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Abstract

This work investigates the capabilities and performance of liquid crystal based dielec-
tric image lines as a basis for reconfigurable millimeter-wave components and their
use for beam-steerable antennas. The components, which are operated at W-band
(75 GHz to 110 GHz), are designed, manufactured and characterized. The dielectric
image line topology is well suited to combine the advantages of fully dielectric waveg-
uides with the integrated character of commercial devices. Especially, the integration
of liquid crystal can be easily achieved, and does not require modifying the printed
circuit board on which the dielectric image line is placed.

As a basis for the components, suitable materials are analyzed first, before an
adaptive measurement setup is introduced. Two modes of the dielectric image line
are of particular interest in this dissertation: the fundamental E%l—mode and the
orthogonally polarized higher-order EY,-mode. The first components are liquid crys-
tal phase shifters of low permittivity (e, = 2.53). In the fundamental mode, a low
profile, a maximum figure-of-merit of 136°dB™!, response times of 6s to 9s and
linear performance in a temperature range from —10° to 80° are achieved. With the
orthogonally polarized mode, a higher figure-of-merit of 188°dB™! is obtained at the
cost of higher response times. Utilizing a special design, the electrodes can be em-
ployed directly on the dielectric. This results in fast switch-on response times in the
range of milliseconds, which is the fastest time obtained with dielectric waveguides
up to today. This high decrease in switch-on response time represents a 99% and
97% improvement when compared to a fully dielectric liquid crystal phase shifter
and a classic electrode placement besides the dielectric image line, respectively.

On the basis of the phase shifters, reconfigurable antennas are investigated in the
dielectric image line topology. With broadband rod antennas, 1 x 4 array demon-
strators are realized. By utilizing multimode-interference for the first time in the
dielectric image line topology at millimeter-waves, compact power dividers are re-
alized. Combining the array with the aforementioned phase shifters leads to the
first liquid crystal dielectric image line rod antenna phased array. It shows gain of
17 dBi to 18 dBi and has a beam steering range of +10°. As a less complex and more
narrowband alternative, a liquid crystal leaky wave antenna is introduced, too. By
allowing the bias electrodes to contribute to the radiation characteristics, a simple
antenna is realized, with a gain of 15 dBi, capable of scanning 10° by applying only
one bias voltage.

Furthermore, novel additive manufacturing techniques are evaluated to allow auto-
mated fabrication of the investigated components. An innovative guiding mechanism,
which enables the combination of liquid crystal with high permittivity materials
(er =9), is introduced as a means of enabling smaller components.

iii






Kurzfassung

In dieser Arbeit werden dielektrische Spiegelleitungen beziiglich ihrer Tauglichkeit
und Performanz fiir fliissigkristallbasierte Millimeterwellenkomponenten, insbeson-
dere im Hinblick auf strahlschwenkende Antennen, untersucht. Dabei werden die
im W-Band (75 GHz bis 110 GHz) betriebenen Komponenten konzipiert, hergestellt
und charakterisiert. Die dielektrische Spiegelleitungstopologie ist besonders geeignet
um die Vorteile dielektrischer Leitungen in einer integrierten Umgebung, wie sie bei-
spielsweise auf kommerziellen Leiterplatten zugegen ist, umzusetzen. Besonders die
Integration von Fliissigkristallen kann bei dielektrischen Wellenleitern einfach umge-
setzt werden, sodass eine Platine keinerlei sondergefertigte Kavitdten oder spezielle
Materialien aufweisen muss.

Als Grundlage aller weiteren Entwicklungsschritte werden zun#chst geeignete Ma-
terialien fiir die dielektrischen Spiegelleitungen selbst untersucht und ein adapti-
ver Messaufbau eingefiihrt. Besonderes Augenmerk wird auf zwei Modentypen, der
EY, Grundmode und der orthogonal zum dieser polarisierten Ef; Mode, gelegt.
Fiir alle weiteren Untersuchungen bilden Fliissigkristall-Phasenschieber von nied-
riger Permittivitéit (e, = 2.53) die Grundlage. Der Demonstrator in der Grundmode
weist ein geringes Profil auf und es wird eine maximale Phasenschiebergiite von
136 °dB~! neben Schaltzeiten von 6s bis 9s erreicht. Messungen iiber einen Tempe-
raturbereich von —10°C bis 80 °C bestétigen ein lineares Verhalten des Bauteils. In
der orthogonal polarisierten Mode kann eine hohere Phasenschiebergiite von bis zu
188°dB™! erreicht werden, allerdings auf Kosten der Schaltzeit. Durch ein spezielles
Layout konnen die Elektroden auch direkt auf das Dielektrikum aufgebracht wer-
den. Dieser Schritt erlaubt es erstmals in dielektrischen Fliissigkristallkomponenten
Einschaltgeschwindigkeiten im Millisekundenbereich zu erreichen. Die Geschwindig-
keitserh6hung liegt im Vergleich zu volldielektrischen Vergleichskomponenten bei
99% und zum urspriinglich in dieser Arbeit eingefiihrten Elektrodennetzwerk bei
97%.

Um strahlschwenkende Antennen zu realisieren, werden aufgrund der Erkenntnisse
zu den Phasenschiebern zunichst breitbandige Spiegelleitungs-Stabantennenarrays
untersucht. 1x4 Demonstratoren werden hergestellt, wobei zum ersten Mal Multimode-
Interferenz in der Spiegelleitungstopologie im Millimeterwellenbereich verwendet
wird, um eine kompakte Leistungsteilung zu erreichen. Das resultierende phased
array weist einen Antennengewinn von 17 dBi bis 18 dBi in einem Strahlschwenkbe-
reich von £10° auf und stellt das erste fliissigkristallgesteuerte Spiegelleitungsarray
seiner Art dar.

