed, being mostly based on 180° hybrids, e.g.
rat-race coupler [Kou+05; Kam+14; Win+15].
The schematic of the Butler matrix is similar to the computational operations of
the fast Fourier transformation, and therefore, performing an analogue signal processing [Nes68; She68]. Therefore, the ﬁrst Butler matrix represented the analogue
implementation of the fast Fourier transformation before it was even invented in
1965 [Coo+65].
Similar to the comparison between fast and conventional Fourier transformation, a
Butler matrix dramatically reduces the number of required components compared
to a conventional divide/combine beam-forming network. While an 8×8 Butler
matrix requires 12 hybrid couplers and 8 phase shifters, a conventional beamforming network would require 112 hybrid couplers and 64 phase shifters for the
same functional complexity. Since Butler matrices are system-inherently narrowbanded, efforts were made to increase the bandwidth by designing a broadband
hybrid coupler [Bar+06]. Also, the side lobe level, being limited by the uniform
excitation of all individual antenna elements to −10 dB [Win+05; Liu+05], was
improved by the use of a modiﬁed 2n × 2n+1 Butler matrix [Che+09] as well as by
the combination of a 4×4 Butler matrix with four 180° directional couplers [Win+06].
However, a disadvantage of the Butler matrix is its discrete phase distribution, only
allowing a beam-switching.
The beam-switching Butler matrix of Fig. 3.1 can be extended to a mixed beamswitching and beam-steering network by the implementation of tuneable phase
shifters. They can be exemplarily used before the antenna elements to continuously
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Fixed phase shifter
45°

Coupler

Crossover

45°

SPnT

Butler matrix

Phase shifter

Antenna

Figure 3.2: Schematics of a continuously tuneable 1×4 beam-steering network
based on a 4×4 Butler matrix, a tuneable SPnT as well as tuneable phase shifters in
front of each antenna element.
steer the beam in-between the states to which it can be switched by the Butler matrix.
Hence, all preferred beam directions can be adjusted by this mixed beam-switching
and beam-steering concept. Since the progressive phase shift between two adjacent
beams is 90°, an additional progressive phase shift of ±45° is needed to steer the
beam in any direction in between those adjacent switched beam positions. Therefore, an additional phase shift of only 135° is required of the tuneable phase shifters,
in contrast to the phased array approach, where 360°, and therefore, larger phase
shifters with higher losses are required. Further, tuneable SPnTs with continuously
tuneable power splitting ratio can be used for the input selection, allowing a multiple port selection, and therefore, multiple beam excitation. A schematic of such a
tuneable 1×4 beam-steering network is given in Fig. 3.2.

3.2 Tuneable Phase Shifter
A key component for many tuneable devices is the tuneable phase shifter. To
change the phase of an RF signal at low frequencies, parts of reactances are used,
occurring at inductances and capacitances, while delay lines are most common at
high frequencies. Therefore, most phase shifters can be grouped in two categories:
• True phase shifters (frequency independent): the spectrum is shifted uniformly by 90° using so-called Hilbert transformer [Sch+98].
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• True delay line (frequency dependent): a certain phase shift can be achieved
by delaying a signal. Due to the different periodic times at different frequencies, this kind of phase shifting is frequency dependent.
In addition, there are special types of phase shifters not ﬁtting in one of these
deﬁnitions, e.g. the capacitively tuned reﬂection-type phase shifter, whose phase
does not change linearly with frequency [Isk+16].
The ﬁrst generation were mechanical phase shifters, meeting all phase shifting
requirements until the 1960s [Fox47; Sta57; Han66]. The ﬁrst electrically controlled
ferrite phase shifter was introduced in 1957 by Reggia and Spencer [Reg+57], followed by semiconductor diode phase shifters [Whi65; Whi68] and many more.
True delay lines can be divided in two classes: active and passive. While the active
class uses external sources for ampliﬁcation [Vor+82], the passive class only relies on
the power being available from the AC, without any ampliﬁcation. Semiconductor
phase shifters can be implemented in both, active and passive architectures. They
are dominated by monolithic microwave integrated circuits (MMICs) and radio
frequency integrated circuits (RFICs) [Che+13; Kan+09]. In comparison to analogue
phase shifters, which provide a continuously varying phase, semiconductor phase
shifters are mainly digital phase shifters, providing a discrete set of phase states. A
360° 3-bit phase shifter, for example, has a 45°-, 90°- and 180°-element, which allow
discrete steps with a step size of 45° [Kou91]. Varactor diodes are an exception as
they can continuously vary their phase.
The passive class is based for example on microelectromechanical systems (MEMS)
[Bar+98], ferrites [Kou91], ferroelectrics, such as barium-strontium-titanate (BST)
[Vel+07; Saz+11b], and LCs. Where MEMS are mainly providing discrete phase
steps, ferrites show a high power consumption. BST and LC are promising alternatives for the realisation of tuneable phase shifters, due to their continuous tuneability
and low power consumption. Since BST phase shifters are fully printable these
days [Nik+14] and LC devices can utilise automated manufacturing techniques
similar to LC display technology [Kar14], they are enabling a low-cost fabrication
of larger arrays even for a low-volume production. The increasing dielectric loss
with increasing frequency limits the application of BST devices to frequencies below
30 GHz [Saz+11a; Pao+14]. In contrast, LCs are ideally suited for applications above
10 GHz, since their dielectric losses decrease with increasing frequency up to a
certain point, from which they stay constant even up to the THz regime [Wei+13a].
Phase shifters based on LC are used as true delay lines, where its effective permittivity, and therefore, the electrical length of the phase shifter is varied, while the
physical length is staying constant.
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Figure 3.3: Schematic of the a quasi-TEM transmission line.
The basic principle of an LC ﬁlled phase shifter will be explained by means of the
quasi-TEM transmission line section in Fig. 3.3. The tuneable material generally
inﬂuences all transmission line elements R, L, G and C. Their dependency on the
relative permittivity of the material is linked to the transmission line topology.
Therefore,

R =

1
,
Aeff σ

√ Z0
μ
,
c
√ 0
ε r,eff
C =
,
Z0 c0
L =

G = ωC tan δeff ,

(3.1)
(3.2)

with the conductor cross section Aeff , the metal’s electrical conductivity σ and ε r,eff
and tan δeff being the dielectric’s effective permittivity and loss, respectively. By
calculating the complex propagation constant
γ = α + iβ =



( R + iωL)( G + iωC )

(3.3)

√
the well-known relation for the phase constant of a TEM wave β = ω με ([Δβ] =
rad/m) can be derived. The phase shift, which can be provided by the phase shifter,
is calculated by means of the phase shifter length lPS as well as the differential phase
constant Δβ = β  − β ⊥ to

Δϕ =

Δβ ·

180°
π





· lPS =


360° · f 
√
lPS ,
ε r,eff, − ε r,eff,⊥
c0

[Δϕ] = ° . (3.4)

The indices ⊥ and  are indicating the different orientations of the LC director with
respect to the RF ﬁeld inside the phase shifter, being described in detail in chapter
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2. An important parameter for the evaluation of tuneable transmission lines is the
steering efﬁciency τϕ , being deﬁned as the achievable phase shift per unit length

τϕ =

Δϕ
,
l

[τϕ ] = °/m .

(3.5)

It can be normalised to the ideally achievable phase shift for perfect alignment in all
orientations. Due to certain boundary conditions inside the transmission line, the
LC can never be ideally aligned, which is why the steering efﬁciency will always be
τϕ /τϕ,ideal < 1.
To compare the performance of passive phase shifters, a ﬁgure of merit (FoM) has
been deﬁned as the ratio of the maximum phase shift over the maximum insertion
loss (IL) for all tuning states [Kou91]

FoM =

Δϕmax
,
ILmax

[FoM] = °/dB .

(3.6)

The anisotropic behaviour of the insertion loss causes different attenuation constants
for different alignment states, resulting in a frequency- and alignment-dependent
loss IL( f , ϕ). A comparison of different tuneable phase shifter technologies for Ka -,
V- and W-band frequencies is given in Table 3.1.
As can be seen, LC phase shifters can be designed in different technologies, depending on the application for which they are intended. For low-loss applications,
metallic waveguide based LC phase shifters are of major interest. They beneﬁt
from very low losses, and therefore, a high FoM. Hence, they are preferably used
for feeding networks in satellite applications. On the other hand, they are not
compact enough for an easy integration. For low-proﬁle applications transmission
line based LC phase shifters are best suited, such as a coplanar waveguide (CPW)
or a microstrip line (MSL) based LC phase shifter, which have been discussed in
detail in [Kar14; Gö09].
Liquid crystal based phase shifters have proven several times to be suitable for the
integration in electrically steerable phased array antennas [Kar14; Gae15; Str15]. In
this work, they are used for the ﬁrst time in a mixed beam-switching and beamsteering network as well as the continuously adjustable interference-based SPDTs.
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3.3 Interference-Based Single-Pole Double-Throw
In the past, research on SPDTs focussed solely on RF switching. The spotlight has
been on the selectivity of different paths while, at the same time, ensuring a high
isolation to all unselected ports. To fulﬁl these requirements, semiconductor and
MEMS technologies have been most commonly used. With these technologies,
compact circuits could be realised, where certain paths can be connected to ground
when applying a biasing current or voltage [Kum+12; Sca+02]. By this, a low-loss
propagation can be supplied in the thru path, while the isolation to the other ports
is high due to the ground connection.
Now, for a higher ﬂexibility in future applications, interference-based LC SPDTs are
introducing a novel property: a continuously adjustable power splitting ratio.
By the use of continuously tuneable phase shifters, the interference scenarios inside
the coupling region of an SPDT can be controlled, by which it is not only possible to
switch between the different paths, but also to continuously adjust each preferred
power ratio between them. This can be useful e.g. in the aimed mixed beamswitching and beam-steering network for providing a multiple beam generation.

Table 3.1: Comparison of different tuneable phase shifter technologies.
Technology

Implementation

f
(GHz)

FoM
(°/dB)

REF

InGaAs
GaN

PIN switch diodes
2-bit RTPS
distributed MEMS CPW
loaded line (4-bit)
Waveguide MEMS
3-bit switched line
RTPS (CMOS 0.18 μm)
loaded CPW
microstrip line
ﬁnline
ridged waveguide
metallic waveguide
SIW
loaded line
CPW (CMOS 0.35 μm)

28
80
40
60
106
77
65
40
24
40
96
35
28
93
45

45
17
47
83
13
55
42
22
110
62
70
200
41
42
51

[Yan+11]
[Mar+14]
[Bar+98]
[Kim+02]
[Psy+13]
[Ste+08]
[Cha+13]
[Vel+07]
[Wei+03]
[Mue+05]
[Mue+06]
[Gae+09]
[Str+14]
[Fri+11]
[Fra+13]

MEMS
MEMS & CMOS
BST
LC
LC & LTCC
LC & MEMS
LC & CMOS
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III
Phase shifter
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Figure 3.4: Basic principle of an interference-based SPDT equipped with tuneable
phase shifters. By varying the phase shift between the two branches, the interference
scenarios, and therefore, the output ports can be continuously selected for each
preferred signal ratio.The lengths of the power divider branches, the separated
paths including the phase shifters as well as the combiner are given by lPD , lPS and
lC , respectively.

Moreover, in a receive path of a radiometer both outputs can be connected to a
detector each, one having a high power limit but a low sensitivity and the other
having a low power limit but a high sensitivity. While one of them is suitable for
continuous high power detection, the other is able to detect already small or single
signals. Since the power of the signals can vary over a certain time period, an
adaption to the power ratio is needed. One example of such an application is inside
an RF radiometer or in satellite applications. There, interference-based SPDTs can
also be used for switching to the power calibration path or between transmit and
receive paths, respectively. Further advantages of this technology are the low power
consumption as well as the fact that no mechanically moving parts are needed,
which reduces the possibility of wear-out failures to a minimum.

In the following, the concept of interference-based SPDTs is explained in detail. A
schematic of the basic principle is shown in Fig. 3.4.
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According to the scattering matrix for an ideal power divider
⎞⎛ I ⎞
⎛
⎞
bI1
a1
0 1 1
1
⎝ bI ⎠ = √ ⎝1 0 0⎠ ⎝ aI ⎠ ,
2
2
2 1 0 0
aI3
bI3
⎛

(3.7)

the incoming signal a1 = aI1 is split into two equal parts, being in phase to each
other.

1 I 1 I
a + a
2 1 2 1
1
1
= √ b2I e−iβlPD + √ b3I e−iβlPD
2
2

a1 =

(3.8)
(3.9)

Each of the upcoming paths includes a phase shifter for 90° phase shift. Taking this
into account as well as the total length of the two branches lPS , this leads to
bIIx = bIx e−iβlPS e−iΔϕx ,

x = 2, 3 ,

(3.10)

and therefore,
1
1
a1 = √ b2II e−iβ(lPD +lPS ) e−iΔϕ1 + √ b3II e−iβ(lPD +lPS ) e−iΔϕ2 .
2
2

(3.11)

At this point it is assumed that the change in propagation constant within the phase
shifter is negligible. The signals are superimposed afterwards in the combiner
section, being described by the scattering matrix
⎛
⎜
⎜
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4
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aIII
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(3.12)

II
II
III
with aIII
1 = b2 and a4 = b3 . This already includes that lC = nλ + λ/4. With this in
mind, the signals recombine to following output signals:
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Figure 3.5: Schematic of the two extreme conﬁgurations of an interference-based
SPDT, where only an output signal is adjusted at port 2 or port 3. Using continuously
tunable phase shifters, the signal ratio can be continuously adjusted in between.
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2 = − √ a1 − √ a4
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Therefore, the difference in phase of the two split-up signals is introduced just by
the λ/4 transformation within the combiner as well as the phase shift applied by
the phase shifters. If the phase shifters are tuned equally (e.g. Δϕ1 = Δϕ2 = 0°),
the SPDT will ideally provide two identical output signals of 3 dB. If one of the
phase shifters is tuned to 90° phase shift compared to the other one, the interference
conditions in the combiner section will lead to a constructive interference at one
output and a destructive interference at the other output. Assuming Δϕ1 = 90°,
Δϕ2 = 0°, lPD = nλ + λ/4, lPS = nλ + λ/4 and lC = nλ + λ/4, as shown in Fig. 3.5,
III
as well as b2 = bIII
2 and b3 = b3 , the interference scenarios at the outputs result in
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This is one of two extreme conﬁgurations, while the other is given vice versa by
Δϕ1 = 0°, Δϕ2 = 90° (see Fig. 3.5). The advantage of using liquid crystal based
phase shifters in this conﬁguration is that the phase shift, and therefore, the possible
signal relations can be adjusted continuously.
Since several, partly tuneable components are needed for the realisation, various
challenges are addressed to the chosen technology, also depending on the speciﬁc scope conditions of the given application. Therefore, different technologies
have been investigated within this work to be able to adapt best to the diverse
requirements in satellite communication and imaging.

45

4 Planar LTCC Integrated SPDT
at Ka-Band
Since nowadays the Ka-band plays an important role in satellite communication,
it is used more frequently. Hence, beside an increase of the spectral efﬁciency, a
more resourceful usage of the given frequencies is mandatory. A high degree of
frequency re-use, and therefore, a signiﬁcant increase in system capacity is provided
by multiple spot beam antennas [Sch+11]. An example is the 82 Ka-band spot
beam antenna used in Eutelsat’s KA-SAT, launched in 2010. It is connected to 10
ground stations and allows data transfers with 90 GBit/s, due to the diverse usage of
frequencies. The service area is covered by many overlapping small spot beams with
high gain, supporting broadband up- and downlink services. There, a four colour
scheme is being utilised, which has been proven as an optimal compromise between
performance and system complexity. Two frequency sub-bands and two orthogonal
polarisations (left and right handed circular) are used, so that the overlapping
colours differ either in frequency or in polarisation. Two beams of the same colour
are spatially separated from each other.
Those spots can be created by a single feed antenna each. Although this single
feed per beam design is simple and shows a very good electrical performance, it
is suffering from a large aperture of the overall antenna. To be able to overlap
adjacent spots, additional reﬂector apertures are needed. An optimised design is
the multiple feed per beam antenna where the spots are generated by sub-arrays.
Adjacent beams share antenna elements, thus, decreasing mass and size of the
antenna. The beam-forming relies upon many phase shifters as well as variable
attenuators to form the single high gain spots needed for operation. This leads to a
very complex beam-forming network as shown in the project Medusa [Sch+10].
A promising technology for the reduction of the feeding network’s complexity is
the standard low temperature co-ﬁred ceramics (LTCC) technology, a multilayer
technology with low loss in the micro- and millimetre wave regime. LTCC is a
space qualiﬁed material and can therefore be used as a carrier material for satellite
components. Parts of a beam-forming network have already been integrated into

47

4 Planar LTCC Integrated SPDT at Ka-Band
LTCC as exemplarily shown in [Kle+11] with a Wilkinson power divider. Additional
components needed are phase shifters, tuneable attenuators or SPDTs.
Besides the implementation of metallic and resistive structure networks, LTCC also
allows the integration of hermetically-sealed cavities. This is a prerequisite for the
use of nematic liquid crystal (LC) as a tuneable dielectric. The applicability of LC in
LTCC components has already been proven in the research projects Liquida1 and
Liquida 22 , which were supported by the German Federal Ministry for Economic
Affairs and Energy under the lead of the German Aerospace Center (Deutsches
Zentrum für Luft- und Raumfahrt, DLR). Microstrip line and substrate integrated
waveguide phase shifters had been investigated, for the usage in electrically steerable phased array antennas [Gae15; Str15]. In Liquida 2, the LC-LTCC technology
has also been proven to provide a high repeatability [Str+14].
In this chapter, results of the research project Liquida K3 are presented. The objective
of this project was the investigation of miniaturised tuneable components for beamforming networks, speciﬁcally tuneable phase shifters, SPDTs and amplitude tuner
[Pra+17]. Within the designs of the tuneable components, all non-tuneable single
components needed for a Butler matrix design are investigated as well (see Fig.
4.1). By this, the suitability of the LTCC technology for the realisation of a tuneable
mixed beam-switching and beam-steering network at W-band can be estimated.
1 FKZ
2 FKZ
3 FKZ

50 YB 0618
50 YB 0921
50 YB 1316

Sec. 4.1

Sec. 4.2
45°

45°

Figure 4.1: Schematic overview of the components investigated in LTCC technology
with corresponding section numbers.
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(c)
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Figure 4.2: LTCC fabrication process. First, the (a) green tape is (b) punched, before
(c) the via holes are ﬁlled with gold paste. After that, (d) the plane metallisation
is applied by screen printing. Then, (e) the different layers are stacked manually
before (f) sintering.
Realisation of microwave LC-tuned LTCC components
A schematic of the LTCC fabrication process is given in Fig. 4.2. The commercial
tape 9K7 from DuPont was chosen, which is especially suited for RF applications
(ε r = 7.1 & tan δ = 0.0010 at 10 GHz [DuP]). The thickness of the unﬁred tapes
are 254 μm and 127 μm. Vias and the cavity are generated by punching. For the
components investigated in the Liquida K project, the LC cavity was punched in
one of the thinner tapes only. The other layers are made of the thicker tape for
stability purposes. The via holes had been ﬁlled with Au-paste LL500. After this,
planar metallisation (Au-paste LL505) and resistive layers (resistor paste 2061) were
applied on the tapes by screen printing. The conductivity of the gold pastes is
given by the manufacturer with σ= 1.33 · 107 S/m, while the sheet resistivity of the
resistive paste is given to be R= 1 MΩ/.
The lamination of the green (unﬁred) tapes was carried out at 70 °C and 15 MPa
in an uniaxial press using a customised pressing tool. The LTCC layers cannot all
be laminated in one step, because the buried cavity would have been damaged.
Therefore, a bottom and a top part consisting of three LTCC layers each were
laminated separately. The single tape containing the cavity had also been predensiﬁed with the same pressure. The three parts (bottom, top and cavity layer)
were then joined still in a green state by low pressure lamination. A water based
adhesive, 2 % solution of hydroxyethyl cellulose dissolved in de-ionized water, was
brushed on the laminates and a low pressure of 3 MPa was applied for 3 minutes
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on the preheated parts (70 °C).
The components were sintered at 865 °C peak temperature for 20 minutes. A 27 h
sintering proﬁle with very low heating rates was used, which is recommended by the
tape manufacturer for 9K7. During sintering, a shrinkage of 8.8 % in lateral direction
and 10.6 % in thickness direction occurs. The shrinkage is already accounted for
in the design of the components. After sintering, the modules were cut out of the
LTCC laminate. Finally, the LC was injected in the cavity under vacuum conditions
and the cavity was sealed.

4.1 Stripline Phase Shifter
As being essential for almost all tuneable components, the phase shifter has been
investigated individually. The focus was set on the question, if the differential
phase shift provided by the phase shifter can be accurately determined by using the
in-house director dynamics simulation tool SimLCwg presented in [Gae15]. This is
mandatory for the later application, since the overall components are completely
embedded inside the LTCC and cannot be separately characterised. Further, commercially available simulation tools, such as CST Studio Suite, which was used
for all design processes within this thesis, are not able to sufﬁciently determine
the phase shift. The tuneable LC material can only be simulated as a block with
homogeneous LC alignment. This is due to the fact, that director dynamics, and
therefore, effects like surface anchoring cannot be taken into account.
Further, the compactness of the investigated components was an important parameter. Due to this, low proﬁle types of transmission lines had been preferred,
which is why the embedded waveguide from Liquida 2 was not taken into account.
Since the LTCC components are realised of individually screen printed layers, a
CPW structure is also not reasonable, because the corresponding mode would only
propagate through a marginal part of the LC, which can only be on top or below
the CPW. The most useful type, being further investigated in the following, is the
microstrip line.
While the high permittivity of the 9k7 green tape is beneﬁcial for miniaturising the
components, it simultaneously involves several disadvantages connected to the
design and fabrication process. One disadvantage is the high permittivity difference
between LTCC and LC, causing the RF ﬁeld to focus in the non-tuneable LTCC
material. To overcome this issue, the ground plane of the microstrip line within the
LC ﬁlled section is designed with the same width as the signal line, focussing the
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RF ﬁeld denser inside the LC. By this, a higher phase shift per unit length can be
achieved. Pre-investigations on this issue have already been presented in [Str15].
The second disadvantage is directly connected with the ﬁxed minimum substrate
height of 107 μm (after sintering): due to the fabrication limitation in the screen
printing process, only allowing line widths of ≥ 100 μm, it is not possible to realise
microstrip lines with a preferred impedance of 50 Ω, but 46 Ω in maximum. Only
in the embedded LC section a 50 Ω design is possible, due to the lower permittivity
of LC. Another fabrication limitation is the dimensions of the punching tools, only
allowing LC cavity widths of ≥ 1 mm.

Design
A cross-section of the phase shifting section is given in Fig. 4.3. The LC cavity
was chosen with a height of 107 μm, corresponding to the height of one thin LTCC
layer. For the LC orientation a fully electrical biasing system is implemented.
While the parallel LC orientation can be provided by applying a DC voltage VV to
the microstrip line itself, the perpendicular orientation is provided by additional
resistive biasing lines. By applying biasing voltages of ±VH to these biasing lines,

wLC
VV

wStrip
Gold paste
LTCC

+VH

hLTCC
wBias
LC
Resistive paste

-VH

Figure 4.3: Cross-section of the LC-tuned LTCC microstrip line phase shifter. The
biasing ﬁelds are given both for (top) the parallel and (bottom) the perpendicular
orientation of the LC. The most important dimensions are wLC = 1 mm, wStrip =
140 μm, wBias = 800 μm and hLTCC = 107 μm.
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LC filling hole
Biasing pads
Transition via
LTCC layers
CPW
contact pad
wPS
lPS

Biasing electrodes

Embedded LC cavity
Figure 4.4: Schematic of the LC-tuned LTCC phase shifter design. The most
important dimensions are wPS = 5.5 mm and lPS = 31.0 mm.
horizontal biasing ﬁelds are generated. The biasing lines on each side are electrically
connected by a via and made of high resistive paste to not affect the RF ﬁeld.
A three dimensional schematic of the phase shifter design is shown in Fig. 4.4.
Since the LC ﬁlling needs to be done after the sintering process, a ﬁlling hole is
included to the design, by which the phase shifter is ﬁlled under vacuum conditions.
Afterwards, this ﬁlling hole is sealed. The biasing voltages are provided to the
biasing pads on the top of the phase shifter demonstrator, being connected to the
biasing-/striplines by means of vias and resistive conductors. For the characterisation of the phase shifter, a transition from microstrip line to CPW is needed, which
has been realised with the help of a via. This CPW is then guided outside the LTCC,
where it changes to a grounded CPW. By the use of RF probes, the phase shifter
demonstrator can then be connected to the vector network analyser (VNA).
The total design has a length of lPS = 31.0 mm and a width of wPS = 5.5 mm. The
phase shifting section has a length of lLC = 14.6 mm. For this length, a phase shift of
60.6° is predicted by SimLCwg at 30 GHz.
Realisation
Since the phase shifters will be fully embedded in LTCC, test samples need to be
realised in order to verify the reliability of the fabrication process. First, embedded
test cavities were fabricated under different conditions. Structural cuts of two
cavities are shown in Fig. 4.5. For the ﬁrst cavity no pre-lamination of the LTCC
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no pre-lamination
without glue
200 μm

pre-lamination
with glue
200 μm

Figure 4.5: Cut-view of embedded test cavities where (left) no pre-lamination and
no additional glue was used while (right) pre-lamination and additional glue was
used to provide a better stability.
parts (top, bottom and cavity, as explained before) was done and no glue had been
used. It is obvious that the stability needed for the realisation of an embedded cavity
is not given in this way. On the other hand, when pre-laminating the different parts
and using the special water based adhesive, the cavity results in a well-deﬁned
rectangular shape. A structural cut of a complete phase shifting section is given in
Fig. 4.6, including the stripline and biasing lines.
Several fabrication tolerances are shown there. First, a misalignment of the different
layers to each other is visible. This is because the different layers are aligned with
special tools, but still by hand. Further, the cavity is more narrow in the centre, due
to the high pressure needed during lamination. Ruptures at the edges of the resistive
biasing lines are also visible, which occur during the sintering process. Nevertheless,
these fabrication tolerances are not affecting the overall performance of the phase
Biasing lines
Biasing lines
A'

Stripline
Stripline

Biasing lines
Biasing lines

Filling
hole
50 μm
A
Rupture at biasing line edges

y
x

z

50 μm

Figure 4.6: Structural cut of the phase shifter at the level of the ﬁlling hole. The cut
is in the x-y-plane and the propagation direction is in z-direction.
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Beginning of
open cavity
for GSG probes

Beginning of
embedded
LC cavity

Figure 4.7: Ultrasound investigation of a realised phase shifter. At transitions from
cavities to fully embedded LTCC parts, interruptions of the metallic striplines occur.
On the left and right, the original structures are shown right after screen printing.
shifter much. The spatial shift between the layers is only about 50 μm, causing an
increase in insertion loss of 3.5 % in maximum. The difference in height is about
10 μm (90 μm in the centre, compared to 103 μm at the edges), causing an increase
in insertion loss of less than 1.0 % and a frequency shift of 1 GHz in maximum.The
ruptures only distort the DC biasing ﬁeld slightly. Although the lower cavity height
causes a mismatch, it also results in a beneﬁt of a reduced response time.
Further investigations on the realised phase shifters have been conducted by means
of ultrasound (see Fig. 4.7). Interruptions of the gold metallisation could be made

After lamination:

After sintering:

Glue residuals

Au detachment

Figure 4.8: Stereomicroscopy of a phase shifter (left) with glue residuals after
lamination and (middle) detached gold metallisation after the sintering process. In
(right), an ultrasound image of the phase shifter with an interrupted transmission
line is given.
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Delamination
Figure 4.9: Ultrasound image of the phase shifter after the lamination and sintering
process without the use of the water based adhesive. No interruptions of the
transmission line can be made out but only a small delamination at the LC ﬁlling
channel.

out at the transition from fully embedded LTCC parts to the embedded LC cavity
or the open cavity of the CPW contact pad. It is called open cavity, since the LTCC
layer above the CPW contact pad need to be punched out in this area during the
fabrication process. The interruptions are due to glue residuals arising from the
lamination process. If the glue is in contact with the gold paste in a region where
it is not fully embedded in LTCC, it is able to dissolve the gold metallisation from
the LTCC laminates during the sintering process, as shown in Fig. 4.8. Therefore,
only a small amount of glue has been used in the lamination process to avoid gold
detachments, although this could lead to delamination, as shown in Fig. 4.9. These
delaminations only occurred in a small region at the edge of the embedded cavity
as well as at the bottom of the ﬁlling section. Despite the fact that these small slits
are then ﬁlled with LC, they are too far away from the signal line to inﬂuence the
RF ﬁeld.

Open cavity with GSG ppad
Sealed filling
S
lling hol
hole
le
Biasing pads

Figure 4.10: Photograph of the LC-tuned LTCC phase shifter demonstrator. The
LC ﬁlling hole was sealed by epoxy glue after the ﬁlling process.
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Spring probe pins
GSG prope
Figure 4.11: Measurement setup of the LC-tuned LTCC phase shifter. The biasing
voltage is supplied by means of spring probe pins, while the contact pads in the
open cavities are connected by ACP GSG 250 probes.
The ﬁnal phase shifter demonstrator is given in Fig. 4.10. It has been ﬁlled with the
LC GT3-23001 (for dielectric properties see Tab. 2.1) under vacuum conditions to
avoid air bubbles inside the cavity, since this would lower the tuneability and lead
to a mismatch. Afterwards, the ﬁlling hole was sealed with epoxy glue.
Characterisation
Fig. 4.11 shows the measurement setup of the phase shifter. It was connected to
the VNA (PNA-X from Keysight Technologies) via ACP40 GSG 250 probes from
Cascade Microtech. The DC biasing pads were connected with the help of spring
probe pins to the voltage source (Keithley 2612). The phase shifter is mounted on a
sample holder made of polyvinyl chloride (PVC), being ﬁxed to a self-made probe
station. By this, possible ﬁeld distortions caused by metallic chucks are avoided.
A comparison of the simulated and measured S-parameter results for the phase
shifter are given in Fig. 4.12. The simulations were carried out with CST Studio
Suite and the measurements were carried out using biasing voltages of VV = 50 V
for the parallel and VH = ±200 V for the perpendicular alignment in maximum.
The matching ﬁts the simulation well close to the design frequency with values
better than −10 dB between 30.3 GHz to 34.4 GHz. Beside this frequency range, the
phase shifter is not matched sufﬁciently with values around −5 dB. The reason
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Figure 4.12: Comparison of the simulated and measured S-parameters for the LCtuned LTCC phase shifter. The frequency dependent simulations were conducted
with CST Studio Suite
for the mismatch compared to simulation is the fabrication tolerances of the LTCC
process, such as the shift between the different layers due to the manually stacking
process as well as the compression of the LC cavity during the lamination process.
The insertion loss is higher than expected with values of 5.5 dB to 7.5 dB between
30.3 GHz 34.4 GHz. This high insertion loss arises amongst other from the more
than three times decreased conductivity of the used gold paste compared with
conventional gold as well as the surface roughness of the LTCC tapes, and therefore,
the transmission line structures. This aspect will be discussed in detail in the SPDT
section. Nevertheless, for the design frequency of 30 GHz the phase shifter shows a
constant insertion loss of 6 dB, independent from the tuning state. This is a preferred
property for interference-based SPDTs.
The phase shift supplied by the phase shifter is very rippled, as can be seen in Fig.
4.13. This is caused by standing waves inside the LC section, originating from badly
matched transition vias. However, the phase shift of 60.6° at 30 GHz proposed by
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Figure 4.13: (left) Phase shift and (right) ﬁgure of merit of the LTCC based LC
phase shifter. The simulations were conducted with CST Studio Suite.
the in-house simulation tool SimLCwg could be accurately conﬁrmed with measured
value of 60.9°. The simulated values from CST Studio Suite are higher than the
measured ones and the one predicted by SimLCwg, since they are based on ideal
parallel and perpendicular alignment of the LC.
The corresponding FoM reaches mean values of 10 °/dB between 29 GHz to 34 GHz.
A not negligible part of this loss is arising from the open cavity to embedded LTCC
transitions as well as the CPW-to-microstrip line transition via. This was proven
by the realisation of a reference line, being the same device as the phase shifter, but
excluding the phase shifting section. A schematic of this reference line and a picture
of the demonstrator are given in Fig. 4.14. The simulated and measured results are
shown in Fig. 4.15. While matching is partially good, it shows an insertion loss

lRef

Figure 4.14: Schematic and ﬁnal demonstrator of the LTCC reference line. The
total length is lRef = 15 mm.
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Figure 4.15: Simulated and measured (left) reﬂection and (right) transmission
coefﬁcients of the LTCC reference line.
from 1.0 dB to 3.5 dB in the measured frequency range. Therefore, a new transition
topology is needed for the SPDT design. The deviations between the measured and
simulated results are arising from the same limitations as mentioned before, such as
the decreased gold conductivity as well as the surface roughness.
The results of the response time measurements are given in Fig. 4.16. They were
measured with a continuous wave time sweep using Keysight’s PNA-X. It was
10% = 57 ms for the case from perpendicular to parallel orientation
measured to τ90%
90% = 36 s from parallel to perpendicular orientation, when applying biasing
and τ10%
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Figure 4.16: Results of the response time measurement of the LC-tuned LTCC
phase shifter ﬁlled with GT3-23001. For these measurements VV = 50 V had been
used for the parallel and VH = ±200 V for the perpendicular state.
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Figure 4.17: (left) Phase state of the LC-tuned LTCC phase shifter in dependency
of the biasing voltage. (right) Response time measurement of the LC-tuned LTCC
phase shifter for the parallel-to-switch off case.

voltages of VV = 50 V and VH = ±200 V for the parallel and perpendicular case,
respectively. Although the voltage dependent measurements of the phase shift in
Fig. 4.17 show that lower voltages are already sufﬁcient, these high biasing voltages
have been chosen for keeping the response time as low as possible.

The voltage-dependent measurements also show that the highest phase shift is
achieved for a perpendicular orientation with a biasing voltage of VV = VH = 0 V.
This is obvious when calling Fig. 4.3 into memory, where the RF striplines are acting
as ﬂoating electrodes during the perpendicular orientation, causing a parallel LC
alignment in the vicinity of the striplines. If the biasing voltages are switched off, the
LC can homogeneously align to the perpendicular orientation by means of surface
anchoring. Despite of the switched-off voltage and without the use of an alignment
layer, this is a reproducible state. It originates from a weak surface anchoring of
the LC directors at the cavity walls, striplines and the biasing electrodes, as already
discussed in [Gö09]. Consequently, this switch-off state has a longer response time,
which was measured to τoff = 58 s (see Fig. 4.17). However, for the SPDT design, the
phase shift for the perpendicular orientation with VB = ±200 V is taken into account
in order to keep the response time low and for having some backup phase shift for
compensating possible fabrication tolerances.
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In addition to tuneable phase shifters, the electrically tuneable LC-tuned LTCC
SPDT comprises of the following single components:
• DC blocking structures: for preventing the biasing voltage applied at one
phase shifter to inﬂuence the other phase shifter
• Power divider and combiner: for power division/re-combination at the input/output section
• Transition: for mode conversion from the grounded CPW at the open cavity
to the fully embedded microstrip line and vice versa
• GSG(SG)-probe contact pad: for connection of the SPDT to the VNA
For the component design in the embedded LTCC part, a microstrip line topology
was chosen, because the design of bended structures, being essential for power
dividing/combining components, is much simpler than in CPW topology [Lam+08;
Fan+96]. On the other hand, the demonstrator will be connected to the measurement
setup by on-wafer probes, which is why for the contact pad design at the open
cavities a grounded CPW topology was chosen. Hence, CPW-to-microstrip line
transitions are mandatory for supplying the needed mode conversion at the interface
between open cavities and the embedded LTCC part.
Due to these kind of design criteria, CPW-to-microstrip line transitions for LTCC
applications are of great interest in research [Bhu+17; Nai+13; Lei+05]. While most
CPW-to-microstrip line transitions are designed vertically based on vias, as for the
aforementioned LC-tuned LTCC phase shifter, the transitions of the LC-tuned LTCC
SPDTs are based on a capacitive coupling as in [Zhu+14]. By this, the transitions
can directly function as DC blocking structures.
Due to the fabrication constraint of a minimum conductor width of 100 μm, a fully
embedded microstrip line can maximally achieve an impedance of Z0 ≈ 45 Ω for a
substrate height of hLTCC = 107 μm (1 layer of 9k7 tape). Further, by working at the
lowest limit of the screen printing process, the edges of the transmission lines can
be rippled, resulting in a continuous change in line width.
Therefore, two SPDT topologies have been realised within the Liquida K project,
one with the highest possible impedance of Z0 ≈ 45 Ω (SPDT50) and one with
an impedance of Z0 ≈ 32 Ω (SPDT32) within the embedded LTCC section. This
results in stripline widths of wStrip > 210 μm, by which a rippled shape of the
transmission lines can be avoided. However, the GSG(SG)-probe contact pads in

61

4 Planar LTCC Integrated SPDT at Ka-Band
the open cavities have always been designed to Z0 = 50 Ω. Thus, the embedded
structures with Z0 = 32 Ω are matched by the CPW-to-microstrip line transitions to
the GSG(SG)-probe contact pads.
Different conductor widths also require different sub-component designs of the
SPDTs. While there is still a certain variety in the design for conductor widths of
wStrip > 210 μm, the options for the individual components are rather limited at
conductor widths of wStrip = 100 μm. Both designs, including their simulation and
characterisation results, will be explained in the following sub-sections.

4.2.1 Impedance-Dependent Designs
SPDT32
The characteristic impedance of 32 Ω was chosen, since typical dimensions needed
for power divider/combiner are realisable within the screen printing limitations.

⇒
⇒

Z0 = 31.3 Ω =
ˆ wStrip = 211 μm
√
Z0 / 2 = 22.1 Ω =
ˆ wStrip = 368 μm
√
Z0 · 2 = 44.6 Ω =
ˆ wStrip = 100 μm

(4.1)
(4.2)
(4.3)

All designed sub-components as well as their simulation results are given in Fig.
4.18 and Fig. 4.19.
The power divider was designed in a rat-race topology, where the isolated port
is additionally terminated by an embedded resistor with the size of 1.00 mm ×
1.52 mm. A Wilkinson power divider, commonly used for power division in microstrip line topology, could not be chosen, since the design rules of the screen
printing process would need to be infringed. The size of the needed embedded
resistor would be too small (100 μm × 200 μm) to achieve a reproducible resistance,
since relative deviations in the screen printing/sintering process would be high. In
case of the rat-race coupler, the resistor is not underlying any design restrictions.
According to the simulations, the rat-race coupler shows an equal power split of
|S21 | = |S31 | ≈ −3.8 dB.
The combiner was designed as branchline coupler, since a four-port device is needed
for the re-combination of the split-up signals and further distribution to both output
ports. The system-inherent phase difference of 90° applied between the two input
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Figure 4.18: Schematics and simulation results of the embedded sub-components
(from top to bottom) rat-race coupler, DC blocking structure and branchline coupler
of the SPDT32. The most important dimensions are given in appendix A.1.
signals, together with the phase shift supplied by the phase shifters, lead to the
preferred interference conditions at both output sections of the SPDT. The branchline
coupler exhibits a simulated insertion loss of around 0.7 dB.
Cascaded CPW-to-microstrip line transitions similar to [Zhu+04], placed in each
branch between phase shifter and power divider/combiner, are functioning as DC
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Figure 4.19: Schematics and simulation results of the GSG(SG) contact pads, including the embedded CPW-to-microstrip line transitions of the SPDT32. The most
important dimensions are given in appendix A.1.

blocking structure. This ensures that the biasing voltage of one phase shifter cannot
have an impact on the second one, being at an expense of 0.7 dB of insertion loss.
Single versions are also used as transitions from the embedded microstrip line to
the open cavities. There, a GSG as well as a GSGSG contact pad for RF probes have
been designed in grounded CPW topology. Together with the CPW-to-microstrip
line transitions, the GSG- and GSGSG-contact pads show a simulated insertion loss
of 0.5 dB and 0.7 dB, respectively.

Fig. 4.20 shows the complete design of the SPDT32, including all the sub-components
mentioned above as well as the tuneable phase shifters. Each phase shifter has a
separate ﬁlling channel. The ports are labelled as they appear later on in the measurements. The complete SPDT has a width of 12.0 mm and a length of 68.2 mm,
while the LC cavity already has a length of 26 mm.
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Figure 4.20: Schematic of the interference-based LC-tuned LTCC SPDT, designed
for a line impedance of 32 Ω in the embedded section.
SPDT50
The second SPDT was designed as close as possible to 50 Ω with embedded stripline
widths of 100 μm. The overall design is given in Fig. 4.21. Due to the small
conductor width, only a branchline coupler can be considered as power splitter as
well as combiner. Hence, it results in a four-port device, where the unused branch
of the power dividing branchline coupler is guided back to the open cavity (port
4). By this it is possible to track the signals in this branch while at the same time
terminating it ideally.
The branchline coupler causes a phase difference of 90° between the split up signals,
which must be compensated by a ﬁxed phase shifter, realised as meander line. The

DC blocking structure
Fixed phase shifter
Transition

Branchline
coupler
Port 1
Port 2

/4 /4
/4

Port 3
Port 4

Phase shifter 1
Phase shifter 2
GSGSG contact pad

/4

GSGSG contact pad

Figure 4.21: Schematic of the interference-based LC-tuned LTCC SPDT, designed
for a line impedance close to 50 Ω.

65

4 Planar LTCC Integrated SPDT at Ka-Band

Input: Port 3

To PS1
Embedded resistor

110 µm
To PS2

Figure 4.22: Screen-printed rat-race coupler of the SPDT 32 before the sintering
process. The stripline width of the rat-race itself is 110 μm instead of the designed
100 μm, due to the shrinkage during sintering.
general design of the GSGSG contact pads, DC blocking structures and transitions
are the same as for the SPDT32. Only the dimensions needed to be adapted, based
on the smaller conductor widths. The total length of the SPDT50 is with 58.9 mm
shorter than the SPDT32. The width is with 12.0 mm the same as for the SPDT32.
The LC cavity is also shorter with 24.3 mm, being already sufﬁcient for the the
provision of 90° phase shift.

4.2.2 Demonstrator Realisation
The SPDTs have been realised in the same way as the phase shifter, only that for
stability reasons 10 instead of 7 layers of LTCC were used.
The screen-printed rat-race coupler of the SPDT32 is shown in Fig. 4.22. The
embedded resistor is partially overlapping the taper made of gold to ensure a
proper contact. In the green state, the strip width of the rat-race is 110 μm since the
shrinkage during the sintering process is taken into account. A rippled shape of this
stripline can be made out, originating from the lower limit of 100 μm of the screens.
Nevertheless, simulations showed that slightly rippled shapes have no signiﬁcant
inﬂuence on the overall performance.
Further, by taking the experience gained from the phase shifter realisation into
account it was possible to fabricate the SPDT32 without any detectable delamination
(see Fig. 4.23). At the SPDT50, however, similar delaminations can be made out
as for the phase shifter, having no noticeable inﬂuence on the overall performance
since they only appear at the edge of the biasing electrodes as well as the LC ﬁlling
hole, as can be seen in Fig. 4.24.
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Figure 4.23: Ultrasound image of a test structure of the SPDT32. (left) No delamination can be made out in (right) the different regions of (a) open cavity, (b) embedded
transmission line structures and (c) the embedded LC cavity.
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Figure 4.24: (left) Ultrasound image and (right) structural cut of the SPDT50’s
embedded LC cavity. Delaminations have mainly been made out at the outer part
of the resistive biasing electrodes.
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Figure 4.25: Photograph of the SPDT demonstrators with (left) the SPDT32 and
(right) the SPDT50. The most important parts are given with a) the GSG contact
pad, b) the embedded test resistors for the rat-race, c) the sealed ﬁlling holes, d) the
DC biasing pads and e) the GSGSG contact pads. The overall dimensions are given
by lSPDT32 = 75 mm, wSPDT32 = 19 mm, lSPDT50 = 66 mm and wSPDT50 = 20 mm
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The ﬁnal demonstrators are shown in Fig. 4.25. At each side of the input port of
the SPDT32, 3 embedded resistors, as needed for the rat-race coupler, have been
included to the design, to separately validate the resistance. They are connected to
the contact pads on the top of the demonstrator by gold vias. Both demonstrators
were ﬁlled with the LC GT3-23001.