Um die Komplexitit der Ansteuerungselektronik zu reduzieren, wird ebenfalls eine
fliissigkristallbasierte Leckwellenantenne untersucht. Durch simultane Verwendung



Abstract

der Ansteuerungselektroden als Abstrahlelemente kann eine Antenne von geringer
Komplexitét realisiert werden, die einen Antennengewinn von 15dBi aufweist, und
mit nur einer Steuerspannung eine Strahlschwenkung von 10° erreicht.

Zusatzlich werden zum Ende dieser Arbeit additive Herstellungsverfahren evalu-
iert, um die vorgestellten Konzepte industriell fertigen zu kénnen. Dabei ist beson-
ders ein innovativer Ansatz, der es erlaubt Fliissigkristall mit Materialien deutlich
hoherer Permittivitét (e, = 9) zu kombinieren, hervorzuheben.
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1. Introduction

In today’s society, there is a steady and ever rising demand for higher data rates.
Especially wireless services, networks and applications have to satisfy the neces-
sary requirements for the Internet of Things, machine-to-machine (M2M) networks,
ultra-high definition video services, high resolution radar, and high-precision remote
sensors. As visible in Fig. 1.1 (a), the global mobile traffic is estimated to expo-
nentially increase and to surpass 5000 Exa(10'®)Byte in 2030 [ITU15b]. To achieve
high data rates, higher absolute bandwidth needs to be provided. With the sub-
6 GHz spectrum getting increasingly crowded, the frequency of operation for many
services is steadily raised, such as in the establishing 5th generation mobile commu-
nications standard (5G), or emerging WLAN standards, which utilize frequencies
up to V-band (40 GHz to 75GHz) [IEE12; Rap+13]. Nonetheless, no stagnation
of the global mobile traffic is expected (Fig. 1.1(a)). To cope with this exponen-
tial growth, even higher frequencies have to be considered, and frequencies in the
millimeter-wave(mmW )-regime (30 GHz to 300 GHz) have to be more commonly
used [Rap+13; MA15]. The drawback of increasing frequency of operation in the
mmW-regime is the free-space loss a s, which is linked to the frequency by a s o< f 2,
In addition, attenuation caused by the excitation of molecular resonances, mainly
of oxygen and water molecules, is contributing to the total loss of wireless electro-
magnetic (EM) propagation. The course of free-space loss and total loss by adding
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(a) Mobile traffic per year, including M2M traffic, (b) Free-space loss (dashed) and combination of
from 2020 to 2030. free-space loss with atmospheric attenuation

(solid).

Figure 1.1: (a) Estimated development of mobile traffic in ExaByte [ITU15b] and
(b) encountered channel loss at 12 GHz, 60 GHz, and 100 GHz [ITU15a].
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Figure 1.2: Block diagram of a reconfigurable RF-frontend, based on [Fer+22]. Tun-
able blocks are shaded in red. The focus of this dissertation, reconfig-
urable antennas and phase shifters, is highlighted with a shaded ellipse.

atmospheric attenuation is visualized in Fig. 1.1 (b). As distinct frequency windows
of low molecular attenuation exist, those frequencies are of particular interest for
wireless services. The W-band (75 GHz to 110 GHz) belongs to one of those windows,
visible in less attenuation at 100 GHz than at 60 GHz in Fig. 1.1 (b). Representative
applications in W-band are automotive radar or radiometric applications. In order
to compensate the high free space loss, the output power of a transmitter can be
increased. Since power is a limited and costly resource, and components which either
provide such powers or have to operate at high power levels can be rather expensive,
high gain antennas are preferred for loss compensation. However, since increasing
gain is linked to decreasing half-power beam width, it is crucial to align transmitter
and receiver, even in (semi-)static scenarios. Hence, misalignment due to deliberate
movement, or undesired drift, has to be compensated by beam steering antennas.
To avoid mechanically turning an antenna, which requires a motor with high main-
tenance, electrical means of beam steering offer a cheap, lightweight and almost
maintenance-free alternative, which is enabled by reconfigurable materials and tech-
nologies. Besides antennas, filters and matching networks need to be reconfigurable
in modern systems, e.g. for channel selection. Fig. 1.2 shows a block-diagram of
a completely reconfigurable radio-frequency (RF) frontend. In this work, the main
focus is put on reconfigurable transmission lines and antennas. A key property for
reconfigurable devices is tunability, which can be achieved in various ways:

e Semiconductors
Silicon-based complementary metal-oxide-semiconductors (CMOS) are a well-
established technology, which enable fast response times, and high tuning reso-
lution. Their main drawback is low broadband linearity, high power consump-
tion, and increased loss at frequencies of 100 GHz and beyond [Fer+22].

e Microelectromechanical Systems
These small electrically controlled mechanical components offer fast tuning



speed (microseconds) with low power consumption [Fer+22]. Due to the ad-
vancement in technology, feature sizes comparable to frequencies of up to
750 GHz are reported [FB17]. Since they can be manufactured by extremely
durable materials, a high amount of switching cycles can be achieved [Rah+21].
However, they can break, wear out or become blocked, which makes main-
tenance in non-accessible, autonomous scenarios the main challenge of this
technology.