4.2.3 RF and Surface Roughness Characterisation
The SPDTs have been measured in the same way as the phase shifter, as can be
seen in Fig. 4.26. The biasing pads are contacted by spring probe pins, while
for the connection to the VNA (PNA-X from Keysight Technologies) ACP GSGSG
500 probes from Cascade Microtech were used to enable four-port measurements.
The characterisation results for both SPDTs will further be compared with their
simulation results, being carried out with CST Studio Suite. Fig. 4.27 gives a
comparison of the measured and simulated best biasing conﬁgurations of both
SPDTs. In these conﬁgurations the highest isolation between both output ports and
lowest insertion loss of the thru-port are achieved.

GSGSG probe

Spring probe pinss
Embedded test resistors
Figure 4.26: Measurement setup for the microwave characterisation of the SPDT32,
including the spring probe pins for biasing as well as the ACP GSGSG 500 probes.
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Figure 4.27: Comparison of the simulation and measurement results of the SPDT32
and SPDT50 for both best biasing conﬁgurations each. Note: both best biasing
conﬁgurations of each SPDT are shown. This means, if a biasing voltage was
supplied to phase shifter 1, phase shifter 2 was in the switch-off state and vice versa.
The matching of the SPDT32 is with |S33 | < −10 dB over a bandwidth of 18 % more
wide band than simulated. The embedded test resistors were also measured with a
mean value of 26.5 Ω. For the SPDT50 the measurements meet the simulation well
up to 31.5 GHz. From this frequency on, the matching is getting worse. However,
this SPDT is also matched well within a bandwidth of 15 %.
With values between 9 dB to 10 dB the insertion loss of the SPDT32 is around 3 dB
higher than simulated, converging to the simulated values at higher frequencies.
Directly linked to this is the improved isolation of 20 dB to 25 dB around the design
frequency. The SPDT50 shows a steeper behaviour in the insertion loss. Where
the insertion loss is around 8 dB to 9 dB at 27.5 GHz it already exhibits values of
12 dB at the design frequency of 30.0 GHz. Consequently, the isolation is also less
broadband as for the SPDT32, but has higher extreme values up to 35 dB.
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100 µm

100 µm

100 µm

Figure 4.28: Microscopy of the SPDTs contact pad. The magniﬁcation has been
increased in the area of the gold paste, to be able to evaluate the surface roughness.

The increased insertion loss arises from the surface roughness of the gold metallisation, as being mentioned in the phase shifter section. Simulations showed that only
an increase in the metallisation’s loss can have such an high impact on the overall
performance of the SPDTs. In Fig. 4.28, a microscopy of the GSGSG contact pad of
the SPDT32 is given for different magniﬁcations, being recorded with a Keyence
VHX 5000 digital microscope. While the surface seems homogeneous in the ﬁrst
place, it exhibits a high inhomogeneity with increasing magniﬁcation. Gold bumps
of varying granulation as well as valleys with a diameter of more than 20 μm are
 



 

 


 


 



 

 








Figure 4.29: Measurement of the SPDT’s gold paste surface roughness as shown in
Fig. 4.28.
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identiﬁable. The bumps and valleys are arbitrarily distributed.
The microscope was also able to evaluate the surface roughness quantitatively,
which is shown in Fig. 4.29. It can be seen that the metallisation shows a difference
in height of 4.6 μm between the highest and lowest point within the inspected area.
The slopes can thereby almost vary strongly. This and the fact that only a small
and open area had been measured make a quantitatively evaluation of the surface
roughness throughout the complete SPDT impossible. Nevertheless, assuming an
average roughness of 5.0 μm of height change every 50.0 μm, which is a realistic
scenario in the evaluated region, the path length would increase by 0.5 %.

h (m)

h (m)

h (m)

A more detailed investigation of the surface roughness had been conducted with a
DekTak contact proﬁlometer. There, three areas of different length were measured
to evaluate not only the roughness of the metallisation, but also the LTCC itself.
The results are given in Fig. 4.30. There are various parameters which are available
for the evaluation of proﬁles. The most important ones are the arithmetical mean
deviation Ra , the root-mean-squared (rms) roughness Rq , the mean roughness depth
Rz and the total roughness depth Rt , all being introduced in appendix A.2.
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Figure 4.30: Surface roughness of the SPDT32’s gold metallisation at the (top)
GSGSG and (middle) GSG contact pads. In (bottom) the surface roughness of the
LTCC itself is given.
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Table 4.1: Evaluation of the measured surface roughnesses in Fig. 4.30. All
dimensions are given in μm.
GSGSG
GSG
LTCC

Ra

Rq

Rz

Rmax

Rt

0.64
1.35
0.61

0.80
1.81
0.76

3.75
5.13
3.55

4.04
6.61
4.90

4.92
9.76
4.90

h (m)

The results of the surface evaluations are given in Table 4.1. For the GSGSG contact
pad, the results of the optical microscopy measurement could be reproduced, with
a total roughness depth of 4.92 μm. The rms roughness is calculated to a 0.80 μm
deviation from the centre line. The fact that these results are strongly correlated to
the measurement region is shown by the measurements on the GSG contact pad.
There, the total roughness depth is 9.76 μm, while the rms roughness reaches a
value of 1.81 μm. However, from the proﬁle measurements it can be seen that the
surface roughness of the LTCC material itself is already comparable to those of the
gold regions. This concludes that the surface roughness of the gold metallisation is
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Figure 4.31: Accumulated changes in height of the SPDT32’s gold metallisation at
the (top) GSGSG and (middle) GSG contact pads. In (bottom) the surface roughness
of the LTCC itself is given.
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not caused by the screen printing process but by the LTCC material itself.
The more important parameter, however, is the additional path length which the
RF signal needs to pass on the metallisation. For the evaluation of the additional
path length, the measurement results of the height changes are accumulated as
can be seen in Fig. 4.31. The accumulated results reveal a total change of height
at the GSGSG contact pad of 295.59 μm over a length of 3000.00 μm, resulting in a
percentage change in length of 0.48 %, ﬁtting very well to the assumption made
with the help of the optical measurements. The total change in height for the GSG
contact pad and the LTCC part is 160.54 μm and 122.49 μm over total lengths of
1800.00 μm and 1000.00 μm, respectively. Thus, the percentage change in length is
about 0.57 % at the GSG contact pad and 0.75 % for the LTCC material.
According to simulation, these small changes in length cannot cause this high
increase in insertion loss. Hence, the presumption is that the conductivity of the gold
paste does not qualitatively match the values of the data sheet. Only a conductivity
in the range of 4 · 106 S/m can explain such high losses.
Nevertheless, the high potential of this new type of SPDTs is revealed by Fig. 4.32
and Fig. 4.33, where measurements with varying biasing voltages had been conducted. For the SPDT50 less steps in the biasing voltage had been chosen compared
to the SPDT32. The input matching as well as the isolation between adjacent ports
are nearly independent of the biasing conﬁguration for both demonstrators.
The signals at the thru and isolated port cannot only be adjusted continuously
to each preferred ratio, but also tuned in frequency. This effect is best visible
for the isolation, since the change in transmission is not as distinct. Although
an interference-based SPDT is system-inherently narrow banded, this frequency
selectivity makes it work in a wider frequency range than for a single biasing conﬁguration. For the SPDT32 this results in an isolation of 22.5 dB over a bandwidth
of almost 30 %, while the SPDT50 reveals an isolation of 35.0 dB over a bandwidth
of 17 %. For both SPDTs isolation values of up to 50.0 dB can be achieved at the
resonant points.
By this, the high potential of this new type of SPDT is proven for the application in
embedded feeding networks for satellite applications. The increased insertion loss is
not limiting the application, since the passive parts can be connected to low noise or
power ampliﬁers. In general, the LTCC technology allows an easy integration and
has already been successfully proven at W-band frequencies [Bhu+17]. However,
the high ohmic losses of this speciﬁcally used LC-LTCC routine are limiting the application at high frequencies. Therefore, other technologies have to be investigated
for high-performance applications at W-band.
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Figure 4.32: Measured best biasing conﬁgurations as well as intermediate states of
the SPDT32. For the intermediate states, the biasing voltages have been changed
between 0 V ≤ VV ≤ 80 V in 0.5 V to 10.0 V steps.
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Figure 4.33: Measured best biasing conﬁgurations as well as intermediate states of
the SPDT50. For the intermediate states, the biasing voltages have been changed
between 0 V ≤ VV ≤ 15 V in 1 V to 5 V steps.
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5 Low-Loss Waveguide-Integrated
Butler Matrix and SPDT at
W-Band
For the realisation of low-loss beam-steering networks as well as feeding networks
for radiometers at W-band and above, passive components are favoured, due to their
simple architecture, low power consumption and low-loss behaviour. Waveguides
are well established for these purposes, especially at Ka-band. There, the ﬁrst
lightweight continuously beam-steering horn antenna array based on liquid crystal
technology was investigated within the project LISA ES1 , which was supported by
the German Federal Ministry for Economic Affairs and Energy under the lead of
the German Aerospace Center [Wei17].
Therefore, in this work, the experience of this well-established LC-waveguide tech1 FKZ

50 YB 1113

Sec. 5.3

Sec. 5.2

Sec. 5.1
45°

45°

Figure 5.1: Schematic overview of the components investigated in rectangular
metallic waveguide topology with corresponding section numbers.
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nology for Ka-band is used for the design of the low-loss mixed beam-switching
and beam-steering network at W-band. A schematic overview of the investigated
components within this chapter is given in Fig. 5.1. First, the Butler matrix and all
of its single components, such as the coupled line combiner and the crossover, are
discussed. Afterwards, the tuneable phase shifter is introduced as being the key
component for the tuneability. In the end, the realisation of a tuneable interferencebased SPDT is presented. The focus at the component design for the mixed beamswitching and beam-steering network is on an in-plane fabrication. By this, the
overall system can be cost efﬁciently realised in one step and on one single technology platform. Further, the losses will be reduced to a minimum, since connection
points between different components can be avoided, being a non-negligible loss
factor at W-band frequencies.

5.1 In-Plane Realisation of a Butler Matrix
As discussed in chapter 3, a Butler matrix is a combination of three non-tuneable
components in a certain order: a 45° phase shifter, coupled line combiner as well as
crossover. In general, a Butler matrix has a large electrical size, which is why at lower
frequencies the focus is on the miniaturisation of the component’s large physical size
[Che+10; Bon+02; Wan+07; Cha+08]. Since this work focuses on frequencies around
100 GHz, the physical size is not critical in the ﬁrst step. Therefore, and due to the
increasing free-space path loss with increasing frequency, metallic waveguides are
preferred for this application. Moreover, an in-plane realisation of a waveguidebased Butler matrix is preferred for keeping the losses at a comparatively low
level.
For the aimed in-plane realisation, the required coupled line combiner as well as the
ﬁxed phase shifter are sufﬁciently discussed in literature. The case is different for the
crossover. Where the realisation of crossover structures is simple, e.g. for multilayer
structures [Liu+12], it can get complicated for waveguides. Either they need to
be intricately bended around each other [Rem+06] or several single components
need to be connected to each other. Also, in-plane realisations of waveguide-based
crossovers are known from literature, based on a double-coupler design [Pio+93].
However, depending on the design, these crossovers can be sensitive to fabrication
tolerances, especially for high frequencies.
In the upcoming pages, a novel in-plane crossover design is presented for waveguides which are perpendicularly crossing each other. It is based on a star-shaped
dielectric inset, being also able to control the phase shift needed within a Butler
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matrix by the length of the star’s taper sections. Therefore, the ﬁxed phase shifter
would not be needed anymore and the Butler matrix design can be reduced to two
components. After the discussion of the crossover structure, the realised Butler
matrix will be presented including its coupled line combiner.

5.1.1 In-Plane Crossover with Dielectric Inset
First simulations of a conventional waveguide junction with perpendicularly crossing waveguides resulted in maximum forward transmissions |S21 | ≈ −2 dB and
a comparatively high transmission to the adjacent, isolated paths |S31 | = |S41 | ≈
−9 dB. Therefore, if a crossover has to be realised in a conventional junction with
perpendicularly aligned branches, the structure needs to be modiﬁed to provide a
sufﬁcient isolation to the adjacent paths.
The ﬁrst idea being pursued in this work deals with the precise placement of metallic
posts inside the waveguide junction. As a result, the lateral waveguides do not
present such a large opening anymore, by which the mode dispersion is suppressed.
However, each wave propagating through such a crossover structure faces two
metallic posts in the centre of their ﬁeld strength. Therefore, a compromise has to be
found with respect to the diameter of these metallic posts: it has to be small enough
to minimally disturb the propagating wave, while on the other hand being large
enough to suppress the propagation to the lateral waveguides. A design of such
a crossover structure including its simulated ﬁeld distribution is presented in Fig.
5.2.

max
hpost
dpost

0

wpost
Brass

PEC

Figure 5.2: Schematic and simulated ﬁeld distribution of the waveguide crossover
based on metallic posts. The ﬁeld distribution shows that the metallic posts are
acting as a resonant structure inside this junction. The given dimensions are hpost =
1.27 mm, wpost = 0.20 mm and dpost = 1.42 mm.
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Figure 5.3: Simulation results of the metallic-posts-based crossover structure.
The ﬁeld distribution displays the mode suppression to the lateral waveguides,
but simultaneously, the waveguide crossing became a resonant structure. The
simulation results in Fig. 5.3 promise a good performance, but because of the
resonator-based behaviour only in a very narrow range. Due to the facts that such a
narrow-banded sub-component can limit the use of the large available bandwidth at
W-band as well as the high aspect ratio of the metallic posts with very thin diameter,
this design is not considered as practical.
Moreover, the focus was set on a more promising design based on dielectric insets.
This design is presented in Fig. 5.4. The core component is a star-shaped dielectric,
placed in the centre of the waveguide junction in which the propagating wave is

max
ltip
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0
Brass
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htip

Figure 5.4: Design and simulated ﬁeld distribution of the in-plane waveguide
crossover based on a dielectric star inlet. Only higher order modes can propagate to
the lateral waveguides while the ﬁrst order mode stays focussed in the dielectric.
The most important dimensions of the dielectric star are ltip = 4.90 mm, wtip =
1.93 mm and htip = 1.27 mm.
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Port 1
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Load
lCO = 50 mm

Figure 5.5: (left) Design and (right) characterisation setup of the in-plane dielectrically ﬁlled waveguide crossover. The total length of one waveguide branch is
lCO = 50 mm.
focussed inside. The star’s tips are acting as triangular taper for providing a good
matching and smooth transition in and out of the dielectric. An important fact is
the only partially dielectric ﬁlling of the waveguide in width. By remaining air
at the side parts of the waveguide, the wave is guided in the dielectric material,
similar to dielectric waveguides. Therefore, the propagating wave will not disperse
into the lateral waveguides. For keeping the design simple, the metallic waveguide
stays with the standard WR10 dimensions of 2.54 mm × 1.27 mm, although it is
dielectrically ﬁlled. This enables a higher order mode propagation towards the
lateral waveguides, which are not propagable outside the dielectrically ﬁlled regions.
Thus, the generation of higher order modes will not have a signiﬁcant impact on
the overall performance. The star needs to be held in position by register pins also
made of Rexolite. Since two pins are already sufﬁcient they are placed in the path
from port 1 to port 2, while there are no pins in the path between ports 3 and 4. By
this, the impact of the used alignment pins can directly be determined.
The realised demonstrator as well as the measurement setup of the in-plane dielectrically ﬁlled waveguide crossover is given in Fig. 5.5. It is fabricated in an
asymmetric u-shaped split-block design, whereby the cutting plane is at the upper
corners of the short wall. The reason for this is that the complete structure of the
mixed beam-switching and beam-steering network should be processable in one
milling step at the end, that only a metallic lid needs to be screwed on top, although
it is not the best case of split-block design. Current walls have been included for
a proper sealing and the dielectric star is milled out of a piece of Rexolite 1422
from C-Lec Plastic Inc. (ε r = 2.53 and tan δ = 6.6 · 10−4 at 10 GHz [Inc17a]). It is
a well processable hard plastic material with comparable dielectric properties in
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Figure 5.6: Comparison of the S-parameter simulation and measurement results of
the dielectrically ﬁlled waveguide crossover. For |S21 | the register pins are in the
transmission path, while for |S34 | the alignment pins are in the lateral waveguides.
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the W-band [Fri+97]. For the characterisation, the unused ports were terminated
by matched loads to avoid unintended reﬂections while the calibration plane was
set directly at the crossover ﬂanges. The results are shown in Fig. 5.6. For the
simulation CST Studio Suite was used while a Keysight PNA with two Anritsu
3740A-EW extension modules were used for the characterisation.
The measured results are shifted around 1.0 GHz to 1.5 GHz to higher frequencies
compared to the simulation results. Matching is better than −10.0 dB almost over
the whole measured frequency range for the path including the register pins and
even better than −15.0 dB for the path without register pins. In the best performing
frequency range between 106.0 GHz to 108.0 GHz, matching is even better than
−20.0 dB. The difference between the transmission coefﬁcients |S11 | and |S44 | was
already predicted by the simulation. The same trend can be made out for the
forward transmissions |S21 | and |S34 |. For the path with alignment pins, |S21 | is
−1.0 dB or better between 101.5 GHz to 108.0 GHz, except a small dip at 102.6 GHz.
For the path without alignment pins, |S34 | is around −1.0 dB from 98.0 GHz to
108.0 GHz. Hence, the alignment pins are inﬂuencing the forward transmission only
a little, which was already predicted by the simulation. The isolated ports show
values always better than −20.0 dB over the whole frequency range and even down
to −50.0 dB in the best performing frequency range around 107 GHz.
These results show that the in-plane waveguide crossover based on dielectric insets
is well-suited for a low-loss application in the millimetre wave range. The measurement results are matching the simulations very well. The small deviations are
due to the fabrication tolerances of the dielectric star as well as slits, which can
occur at the joining walls of the split-block. In future application, the register pins
can be replaced by one quadratic register pin being placed in the centre, ensuring
symmetric results. Further, by using this crossover in a Butler matrix ﬁxed phase

Table 5.1: Comparison of different state-of-the-art crossovers.
Technology
Microstrip line
SIW
Waveguide

f
(GHz)

IL
(dB)

Isol.
(dB)

Bandw.
(%)

in-plane

REF

1.8
3.0
30.0
35.0
60.0
105.0

1.0
< 0.3
< 1.0
< 1.0
< 0.7
< 1.0

< 20
< 25
< 19
< 15
< 20
> 25

6
> 100
3
16
5
8

yes
no
yes
no
yes
yes

[Fen+16]
[Liu+12]
[Ye+15]
[Gun+12]
[Dje+09]
This work
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shifters would not be needed anymore, since the phase difference can be easily
controlled by the designed taper lengths as will be shown later. The realisation
process of complex structures can be simpliﬁed by this method signiﬁcantly and this
crossover is in the next step used inside the waveguide-based Butler matrix. Some
state-of-the-art crossovers are given in Table 5.1. However, they are not directly
comparable, since they operate at different frequencies.