¢ Functional Materials
The EM properties of functional materials can be controlled by external electric
or magnetic bias fields. The response of these materials to the external bias
can have different molecular or atomistic origins. Functional materials mostly
used in RF-applications are:

— Ferrites:
These materials are magnetically tunable. An example for such a mate-
rial is yttrium iron garnet. While good results can be achieved, the main
drawback lies in purely magnetically controlled tunability and operation
frequencies in the lower GHz range [Ge+22]. In order to apply an electri-
cally controlled magnetic bias field, a constant current is necessary, and
hence power consumption is high.

— Ferroelectrica:
Tuning relies on displacing a (charged) atom in a crystal lattice by means
of an external electric field, which changes the polarization of the material.
The most prominent example for a material in RF-applications is barium
strontium titanate, which shows good linearity and power consumption.
Since its loss increases drastically at high frequencies, it is usually used
below 10 GHz [Bao+-08].

— Liquid Crystal (LC):
Depending on the orientation of molecules with respect to the RF-polarization,
the macroscopic permittivity changes. Since the molecules’ orientation
can be controlled by external magnetic/electric bias fields, tuning is en-
abled by an arrangement of magnets/electrodes. The main issue of this
tuning mechanism is its speed (milliseconds to minutes), since mechanical
forces act against realignment of the molecules, and the liquid material
state. The material is of low loss, and can be used from 10 GHz up to the

THz-regime [Wei+13; JGW20; WFS21].

In this dissertation, LC is used to investigate tunable components, since it shows
high potential for use at high frequencies and offers continuous, fully electric control
of its permittivity. Therefore, the concepts shown in this dissertation can also be
extended to higher frequencies.

Besides increased free-space loss, the loss of wave guiding structures increases with
frequency as well. Especially metallic planar waveguides become lossy at W-band,
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Figure 1.3: Different waveguide topologies and their spectral regions, based on
[YSO08].

mostly due to high metallic loss and surface roughness of the metal. Fig. 1.3 shows the
utilizable range of several waveguide technologies. As an alternative, hollow waveg-
uides can be used up to 300 GHz. They have low loss, but they are enclosed, rigid
waveguides, which makes LC integration a very challenging task [Jos+13; Jos+15a,
and are not very compatible to integrated planar circuits. Recently, dielectric waveg-
uides (DWGs) have been of renewed focus at mmWs. Being a well-established tech-
nology in optics, they offer a very low-loss alternative to the conventional waveguide
structures, and can serve as a good interconnect between individual chips at mmW
[Dis+19; Wit+20]. The biggest challenge of DWGs is their open waveguide topology,
which requires either shielding or cladding material, and their rather low compatibil-
ity to planar structures. In fact, low profiles are often key requirements in commercial
applications.

A possible candidate for linking quasi-optical, dielectric approaches with the con-
ventional planar electronics is the dielectric image line (DIL). Ever since its intro-
duction in the 1950s [Kin52; Wil59], it has not been in the focus of industrial appli-
cations, even though it had been continuously researched during the 1970s [Ito76;
WRGT77; Sol79a). With today’s rapidly advancing technology, a re-assessment of its
use in mmW applications is necessary, and [WS20] is an example for a recently
published first guide to DIL design, based on the knowledge gained in the 1970s.
Besides their general compatibility to printed circuit boards (PCBs), advantages of
DWGs can be utilized in the DIL topology. Therefore, concepts like photonic crystal
waveguides, discrete soldered components, multilayer PCB approaches, monolithic
integrated circuits and artificially created dielectrics can co-exist on one PCB. LC
has been recently combined with DWGs and showed overall good results [Ree20;
Pol+20b; JGW20; Fer+22], with their main advantage being low loss. However,
these approaches have been lacking the perspective of integration to larger systems,
and especially their long response time is a drawback. The DIL topology allows either
to reduce the profile of the dielectric waveguide in its fundamental mode (EY, ), or to



emulate a fully dielectric waveguide, by using a higher order mode and an increased
cross-section of the DIL. The possibilities and capabilities of the DIL topology for
cost-efficient tunable RF-frontends is investigated in this dissertation.

Chapter 2 serves as an introduction to LC. Its general EM and mechanical prop-
erties are covered and different compounds for microwave applications are compared.

The DIL topology is introduced in Chapter 3, and sources of loss are investigated
by simulations and measurements. Two main modes of operation, the fundamental
Ei’l—mode and the higher order, orthogonally polarized E{;-mode, are of particular
interest, since they offer different advantages and many components in the follow-
ing chapters are designed for either one of them. Different materials, which have
to be compatible to the LC’s permittivity range, are characterized, also covering
adhesives, which are necessary for mounting the DIL on a metallic ground plane.
The waveguide transitions used throughout this dissertation for all measurements
are introduced and assessed in terms of loss, such that the measured components
can be evaluated without the transitions lowering their performance.

Chapter 4 covers reconfigurable LC-DILs. These phase shifters are investigated in
terms of the effect of LC integration, bias electrode design and performance. A higher
focus is set on the Egl/l—mode in this chapter, and the corresponding LC-DIL is char-
acterized for both temperature change and improved switch-on response time. The
end of this chapter is formed by a comparison of EY|- and Ef;-mode phase shifters,
and their performance compared to various LC-phase shifters around 100 GHz.