5.1.2 Waveguide-Based In-Plane Butler Matrix
Riblet-Type Coupled Line Combiner
Keeping chapter 3 in mind, the second major component needed for the Butler
matrix realisation - beside the crossover - is the coupled line combiner. Despite the
fact that this structure, a Riblet-type coupled line combiner, is well known from
literature [Rib52; Hil00; RC+07], it should be characterised separately for veriﬁcation
of the split-block fabrication process. Fig. 5.7 shows the design of the coupled line
combiner from CST Studio Suite. Both branches are guided together up to wwall =
0.2 mm while the separating wall is left open for the length of one wavelength. In
this interacting region, the width between the outer waveguide walls is decreased
down to wslit = 4.2 mm for a better wave propagation to the centre of the combiner
as well as prevention of a possible propagation of undesired higher order modes.

hcou

lslit

wwall
wslit

lcou
wcou
Figure 5.7: Simulation model of the waveguide-based coupled line combiner. The
most important dimensions are hcou = 26.3 mm, wcou = 55.1 mm, lcou = 65.0 mm,
wslit = 4.2 mm, lslit = 3.0 mm and wwall = 0.2 mm.
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Port 1
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wslit
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wwall
lslit
Port 4

Figure 5.8: Lab demonstrator of the waveguide-based coupled line combiner. The
split-block was milled out of brass and the realised dimensions are wslit = 4.19 mm,
lslit = 3.10 mm and wwall = 0.19 mm.
The opening of the separating wall is designed with sharp rectangular edges. The
ﬁnal demonstrator is shown in Fig. 5.8.
The complete structure is milled as u-shaped asymmetric split-block out of brass,
while the upper part is a plane metallic lid, similar to the aforementioned crossover.
Current walls were implemented for a better RF sealing. A comparison of the
simulated and measured performance is shown in Fig. 5.9.
The matching |S11 | as well as input-to-input transmission |S21 | show very low values
with −20 dB to −25 dB over a bandwidth of 20 %, ﬁtting the simulation results very
well. The forward transmissions are decreased by 1 dB compared to the simulation
as well as the ideal case with an equal power split around −4 dB. This insertion loss
of 1 dB is due to the ﬁnite conductivity of brass as well as possible slits between the
joining walls of the split-block. Further, the intersection point of |S31 | and |S41 | is
slightly shifted to lower frequencies, because of the marginally increased length of
the coupling slit.
However, the most important parameter for a Butler matrix realisation is the phase
difference Δϕ provided by the combiner between both outputs, which is given at
the bottom of Fig. 5.9. It is nearly constant over the measured frequency range with
values close to 90°. Hence, this coupled line combiner is very well-suited for the
later application in a Butler matrix. Especially the effective insertion loss of this
combiner is less than measured, since at least half of the losses are originating from
the waveguide leading to the ﬂanges, which are needed for the characterisation of
this demonstrator.
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Figure 5.9: Comparison of the simulated and measured results of the waveguidebased coupled line combiner with (top) the matching as well as input-to-input
isolation, (middle) the forward transmission and (bottom) the phase difference Δϕ
between both outputs.
Butler Matrix
With the knowledge gained from the individual components characterised before,
the Butler matrix can now be designed as a combination of both. Although the
dielectric star is able to provide the phase shift needed within the Butler matrix,
in this demonstrator it is still provided by a bended waveguide structure. This is
due to the fact that the working principle of the crossover has ﬁrst to be proven in a
demonstrator before giving it a second task, which might introduce further error
sources. The simulation design of the Butler matrix is shown in Fig. 5.10.
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Figure 5.10: Simulation model of the in-plane Butler matrix. The background
material of this simulation has been chosen as brass. The given dimensions are wBM
= 77.5 mm and lBM = 189.0 mm.
Two crossovers, two 45°-phase shifters as well as four coupled line combiners are
needed for the functional principle of a Butler matrix. The width has been chosen
to 77.5 mm only because of the WR10 ﬂanges needed for the characterisation. An
exemplarily ﬁeld distribution, showing the division of the input signal at port 1 to
four outgoing signals, is presented in Fig. 5.11. From this representation it becomes
clear that the power is equally distributed to all output ports. Moreover, this ﬁeld
distribution shows that only a negligible amount of the incoming wave is reﬂected

Port 1

Port 5

Port 2

Port 6

Port 3

Port 7

Port 4

Port 8

max

0

Figure 5.11: Field distribution of the Butler matrix design of Fig. 5.10. Port 1 was
selected as excitation port and the simulations were carried out at 100 GHz using
CST Studio Suite.
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Figure 5.12: Image of the realised Butler matrix demonstrator in split-block technology. The complete structure is milled in the bottom half, while the top part is
just a metallic lid.
back to the input ports 2-4. The bottom half of the ﬁnal demonstrator, including the
dielectric stars, is given in Fig. 5.12.
It is fabricated in the same way as the crossover in an asymmetric u-shaped splitblock design made of brass. Although the current walls have been implemented, it
is very challenging to uniformly seal all the waveguides. For the measurements the
unused input ports have been simply left open, since the input-to-input isolations
are sufﬁciently high and reﬂections within the design are on a low level, as can
be seen from Fig. 5.11 as well as the simulation results in Fig. 5.13. On the other
hand, the unused output ports needed to be terminated by matched loads. The
comparison between the simulated and measured results for an excitation of port 1
are presented in Fig. 5.13 and Fig. 5.14.
The device’s matching ﬁts the simulation results well with values always better
than −15 dB and even down to −30 dB. Also, the forward transmissions ﬁt the
simulations qualitatively well, but quantitatively they show increased losses by
3 dB with absolute values around −9 dB to −10 dB at 102 GHz. Those are mainly
originating from the u-shaped split-block with the joining walls at the upper corners
as well as its assembly. Due to the large size, the RF sealing is very challenging. Since
this size is only needed because of the WR10 ﬂanges, the losses will signiﬁcantly
decrease for a later demonstrator, only consisting of combiners and crossovers.
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Figure 5.13: Comparison of the (top) simulated and (bottom) measured Sparameter results of the Butler matrix demonstrator, fed at port 1. Simulations
are given in dashed and measurements in solid lines.

The progressive phase shift, being the phase difference between two adjacent outputs, is deviating from the simulated results. The frequency of the ideal progressive
phase shift is shifted from 102.5 GHz in simulation to 105.5 GHz in measurement.
Further, the progressive phase shifts are not overlapping all together at the same
frequency, as simulated. It is assumed that those deviations are based on possible
fabrication tolerances of the dielectric stars. Especially for the progressive phase
shift, it is obvious that the deviations compared to simulation are arising from the
different numbers of passed crossovers of both signals. For example, the signal
measured at port 6 has to pass 2 crossovers, while the signal measured at port 5
is not passing any crossover. Therefore, the deviation of the progressive phase
shift between port 5 and 6 is comparatively high, while the measured progressive
phase shift between the ports 7 and 8 is matching the simulation well, since both
signals are passing one crossover. Hence, the phase is very sensitive to fabrication tolerances at the dielectric stars. The same tolerances can also cause a shift in
frequency.
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Figure 5.14: Comparison of the (top) simulated and (bottom) measured progressive
phase shift of the Butler matrix demonstrator, fed at port 1. Simulations are given in
dashed and measurements in solid lines.
However, this effect can also be used for replacing the ﬁxed phase shifters by
precisely adapt the length of the star’s tip lengths. In Fig. 5.15 the phase of a wave
propagating along a straight waveguide is compared to the one of a wave crossing
the dielectric star. The tip length ltip of the star is varied for this from 4.4 mm to
5.4 mm. There it can be seen that a change in length of 0.1 mm causes a phase change
of 12.5°, being directly linked to a frequency shift of around 0.5 GHz. Even small
frequency shifts for single signals can cause a higher frequency shift for the overall
component, since all four phases need to have a speciﬁc relation to each other.
The simulated and measured results for an excitation of port 2 are compared in
Fig. 5.16 and Fig. 5.17. Also, for port 2, the matching is better than −15.0 dB
from 95.0 GHz on. The forward transmission is a bit worse compared to port
1 with values between −9.0 dB to −10.0 dB at 102.0 GHz. The frequency of the
ideal/theoretical progressive phase shift is shifted in frequency as well and the
same tendency between measurement and simulation as for the excitation at port 1
can be made out. It is also based on fabrication tolerances of the dielectric stars.
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Figure 5.15: Simulated phase change depending on the length ltip of the dielectric
star’s tip. The length is increased from 4.4 mm to 5.4 mm in 0.1 mm steps. It is
compared with the phase of a wave propagating through a straight waveguide with
ﬁxed length.
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Figure 5.16: Comparison of the (top) simulated and (bottom) measured Sparameter results of the Butler matrix demonstrator, fed at port 2. Simulations
are given in dashed and measurements in solid lines.
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Figure 5.17: Comparison of the (top) simulated and (bottom) measured progressive
phase shift of the Butler matrix demonstrator, fed at port 2. Simulations are given in
dashed and measurements in solid lines.

However, these are very promising results for the later realisation of an in-plane
tuneable Butler matrix. When the complete waveguide structure is fabricated in
a single piece/step, the design of the Butler matrix can be reduced signiﬁcantly,
as shown in Fig. 5.18. The ﬁxed 45°-phase shifters can be left out by slightly
changing the tip length of the ﬁrst dielectric star. Also, the WR10 ﬂanges had only
been needed for a separate characterisation of the Butler matrix and can be left
out in the ﬁnal network. The size of this compact Butler matrix is nearly 13 times
reduced compared with the initial design, and therefore, as small as a matchbox.
According to the simulation, the losses of the transmitted signals will reduce from
average 6.6 dB down to 6.2 dB, and thus, by 66 % at the equal power split, since they
only have to propagate through a much shorter waveguide. Further, the compact
demonstrator will be better sealable, which will also reduce the loss compared with
the presented demonstrator.

92

5.2 Tuneable Low-Loss Phase Shifter
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Figure 5.18: Simulation model of a compact Butler matrix design without WR10
ﬂanges as well as ﬁxed phase shifters. The overall dimensions can be reduced down
to wcBM = 21.4 mm and lcBM = 53.8 mm.

5.2 Tuneable Low-Loss Phase Shifter
The aforementioned Butler matrix represents the non-tuneable core of the aimed
mixed beam-switching and beam-steering network. Now, tuneable components
have to be investigated. As proof-of-concept for the usability of tuneable LC devices
at W-band frequencies, a waveguide-based phase shifter has been investigated in
detail. Simultaneously, the challenges of the tuneable LC technology at these high
frequencies were supposed to be determined. The basic concept had been oriented
to the preliminary demonstrators realised in the Ka-band [Gae+09; Wei+13b].

5.2.1 Magnetically Biased Phase Shifter
Design & Realisation
For this phase shifter demonstrator, an asymmetric split-block design was chosen,
simplifying the exchange of LC cavities for characterisation. The split-block is made
of brass and the waveguide itself has an u-shape with a cover, which is pressed
on top by screwing. Although the joining walls are at the upper corners of the
waveguide where the wall currents are ﬂowing perpendicular to the propagation
directions, it is the best trade-off for a press-ﬁt sealing of the LC cavity. Due to
the dielectric ﬁlling of the waveguide, it is tapered to the dimensions of 1.6 mm ×
0.8 mm. The waveguide shows two metallic steps at each side of the tapered section,
acting as λ/4-transformer, as can be seen in Fig. 5.19.
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Figure 5.19: Schematic of the waveguide phase shifter design. It is designed in
an asymmetric split-block technology with an PTFE container acting as LC cavity.
Quarter-wave transformer have been included to the metallic tapering for a better
matching.
The LC cavity is made of polytetraﬂuoroethylene (PTFE), since its elasticity allows
a press-ﬁt dielectric ﬁlling of the waveguide. Further, it shows a very low dielectric
loss with 2.2 · 10−4 at 100 GHz [Hir+96]. The container has a dielectric taper with a
length of 8.3 mm on each side. Based on the investigations made in the Ka-band, LC
is only ﬁlled in the centre part of the container, since the major part of the RF ﬁeld is
focussing there, which is why the outer regions are not signiﬁcantly contributing to
the tuneability [Gae15], and therefore, the FoM. Hence, to keep the losses on a low
level, the side parts of the waveguide are ﬁlled with the low-loss PTFE instead of
LC.
The container is placed in the waveguide before being ﬁlled with LC. After closing
the split-block, the ﬁlling process is done under normal conditions with the help
of a syringe. By using this ﬁlling system shown in Fig. 5.20, LC can be "ﬂushed"
through the cavity, reducing the possibility of air bubbles inside the cavity. The
holes from the ﬁlling system to the inside of the waveguide are designed with a
diameter of 0.6 mm. The cut-off frequency of these holes is above the measured
frequency range, avoiding any RF leakage towards the ﬁlling system. Register pins
are used as cross stopper for sealing the ﬁlling system at the top.
The phase shifting section is designed with a width of 1.0 mm and a length of
14.6 mm. Assuming an ideal alignment of LC, the length is supposed to be sufﬁcient
for providing a phase shift of more than 360°.
The realised demonstrator is shown in Fig. 5.21. All components have been pro-
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Figure 5.20: Schematic cross-section of the ﬁlling system as well as the LC cavity.
The cavity is ﬁlled after closing the split-block through the ﬁlling holes. Due to the
press-ﬁt sealing of the PTFE container, LC cannot leak.

cessed by milling. Due to the ﬂexibility of PTFE, the triangular taper are slightly
varying in length. However, the cavity length as well as the container height could
be controlled precisely. Also, the metallic taper steps are accurately realised. The
only difference to the design is the small radii of the corners, due to the ﬁnite
dimensions and circular shape of the used milling head.
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Figure 5.21: Photographs of (left) the assembled waveguide-based LC phase shifter,
(middle) the split-block bottom including the PTFE container as well as (right) the
metallic taper of the split-block bottom. The split-block dimensions are hSB =
33.0 mm, wSB = 30.0 mm and lSB = 31.6 mm.
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Figure 5.22: Measurement setup of the waveguide-based LC phase shifter. The
phase shifter is magnetically biased and fed by mixer modules with WR10 extensions.
Characterisation
For a fast ﬁrst proof-of-concept procedure, the phase shifter is only magnetically
biased. The realisation of an electrical biasing system will be subsequently discussed.
The measurement setup, including the WR10 feeds as well as the biasing magnets
is shown in Fig. 5.22. The measurements were carried out by an Anritsu 37397C
VNA combined with two 3740A-EW mixer modules with WR10 extensions. The
comparison of the simulated and measured S-parameter results for both extreme
orientations of the LC is given in Fig. 5.23. For preventing the VNA of any LC
leakage, additional standard copper waveguides with a length of 30 mm have been
added to each side of the phase shifter.
The phase shifter is only matched in a narrow band around the design frequency
with values of around −10 dB over a bandwidth of 8 %, due to the utilised quarterwave transformer steps. According to the simulation, the matching should be 3 dB
to 5 dB lower.
The measurements are also deviating from the simulation for the transmission.
There, the values of |S21 | are about 1 dB worse than simulated. Further, the overall
transmission is very rippled in the measured frequency range for both orientations,
being a hint for standing waves inside the phase shifter. Moreover, at around
108 GHz a resonance is visible. However, |S21 | is higher than −3 dB over a bandwidth of 13 %. Compared to the simulated results, these increased losses comprise
mainly from the slit of the split-block, interrupting the ﬂow of current at the upper
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Figure 5.23: Simulated and measured S-parameter results of the magnetically
biased waveguide-based LC phase shifter. The simulations were carried out with
CST Studio Suite.
edges, if it is not perfectly sealed. The resulting phase shift as well as the FoM are
shown in Fig. 5.24.
The provided phase shift also has a rippled shape, due to the standing wave propagation inside. Nevertheless, the overall trend is increasing with frequency. It reaches
values from around 290° around 92 GHz to 330° at 110 GHz, being 60° to 90° less
than simulated. This deviation arises from the ideal conditions in the simulation
with CST Studio Suite, where a perfectly parallel and perpendicular alignment of
the LC was assumed. This cannot be reached, even not by magnetic biasing, since
surface anchoring acts contrary to the magnetic force. Further, the press-ﬁt sealing
of the PTFE causes a bending of the container walls to the inside, decreasing the
volume of the cavity, and therefore, the amount of LC inside.
Despite all these deviations, the phase shifter reaches an FoM between 105 °/dB to
148 °/dB from 90 GHz to 107 GHz, being an outstanding value for phase shifters in
this frequency range, as can be seen from Table 3.1. Although only magnetic biasing
was used, these values reveal the high potential of this low-loss technology for the
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Figure 5.24: Simulated and measured phase shift and FoM of the magnetically
biased waveguide-based LC phase shifter. The simulations were carried out with
CST Studio Suite.
realisation of tuneable components in the millimetre wave regime.

5.2.2 Biasing Electrode Design
The implementation of an electrical biasing network is very challenging at W-band.
Not only that the high frequency entails small dimensions of the waveguide, they
are further decreasing due to the dielectric ﬁlling. Within this work, the realisation
of biasing electrodes on PET ﬁlms, similar to the Ka-band approach in [Gae+09]
or [Wei+13b], has been investigated. First simulations with the director dynamics
simulation tool SimLCwg were carried out to determine an electrode design for a
sufﬁcient LC alignment. Because of the used ﬁlling system no electrode is allowed
to be in the centre of the top substrate. Thus, only an even number of electrodes is
allowed. The limited width of 1.6 mm is constraining the number electrodes. Four
pairs of electrodes are too challenging for the realisation, since stepped impedance
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Figure 5.25: Comparison of three different biasing electrode conﬁgurations simulated for the parallel state by SimLCwg. (a) Two pair of electrodes are used, while
(b) an additional electrode was added to the bottom substrate. (c) The two-pair
electrode simulation has been carried out with wide bottom electrodes.
structures are needed as described later. A comparison of different conﬁgurations
of biasing electrodes is given in Fig. 5.25.
The parallel case for each electrode conﬁguration is shown, since it is the more
critical case due to the missing pair of electrodes in the centre. All conﬁgurations
provide a sufﬁcient quadrupole ﬁeld, however, there is an area where the LC is
aligned rather perpendicular than parallel for each conﬁguration. For the two equal
pairs of electrodes this part is in the centre of the LC cavity, while it is shifted to the
top of the cavity by using 3 or 2 wide bottom electrodes. The calculated propagation
constants for both orientations are given in Table 5.2.
Topology (a) provides the highest differential phase constant Δβ, although the
perpendicularly aligned LC is in the centre of the cavity. Furthermore, this topology
is also best suited for the complete perpendicular alignment of the LC. Thus, the
differential phase shift of it was calculated to 13 928 °/m, resulting in a length of
25.8 mm for a phase shift of 360°. However, with the ideal LC alignment assumed by
CST Studio Suite a differential phase shift of 26 369 °/m is possible, by which only

Table 5.2: Simulated propagation constants for the topologies shown in Fig. 5.25.
The simulations were carried out with SimLCwg.
Topology

β  (1/m)

β ⊥ (1/m)

Δβ(1/m)

(a)
(b)
(c)

2872.9
2833.5
2843.3

2629.8
2632.8
2641.3

243.1
200.7
202.0
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a length of 13.7 mm is required for a 360° phase shift. Hence, the relative steering
efﬁciency of the proposed electrically biased phase shifter is only about 53 %, being
based on the limited number of realisable electrodes within the limited width of
1.6 mm.
The response time of topology (a) was calculated for an applied biasing voltage of
±200 V (see Fig. 5.26). Due to the decreased waveguide dimensions compared to
Ka-band, the response times are comparatively fast for waveguide-based LC phase
shifters. For the case from perpendicular to parallel alignment it was simulated to
10 % = 1.6 s. From parallel to perpendicular alignment a marginally longer time is
τ90
%
90 % = 1.8 s, being due to the bigger distance between the electrodes
needed with τ10
%
compared to the parallel case.
To be able to suppress a possible propagation of stripline modes between the biasing
electrodes and the waveguide wall, the substrate material needs to be chosen as
thin as possible to decrease the impedance of this microstrip line, while the biasing
electrodes need to be mismatched by means of stepped impedances [Wei+13b]. In
this work, a 20 μm thick PET ﬁlm was chosen as substrate material with different
metallisations. The result for chromium electrodes, designed according to the abovementioned design criteria, are given in Fig. 5.27. According to the simulation, this
thin substrate in combination with the stepped impedance structure is sufﬁcient for
the suppression of the stripline mode. However, it can be seen that the substrate
material is very sensitive to the process steps of metal evaporation and photolithography, which is the reason for the visible microscopic cracks. They originate in the
high vacuum melting temperature of 1920 ◦C of the chromium, which makes the
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Figure 5.26: Simulated response time of topology (a) of Fig. 5.25, carried out with
SimLCwg. A voltage of ±200° was assumed for biasing.

100

5.3 Low-Loss Single-Pole Double-Throw

Contact
pads
PET film
Stepped
impedance

Cr

Figure 5.27: Photograph and microscopy of the ﬁrst realised biasing electrodes
for the use in a waveguide phase shifter based on LC. The electrodes are made of
chromium and processed on a 20 μm thin PET ﬁlm.
PET ﬁlm expand during evaporation and shrink while cooling. Further, the thin
PET ﬁlm cannot withstand the contacting with spring probe pins.
Due to all these challenges, a new technology for the realisation of electrically
tuneable low-loss LC components for W-band frequencies needs to be investigated.
However, in the next section, a magnetically biased proof-of-concept waveguide
SPDT is introduced ﬁrst, to prove the high potential of the interference-based
SPDT at W-band. Further, it will serve as reference for the new technology to be
investigated.

5.3 Low-Loss Single-Pole Double-Throw
To prove the high potential of tuneable waveguide components at W-band, a magnetically tuneable SPDT has been realised as being needed for the port selection at
the input of a Butler matrix. The design is as well based on the interference principle
and the general concept is shown in Fig. 5.28. There, completely sealed LC cavities
need to be included to both separated branches.
Design & Realisation
The lab demonstrator of this SPDT is designed in symmetric split-block topology.
However, to keep the loss of the split-block on a low level, it is cut across the H-plane
with the cut in the E-plane. By this, the joining walls are in the centre of the broad
wall where the wall currents are ﬂowing in propagation direction. Hence, the loss
due to a small slit between the joining walls is nearly negligible at this point of the
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Figure 5.28: Schematic concept of the interference-based waveguide SPDT. A cavity
ﬁlled with LC is included to each of the two waveguide branches.
waveguide. Based on this design criterion, an E-plane power divider as well as
coupled line combiner are designed.
For reasons of integration and the fact that the split-block slit is placed in the centre
of the broad waveguide wall, the ﬁlling system of the preceding phase shifter has
been left out, also for reducing the number of discontinuities at the inner waveguide
walls. Therefore, a completely sealable LC cavity needs to be designed based on
another material than PTFE, since it cannot be glued for sealing. Hence, Rexolite is
chosen as the new LC cavity material, which can be easily glued.
The Rexolite containers are designed in two pieces, where the LC cavity is drilled
inside the main body. Prevention of LC leakage as well as mechanical stability were
the main focus areas of the container design. For sealing, the second taper section is
glued on top of the main body after the ﬁlling. For this, a commercially available
cyanoacrylate adhesive was used. Afterwards, the containers can be put inside the
waveguides, where they are kept in position by two alignment pins with diameters
of 0.6 mm, also made of Rexolite.
Since this demonstrator is solely magnetically biased in the ﬁrst step, the branches
need to be separated sufﬁciently after power division to provide enough space in
between for placing the biasing magnets. A simulation model from CST Studio
Suite can be seen in Fig. 5.29.
It is obvious from this schematic that the waveguide sections in the dielectrically
ﬁlled branches have not been tapered to smaller dimensions, although this is caus-
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Figure 5.29: Simulation design of the tuneable waveguide SPDT in CST Studio
Suite. As background material brass was chosen. The most important dimensions
are wSPDT = 31.27 mm, lSPDT = 135.00 mm and lPS = 34.00 mm. Dimensions given in
the ﬁgure are in mm.

ing higher order mode propagation. The reason for this had been that standing
waves occurred in the simulations when these metallic taper sections were included.
These standing waves have a higher impact on the overall performance than the
higher order mode propagation inside the dielectric ﬁlled sections, especially because these modes are not propagable outside the dielectric anymore. Hence, the
marginally increased dielectric loss due to the missing metallic taper is accepted.
For visualisation of the working principle, a ﬁeld distribution of the best biasing
conﬁguration, where the phase shifters are de-tuned by 90° to each other, is given
in Fig. 5.30.

The realised split-block as well as the Rexolite containers in Fig. 5.31 were processed
by milling. Only the LC cavities inside the Rexolite’s main bodies were drilled.
Current walls were included to the split-block design to ensure a proper sealing
of the inner waveguide. Due to the very precisely realised walls of the power
divider and combiner, the split-block halves need to be held in position by means of
alignment pins.
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Figure 5.30: Simulated ﬁeld distribution of the tuneable waveguide SPDT for the
best biasing conﬁguration at 95 GHz. The phase shifters are de-tuned by 90°.
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Figure 5.31: Realised demonstrator of the tuneable waveguide SPDT. The already
ﬁlled and sealed phase shifters have been included to the bottom part of the splitblock. All given dimensions are in mm.
Characterisation
Not only the tuneable SPDTs but also the phase shifters as well as the empty SPDT
were separately characterised. A phase shift supply of 90° is mandatory for the
use of the phase shifters in the SPDT. For this purpose, a second split-block bottom
half for the setup in Fig. 5.22 was designed, which basically stays with the WR10
dimensions. The holes of the ﬁlling system might inﬂuence the measurement results
but, however, only the applied phase shift is of interest for the later application.
The measurements for the phase shifter as well as SPDT demonstrators are carried
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Figure 5.32: S-parameter measurement results, applied phase shift as well as phase
shifter FoM for both phase shifters used in the tuneable waveguide SPDT.
out using a Keysight PNA with two Anritsu 3740A-EW extension. The measured
phase shifter results are presented in Fig. 5.32. Magnets have been used for the LC
orientation.
While both phase shifters show a good matching with |S11 | < −13 dB over the
complete frequency range, they exhibit minimum transmission coefﬁcients |S21 |min
between −1 dB to −2 dB in average. The very rippled shape of these results is due
to the higher order modes. Such phase shifters would not preferably be used in
communication systems, due to their non-constant group delay. Nevertheless, both
phase shifters exceed the needed phase shift of 90°. Phase shifter 2 (PS 2) applies
a sufﬁcient phase shift all over the measured frequency range, while phase shifter
1 (PS 1), exceeds the phase shift of 90° from 94 GHz on. Despite the increased loss
due to the higher order mode propagation, these phase shifters still have an average
FoM between 50 °/dB to 70 °/dB. These decreased performances compared with
the phase shifter presented in the section before had been expected due to the
missing metallic taper.
The measurement setup of the tuneable waveguide SPDT is given in Fig. 5.33. First,
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Figure 5.33: Measurement setup of the tuneable waveguide SPDT. Two pairs of
rare earth permanent magnets were used for biasing, while the unused port was
terminated with a matched load.
the split-block was measured completely empty for the evaluation of the milling
as well as assembly process. The results are given in Fig. 5.34. The measured
matching ﬁts nearly perfectly to the expected values from simulation. Compared
to the simulation an equal power split of −4.2 dB was only achieved at 80.0 GHz,
while the difference in transmission coefﬁcients |S21 | and |S31 | are about 0.5 dB at
higher frequencies. These deviations can occur if the thin walls of the power divider
or combiner are slightly bended to one side due to the milling process or if the
split-block halves are slightly shifted to each other.
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Figure 5.34: Simulation and measurement results of the empty SPDT split-block.
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Figure 5.35: Simulation and measurement results of the tuneable waveguide SPDT.
For the measurements two pairs of magnets were used for biasing.
A comparison of the simulated and measured results for the tuneable waveguide
SPDT are given in Fig. 5.35. One of the two best biasing conﬁgurations is shown,
where the SPDT was tuned to the state of the maximally achievable isolation and
transmission at port 2 and 3, respectively. For this, the LC in PS 1 needs to be
oriented parallel, while PS 2 is oriented in between the parallel and perpendicular
orientation, since this phase shifter provides more than enough phase shift. For
this, the magnets were tilted slightly. Also, for the tuneable version, the matching perfectly ﬁts the simulation with values better than −12.0 dB from 88.0 GHz
on. Further, it can be seen that this best biasing conﬁguration shows a transmis-
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sion coefﬁcient |S31 | > −3.0 dB, being around 1.0 dB worse than simulated. Port 2
shows a transmission |S21 | below −12.5 dB in the design frequency range above
89.0 GHz and even down to −20 dB between 94.0 GHz to 96.0 GHz. This results in
an output-to-output isolation of 9.5 dB to 17.0 dB, being in a good agreement with
the simulations. The output-to-output transmission |S32 | has also been measured
with values always below −10.0 dB in the design frequency range from 90.0 GHz to
110.0 GHz.
To show the high potential of a continuously LC-tuned SPDT even for the magnetically biased demonstrator, an intermediate state has been measured, resulting in an
equal power split of about −6.0 dB between 105.0 GHz to 110.0 GHz. Nevertheless,
the continuously adjustable power splitting ratio can only be achieved by means of
biasing electrodes or continuously rotatable magnets.
Therefore, the aforementioned phase shifter as well as the SPDT demonstrator
proved the high potential of the tuneable LC-waveguide technology for beamsteering and RF-switching. However, especially for the realisation of fully electrically tuneable components at W-band frequencies and above, the waveguide
topology has its major challenge in the implementation of an electrical biasing
network, because of the limited space inside the waveguide. Because of all the
challenges from the biasing electrode realisation as well as the fact that a multilayer
approach for an electrode design at 240 GHz had also not been successful [Wei17],
a new class of low-loss tuneable waveguide topology needs to be established for
W-band frequencies and above.

108

6 Tuneable Dielectric Waveguides
and SPDT at W-Band
In the lower millimetre wave range, mostly metal based structures are used for guiding. However, since ohmic losses are steadily increasing with frequency, there is a
demand for low-loss non-metallic-based, and therefore, purely dielectric waveguide
structures at higher frequencies, in particular above 100 GHz.
The origins of dielectric waveguides are based on Sommerfeld’s investigations
on circularly symmetric TM waves traveling along a conductive wire [Som99].
Although this novel waveguide mechanism only had a very limited importance for
practical applications, it inspired Hondros and Debye to theoretically investigate
the possible propagation of a TM mode within a dielectric ﬁbre in 1910 [Hon+10],
which was experimentally conﬁrmed by Zahn in 1916 [Zah16]. An important
milestone, from which RF engineers are greatly beneﬁting [Spo+17; Ree+17a], was
the discovery that dielectric rods, in contrast to waveguides, can be used as directive
radiators [Mal43].
However, the main focus on the research of dielectric waveguides in the 1960s and
’70s was set on the optical domain, for which the solid core single-mode ﬁbre is
worldwide accepted for long-distance data transmission. Although the concepts
of linear dielectric waveguides have mainly been investigated and understood up
to the 1970s, research is still focussing on dielectric waveguides, since they are
routinely used for high-bandwidth communication links and are currently under
immense investigation for low-loss propagation in the THz regime [Ata+13]. The
facts that the typically used optical ﬁbres as well as metallic waveguides cannot be
used at THz frequencies anymore as well as the lack of suitable low-loss dielectric
waveguide materials, not only in the THz but also in the millimetre wave range,
lead to an increased interest of dielectric waveguides in today‘s research.
Therefore, connected with the fact of a challenging implementation of an electrical
biasing network speciﬁcally for tuneable LC metallic waveguide components at
millimetre wave frequencies and above, this chapter deals with the investigation
and realisation of low-loss tuneable and non-tuneable dielectric waveguides for
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application in beam-steering networks in general. At the same time, this represents
an important step for the realisation of tuneable low-loss waveguides for the THz
regime, since this technology is easily scalable to higher frequencies in the future,
due to the unique properties of LC, also at THz.

6.1 Design Criteria
To be able to assess the correct dimension of the dielectric waveguides for Wband, analytical solutions for the different waveguide topologies are required.
In comparison to metallic waveguides where well-deﬁned electrical boundaries
ensure an analytical solution, only circular and elliptical dielectric cylinders have
an analytical solution [Yeh+08]. Hence, for the design of dielectric waveguides with
other shapes, e.g. quadratic, approximation methods are required. Therefore, two
approximation methods are introduced in the following, the geometrical optics
approach as well as the approximation method by Marcatili from 1969 [Mar69].

6.1.1 Geometrical Optics Approach
Let us assume a planar dielectric slab waveguide, where the core material has a
√
refraction index of n1 = ε 1 and the cladding material has a refraction index of
√
n2 = ε 2 , with n1 > n2 (see Fig. 6.1). Total internal reﬂections are occurring at the

n0 =1
x =0





n2

x

n1

2a y

z

n2


Figure 6.1: Schematic of the wave-guiding principle in a dielectric slab waveguide.
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interface from core to cladding according to Snell’s law, if the incident angle ϑ is
always below the critical angle
cos ϑcrit =

n2
.
n1

(6.1)

Similarly, the coupling from a free space wave (n =1) into the waveguide is possible
if sin α < n1 sin ϑcrit , which can be re-written as
sin α ≈ α < n1



1 − cos2 ϑcrit =



n21 − n22 =: NA ,

(6.2)

with α being the incident angle of the free space wave and NA being the numerical
aperture. Not only that the dielectric waveguides support several incident angles,
and therefore, several ways for the wave to travel through the waveguide, the
wave also undergoes a phase shift between 0 ≤ Δϕ(ϑ ) ≤ π during a total internal
reﬂection at the interface. Therefore, it is mandatory that the phase shift of the
wave is a multiple integer of 2π after two total internal reﬂections and two times
transversally passing of the core with cross-section 2a. The mode conditions can be
expressed by [Kne+08]

ϕtransv. + 2 · ϕreﬂ. (ϑ ) = −4an1 k0 sin ϑ + 2 · ϕreﬂ. (ϑ ) = −2πm ,

m = 0, 1, 2, ... (6.3)

The transverse proﬁle of the ﬁeld distribution remains unchanged along the propagation direction. While the superposition represents a standing wave in x-direction,
it propagates in z-direction as shown in Fig. 6.1.
By deﬁning the normalised frequency according to [Yeh+08] to
V := k0 a



n21 − n22 = k0 aNA

(6.4)

as well as dimensionless core and cladding-parameter
u := a



k20 n21 − β2

&

w := a



β2 − k20 n22 ,

(6.5)
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fulﬁlling the condition u2 + w2 = V 2 , one can determine the number M of guided
TE modes by

M=


V
+1 ,
π/2

(6.6)

where "..." represents the biggest integer number contained in the argument
[Rei05]. Therefore, a single-mode propagation is ensured in the dielectric core, if
V < Vc = π/2, with Vc being the normalised cut-off frequency. By expressing it in
dependence of the wavelength
λ0 > λ0,c = 4aNA ,

(6.7)

the cross-section 2a of the dielectric core can be determined for given frequency
and material properties. With this cross-section it is now possible to determine
the ﬁeld distribution within the dielectric waveguide [Rei05]. Coming back to the
assumption of the propagating wave being a superposition of two plane waves
with wave vectors k = (±u/a, 0, β), the ﬁeld distribution of the mode is


E ∼ e j(u/a) x + e− j(u/a) x e− jmπ e− jβz .

(6.8)

There, it is included that the two plane waves have a phase shift of mπ to each other
in the centre of the core. The E-ﬁeld distribution for different modes within the core
(| x | ≤ a) is given by
Ecore = Ecore,0 cos(ux  )e− jβz ,


= Ecore,0 sin(ux )e

− jβz

,

m = 0, 2, 4, ...

(6.9)

m = 1, 3, 5, ...

(6.10)

where x  = x/a is the normalised transversal component. For the cladding (| x | > a),
the normal component of the wave vector k = (± jw/a, 0, β) is getting imaginary
and is depending on n2 , while the tangential component stays the same. Hence, the
ﬁeld distribution inside the cladding is described by


Ecladding = Ecladding,0 e−w| x | e− jβz .

(6.11)

Therefore, the evanescent electric ﬁeld of a given mode is exponentially decaying
with w, as shown for the ﬁrst three modes in Fig. 6.2.
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m=0

m=1

m=2

Figure 6.2: Schematic of the ﬁeld distribution for the ﬁrst order mode as well as
for two higher order modes. The mode order m gives the number of zeros within
the transversal ﬁeld distribution.

6.1.2 Approximation Method of Marcatili
Since no analytical solutions can be found for rectangular dielectric waveguide
shapes, Marcatili introduced his approximation method in 1969. Especially the
solutions of the corner regions can only be found numerically if not approximated.
Therefore, several assumptions are made, simplifying the rectangular dielectric
waveguide problem to an analytically solvable scenario:
1. Based on the results of the geometrical optics approach, the main amount of
the propagating wave is conﬁned in the rectangular core of the waveguide.
2. The evanescent ﬁelds are decaying exponentially in the cladding region.
3. Due to a main orientation of the modes in x- and y-direction, only negligible
parts of the ﬁeld are propagating in the corner areas of the cladding.
Hence, the matching of the ﬁeld components at the corner region is neglected
by Marcatili. This breaks down the complex problem of a rectangular dielectric
waveguide into two orthogonal dielectric slab waveguides, which is shown in
Fig. 6.3. In the core region 1, a simple ﬁeld distribution is assumed, varying
sinusoidally in x- and y-direction. The evanescent ﬁelds of regions 2 and 4 are
varying sinusoidally in x- and exponentially in y-direction, while being vice versa
for the regions 3 and 5. The fundamental modes of interest have their electric ﬁeld
lines polarised either in x- or y-direction, where z is the propagation direction. Thus,
depending in which of both directions the electric ﬁeld lines are polarised, the
x or Ey , respectively, with n ( m ) being the number of ﬁeld
modes are named Enm
nm
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Figure 6.3: Schematic of the simpliﬁed rectangular dielectric waveguide scenario
from Marcatili. Since only negligible parts of the ﬁeld are propagating in the corner
regions, they are left out from the mathematical calculations.
extrema in the x-(y-)direction. Further, all modal ﬁelds are supposed to form closed
loops, which is why the ﬁeld components Ex and Hy (Ey and Hx ) can be neglected
y
x ). In the following, the Ey mode will be discussed in more detail,
for Enm (Enm
nm
according to [Yeh+08].
Fulﬁlling the Helmholtz equations

∇2 Ex,y,z + k2 Ex,y,z = 0 ,

(6.12)

∇2 Hx,y,z + k2 Hx,y,z = 0 ,

(6.13)

with k2 = ω 2 με, the ﬁeld components can all be expressed in terms of Ey to
Ex =

Hx = −
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k2

∂2 Ey
1
,
2
− k y ∂x∂y

βk2
Ey ,
ωμ(k2 − k2y )

Hz = −

Ez =

∂Ey
β
j(k2 − k2y ) ∂y

∂Ey
k2
,
jωμ(k2 − k2y ) ∂x

(6.14)

Hy = 0 .

(6.15)

6.1 Design Criteria
Restricting the excitation of the mode to small incident angles only results in k x,y 
k z , by which Ex ≈ 0 can be assumed, since Ex is of the order of k x k y , and therefore,
y
negligible. The solutions for the Enm modes’s y-component in the different regions
can be derived from the corresponding Helmholtz equation to
(1)

Ey = A1 cos(k x1 x + ζ ) cos(k y1 y + ξ ) ,
(2)

Ey = A2 cos(k x2 x + ζ )e− jky2 y ,

(6.16)
(6.17)

(3)

Ey = A3 cos(k y3 y + ξ )e jk x3 x ,

(6.18)

(4)

Ey = A4 cos(k x4 x + ζ )e jky4 y ,

(6.19)

(5)

Ey = A5 cos(k y5 y + ξ )e− jk x5 x ,

(6.20)

where k ν = ω 2 με ν = k2x,ν + k2y,ν + β2 with ν = 1, 2, 3, 4, 5, Aν being constant and ζ and
ξ deﬁning the location of the ﬁeld maxima and minima within region 1. Matching
the electric and magnetic ﬁeld at the boundaries leads after small simpliﬁcation to
the transcendental equations
⎛
k x a = nπ − 2 tan

⎞

−1 ⎝ 

kx

⎠

k21 − k22 − k2x

(6.21)

and
⎛
k y b = mπ − 2 tan

⎞

−1 ⎝ ε 2

ε1



ky
k21 − k22 − k2y

⎠ .

(6.22)

Here, it was assumed, that the complete cladding material consists of the same
dielectric material with permittivity ε 2 and wave number k2 .With the help of these
y
equations, the propagation constant of the Enm mode can be calculated to
β=



k21 − k2x − k2y .

(6.23)
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Figure 6.4: Schematic of the most important dielectric waveguide topologies with
(a) the subwavelength ﬁbre, (b) the step-index ﬁbre as well as (c) the dielectric image
waveguide.
Therefore, for given material properties and frequency it is possible with this approximation to make ﬁrst calculations for the waveguide dimensions a and b. Unfortunately, such approximations are only the ﬁrst step and the resulting dimensions
need to be optimised with modern 3D simulation tools, since a dielectric waveguide
of a given cross-section is not only supporting a ﬁnite number of guided modes,
but also a continuous spectrum of radiation modes. Due to the open waveguide
structure, a certain amount of the guided wave can already escape as radiated wave,
if the waveguides are bent too sharp or obstacles/discontinuities are present.
A selection of the most important dielectric waveguides with rectangular shape
is given in Fig. 6.4. The subwavelength (sWL) ﬁbre is the simplest dielectric
waveguide, since it only consists of one dielectric material with a cross-section
of approximately λ0 /2. The evanescent ﬁelds are propagating in the air outside

max

0
y

Figure 6.5: Simulated ﬁeld distribution of the E11 mode of an sWL ﬁbre at 100 GHz.
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max

0
Figure 6.6: Simulated ﬁeld distribution within an sWL ﬁbre. If the radii of the
bends are too small, multiple reﬂections/bouncing is occurring due to the loose
ﬁeld conﬁnement.
the ﬁbre, as shown in Fig. 6.5, providing a comparatively low-loss propagation
compared to the one in a dielectric material with ﬁnite dielectric loss. However, this
is also a disadvantage for tuneable dielectric waveguides, where biasing electrodes
need to be implemented. The electrodes need to be kept in a certain distance that
the presence of the biasing electrodes is not inﬂuencing the propagating ﬁeld.
The step-index ﬁbre is the most commonly known dielectric waveguide topology. It
comprises of two dielectric materials, with different refraction indices/permittivities.
The propagating ﬁeld is mainly focussed in the core material, while the evanescent
ﬁelds are propagating in the cladding. Compared to the sWL ﬁbre, it has the advantages of a higher mechanical stability as well as the shielding of the propagating
ﬁeld from outside inﬂuences. Therefore, a realisation of the biasing electrodes
directly on the cladding material is possible.
However, due to the missing boundary conditions, the propagating wave in an
sWL or step-index ﬁbre is only weakly conﬁned inside the dielectric material. If the
radius of an upcoming bend is too small, multiple reﬂections or even radiation can
occur. One example is given in Fig. 6.6 for the sWL ﬁbre. Also, the sWL ﬁbre cannot
be mechanically supported without inﬂuencing the evanescent ﬁelds. This problem
can be remedied using a dielectric image waveguide, being a planar version of
a dielectric waveguide [Kin+57; Kin+58]. It is based on an sWL ﬁbre with only
half of the original height, being directly placed on a conducting sheet. According
to the image theory, this waveguide is acting as a dielectric waveguide with full
cross-section. At the same time, the dielectric ﬁbre itself is supported by the metal
without any ﬁeld disturbances [Yeh+08].
In the following, however, the main focus will be on the realisation of (non-)tuneable
dielectric waveguide components in sWL and step-index ﬁbre topology. Before the
speciﬁc components can be designed, a material evaluation needs to be conducted
ﬁrst, for identifying well-suitable dielectric materials for W-band frequencies.
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6.2 Material Evaluation
The choice of dielectric materials is directly linked to the premise that LC can be
used as tuneable core material in a step-index ﬁbre. Thus, additionally to the fact
that the materials should be low-loss in W-band, the dielectric materials should
fulﬁl the following requirements for the design of tuneable dielectric waveguide
components:
• The cladding material for a tuneable step-index ﬁbre needs a permittivity
below 2.4 to ensure total internal reﬂection
• The materials for the sWL ﬁbre as well as for the non-tuneable core material
for the step-index ﬁbre need a permittivity around 2.8 to be well matched to
the mean permittivity of LC
• The materials need to be well processable (drilling, milling and gluing) to be
able to implement a hermetically sealed LC cavity
Where polymethyl methacrylate is revealing a comparatively high dielectric loss
towards THz frequencies (tan δ = 2.7 · 10−3 at f = 100 GHz), the dielectric properties of PTFE (tan δ = 2.2 · 10−4 at f = 100 GHz), high-density polyethylene
(tan δ = 3.1 · 10−4 at f = 160 GHz) and Rexolite (tan δ = 6.6 · 10−4 at f = 100 GHz)
are very good at W-band frequencies [Ata+13; Hof+03; Fri+97; Hir+96; Lam96].
PTFE (ε r = 2.1) and high-density polyethylene (ε r = 2.3) are very promising choices
in terms of permittivity for being the cladding material of the tuneable step-index
ﬁbre. However, both are very ﬂexible, making the processing of precise structures
difﬁcult. Furthermore, gluing is very challenging.
The best trade-off for the cladding material is met by the use of Rexolite. Its hard
plastic properties allow an excellent processing of the designed components, which
can also be glued. But, this rigidity is also a disadvantage, since already small
mechanical forces can lead to cracks inside the ﬁbre. The permittivity of Rexolite
is with 2.53 close to the lowest permittivity of LC. As a result, Rexolite is not only
chosen for the cladding material of the step-index ﬁbre, but also for the material of
the sWL ﬁbre.
The evaluation of suitable core materials and adhesives was done in a qualitative
way. For this, different step-index ﬁbres with different core materials and adhesives
are realised, characterised and compared with each other. The used measurement
system will be described in the following before the results are presented.
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6.2.1 WR10-to-sWL ﬁbre transition
First, an efﬁcient excitation of the dielectric waveguides needs to be provided. The
best solution for this is a metallic to dielectric waveguide transition, which is why a
WR10-to-sWL ﬁbre transition was designed. The sWL ﬁbre was chosen to be the
excited dielectric waveguide, since its excitation is simpler as for the step-index
ﬁbre. The cross-section of the sWL ﬁbre made of Rexolite was determined both by
the geometrical optics and Marcatili approaches to be 1.88 mm. After optimisation
in CST Studio Suite, the cross-section was ﬁnally set to 1.8 mm.
Starting with the TE10 mode propagating in a WR10 rectangular waveguide, a
tapered dielectric is inserted for matching and to smoothly focus the mode inside
the dielectric. Together with a metallic taper, which decreases to the width of the dielectrically ﬁlled waveguide, it results in a wave propagating in a fully dielectrically
ﬁlled rectangular waveguide. If the waveguide is now simply cut as shown in Fig.
6.7, the wave will bend around the metallic corners, causing radiation. Therefore,
a horn-like extension of the waveguide is designed, that the evanescent ﬁelds of
y
the excited E11 mode of the dielectric waveguide can be gently guided out of the
waveguide and vice versa. By this, the simulated loss caused by radiation could
already be decreased from 30 % to 1 %. A detailed schematic of the taper sections is
given in Fig. 6.8.
In section (A), the dielectric shows a triangular taper up to the sWL ﬁbre width of
wsWL = 1.8 mm. The metallic waveguide is starting with the WR10 dimensions
and is decreasing in width down to the size of the dielectric ﬁbre from section (A) to
(B), to suppress higher order modes. This results in a completely dielectrically ﬁlled
metallic waveguide with dimensions 1.80 mm × 1.27 mm in section (B). There, an
additional register pin made of Rexolite with a diameter of 0.6 mm is keeping the
taper in its place. In section (C) the height of the dielectric material is increasing,