Reconfigurable DIL-LC antennas are discussed in Chapter 5. Based on the results
of Chapter 3, non-reconfigurable rod antenna arrays and leaky wave demonstrators
are investigated first, followed by their integration with the reconfigurable lines pre-
sented in Chapter 4. The tunable rod antenna array and leaky wave antenna (LWA)
operate in EY|-mode. Each of the introduced tunable antennas is compared to other
LC-based antennas of similar working principle.

Chapter 6 shows the advancements towards low-cost, low-complexity realization of
the introduced demonstrators from the previous chapters via additive manufactur-
ing. Besides low-permittivity-based demonstrators, a new concept for combining
low permittivity LC with high permittivity alumina is introduced and verified by a
demonstrator in EY;-mode.

In Chapter 7, the results of this dissertation are summarized, and conclusions are
drawn. With support from the results of Chapter 6, future trends, improvements
and fields of studies are identified. Since the DIL is a cost-efficient, low-complexity
topology, mass-producible, inexpensive (tunable) RF-frontends can ease the pressure
of the rapidly increasing growth of demand for broadband wireless components.






2. Fundamentals of Liquid Crystal

The discovery of LC reaches back to the late 19th century. Friedrich Reinitzer first re-
ported colorful changes when heating or cooling cholesteryl-benzoate. In addition, he
found that cholesteryl-benzoate showed two different kinds of melting points [Rei88].
In between these two melting points, he observed the substance as a cloudy liquid.
One year later, in 1889, Otto Lehmann first used the term ”liquid crystal” in order
to describe the observed behavior [Leh89]. Without any technical application, this
phenomenon was not pursued with high academic effort. This changed with the be-
ginning of the 1960s, when the optical birefringence of LC-mixtures gained increased
interest. The accompanied research effort led to the nowadays well-established lig-
uid crystal displays which are a core asset in every household, office, and portable
electronics.

With the change to a new millennium, LC gained first research interest for mi-
crowave applications [LML93; WLJ02; Mul+04]. Due to its anisotropy in permit-
tivity, LC can be used as a tunable material, which is essential for electronically
reconfigurable microwave components such as phase shifters and filters. After first
successful realizations of reconfigurable demonstrators at frequencies below 40 GHz,
e.g. by [Mue+05; Goe+09; Gae+09; FBJ12; Jos+15a; Jos+15b; Pra+15; Wan+22a),
companies, such as ALCAN Systems, Kymeta Corporation or NexTenna, are in the
process of implementing LC-based antennas and systems at these frequencies. Nowa-
days, more and more effort is put into reconfigurable components at higher frequen-
cies, starting at around 60 GHz, and beyond [Jos+18; Pol420a; NIH18; Sun+20;
Lan-+20]. This is due to the increased demand for reconfigurable devices at these
frequencies and the beneficial material properties of LC, which can remain very
stable, even up to THz frequencies [Wei+13], while low power consumption can be
ensured.

The term “liquid crystal” describes a special phase of matter, showing both char-
acteristics of a liquid and of a crystal. One or more of these so-called mesophases can
exist in between a strictly ordered crystalline structure, where each molecule is fixed
both in position and orientation, and an isotropic liquid, where molecules may move
and rotate arbitrarily. Hence, LC shows in its special mesophase(s) a certain degree
of positional and/or orientational order of molecules, while movement of molecules
is still possible. LC-compounds which solely change their phase by temperature
are called thermotropic LCs, where a stepwise melting process through different
mesophases with their corresponding degrees of order are present [New04]. If the
determination of the LC phase is depending on the concentration of a solvent, they
are called lyotropic LCs [Ste04]. Thermotropic LC can be further divided into groups



2. Fundamentals of Liquid Crystal

Figure 2.1: Chemical structure of an exemplary LC-molecule K15/5CB [YWO06]
(left), and the rod-shape used to represent calamitic LC-molecules in
general throughout this dissertation (right).
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Figure 2.2: Schematic of thermotropic nematic calamitic LC. The crystalline phase
transitions to the nematic phase at temperature 7T, (melting point),
which changes to the liquid phase at T (clearing point). The temperature
increases from left to right.

determined by the molecular structure of an LC-molecule. The two most prominent
groups are calamitic LCs, with rod-like molecules, and discotic LCs, which show disk-
like molecules. LCs used in the microwave regime usually belong to the first category.
Fig. 2.1 shows the chemical structure of an exemplary calamitic LC-molecule, 5CB,
and a rod-shape representation, which is used throughout this dissertation to repre-
sent any LC-molecule for simplicity reasons. Fig. 2.2 depicts the different phases of a
thermotropic calamitic LC in dependence of temperature. Calamitic LC-compounds
can further be distinguished by the type of order present in the LC mesophase. The
two most simple LC phases are the nematic phase and the smectic phase. In the
nematic phase, the molecules maintain a preferred orientational order, but they can
flow and reposition. In contrast, the smectic LC phase adds to the orientational or-
der of nematic LC an additional positional order of molecules, since the molecules’
centers of mass are arranged in layers. This work solely utilizes thermotropic nematic
calamitic LCs.

In the remainder of this chapter an introduction to nematic liquid crystal, and
how to describe its properties with respect to the molecule alignment, is given. Fur-
thermore, due to the anisotropy arising from the rod-like molecule shape, magnetic
and electric properties of nematic LC are reviewed, before control of the molecules’
orientation with means of bias fields is presented. The end of this chapter is formed
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by relevant properties of LC for mmW-applications.