Figure 6.7: Simulated ﬁeld distribution of the WR10-to-sWL ﬁbre transition with
(left) an abrupt cut or (right) horn-like extension of the metallic waveguide at
100 GHz.
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Figure 6.8: Schematics of the dielectric and metallic tapering inside the WR10-tosWL ﬁbre transition. In section (A) the triangular tapering to a width of 1.8 mm
is shown. While in (B) the dielectric dimensions stay constant, in (C) the height is
increasing to 1.8 mm. Further, from (A) to (B) the metallic waveguide is tapered
in width down to 1.8 mm, while the height is kept constant. The most important
dimensions are lA = 10 mm, lMT = 4.5 mm, lC = 8 mm, wsWL = 1.8 mm, hWR10 =
1.27 mm, and hsWL = 1.8 mm.
ending up in the ﬁnal dimensions of the sWL ﬁbre of 1.80 mm × 1.80 mm. A
photograph of this transition as well as ﬁrst measurement results with sWL ﬁbres
of different lengths made of Rexolite are presented in Fig. 6.9. The transition was
realised as symmetric split-block made of brass, being cut in the E-plane.
While matching |S11 | is better than −15 dB between 85 GHz to 110 GHz, transmission coefﬁcients from −0.5 dB to −2.0 dB were revealed for the sWL ﬁbres of
different lengths. The radiation losses due to discontinuities could not be reliably
determined within the simulations. For the ﬁrst measurement, only two taper
sections of the sWL ﬁbre are connected to each other, leading to a distance of 1.5 mm
between the horns of the WR10-to-sWL ﬁbre transitions. Due to the vicinity of
the horns, radiation is not an issue which leads to a good match of measurement
and simulation. The same setup was measured again after including a Rexolite
segment of 10 mm length between the taper. This setup is later on referred to as
the reference line of the sWL phase shifter, introduced in subsection 6.3.1, since
it is the same setup as the phase shifter, just that the LC-ﬁlled segment is left out.
There, the measurement results are 0.5 dB worse than the simulation results. The
same trend can be observed for the measurement results with a Rexolite segment of
36 mm length. These deviations of 0.5 dB can be attributed to the insufﬁcient representation of radiation losses in the simulation of the WR10-to-sWL ﬁbre transitions,
due to fabrication tolerances as well as possible air inclusions at the connection
points of the sWL taper. They are represented in the results as a systematic error,
not depending on the ﬁbre’s length as long as a critical length has been overcome.
This is visible in the big difference between the measurement of the taper and the
reference line with respect to their corresponding simulation results. The reference
line and the 26 mm longer version show with −0.25 dB at 100 GHz less difference in
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Figure 6.9: (left) Realised WR10-to-sWL ﬁbre transition with Rexolite ﬁbre. (right)
Simulation and measurement results of back-to-back measurements of the transitions with different ﬁbre lengths. First, the two taper sections have been connected
to each other (Taper), where the horns are separated 1.5 mm from each other. Additionally, Rexolite segments of 10 mm and 36 mm length were connected between
the taper. Simulation results are given in dashed, measurement results in solid line.

|S21 |, although the increase in dielectric length is 2.6 times larger than between the
ﬁrst two measurements, where a difference of −0.50 dB at 100 GHz was measured.
This discrepancy is even more obvious for linear S-parameter results.

However, a steeper decrease of the measured transmission coefﬁcients |S21 | compared to simulation can be observed for the reference line and the 26 mm longer
version. This might be based on a slightly increased dielectric loss of Rexolite as
well as a not perfectly sealed split-block, both having a higher impact at higher
frequencies. Since this trend is not observed for the taper measurements, it will
most probably be based on radiation due to fabrication tolerances.
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6.2.2 Qualitative Material Evaluation
After the functional principle of ﬁrst non-tuneable Rexolite sWL ﬁbres is proven, additional materials need to be qualitatively investigated for a realisation of step-index
ﬁbres. For this, core materials as well as adhesives are needed. Different possible
core materials have been investigated, where the most promising ones in terms of
permittivity and dielectric loss were RO3003 from Rogers Corporation (ε r = 3.0 &
tan δ = 5.0 · 10−2 at 100 GHz [Tal+15]) and fused silica (ε r = 3.81 & tan δ = 4.0 · 10−4
at 40 GHz [Her17]). Although fused silica has the better dielectric properties it
turned out that the challenging fabrication leads to considerable tolerances, and
therefore, to air inclusions in the core region. This results in an increased radiation.
Measurements of non-tuneable step-index ﬁbres with different core materials led to
the conclusion, that step-index ﬁbres with Rexolite as cladding and RO3003 as core
material reveal the best performance.
Since the step-index ﬁbres were fabricated in multiple single pieces within this
work, they needed to be glued together. For this, the performance of several glues
was compared by means of transmission coefﬁcient measurements, as shown in Fig.
6.10. Also, for the step-index ﬁbre the WR10-to-sWL ﬁbre transition is used, because
it is easier to focus the propagating wave from an sWL ﬁbre into the step-index
ﬁbre’s core as directly from the rectangular waveguide. The simulation as well as
the measured results are presented in Fig. 6.11.
Amongst others, a special Rexolite glue from C-Lec Plastics Inc. (Rexolite Adhesive
12517 Composition) was used, exhibiting the same dielectric properties as the full
material. Therefore, this measurement should be close comparable to the ideal
simulation without glue. However, the demonstrator showed gas bubbles at the
splice, which is due to a non-perfectly outgassing of the glue’s solvents. Hence, this
glue is not suitable for sealing an LC cavity. Due to this and the fact that the bubbles

lCo
wCl
Rexolite

wCo
lCl

RO3003

Figure 6.10: Schematic of the used measurement setup for the qualitative evaluation of adhesives. The two halves of the cladding are glued together after the
insertion of the RO3003 core, while the taper sections are connected by means of
register pins. The most important dimensions are lCl = 24.0 mm, wCl = 6.0 mm,
lCo = 19.1 mm, wCo = 2.8 mm.
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Figure 6.11: Simulation and measurement results of the qualitative glue evaluation.
A special Rexolite, UV, plastic and superglue were examined.
are discontinuities, causing radiation, it cannot be used although exhibiting the
lowest loss. The plastic glue (UHU Allplast) as well as superglue (Pattex superglue)
are both sealing the splice very well, but unfortunately associated with high losses.
The most promising adhesive in terms of manageability as well as performance was
the UV glue (Norland Products NOA81). It can be precisely applied to the surface,
since sticking ﬁrst starts when the glue is exposed to UV light. Moreover, this glue
shows a performance only slightly decreased to the one with Rexolite glue.
To conclude the material evaluation, the sWL ﬁbre based devices within this work
Sec. 6.5

Sec. 6.4

Sec. 6.3
45°

45°

Figure 6.12: Schematic overview of the investigated dielectric waveguide components with corresponding section numbers.
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are all made of Rexolite, while the step-index ﬁbre based devices are realised by
using Rexolite as cladding and RO3003 as non-tuneable core material, being glued
together by the UV adhesive. In the following, the required non-tuneable dielectric
waveguide components for beam-steering networks will be investigated ﬁrst, before
the tuneable ones are presented (see Fig. 6.12).

6.3 Non-Tuneable Components
6.3.1 Multimode Interference Power Divider
The wave impedance of dielectric waveguides is difﬁcult to determine, due to the
loose ﬁeld conﬁnement. The ﬁeld distribution of the E- and H-ﬁeld, for example,
cannot only be signiﬁcantly inﬂuenced by discontinuities along the waveguide, but
in case of the sWL ﬁbre also from outside inﬂuences. Hence, power dividers based
on impedance transformation are not applicable for dielectric waveguides, which is
why power dividing topologies known from metallic waveguides, can only partially
be adapted to dielectric waveguides. For example, a magic T-junction would lead
to enormous radiation, while a Y-branch power divider can be used if the bends
are smooth enough [Ogu85; Kuz85]. However, ﬁrst investigations on dielectric
Y-branch power divider showed that they can prove the principle, but either they
suffer from increased radiation or the dimensions need to be very large. Therefore,
a more promising dielectric power divider topology is investigated being already
known from optics, the multimode interference (MMI) power divider [Bac+94].
The MMI power divider is based on the self-imaging principle, which was deﬁned
by Soldano as follows [Sol+95]:
"Self-imaging is a property of multimode waveguides by which an input ﬁeld proﬁle is
reproduced in single or multiple images at periodic intervals along the propagation direction
of the guide."
MMI devices are based on waveguides structures which allow the propagation of
multiple modes. In the following, the focus will be on MMI in one plane, where
the design of the used structure is transversally single-moded and laterally multimoded. Hence, the ﬁeld proﬁle Ψ (y,0) of an incoming wave at z = 0 will decompose
into the ﬁeld distribution ψν (y) of all modes (guided and radiated)
Ψ (y,0) =
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∑ cν ψν (y) ,
ν

(6.24)

6.3 Non-Tuneable Components
with cν being the ﬁeld excitation coefﬁcients. If the incoming wave is conﬁned well
and no radiated modes are excited, the superposition of the guided mode ﬁelds at a
certain distance z can be written as

Ψ (y, z) =

m −1

∑

ν =0

cν ψν (y)e j(ωt− β ν z) .

(6.25)

Assuming the phase of the incoming, fundamental mode to be constant and the
time dependency implicit, the ﬁeld distribution becomes

Ψ (y, z) =

m −1

∑

ν =0

cν ψν (y)e j( β0 − β ν )z ,

(6.26)

with ( β 0 − β ν ) being the propagation constant spacing. It is given by

( β0 − βν ) 

ν ( ν + 2) π
,
3Lπ

(6.27)

with Lπ being the beat length of the two fundamental modes

Lπ 

2
4nweff
,
3λ0

(6.28)

where weff is the effective width of the MMI structure, taking the evanescent ﬁelds
into account. The ﬁeld distribution at a certain distance z = L is thus given by

Ψ (y, L) =

m −1

∑

ν =0

cν ψν (y)e j

ν ( ν +2) π
3Lπ L

.

(6.29)

The ﬁeld distribution at this certain distance is a self-image of the incoming ﬁeld, if
the modal phase factor
ej

ν ( ν +2) π
3Lπ L

=1,

(6.30)
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Singlemode section

Possible cutting planes

k

Multimode section
Figure 6.13: Schematic of the self-imaging principle within a dielectric multimode
interference structure, fed by a single-moded sWL ﬁbre.
which means that all guided modes interfere with the same relative phases at this
point as in z = 0. The ﬁrst N-fold images of the input ﬁeld Ψ (y, 0) are obtained at
the length
L=

3Lπ
.
4N

(6.31)

A schematic of such a self-image is presented in Fig. 6.13. By carefully choosing
the length of the MMI section, as indicated as cutting plane in the ﬁgure, an equal
power division is obtained without any radiation. This principle is not limited to 2D
problems, but also applicable for 3D problems, where the multimode interference is
taking place in x- and y-direction. However, the MMI power divider investigated
in this work is a 2D 1:2 power divider.
The high potential of MMI power divider compared to Y-branch power divider
is illustrated in Fig. 6.14, where the simulated E-ﬁeld distributions of both power
dividers with the same absolute length is shown. While the Y-branch power divider
is prone to multiple reﬂections, and hence, radiation, the MMI power divider
shows a homogeneously propagating wave in both branches. To avoid the multiple
reﬂections at the Y-branch power divider, the bends need to be gentler, resulting in
an increased total length and dielectric loss. In these simulations, the branches were
separated that wide due to the needed WR10 ﬂanges for characterisation.
Exemplarily, the realised MMI power divider demonstrator is shown in Fig. 6.15. It
is milled as one single piece out of a Rexolite sheet and connected to the dielectric
taper by sticking. Additionally, three WR10-to-sWL ﬁbre transition split-blocks are
used for the connection to the VNA. Since the measurements were carried out as
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0

Port 3

Figure 6.14: Simulation model including the ﬁeld distribution of the dielectric
(top) Y-branch and (bottom) MMI power divider. The MMI section has a width
of wMMI = 6.6 mm, a length of lMMI = 12 mm and is slightly tapered at the input.
The total length and width of both power dividers are the same with lYPD = lPD =
53.0 mm and wYPD = wPD = 23.4 mm, respectively.
two port measurements, the unused port was terminated by a matched load. The
characterisation results for both the MMI and Y-branch power divider are presented
in Fig.6.16 and Fig. 6.17, respectively.
For both topologies, the matching |S11 | is better than simulated, due to the slightly
increased radiation, with values below −15 dB between 80 GHz to 110 GHz. Also,
the power is split up equally with transmission coefﬁcients |S21 | between −4.5 dB

Port 2
Port 1
Port 3

Figure 6.15: Photograph of the dielectric MMI power divider measurement setup.
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Figure 6.16: S-parameter simulation and measurement results of the dielectric MMI
power divider. (left) The insertion as well as return loss are shown, while (right)
the output isolation S32 is given with and without the WR10-to-sWL ﬁbre transition
at port 1. Simulation and measurement results are given in dashed and solid lines,
respectively. For the sake of clarity, only |S21 | is shown from the transmission
coefﬁcients.
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Figure 6.17: S-parameter simulation and measurement results of the dielectric
Y-branch power divider. (left) The insertion as well as return loss are shown, while
(right) the output isolation S32 as well as a comparison of the forward transmission
of the Y-branch as well as MMI power divider are given. For the sake of clarity,
from the transmission coefﬁcients only |S21 | is shown.
to −5.0 dB for the MMI as well as −4.8 dB to −5.5 dB for the Y-branch power
divider, being in a good agreement to the simulation. The output isolation |S32 | of
−10 dB to −20 dB, including the WR10-to-sWL ﬁbre transition at port 1, is matching
the simulation well for both topologies. Only at frequencies above 105 GHz the
difference to the simulation is around 5 dB, being directly connected to the slightly
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decreased |S21 | compared to the simulation.
The comparatively low isolation is due to radiated ﬁeld components, being reﬂected
at the metallic WR10-to-sWL ﬁbre transition at port 1. The reﬂected wave is coupling
back to the ﬁbre and contributing to the measured isolation. When this transition is
removed and the dielectric ﬁbre at port 1 ends just with a dielectric taper radiating
into free space, |S32 | is around −20 dB over the measured frequency range, as can be
seen for the MMI power divider in Fig. 6.16. The radiated ﬁeld is propagating into
free space instead of being reﬂected. According to simulation, this improvement
can be already achieved if the WR10-to-sWL ﬁbre transition at port 1 is sufﬁciently
separated from the main body of the power divider. This is the case if the sWL ﬁbre
at the input is elongated two to three times.

6.3.2 Multimode Interference Coupler
The MMI principle is also adaptable to asymmetrically fed as well as multiply
excited MMI structures being required for the realisation of MMI based 4-port
coupling structures for the later application in an interference-based SPDT. Similar
to the power divider, an MMI coupler has been investigated, being based on the
same self-imaging principle of [Sol+95]. The design as well as the ﬁeld distribution
are shown in Fig. 6.18.
The MMI section is designed in two pieces, so that the gap between the branches
can be processed as precisely as possible. The halves are ﬁxed to each other with the
help of two Rexolite register pins. The total length of the coupler is lC = 69.0 mm
and its width is deﬁned by the required WR10 ﬂanges to wC = 23.4 mm, as for
the power divider. The realised demonstrator and the characterisation results are
shown in Fig. 6.19 and Fig. 6.20, respectively. During characterisation, one branch
is left open with the triangular taper radiating into free space, since only three

Port 1

max

wMMI

Port 3
wC

Port 2

lMMI lC

Port 4

0

Figure 6.18: Simulation model including the ﬁeld distribution of the dielectric MMI
coupler. The multimode section has the same dimensions as for the power divider,
except the tapered part. It has a width of wMMI = 6 mm, a length of lMMI = 12 mm.
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Figure 6.19: Photograph of the dielectric MMI coupler demonstrator. The two
halves are sticked together by means of two register pins made of Rexolite.
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Figure 6.20: S-parameter simulation and measurement results of the dielectric multimode interference coupler. The measurements are given in solid, the simulations
in dashed lines.
WR10-to-sWL ﬁbre transitions were available. The transition port which was not
connected to the VNA was matched with a load.

|S11 | matches the simulation well for frequencies below 90 GHz. Above this frequency, the matching is around 5 dB worse than simulated. Nevertheless, it is always below −12 dB and even below −18 dB above 90 GHz. The input-to-input transmission |S21 | is also matching the simulations well with values around −24 dB.
Compared to simulation, the intersection point of the transmission coefﬁcients |S31 |
and |S41 | is shifted in frequency about 10 GHz to lower frequencies. The absolute
value of −6.7 dB is on the other hand only 0.5 dB worse than the simulated one.
Further, it can be seen that the measured phase difference between ports 3 and 4 is
not matching the simulation. In the simulation, a decreasing trend with increasing
frequency can be seen, while the phase difference is nearly constant from 90 GHz
to 110 GHz with values between 100° to 103°. The decrease is due to the increased
radiation at these frequencies, since the ﬁeld is not conﬁned sufﬁciently. The bends
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are too sharp for the loose ﬁeld conﬁnement and parts of the radiated wave with a
different phase are coupling back to the structure later on.
A small decreasing trend is also observable in the measurement between 75 GHz to
78 GHz. Above these frequencies the phase difference is increasing with frequency,
resulting in the theoretically expected phase difference of 90° around 110 GHz.
However, for the later application in the SPDT additional phase difference can
be provided by the tuneable phase shifters to compensate the decreased phase
difference of the coupler.
This reduced phase difference compared to theory and simulation can be explained
by the imperfections of the fabricated demonstrator. The register pins used for
the assembly of the combiner are cut by hand, easily allowing a small gap, and
therefore, air inclusions. Despite the two-piece fabrication of the combiner, the
gaps between the incoming and outgoing branches as well as at the corners of the
dielectric block cannot be realised ideally rectangular. This has a great impact on
the overall performance of the combiner, since coupling is already/still taking place
before/after the actual dielectric block. This is also explaining the shift in frequency
of the intersection point mentioned above.

6.4 Tuneable Phase Shifter Topologies
Since power division and combining is proven, the focus will now be on the key
component, the continuously tuneable LC phase shifters. For applications where
only less phase shift is needed, e.g. for an SPDT, sWL ﬁbre based phase shifters
are investigated. They have the big advantage that the propagating wave is not
facing an signiﬁcant discontinuity, since all needed components are designed in
sWL topology and the permittivity of the integrated LC is in the range of the one of
the ﬁbre material Rexolite. However, since a certain cavity thickness is needed, the
achievable phase shift is more limited as for other topologies. Therefore, step-index
ﬁbre phase shifters are investigated for applications where much phase shift is
required, e.g. in phased array antennas. There, the complete core section can be
replaced by LC, by which a high phase shift can be provided within a comparatively
short length.
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Figure 6.21: Schematic of the sWL phase shifter design. The most important
dimensions are lsWL−PS = 38.5 mm, wsWL−PS = 1.8 mm, lLC = 26.0 mm, dLC = 0.6 mm,
lCentre = 16.0 mm and dCyl = 1.2 mm.