2.1. Nematic Liquid Crystal

Nematic calamitic LC-molecules tend to align their long major molecule axis parallel
to each other. Due to this behavior, caused by intermolecular forces, the temporal
and spatial average macroscopic direction of molecules in a unit volume can be
described by a unit vector 7, called the director. 7 is defined to show the overall
direction of the long molecule axis, since the short axes of nematic LC are usually
uniaxial [YWO06]. Even though nematic LC-molecules show polarity, a macroscopic
influence on the director is not observed, and hence 7 = —7i. Fig.2.3 displays the
relation of an individual molecule and its orientation, represented by d, to the direc-
tor 7. The deviation of @ to 7i can be described by the azimuthal angle ®, and the
polar angle O, if 7i is chosen such that it coincides with the z-axis. The probability
that @ points towards the direction defined by © and ® can be described by the ori-
entational distribution function f(©,®), where the probability of a molecule being
oriented within © + d© and ¢ +d® is (O, ) -sin©OdOdP [YWO06]. In the isotropic
phase, each molecule points to an arbitrary direction. Hence, since there is equal
probability for each direction of @, f(©,®) = const.. In addition, since nematic LCs
are uniaxial, there is no preferred orientation of the short minor axes, eliminating
dependency of ®, leading to f(©,®) = f(©) [YWO06]. A maximum for f(O) is ob-
tained if © = 0,7 (coinciding with 71), and its minimum if the molecule’s long axis is
orthogonal to 7, i.e. © = 7/2,3/27.

The order parameter S serves as a measure to quantify the degree of orientational
order present in an LC volume. It is given by the average value of the second-order
Legrende polynominal [CH97]:

I fo f(©) (%(:052@ - %)sin@d@

S = (Pa(cos0)) = (S cos? @ - ) [T £(©)sin0de

. 5 (2.1)

In the case of equal alignment of each molecule with respect to 7, i.e. © =0, S =1.

Figure 2.3: Orientation @ of a single molecule with respect to the director 7 along
the z-axis (left), which is part of the dashed unit volume on the right.
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In the state of the least order, the isotropic phase, all molecules point with equal
probability in each direction, hence, f(©) = const., and therefore, S = 0 [CHIT7;
YWO06]. S may also take negative values, if all molecules’ long axes are perpendicular
to the director [YWO06]. In the nematic phase 0 < S < 1 holds. In order to describe S
in dependence of temperature for thermotropic LC, a single molecule potential V' can
be used, which also considers intermolecular forces, e.g. van der Waals interactions

V(©)=-vS (g cos’© - %) ) (2.2)

where v is an orientational interaction constant [YWO06; MS60]. The potential has
a minimum when the molecule is oriented along 71, and its strength is directly pro-
portional to S, and it is the same for parallel or antiparallel alignment to 7. With
the single molecule partition function

Z = /We_V(Q)/kBTsin@d@, (2.3)
0

where kp denotes the Boltzmann constant, the probability of the molecule orienting
along polar angle O is:

o e~V (©)/kpT
= 2.4
fe)= (2.4)
Hence, solving Eqn. (2.4) for S, contained in V(©), yields:

S = % fo " Py(cos ©)e"SPO@/ksT i1 640, (2.5)

From Eqn.(2.5), S can be determined numerically. A typical qualitative course
of S in dependence of T is sketched in Fig.2.4. As discussed, S =1 and S =0
in the crystalline and isotropic phase, respectively. At the transition to and from
the nematic mesophase, a discontinuity of the function is present. The dependency
of S on temperature is clearly visible in the nematic phase, where variations are
typically between 0.8 > S > 0.3 [CH97]. This loss of order is directly observable
in the temperature-dependent behavior of LC-components, which is also shown in

S

1
0.8
0.6
0.4
0.2

0
T T r

m C

crystalline nematic isotropic

Figure 2.4: Schematic course of S in dependence of T', based on [Gael5].
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2.2. Magnetic and Electric Properties

Chapter 4. The quantitative behavior of the order parameter can also be obtained
by the empirical formula [YWO06]

0.98T)0~22

:1—
s=(1-=%

(2.6)

2.2. Magnetic and Electric Properties

Due to their molecule shape, LCs are diamagnetic and dielectric materials. Hence,
external magnetic or electric bias fields induce a magnetic or electric dipole moment,
resulting in a magnetization M ora polarization P.Dueto high similarities regarding
magnetic and electric properties, both are simultaneously elaborated in this section.
Since inducing field and resulting magnetization/polarization do not necessarily need
to be aligned, a tensor representation is necessary. The generalized expressions for
magnetization and polarization can be written as

1 .

B . . . . - -
=B () P=D-eoE =coxeE,  (2.8)

Ho

M:

where the magnetic permeability u = pou, is the product of magnetic constant pug
and relative permeability g, €o is the vacuum permittivity, and Y,, and Y, are
the magnetic and electric susceptibility tensor, respectively. In the simplest case, by
assuming the director is pointing in z-direction, the tensors can be represented by a
diagonal matrix:

~ Xm, 1 0 0 _ Xe,L 0 0
Xm=| 0 Xmy O (2.9) Xe=| 0 Xexr O ]|. (2.10)
0 0 X, 0 0 X

Here, the entries with a parallel (||) or perpendicular (1) subscript represent the
susceptibility when the field is parallel or perpendicular to the director. If the director
is not aligned in z-axis the simple representation in the equations above can be
transformed by coordiate transformation utilizing a rotational matrix R [YWO06].