6.4.1 Subwavelength Topology
Design & Realisation
A schematic of the sWL phase shifter design is given in Fig. 6.21. The cross-section
was chosen to be quadratic, with edge lengths of wsWL−PS = 1.8 mm. Including the
taper section it is built up in ﬁve pieces, with a drilled LC cavity of lLC = 26 mm
length and dLC = 0.6 mm in diameter. To provide such a cavity with additional
ﬁlling holes, the cavity itself is designed in three pieces, which were glued together.
The connection points are designed as tube and cylinder, that the gluing interfaces
can be chosen apart from the drilled cavity to avoid a blockage. After gluing, the
LC can be ﬁlled by the use of a syringe and the cavity can be sealed by means of
Rexolite pins.
For tuning, the LC was oriented either magnetically or electrically by using biasing
electrodes. A schematic of both biasing methods is shown in Fig. 6.22. While for
the magnetic biasing a pair of permanent rare earth magnets were used, as for the
waveguide phase shifter, two pairs of copper electrodes surrounding the ﬁbre were
forming the electric biasing system. Both, the magnets and the electrodes need to
be separated sufﬁciently from the ﬁbre itself for not disturbing the evanescent ﬁeld.
For the magnetic biasing, PVC plates were used for keeping the magnets on distance
to the ﬁbre. For the electric biasing system, Rohacell 31HF, a high-performance
structural foam from Evonik Industries, was used to keep the electrodes at a distance of dEl ≈ 3 mm to the sWL phase shifter. It has a permittivity around 1.05
and a dielectric loss of 0.01 around 27 GHz [Ind17]. However, since most of the
material is air and the evanescent ﬁelds are only facing very thin membranes of the
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Figure 6.22: Cross section of the sWL phase shifter including (left) the magnetic
biasing system consisting of two rare-earth permanent magnets as well as (right) the
electric biasing system comprising of two pairs of copper electrodes. Both biasing
states, parallel and perpendicular, are given for each method. VV is the vertical
biasing voltage and VH the horizontal one.
foam, the dielectric loss does not have a signiﬁcant impact on the phase shifter’s
performance.
Characterisation
Because of the large electrode distance, maximum biasing voltages of ±550 V were
used. The measurement setup including the magnetic as well as half of the electrical
biasing system is shown in Fig. 6.23. The simulation and measurement results are
presented in Fig. 6.24.
For the sake of clarity, only the results for a perpendicular alignment are presented
in Fig. 6.24, since they are exhibiting the highest loss. The reﬂection coefﬁcient |S11 |
is matching the simulation very well with a broadband matching better than −10 dB
and even −20 dB from 95 GHz to 110 GHz. The transmission coefﬁcients are for
both alignment mechanisms around 1 dB lower than simulated with values between
−1.5 dB to −2.5 dB. Using magnetic biasing, |S21 | is slightly worse compared to
electric biasing, since magnetic biasing provides a more homogeneous alignment of
the LC.
The phase shift for the magnetic biasing matches the simulation well and is even
a bit increased compared to it. This is due to a small possible offset in the drilling
process, by which the LC cavity length was slightly increased. The phase shift
for the electrical biasing is less than for the magnetic biasing, being due to a not
perfectly oriented LC. However, the achieved phase shift is more than 90° above
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Figure 6.23: Photographs of (top) the realised sWL phase shifter demonstrators as
well as (bottom) the measurement setup for both biasing methods.
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Figure 6.24: Simulated and measured (left) S-parameter, (right) phase shift and
FoM results of the tuneable sWL phase shifter.
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80 GHz, making the phase shifter suitable for application in an SPDT. Despite the
increased insertion loss, the FoM reaches values between 60 °/dB to 66 °/dB for
magnetic and 55 °/dB to 62 °/dB for electrical biasing above 100 GHz.
The WR10-to-sWL ﬁbre transitions are still included in these measurement results.
Measurements of the reference line in Fig. 6.9, being the same waveguide just
without the LC section, resulted in transmission coefﬁcients around −1.2 dB at
100 GHz. Therefore, the actual FoM of the sWL phase shifter in a fully dielectric
system is much higher. Further, a measurement of a Rexolite sWL ﬁbre with the
same length as the phase shifter, thus being 26 mm longer than the reference line,
revealed transmission coefﬁcients around −1.7 dB at 100 GHz. Hence, the inﬂuence
of the measured transitions is higher as the impact of the dielectric loss of LC.
Consequently, the performance of the phase shifter can be improved by increasing
the diameter of the LC cavity, by which the increase in phase shift will have a higher
impact on the performance as the comparatively small increase in insertion loss.
Fig. 6.25 shows the phase shift provided by the sWL phase shifter, depending on the
biasing condition of the electrical biasing system at 100 GHz. There, the unbiased
state with VV = VH = 0 V on all biasing electrodes is chosen to be the state of 0°
phase shift, since this is a well reproducible state.
It can be seen, that the main phase shift can be achieved even with lower voltages.
10 % to 90 % of the usable phase shift can already be achieved with VH = ±75 V in
the perpendicular case and VV = ±175 V for the parallel orientation. Nevertheless,
almost the complete phase shift, and therefore, the high voltages are needed for
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Figure 6.25: Supplied phase shift of the sWL phase shifter, depending on the
biasing condition of the electrical biasing system at 100 GHz. On the left, the perpendicular orientation is given with VH being effective, while the parallel orientation is
given on the right where VV is effective.
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the ﬁrst dielectric proof-of-concept SPDT, since the phase difference of the MMI
coupler is less than expected from simulation. In the measurement, a saddle point
is observed around the switch-off state of 0 V. There, a certain threshold voltage
needs to be reached ﬁrst, before the weak surface anchoring is overcome.

6.4.2 Step-Index Topology
Design & Realisation
When the application requires a higher phase shift, e.g. Δϕ ≥ 360° for phased
array antennas, a different dielectric waveguide topology is preferred, in which a
bigger LC cavity can be implemented. The best solution is a step-index phase shifter
design. There, the complete core material can be replaced by LC. The design of the
step-index phase shifter investigated within this work is based on the preliminary
design from the material evaluation in Fig. 6.10. As for all previous components,
the WR10-to-sWL ﬁbre transitions are used for the conversion of the TE10 mode to
y
the E11 mode. After a short sWL ﬁbre section the dielectric waveguide is widening
up as cladding material while a tapered core section is included to the dielectric
waveguide. After the propagating wave is sufﬁciently conﬁned within the core
material, it needs to be replaced by LC for tuneability.
However, Fig. 6.26 illustrates that the integration of LC as core material requires
a further adaption of the step-index phase shifter. In case of a perpendicularly
oriented LC, the permittivity of the core material would be with ε LC,⊥ ≈ 2.40 lower
than the one of the cladding material with ε Rex = 2.53. Total internal reﬂections
cannot occur anymore and the ﬁeld is not properly conﬁned in the core material,
resulting in an increased radiation with a simulated insertion loss of 10 dB to 16 dB

Figure 6.26: Field distribution of a step-index phase shifter design, where the core
material was simply exchanged by LC. The simulation was carried out at 100 GHz
with a core permittivity of ε LC,⊥ = 2.40 and a cladding permittivity of ε Rex = 2.53,
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Figure 6.27: Schematic of the step-index phase shifter design. The most important dimensions are lSI = 39.5 mm, wSI = 6.5 mm, lLC = 19.0 mm, hLC = 2.2 mm,
lRO = 7.3 mm and hRO = 1.6 mm.

hAir
tCav

max
wAir

y

wCo
Rexolite

LC

0
x

Electrode

Figure 6.28: Schematic cross-section and ﬁeld distribution of the step-index phase
shifter’s centre part in propagation direction. The simulation was carried out at
100 GHz with a core permittivity of ε LC,⊥ = 2.40 and a cladding permittivity of
ε Rex = 2.53. The most important dimensions are wCo = 1.40 mm, wAir = 2.40 mm,
hAir = 2.00 mm and tCav = 0.55 mm.
from 90 GHz to 110 GHz. To overcome this issue, additional air gaps were included
in the cladding design to increase the difference in effective permittivity between
the core and cladding material. The improved phase shifter design, its cross-section
as well as ﬁeld distributions are shown in Fig. 6.27, Fig. 6.28 and Fig. 6.29. The ﬁeld
is properly conﬁned in the LC core section. However, a thin layer of Rexolite still
needs to surround the core region to seal the LC inside. The layer at the top of the
cavity has a ﬁlling hole, which will be sealed by glue after the LC ﬁlling.
With a length of lLC = 19.0 mm, the length of the LC section was designed that a
simulated phase shift of more than 360° can be provided above 90 GHz. The dimensions of the core at the boundary between RO3003 and LC are abruptly changing
to always fulﬁl the propagation condition according to Marcatili’s approximation.
Furthermore, the complete cladding is designed in two halves only, as indicated in
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Figure 6.29: Field distribution of the ﬁnal step-index phase shifter design, where
air gaps are included to the cladding for a proper ﬁeld conﬁnement inside the
core region. The simulation was carried out at 100 GHz with a core permittivity of
ε LC,⊥ = 2.40 and a cladding permittivity of ε Rex = 2.53.
Fig. 6.27, to reduce the possibility of discontinuities along the dielectric waveguide.
The splice will be in the y-z-plane. Compared to the sWL phase shifter this design also has the advantage that biasing electrodes can be directly mounted on the
cladding material, since only negligible ﬁeld components are propagating in these
areas of the cladding material, as shown in Fig. 6.28. Thus, the mechanical stability
of the biasing system is increased and no additional spacer material is required.
The two Rexolite halves as well as the core taper section made of RO3003 were
realised by milling. For RO3003, ﬁrst the copper coating was completely etched
away before the taper was modelled. These taper were then placed in the recess
provided in both cladding halves, before the phase shifter was glued. To provide
a proper alignment of both cladding halves, four Rexolite alignment pins were
added to the design. After the sealing, the LC cavity was ﬁlled through the ﬁlling

Rexolite
pin

LC

RO3003

Adhesive copper electrodes

Figure 6.30: Photograph of the step-index phase shifter demonstrator. (left) the
LC ﬁlled demonstrator is shown, which was measured using a magnetic biasing
system as well as (right) an electric biasing system, comprising of 2 pair of adhesive
copper electrodes. For the sake of clarity, only one pair of electrodes is shown here.
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holes with the help of a syringe. The already LC ﬁlled demonstrator as well as the
measurement setup including the electric biasing system is shown in Fig. 6.30.
Characterisation
A comparison of the simulated and measured results is given in Fig. 6.31. For the
sake of clarity, only the results for the tuning state with highest insertion loss are
shown. For magnetic biasing, the permanent magnets shown in Fig. 6.23 were used,
while two pair of adhesive copper tape electrodes are functioning as the electric
biasing system, being fed with voltages of ±550 V, as for the sWL phase shifter.
The matching |S11 | is below −15 dB all over the measured frequency range and in
accordance to the simulation. For the transmission coefﬁcients, the measured results
are deviating from the simulation about 1 dB to 2 dB. Values between −3.0 dB to
−5.5 dB, where the electrically biased results show a slightly increased insertion loss
compared with the magnetically biased ones. This is originating from the adhesive
copper tape, which has at least a small impact on the evanescent ﬁeld components
in the cladding material. The deviation to the simulation is determined by the used
UV glue as well as RO3003 taper, whose dielectric losses are not exactly determined
for W-band, and therefore, only approximated in the simulation.
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Figure 6.31: Simulated and measured (left) S-parameter, (right) phase shift and
FoM results of the tuneable step-index phase shifter. The measurements are given
in solid and the simulations in dashed lines.
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Although the measured phase shifts are not matching the simulation, due to ideal LC
alignment in CST Studio Suite, the measured phase shift for both biasing methods
are matching very well to each other with values of 240° to 420° between 75 GHz
to 110 GHz. The resulting FoM reaches values between 72 °/dB to 110 °/dB for
magnetic and to 100 °/dB for electrical biasing.
These values are beyond the state-of-the-art for passive electrically tuneable phase
shifters at W-band. Moreover, it is competitive to the magnetically biased waveguide
phase shifter presented before, exhibiting an FoM around 120 °/dB. The tuneable
dielectric waveguides are not only predestined for an application in a high-gain
phased array antenna for W-band communication, but also for an application in
the aimed mixed beam-switching and beam-steering network, where they can
be implemented in a shorter version with less phase shift before each antenna
element. Hence, the LC dielectric waveguide technology has proven to be promising
alternative for the design of tuneable components in the (sub)millimetre wave
regime. However, for the tuneable switches only small phase shifts are needed,
which is why the focus in the last section will be again on the sWL topology.

6.5 Continuously tuneable SPDT
Design & Realisation
The fully dielectric SPDT comprises of the already investigated MMI power divider, MMI coupler, the sWL phase shifter as well as an additional sWL phase
shifter. Because of the needed WR10 ﬂanges for characterisation and the fact that
gentle bends are needed for avoiding radiation, this demonstrator has a length of
lSPDT = 163.4 mm and a width of wSPDT = 23.4 mm, as presented in Fig. 6.32. The

max
lSPDT
wSPDT
0
Figure 6.32: Simulation model including the ﬁeld distribution for one extreme
conﬁguration of the tunable SPDT. It has a total length of lSPDT = 163.4 mm and a
width of wSPDT = 23.4 mm.
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Figure 6.33: Final demonstrator of the continuously tuneable SPDT in dielectric
ﬁbre technology, including the biasing system. The unused port is terminated by a
load during the measurement.
sub-components are designed with lugs that they can be connected to each other
by means of Rexolite pins. By this, the use of lossy glues is reduced to a minimum.
The ﬁnal demonstrator as well as the used biasing system are shown in Fig. 6.33.
For the ﬁrst proof-of-concept measurements, one of the phase shifters was aligned
parallel with the help of permanent magnets, while the second phase shifter was
electrically biased, since only one sufﬁcient voltage source was available. By this,
the best possible LC alignment was ensured, while at the same time the functional
principle was not limited. Thus, one phase shifter was independently tuned by
varying the biasing voltage while the second one was ﬁxed. Due to the use of permanent magnets, the phase shifters needed to be sufﬁciently separated by 23.4 mm,
resulting in a symmetric combiner design.
Fig. 6.34 gives the simulation and measurement results for the best performing
biasing conﬁgurations of the dielectric proof-of-concept SPDT. There, for the optimum frequency of 98 GHz the best performing conﬁgurations in terms of highest
isolation between both output ports and lowest insertion loss of the thru-port were
achieved, when both phase shifters provide the maximum phase shift. This is
the case if the LC in one phase shifter is magnetically aligned parallel while the
second is electrically aligned in perpendicular orientation, using a biasing voltage
of ±550 V. These extreme alignment states are needed to overcome the reduced
phase difference of the MMI coupler.
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Figure 6.34: S-parameter simulation and measurement results of (top) the matching |S11 |, the output-to-output isolation |S32 | as well as (bottom) the transmission
coefﬁcients of the best biasing conﬁgurations 1 (signal at port 2) and 2 (signal at
port 3) of the continuously tuneable dielectric SPDT. The measurements are given
in solid and the simulations in dashed lines.

|S11 | matches the simulation well with values of −15 dB nearly over the complete
measured frequency range and even below −20 dB above 100 GHz. The output-tooutput isolations also match the simulation with values from 15 dB to 25 dB for both
conﬁgurations. The difference between conﬁguration 1 and 2 comprise from the
re-connection of the sub-components.
For the ﬁrst best biasing conﬁguration, the insertion loss of the thru-port is always
below 7 dB, with a minimum of 5 dB between 88 GHz to 95 GHz. This is at lower
frequencies in a good agreement with the simulation, while there is a deviation of
about 1.0 dB to 1.5 dB at higher frequencies. The isolated port in this conﬁguration
is better than simulated, being directly linked to the slightly increased loss of the
thru-port. It shows a transmission coefﬁcient below −15 dB above 86 GHz and even
down to −30 dB around 100 GHz. This results in an isolation between |S21 | and |S31 |
better than 15 dB over a bandwidth of 15 % and better than 25 dB over a bandwidth
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of 5 % from 96 GHz to 101 GHz.
For the second best biasing conﬁguration, the thru-port results could be reproduced
well. However, there is a small deviation in the isolation between |S21 | and |S31 |
compared to conﬁguration 1. The 15 dB bandwidth is around 10 %, while the 25 dB
bandwidth reduces to 4 %. Nevertheless, these small deviations can already occur
due to tolerances in the assembly process of the VNA extensions to the SPDT.
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Figure 6.35: Measurement results of (top) the matching |S11 | and (bottom) the
transmission coefﬁcients |S21 | and |S31 | for a complete sweep of one phase shifter
of the tuneable SPDT. The second phase shifter was constantly kept in the parallel
orientation by means of permanent magnets.
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Also, for this SPDT the power splitting ratio can be adjusted to each preferred value
between these two best biasing conﬁgurations. This continuous-state agility is a
novelty for SPDTs in this frequency range, where most of the state of the art SPDTs
are based on semiconductor or MEMS technology, being just switchable from on- to
off-state. Moreover, the optimum conﬁgurations can also be shifted in frequency, at
least in the range where enough phase shift can be provided.
Both, the frequency tuneability as well as the adjustable power splitting ratio can be
observed from Fig. 6.35, where a voltage sweep for one phase shifter was carried
out, while the second one was kept in parallel orientation by means of permanent
magnets. The complete area is not homogeneously covered with measurement
curves, since only 22 equidistant voltage steps were chosen for the measurement.
By this, the changes in phase can be up to 15° between two measurements in the
range where the phase shifters have their steepest slope (see Fig. 6.25), leading to a
big change in |S21 | and |S31 | of the SPDT.
For these measurements, a new setup of the SPDT was used, which shows the
reliability of this technology compared with the results from Fig. 6.34. The frequency
shift leads to an isolation of at least 25 dB from 93 GHz to 110 GHz. Further, the
input matching is only changing marginally over all tuning states. However, the
difference in |S21 | is not as signiﬁcant as for |S31 |, since with increasing frequency less
of the evanescent ﬁeld components are propagating in air, which is why dielectric
losses increase. This can be seen in Fig. 6.36 for an example of two different states.
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Figure 6.36: Measurement results for the frequency shift of the thru |S21 | and
isolation |S31 | of the tuneable dielectric SPDT. The results of conﬁguration 2 of
Fig. 6.34 are compared with an intermediate state, where the biasing voltage of
the electrically biased phase shifter was decreased, causing a shift of the centre
frequency towards higher frequencies.
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Figure 6.37: Simulation results of several optimisation steps of the dielectric ﬁbre
SPDT. Starting from the best biasing conﬁguration (Conf.1/ 2), the ﬁrst optimisation
step (Opt. 1) was to adapt the width to a fully electrically biased SPDT. The second
optimisation step (Opt. 2) was to increase the diameter of the LC cavity, resulting
in a decreased total length of the phase shifters. The last optimisation step (Opt.
3) was to remove the WR10-to-sWL ﬁbre transitions to give an impression of the
performance of a fully dielectric system.
Small improvements of |S21 | can be made out, but they are in average only around
0.2 dB and in maximum around 0.5 dB.
All the components used for the SPDT are radiation hard and very cost efﬁcient.
Additionally, the SPDT is very lightweight with an overall weight of less than 5 g
without the WR10-to-sWL ﬁbre transitions. The total size can be reduced for future
applications where no magnetic biasing is needed anymore. Simulations have been
carried out to visualize the effect of these optimisation steps. The results are given
in Fig. 6.37.
In the ﬁrst optimisation step, the separation of the branches was reduced to 10 mm,
also reducing the length of the power divider/coupler branches by a factor of two.
In the second step, the diameter of the LC cavity is increased from 0.6 mm to 0.8 mm.
By this, the total length of the LC cavity can be decreased from 26.0 mm down to
15.3 mm. According to the simulations, these optimisations lead to an improvement
in |S21 | of around 0.2 dB to 0.3 dB. However, the biggest impact on the transmission
coefﬁcients have the WR10-to-sWL ﬁbre transitions. By excluding them from the
simulation, |S21 | can be improved by 0.5 dB. Further, the isolation |S31 | can be
improved by these optimisations about 5 dB as well. Moreover, the space needed
for the demonstrator is nearly reducing by a factor of four to 11.6 cm3 .
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max

0
Figure 6.38: Simulated ﬁeld distribution of the dielectric SPDT at 100 GHz. Compared to the ﬁeld distribution presented in Fig. 6.32, lower ﬁeld strengths are
examined.
However, the inﬂuence of the WR10-to-sWL ﬁbre transitions is expected to be higher
than shown by these simulations, since the radiation caused by discontinuities is not
taken into account during the simulations. This was already validated by the backto-back measurements shown in Fig. 6.9, including the phase shifter’s reference line,
showing an insertion loss of about 1.0 dB to 1.6 dB.
Hence, the LC dielectric waveguide technology has proven to be well suitable for
the realisation of tuneable W-band components. However, the SPDT showed a
comparatively high insertion loss with up to 7 dB, originating from radiation due to
bends. Especially at the MMI coupler section an increased radiation can be made
out, originating from the asymmetrical feeding of the MMI main body, as can be
seen in Fig. 6.38. Its length is not long enough to sufﬁciently form a MMI pattern
when being asymmetrically excited. In this SPDT it is more acting as a coupled line
combiner. According to the simulation at 100 GHz, 18 % of the stimulated ﬁeld is
radiated, while 42 % is detected at all output ports. Additionally, 37 % are lost due
to dielectric and 3 % due to ohmic loss.
Therefore, for the realisation of complex tuneable high-performance W-band components, such as the mixed beam-switching and beam-steering network, a hybrid
implementation of LC-tuned dielectric waveguide and non-tuneable low-loss metallic waveguide structures is the most promising solution, since radiation can be
signiﬁcantly reduced. By this, the advantages of both technologies can be combined.
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6.6 SPDT in Hybrid Metallic and Dielectric
Waveguide Topology
As a proof-of-concept for the hybrid implementation of LC-tuned dielectric and
non-tuneable metallic waveguide structures, a tuneable SPDT demonstrator was
designed, being directly comparable to the fully dielectric SPDT introduced before.
For the power divider and coupler designs, the subcomponents from the metallic
waveguide SPDT presented in section 5.3 were merged with the WR10-to-sWL ﬁbre
transitions introduced in sub-section 6.2.1. The design of the new split-blocks is
shown in Fig. 6.39. As phase shifters, two sWL phase shifter as shown in sub-section
6.4.1 were used.
For each phase shifter, two WR10-to-sWL ﬁbre transitions are needed, being the only
possibility left for radiation to occur. The split-blocks are symmetrically designed
as for the metallic waveguide SPDT with a cut in the E-plane. Compared to the
fully dielectric SPDT, the total length of the hybrid demonstrator is decreasing from
lSPDT,Diel = 220.0 mm to lSPDT,Hyb = 170.5 mm, including the sWL phase shifters.
The simulated ﬁeld distribution of the hybrid SPDT is shown in Fig. 6.40.
It is obvious that radiation is not an issue anymore. This is also conﬁrmed by the
simulation results, predicting a radiation loss of only 0.4 %, while the dielectric and
ohmic losses are at 20.2 % and 12.0 %, respectively. The complete power outgoing

lHCo

wHPD

wHCo

lHPD

Figure 6.39: Design of the (left) power divider and (right) coupled line combiner
split-blocks for the hybrid SPDT, including the WR10-to-sWL ﬁbre transitions. The
most important dimensions are lHPD = 45.5 mm, wHPD = wHCo = 50.0 mm and
lHPD = 85.0 mm.
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Figure 6.40: Simulated ﬁeld distribution of the hybrid SPDT at 100 GHz. As in Fig.
6.38, low ﬁeld strengths are examined.
at all ports was simulated to 67.4 %. A photograph of the realised demonstrator is
given in Fig. 6.41.
In Fig. 6.42, the measurement results of the hybrid SPDT are directly compared with
the one from the fully dielectric SPDT. The phase shifters were ﬁlled with the LC
mixture GT5-26001. The matching |S11 | of the hybrid SPDT is below −10 dB from
80 GHz to 110 GHz and except a small resonance at 90 GHz even around −15 dB,

Figure 6.41: Final demonstrator of the hybrid SPDT in metallic and dielectric
waveguide topology.
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Figure 6.42: Measurement results of (left) the reﬂection and (right) the transmission coefﬁcients of the hybrid SPDT in comparison with the measured results of
conﬁguration 1 from the fully dielectric SPDT shown in Fig. 6.34.
being in an excellent agreement with the simulations (not shown in the plot). With
these values it is not as ideally matched as the dielectric SPDT, but better matched
as the fully metallic SPDT. This originates from the partially possible radiation at
the WR10-to-sWL ﬁbre transitions.
The biggest advantage of this hybrid implementation is revealed by the transmission
coefﬁcients. The hybrid SPDT shows an insertion loss of 3 dB to 4 dB between
80 GHz to 110 GHz, being an improvement of 2 dB to 3 dB compared to the fully
dielectric SPDT. At the same time, the isolation |S31 | for both SPDTs is comparable
except the rippled shape of the hybrid SPDT’s results. Compared to the simulation,
the insertion loss is increased about 0.7 dB in average, while the isolation is matching
the simulation nearly perfectly. A detailed comparison of the hybrid SPDT also to
the simulation and waveguide SPDT results is given in appendix A.3. Furthermore,
the continuously adjustable power splitting ratio as well as the frequency tuneability
are also applicable with this demonstrator.
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6.7 Comparison of Tuneable SPDTs at W-Band
In literature, SPDTs are mostly evaluated by the difference between the insertion
loss as well as the isolation. Since this difference is only expressive in connection
with the insertion loss, a ﬁgure of merit for SPDTs (FoMSPDT ) is deﬁned at this point
as the difference between the isolation (|S31 | in dB) and the insertion loss (|S21 | in
dB), divided by the insertion loss
FoMSPDT =

|S31 | − |S21 |
.
|S21 |

(6.32)

By this, the importance of the insertion loss on the overall performance is sufﬁciently taken into account. Especially in logarithmic scale, a high isolation can be
easily achieved when the insertion loss is already high. The FoMs of the SPDTs
investigated in this work are presented in Fig. 6.43. Further, Table 6.1 and Table 6.2
are giving selections of state-of-the-art SPDTs for Ka- and W-band, respectively.
It is obvious that the LC-tuned LTCC SPDTs investigated in this work are not competitive with state-of-the-art SPDTs in the Ka-band, although an isolation between
thru and isolated port of more than 35 dB was achieved. The interference-based
principle in combination with the LTCC technology is too lossy compared to conventional approaches in this frequency range. However, this is different for W-band
frequencies, where the competing technologies face increasing losses, resulting in
decreased SPDT FoMs. The hybrid SPDT shows the best results of all investigated
SPDT implementations within this work. Although it is not reaching the FoM of
the tuneable SiGe SPDTs, it is, nevertheless, competitive with the state-of-the-art
SPDTs. Exemplarily, they revealed a higher FoM than the commercially available
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Figure 6.43: FoM for the SPDTs investigated within this work. The values are
calculated out of the measured results discussed before.
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Table 6.1: Performance summary of state of the art Ka-band SPDTs.
Reference

Technology

f (GHz)

IL (dB)

Isol. (dB)

FoMSPDT

[Zhe+13]
[Guo+15]
[Poh+12]
[Che+16]
[Min+08]
[Liu+14]
[Zah+15]
[Kum+12]
This work
This work

GaN
GaN
SiGe
SiGe
CMOS
CMOS
MEMS
PIN Diode
LC LTCC (32)
LC LTCC (50)

30
35
30
32
35
30
30
36
30
29

1.2
1.9
3.0
3.3
2.2
2.7
0.8
1.0
9.4
11.0

27.0
27.7
25.0
21.8
32.0
33.0
40.0
39.0
26.5
48.0

21.5
13.6
7.3
5.6
13.6
11.2
49.0
38.0
1.8
3.4

Table 6.2: Performance summary of state of the art W-band SPDTs.
Reference

Technology

f (GHz)

IL (dB)

Isol. (dB)

FoMSPDT

[Sch+14]
SiGe
100
1.4
19.0
SiGe
100
2.1
26.0
[Ulu+15]
[Tom+10]
CMOS
100
4.0
25.0
[Cha+07]
CMOS
90
3.5
28.0
CMOS
100
2.5
21.0
[May+10]
[Rey+12]
MEMS
70
4.0
14.0
[Inc17c]
PIN Diode
95
5.5
40.0
PIN Diode
100
5.5
21.0
[Inc17b]
This work LC Waveguide
95
2.6
19.6
98
5.5∗
35.0
This work LC Dielectric
This work
LC Hybrid
100
3.0
27.0
∗ : including the metallic WR10-to-sWL ﬁbre transitions

12.6
12.4
5.5
7.0
7,4
2.5
6.3
2.8
6.5
5.4
8.0

waveguide based PIN diode SPDTs. Further, the size and performance are still
improvable and the complete technology is easily scalable to higher frequencies.
These facts and the perspective of an in-plane realisation of the network, comprising
of a miniaturised low-loss metallic Butler matrix, high-performance dielectric phase
shifters as well as an SPnT in hybrid metallic and dielectric waveguide technology,
represent the most promising solution for the realisation of complex electrically
controlled LC beam-switching and beam-steering networks at W-band.
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The ever-increasing demand for higher data rates requires RF communication
systems to operate at higher frequencies, where larger bandwidths can be exploited.
For that reason, a tuneable high gain mixed discrete beam-switching and continuous
beam-steering network based on microwave liquid crystal (LC) technology has been
systematically investigated for millimetre wave, and especially, W-band frequencies
in this work, since they are insufﬁciently used for communication up to now. Due
to the increasing atmospheric impairments as well as free-space path loss with
increasing frequency, antenna systems with highly directional pencil beams are
preferred. An adaptive beam-steering is required (i) for compensating possible
shifts of these narrow beams, but in particular (ii) for portable and slow tracking
applications, which is realisable by the use of tuneable LC components. By changing
the orientation of the LC molecules with respect to the applied RF ﬁeld, the effective
permittivity of the transmission line or waveguide changes, resulting in a tuneable
delay line. This technology has the advantage of being fully electrically tuneable,
by which wear-out failures are negligible. Further advantages are the continuous
tuneability, the high linearity of LC components, its low power consumption as
well as the material-speciﬁc low dielectric loss, making the LC technology even
suitable for future wideband applications at higher frequencies up to several THz.
While former investigations have always been focussed on the common phased
array approach, e.g. [Kar14; Gae15; Wei17], this work is dealing with an innovative
approach based on a Butler matrix combined with tuneable phase shifters. The
loss from phase shifting are kept on a low level, since only about 1/3 of the phase
shift compared with conventional phased array antennas is required, originating
from the combination of discrete beam-switching and continuously beam-steering. For
beam-switching, different input ports of the Butler matrix need to be selected, for
which a new type of switch is introduced in this work: an interference-based SPnT
with continuously adjustable power-splitting ratio. The adjustable power-splitting
ratio allows not only the selection of different inputs, but also the excitation of
more than one input at the same time, resulting in multiple beams. Additionally,
the tuneability allows the operational frequency to be shifted, making this SPDT
applicable in a broad frequency range.
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With screen-printed low temperature co-ﬁred ceramic (LTCC) multilayer components as well as milled metallic and dielectric waveguide components, different
implementations had been investigated for Ka- and W-band, respectively. The
demonstrators in LTCC technology within the research project Liquida K, funded
by the German Aerospace Center, were designed for Ka-band frequencies around
30 GHz for a ﬁrst proof-of-concept. With the presented designs for the tuneable
LC-tuned LTCC single-pole double throws (SPDTs), all components being required
in a mixed beam-switching and beam-steering network had been discussed. Hybrid
couplers, tuneable and static phase shifters as well as DC blocking structures, which
are suitable for an easy crossover realisation, are already implemented within the
tuneable SPDTs, with which the concept was proven. Although tuneable LC components can be easily integrated into LTCC multilayer structures, the applicability of
the used LTCC routine at W-band is difﬁcult, because of screen-printing limitations
as well as a high insertion loss, e.g. 10 dB at 30 GHz. While the screen-printing limitations are arising from the high permittivity of the green tape, the high insertion
loss originates from the bad conductivity of the available gold paste.
Therefore, for the provision of a high gain mixed beam-switching and beam-steering
network at W-band frequencies, the usability of low-loss metallic waveguide components was examined. The presented in-plane realisation of a Butler matrix is based
on a novel waveguide crossover with dielectric star inset. This crossover not only
allows a simple but also a very compact design for future Butler matrix realisations,
due to the combined applicability as crossover and ﬁxed phase shifter. Further, a
tuneable phase shifter was introduced with an outstanding FoM around 135 °/dB
at 100 GHz. The SPDT exhibits an insertion loss of 2.6 dB and an isolation of 19.6 dB
around 95 GHz. However, both tuneable demonstrators were solely magnetically
biased. The implementation of an electric biasing system within the limited space
of a dielectrically ﬁlled waveguide at W-band occurred to be very challenging, for
which a new type of low-loss tuneable LC waveguide has to be investigated.
Dielectric waveguides have pointed out as an excellent alternative to metallic waveguides. They are low-loss waveguides, which are not limiting the electrode design by
any metallic boundaries. A qualitative material study was conducted and two major
dielectric waveguide topologies have been investigated: the subwavelength ﬁbre
and the step-index dielectric waveguide. Where the subwavelength topology allows
an easy realisation of tuneable LC phase shifter, the step-index topology reveals a
higher performance of up to 100 °/dB at 102 GHz, being beyond the state-of-the-art
for passive electrically biased phase shifters at W-band. For the fully dielectric SPDT
design in subwavelength topology, speciﬁcally adapted multimode interference
power divider and coupler have been combined with subwavelength phase shifters.
The SPDT performed well with an insertion loss around 5.5 dB and an isolation of
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Figure 7.1: Final schematic design of the investigated mixed beam-switching and
beam-steering network in LC hybrid metallic and dielectric waveguide technology.
In this design, the phase shifters need to provide a phase shift of −90° ≤ ϕPS1 ≤ 90°
and 0° ≤ ϕPS2 ≤ 135°, while the crossover need to provide a phase difference of
ϕCO1 = 0° and ϕCO2 = 45° compared to the adjacent waveguides.
35.0 dB at 98 GHz. Nevertheless, an increased unintended radiation was made out
at the power divider and especially the coupler section.
To allow an in-plane realisation of the overall mixed network on the same technology
platform and to prove the high potential of the hybrid metallic and dielectric
waveguide technology, a hybrid SPDT implementation was introduced, combining
the advantages of low-loss metallic power dividing/combing structures as well
as electrically tuneable low-loss dielectric phase shifters. In this implementation,
radiation is not an issue anymore and the SPDT demonstrator showed an insertion
loss of only 3 dB and an isolation of 27 dB at 100 GHz. This is an excellent result for
W-band frequencies, with which it is competitive to the state-of-the-art SPDTs at
W-band.
The ﬁnal schematic design of the W-band mixed beam-switching and beam-steering
network is introduced in Fig. 7.1. A hybrid implementation is chosen, where
non-tuneable and tuneable components will be realised in metallic and dielectric
waveguide technology, respectively. The main novelty is that this design allows an
in-plane realisation of the complete mixed beam-switching and beam-steering network on one single technology platform. While the novel multifunctional crossover
design presented in section 5.1 allows a miniaturised low-loss realisation of the
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beam-switching Butler matrix, the dielectric step-index phase shifters, whose performance is exceeding the state-of-the-art performances for passive electrically
tuneable phase shifters at W-band, provide a low-loss continuous beam-steering.
Further, an innovative SP4T design is included to the ﬁnal design. Instead of cascading SPDTs, which would require six independently tuneable phase shifters as
well as a lot of space, this design only requires four phase shifters due to the implementation of the novel crossover design. These phase shifters are only placed in the
outer branches, which allows a small-volume, and therefore, low-loss realisation of
the SP4T. According to the ﬁrst investigations on a hybrid SPDT in section 6.6, this
SP4T will at least be competitive with state-of-the-art SP4Ts, e.g. in semiconductor
or MEMS technology, and will allow the in-plane realisation of the complete 1 × 4
mixed beam-switching and beam-steering network. As antenna elements, dielectric
tapered rod antennas as introduced in [Kob+82] will be used subsequent to the
dielectric phase shifters.
Hence, due to the novel crossover design the size can be reduced to a minimum
and is mainly depending on the phase shifter sizes. Also, the width of this mixed
beam-switching and beam-steering network is reduced, since only one WR10 ﬂange
is needed. The presented phase shifter topologies will be further optimised, e.g.
by increasing the diameter of the LC cavity in the subwavelength phase shifter for
size reduction. Further, new topologies as well as sophisticated biasing concepts
are recently under investigation within a research project1 funded by the German
Research Foundation (Deutsche Forschungsgemeinschaft, DFG). In addition, the
realisation of mixed beam-switching and beam-steering networks for millimetre
wave applications is recently under further investigations on three different level:

• On the component level, high-performance waveguides with almost no radiation, the parallel plate dielectric waveguide (PPDW) and non-radiative
waveguide (NRD), have recently come into focus. Both topologies are based
on a dielectric waveguide, being extended by a pair of parallel metal plates.
Where the plates of the PPDW are added in the H-plane, they are added in
the E-plane for the NRD. Therefore, modes are better conﬁned due to the
additional boundary, and especially for the NRD, the mode is not propagable
outside the dielectric core of the waveguide. The simulated ﬁeld distributions
for both waveguides are given in Fig. 7.2. First electrically biased V-band
demonstrators are exhibiting FoMs around 75 °/dB and 110 °/dB [Ree+17b]
for the NRD and PPDW, respectively. Also, the response times are decreased
1 JA
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Figure 7.2: Simulation and ﬁeld distribution of a bended (left) parallel plate dielectric and (right) non-radiative waveguide at 70 GHz. The radius of the bending was
chosen to r = 16 mm.
compared with the presented dielectric waveguides, since the biasing electrodes can be directly placed on the metallic plates. Due to their hybrid
metallic and dielectric design, they are very well suited for the in-plane realisation of the mixed beam-switching and beam-steering network in hybrid
metallic and dielectric waveguide technology.
• On the fabrication level, the realisation of beam-steering networks can be
even simpliﬁed by the use of additive manufacturing techniques. While 3D
printed metallic waveguides are frequently discussed for millimetre wave
applications [Zha+17; She+17; Bon+17], ﬁrst attempts of 3D printed (non-)
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Figure 7.3: (left) Demonstrator and (right) measured results of the insertion loss
for a 3D printed sWL ﬁbre.
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Figure 7.4: (left) Schematic principle and (right) measured FoM results of the slowwave phase shifter. The NaM is comprising of a porous alumina membrane with
nanowires made of copper as well as a copper ground at the backside.
tuneable sWL ﬁbres were recently conducted (see Fig. 7.3). The big advantage
of this technique is that only one single fabrication step and no additional glue
would be needed. However, the accuracy of the milling process cannot be met
and the implementation of an LC channel to the ﬁbre design is challenging.
First non-tuneable sWL ﬁbres were realised out of a commercial ABS plastic
using a Prusa i3 printer with 100 μm nozzle. Measured transmission coefﬁcients between −6 dB to −12 dB from 75 GHz to 110 GHz reveal the actual
disadvantage of this technique: missing printable low-loss dielectric materials.

• On the technology level, one could think of implementing the tuneable SPnT
in semiconductor technology. As shown in table 6.2, they are exhibiting the
highest FoM for SPDTs. However, it must ﬁrst be determined that the additional transition from semiconductor devices to waveguides is not too lossy to
lose the beneﬁt from a low-loss SPnT.
Further, a very promising alternative for the miniaturised realisation of beamsteering networks with low response times is under investigation by means of
the liquid crystal - nanowire ﬁlled membrane (LC-NaM) technology. A microstrip
line topology in combination with the NaM reveals a slow-wave effect, resulting in a decrease of the phase velocity. By this, a higher phase shift is
achieved over the same physical length. Further, the increase of the transmission line’s effective permittivity allows a realisation of LC cavities with
heights in the range of a few μm, only. This results in very low response times
according to equation (2.31), making this LC-NaM technology applicable for
on-the-move applications. First demonstrators, investigated within a research

158

project2 funded by the German Research Foundation, exhibited a measured
phase shifter FoM of up to 45 °/dB at V-band (see Fig. 7.4), accompanied
with response times in the range of ms. The planar topology also allows a
very cost-efﬁcient realisation, since the fabrication methods of the LC display
technology can be directly adapted. In the upcoming BESTSHIFT3 project, also
funded by the German Research Foundation, beam-steering systems based
on the LC-NaM technology will be investigated for 140 GHz communication
systems.

2 JA
3 JA

921/58-1
921/65-1
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A Appendix
A.1 Dimensions of the LC-tuned LTCC
Components

w lCPW
wStrip lGnd CPW

wCav wGnd
lCav

lOver

3/4

wStrip

lBranch

lTaper

wStrip

wCPW-2
lStrip

wCav
wTr-CPW

gCPW

/4

wStrip

lOver

wTr

wCPW

wRR

lCav
lTr

gCPW-2

wBranch

Figure A.1: Schematic of all single components used for the design of the LC-tuned
LTCC SPDTs.
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Table A.1: Most important dimensions of the above components shown in Fig. A.1.
All dimensions are given in mm.
Embedded
wStrip
wRR
lOver
wGND
lGND
wCPW
lCPW
wCav
lCav
wBranch
lBranch
lStrip
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0.211
0.100
0.780
1.100
0.950
0.200
3.600
1.552
1.900
0.368
1.019
0.954

Open
wCPW
gCPW
wCPW-2
gCPW-2
lTaper
lOver
wTr
lTr
wTr-CPW
wCav
lCav

0.220
0.170
0.400
0.200
1.000
0.700
0.870
0.950
0.160
1.133
1.050

A.2 Roughness Parameter

A.2 Roughness Parameter
• The arithmetical mean deviation Ra gives the average difference to the centre
line. The centre line is deﬁned in the way that the sum of the overall proﬁle is
minimal (∑in=1 yi = 0).
Ra =

1 n
| yi |
n i∑
=1

(A.1)

• The root-mean-squared (rms) roughness Rq gives the square mean value of
the proﬁle deviation. It is more sensitive to single peaks and dips as the
arithmetical mean deviation.

1 n 2
Rq =
yi
(A.2)
n i∑
=1
• The mean roughness depth Rz is the average difference between the highest
peak and the lowest dip of ﬁve measured sampling lengths. Also Rz is more
sensitive to proﬁle changes than Ra
Rz =

1 5
1 5
Rz,i = ∑ Δymax,i
5 i∑
5 i =1
=1

(A.3)

Further, Rmax is the maximum roughness depth of Rz,i .
• The total roughness depth Rt gives the difference between the highest peak
and the lowest dip along the overall measured length.
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A.3 Hybrid SPDT in Comparison
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Figure A.2: Comparison of the (top) simulated and measured results of the hybrid
SPDT, (middle) measured results of the waveguide and hybrid SPDT as well as
(bottom) measured results of the dielectric and hybrid SPDT.
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Symbols and Abbreviations
a

Orientation of a single liquid crystal molecule

a1

Incident power wave

α

Attenuation

Au

Gold

b1

Reﬂected power wave

Bandw.

Bandwidth

BST

Barium-strontium-titanate

β

Propagation/phase constant

C

Capacitance per length

CMOS

Complementary metal-oxide-semiconductor

cos
B

Cosine
Magnetic induction

CPW

Coplanar waveguide

Cu

Copper

d

D

Distance/diameter
Dielectric displacement

dB

Decibel

DC

Direct current

δαβ

Kronecker delta

Δϕ
E

Differential phase shift
Electric ﬁeld

El

Electric

ETh

Threshold electric ﬁeld
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ηLC

Material quality factor of LC

ε

Permittivity

ε0

Electric constant

eV

Electronvolt

f

Frequency

F

Total free energy

f bend

Bend energy density

f el

Electric energy density

f elast.

Elastic energy density

f mag

Magnetic energy density

f splay

Splay energy density

f surf.

Surface energy density

f twist

Twist energy density

f (Θ,Φ)

Orientational distribution function

FoM

Figure-of-merit for passive phase shifters

FoMSPDT

Figure-of-merit for SPDTs

g

Gap width

G

Conductance per length

γ

Complex propagation constant

γrot

Rotational viscosity

Γdiss.

Dissipative torque

Γelast.

Torque induced by elastic deformation

Γﬁeld

Torque induced by external ﬁeld

GaAs

Gallium arsenide

GaN

Gallium nitride

Gbit

Gigabit

GHz

Giga Hertz

GSG(SG)

Ground-signal-ground(-signal-ground)

h

Height

Symbols and Abbreviations


H

Magnetic ﬁeld

1

Identity matrix

IL

Insertion loss

Isol.

Isolation

kB

Boltzmann constant

Kii

Frank elastic constants

l

Length

L

Inductance per length

λ

Wavelength

LC

Liquid crystal

LCD

Liquid crystal display

Lπ

Beat length

LTCC

M

Low temperature co-ﬁred ceramic
Magnetisation

μ

Magnetic permeability

μ0

Magnetic constant

μr

Relative permeability

Mag

Magnetic

Meas

Measurement

MEMS

Micro-electro-mechanical systems

MMI

Multimode interference

MMIC

Monolithic microwave integrated circuits

N

Integer number (e.g. of liquid crystal molecules)

n

Refraction index

n

Director

NA

∇

Numerical aperture
Nabla operator

ν

orientational interaction constant

ω

Angular frequency
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P

Polarisation

ϕ

Phase

Φ

Azimuthal angle

par

Parallel

perp

Perpendicular

⊥

Perpendicular

P2 (cos Θ)

Second order Legendre-polynomial

Ψ (...)

Field distribution

PTFE

Polytetraﬂuoroethylene

PVC

Polyvinyl chloride

Qαβ

Order parameter tensor

R

Resistivity per length

R...

Roughness

RF

Radio frequency

RFIC

Radio frequency integrated circuit

RTPS

Reﬂection type phase shifter

s

Second

S

Order parameter

S

Scattering matrix

Sxy

Scattering parameter

SI

Step-index

SiGe

Silicon-germanium

Sim

Simulation

sin

Sine

SIW

Substrate integrated waveguide

SPDT

Single-pole double-throw

sWL

Subwavelength

T

Temperature

τLC

Material tuneability of LC

Symbols and Abbreviations
τoff

Switch-off response time

τon

Switch-on response time

τϕ

Steering efﬁciency

ϑ

Normalised temperature

Θ

Polar angle

Tc

Clearing temperature

tan δ

Dielectric loss

TDS

Time domain spectroscopy

TE

Transverse electric

TEM

Transverse electromagnetic

THz

Terahertz

TM

Transverse magnetic

Tm

Melting temperature

VB

Biasing voltage

VTh

Threshold voltage

V (Θ)

Single molecule potential

VNA

Vector network analyser

w

Width

χe

Electric susceptibility

χm

Magnetic susceptibility

Z

Molecule partition function
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