With 1 being the unit tensor and

B=po(H+ M) =po(L+Y,,)H (2.11) D=egE+P=co(1+Y,)E (212
————— ———

> >

Py Er
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2. Fundamentals of Liquid Crystal

a direct link from susceptibilities to the anisotropy of LC can be established. The
maximum anisotropy of nematic LC is therefore given by the difference in magnetic
permeability or dielectric permittivity as [Ste04]

Ap =y = py (2.13) Ae=¢|-¢,. (2.14)

Since mostly the difference in relative permittivity or permeability is of concern, the
expressions Ap = p,. |~ iy, and Ag, = €, || —&;,, are more applicable throughout this
dissertation, and are therefore preferably used. The magnetic anisotropy is in general
much smaller than the dielectric anisotropy. The former is usually in the range of
1079, while the latter is 6 orders of magnitudes higher [Ste04; CH97]. Depending
on the LC-compound and the frequency of operation, typical values in the mmW-
regime are 0.7 < Ag, < 1.1. Due to the small magnetic anisotropy, u, # 1 for any
molecular orientation. However, strong bias magnets can still be utilized in order to
change the orientation of the molecules, and hence change the effective permittivity
of the LC volume. This concept is often used in laboratory environments to arrange
the LC-molecules in a desired orientation, as described in the next section.

2.3. Bias Schemes

In order to utilize the dielectric anisotropy of LC for mmW-applications, the align-
ment of molecules with respect to an RF-field needs to be controlled. Applying a bias
field directly influences the preferred orientation of the LC-molecules with respect
to the bias field lines. The alignment of the director can be described if the energy
density of a unit volume in presence of a bias field is considered [Ste04]. Magnetic
and electric energy density are:

1o - 1 Lo 1 Lo
Fmag = =5 B H == propur I = 5 proApiy (70 H)? (2.15)
1- - 1 _, 1 -
Ja=-5D E= —EsosmEQ - éeoAsr(ﬁ ‘E)% (2.16)

The energy is minimized if director 7 and the corresponding field are aligned in
case of positive anisotropies, Au, Ae > 0, which means that the molecules will align
parallel to the applied bias field lines. If the anisotropy is negative, the molecules
align perpendicular to the field lines. In this dissertation, the LC-compounds show
positive anisotropy only. Besides the pure electric and magnetic energy density,
various other aspects, such as boundary conditions of a finite cavity, which cause
mechanical forces on the molecules, affect the director along the LC cavity. Usually,
the resulting deformation of the director occurs over a distance much larger (several
nm) than the molecular size (several nm) [Jos18; YWO06]. Hence, this deformation
can be described by continuum theory, similar to the elastic theory of solids [Fra58;
Ose33; Zoc33]. The energy W in a volume of LC is dependent on the elastic, electric

12
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Wy (Qo: ol
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splay twist bend

Figure 2.5: Schematics of two-dimensional elastic deformations of LC.

and magnetic properties, and can be obtained by integrating over the corresponding
energy densities in the volume of the LC cavity:

W= [[[ 1aV = [[] Getasi + fur+ fnag)av. (2.17)
14 14

The premise for the application of the continuum theory is that the molecules are
only allowed to rotate in fixed positions. The LC-molecules tend to align themselves
parallel to each other, such that the molecule potential V' (Eqn. (2.2)) is lowest for
each molecule. Hence, in order to achieve an elastic deformation, energy has to be
introduced to this system, e.g. by bias fields or mechanical boundary conditions.
Having covered the magnetic and electric energy density in Eqns. (2.15) and (2.16),
the elastic energy density needs to be attended. There are three possible elastic
deformations, namely splay, twist and bend. They are illustrated in Fig.2.5. The
contribution of each of these deformations to the elastic energy density, also referred
to as Frank-Oseen energy density is [Ste04]

1 . 1 R R 1 . .
felast = fsplay""ftwist"‘fbend = §K1(V-n)2+§K2(n-Vxn)2+§K3(nxVxn)2, (218>

where K1, Ko and K3 are elastic constants different for each LC-compound, and
dependent on temperature and order parameter S. If the surface is big compared
to the LC volume, a surface term %(KQ + K4)V((n-V)n—(V-n)n has to be added
to Eqn. (2.18). In this dissertation, only big volumes compared to the surface are
present, which is why this term is omitted. Following Eqns. (2.15),(2.16) and (2.18),
the orientation of LC can be achieved in three different ways:

e Mechanical: By structuring the surface of the cavity, specific surface anchor-
ing of the molecules is created [YWO06], most commonly aligned parallel to
the surface. Usually, this is achieved by means of a polymide film on a carrier
substrate which is mechanically rubbed in one direction. This causes grooves
in which the LC-molecules align in parallel [Tak+05]. This technique is only
feasible for low cavity heights below 100 pm.

13



2. Fundamentals of Liquid Crystal

e Electrical: Electrodes of different potential are used to create an electric field
in the LC cavity. As shown above, the molecules align in parallel to the applied
field.

e Magnetical: The electrodes of electrical bias can be interchanged with mag-
nets. Similar to the electric case, the molecules align in parallel to the applied
magnetic bias field.

In this dissertation, only the latter two are used, since we are dealing with volumetric
structures with cavities higher than 100 pm. In addition, a hybrid electro-magnetic
bias, which was first suggested by [LML93], is also applied in this dissertation. As
mostly electric bias is used for continuously tunable microwave LC-devices, this
form of bias is addressed in this section. It is best understood with the example
of a parallel-plate capacitor, shown in Fig.2.6. Throughout the following formulas,
only the splay deformation is considered. If the other deformations are of concern,
the elastic constant K7 has to be exchanged for the corresponding elastic constant
of interest. Assuming an infinitely wide parallel-plate capacitor with plate distance
hrc, the voltage necessary to form an equilibrium between the elastic forces and the
electric forces, known as the threshold voltage Vi, is [Ste04]

| K1
Vi = ) 2.19
th cole, (2.19)

Below this voltage no change in orientation of the molecules can be achieved by
the resulting weak electric field. They remain in their original orientation, in case
of Fig. 2.6 tangential to the metallic plates of the capacitor. If the bias voltage V is
increased beyond V;j,, the so-called Freedericksz Transition sets in, and the molecules

electric field line
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Figure 2.6: Representation of the Freedericksz Transition in a parallel-plate capaci-
tor. A pre-orientation of the molecules tangential to the capacitor plates,
e.g. by an alignment layer, is assumed. The orientation of the molecules is
influenced by the field strength, i.e. the bias voltage between the capaci-
tor plates. If the voltage is below V};,, no change in molecular alignment
can be achieved (left). By surpassing Vjj, the molecules start to align
along the field lines due to higher field strength (middle), until nearly
perfect alignment of the molecules and the field lines is achieved (right).
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2.4. Characteristic Properties for Microwave Applications

start to align their long axis weakly along the field lines. The stronger the voltage,
the more the molecules are aligned along the field lines, until the molecules are
perfectly aligned. Depending on the field strength, and therefore on the voltage, the
molecules undergo their transition to their final orientation with different response
times. Especially mechanical attributes, such as the elastic constants and rotational
viscosity vrot are playing a key role for this time, and are different for each LC-
compound. Considering these aspects, the switch-on response time is [YWO06]

S Yrot _ ’YTOth%C
M e0Ae (E2-EL)  Kim2(VEVE-1)

On the other hand, if the voltage is dropped to zero and no field forces the molecules
to a specific alignment, they are returning to the lowest energetic state, which is their
initial state. This switch-off response time is again depending on the mechanical
properties of the LC, and is similar to Eqn. (2.20) with the electric field contribution
dropped:

(2.20)

_ Vroth%C
K2
It can be observed that, besides material parameters and Vj, hrc has high impact
on the response times, since it affects both switch-on and switch-off response time
in a quadratic manner. If high LC cavities have to be employed, the much slower
switch-off response time can be overcome by employing more than two electrodes.
In the simplest case, a second pair of electrodes is added to the right and left of
a cavity. Therefore, both alignments are actively achieved, and there is no reliance
on passive re-alignment. The second pair of electrodes can also be replaced by per-
manent magnets, forcing the molecules back to their pre-alignment when the bias
voltage is released.

Similar relations are true for purely magnetic bias with permanent magnets. This
form of bias is solely used for proof-of-concept and characterization purposes, due to
lack of easy reconfiguration. Replacing the electrodes of the capacitor in Fig. 2.6 by
permanent magnets, threshold field strength Hy, and the corresponding switch-on
response time is given by [Ste04]

(2.21)

Tof f

Hy, = —— &
hrc AXm

(2.22)

and
Yrot Yrot (223)

Ton,mag = AXm(H2 _ HtQh) = AXmHQ _ K17T2/h%0 :

2.4. Characteristic Properties for Microwave
Applications

In microwave applications, several properties of LC-compounds are of special inter-
est. For highest possible continuous tuning, the anisotropy of the relative permit-
tivity Ae, at the frequency of operation is desired to be high. Ae, can vary greatly
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2. Fundamentals of Liquid Crystal

in dependence of frequency. While comparably high values of Ae, can be present
at 1kHz, the frequency usually used for biasing, it reduces in general at higher fre-
quencies. Since all bias fields are static or operate at low frequencies, these values
are paramount for the control of LC orientation, and therefore its interaction with
microwaves. The material tunability of an LC-compound has been introduced as
[Fer+22]

& —Ery  Agy

el (2.24)
£ &)

TLC

Besides the desire for a high material tunability at mmW-frequencies, the material
loss, described by the loss tangent (tand) of the LC-compound in each alignment
state, is crucial for the performance of any RF-component. The relation of tunability
and the maximal, orientation-dependent, loss of the mixture results in the material

quality factor
TLC

) max(tand)’ (2:25)

nLc

with tand = E’;EZ§ In order to obtain these parameters, different material char-

acterization techniques have been employed at different frequencies [G6110; Karl4;
Weil7; ZFB18; Pol+19a; Yu+19]. On the one hand, broadband measurements cover
a wider frequency range, but are less precise in parameter acquisition. On the other
hand, resonant methods are very precise, but their realization at frequencies be-
yond 60 GHz is challenging due to the constraints of physical size. A comprehensive
overview of material parameters obtained by resonant and broadband methods is
given in [ZFB18|. While first demonstrations of tuneable microwave components
were conducted with LC-compounds designed for display applications, development
of mixtures tailored to the micro- and millimeterwave regime started in the last
decade. Table 2.1 serves as a direct comparison of the parameters of LCs for display

Table 2.1.: Characteristic parameters of different LC-mixtures [FW17; WFS21]. All
values are given at room temperature of 20 °C.

Display Microwave
Mixture E7 BL006 GT3-23001 GT7-29001
€1 2.53 2.58 2.41 2.46
19 GHz Er 2.98 3.16 3.18 3.53
(appli- | tané,, 0.022 0.0191 0.0141 0.0116
cation) tan(5|| 0.009 0.0069 0.0037 0.0064
TLC 0.15 0.184 0.244 0.303
e 5.2 5.2 40 16
Er, 19.5 22.3 8 26.7
zbli{ij Ai—‘r 14.3 17.1 4.0 22.1
Yror(mPas)|| 254 569 727 307
Te(°C) || 58.0 118.5 173.5 124
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(a) Maximum loss tangent versus tunability.
0.030
A AK15 E7
0.025 ] 0BL006 A GT3-23001
© GT3-24002 ¢ GT5-26001
GT5-28004 % GT7-29001
0.020 |-
ol
9
£ 0.015 -
0.010 |
0.005 |
0000 | | | | | | | | | | | | |
23 24 25 26 27 28 29 3 31 32 33 34 35 36
Er

(b) Loss tangent versus relative permittivity in dependence of molecular alignment. The
beginning of the arrow marks the perpendicular alignment (e,,), and the arrow tip
indicates the parallel alignment (e, ). The arrow line style differs for each group (e.g.
GT3 and GT5) shown in (a).

Figure 2.7: Comparison of different LC-compounds for display applications and
those tailored specifically for microwave applications by Merck KGaA,
Darmstadt, Germany, at 19 GHz. Graphics based on [Fer+22], data from
[Fer+22; FW17; ZFB18; WFS21].
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2. Fundamentals of Liquid Crystal

applications compared to LCs for microwave applications. Especially Merck KGaA,
Darmstadt, Germany, is commercializing LC for microwave applications in their
licriOn™ series. GT3-23001 and GT7-29001 are especially tailored for microwave
applications. The difference in the performance parameters of LC for display applica-
tions, and the different generations of Merck’s specific microwave LCs is visualized in
Fig.2.7. While tuneability in general increased, the material loss at 19 GHz steadily
decreased. The increased tuneability of GT7 is paid for by increased material loss,
when compared to GT5 mixtures. However, GT5 suffered from high ., which leads
to slow response times. Moreover, less deviation in tand is present with each itera-
tion of the GT-variants (Fig.2.7 (b)), such that different alignments states of LC are
less susceptible to differences in loss. In this dissertation, mostly GT7-29001 is used
in simulations and measurements. It shows stable material properties, which are
decreasing slightly with frequency and temperature [Pol23], as Tab2.2 and Fig. 2.8
indicate. The development of new microwave LC-compounds is an ongoing trend
[FW17; WFS21], and innovative concepts are investigated to influence the behav-
ior of these compounds. In [Lan+20; BKG16] first experimental results of mixtures
of LC and graphene or microfibers are reported. The stable material properties of
LC up to THz-frequencies [Wei+13] are very promising for translating the concepts
introduced in this dissertation to applications at higher frequencies.
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Figure 2.8: Permittivity and loss tangent of GT7-29001 at 60 GHz for different tem-
peratures [Pol23].

Table 2.2.: Characteristic parameters of LC-mixture GT7-29001 at 19 GHz and
60 GHz. All values are given at room temperature of 20 °C.

f(GHz) | &, | & | tand, | tand) | Trc nLc Reference
19 2.46 | 3.53 | 0.0116 | 0.0064 | 0.303 | 26.13 | Merck KGaA
60 2.46 | 3.42 | 0.0119 | 0.0062 | 0.281 | 23.59 [P0123]

18



3. Dielectric Image Lines

Dielectric image lines (DILs) were proposed in the 1950s for the micro- and millime-
ter wave range, first by King and Wiltse with a semicircular cross-section [Kin52;
KS58; Wil59]. Being a rather unsuccessful topology, mostly due to the fact that
mmW-technology was not very advanced at this time, it took more than 10 years
until new approaches were undertaken. Knox and Toulios [KT70; Kno76] reshaped
the cross-section to a rectangular one in 1970. This redesign came at a time of
refreshed interest in mmW-frequencies for technical applications, and results from
the thriving, well-developed optical circuit design were incorporated in Knox’s and
Toulios’ research. Several proposals on waveguide theory, wave launchers [Ito76;
Sol79b], couplers [MIM75; Ito76], filters [Ito77; SI78; Sol79b; SW85] and antennas
[Ito77; WRGT7; Sol79b] followed in the 70s and 80s [WS20]. Various fabrication
approaches, such as gluing, clamping, casting, or photolithographic and thick film
processes were investigated and compared [Sol76; Hei75]. Tests were mostly con-
ducted at frequencies from 20 GHz to 40 GHz, but the DIL circuits stood no chance
compared to the rapidly advancing planar technologies, such as microstrip or copla-
nar waveguides, which are more compatible to discrete components.

With the ever-increasing frequency of operation as a means to produce high ab-
solute bandwidths, future communication standards strive for operating frequencies
above 100 GHz. Hence, the increasing conductor loss of planar circuits is becoming
a bigger problem. In the search for low-loss alternatives, dielectric waveguides and
their close relative, the DIL, are becoming relevant for researchers again [PWO06b;
DH11; JLR12; DH13; Xin+17; WS20]. Especially results covering DIL-antennas
[PW06a; PW07; Wu+12; Xin+17; PBA17; PBA18]| are of renewed interest. Fully
dielectric waveguides (DWGs) have been successfully combined with LC in recent
years [Ree+17b; Ree+17a; Jos+18; Pol+20b]. However, these first designs are of
rather unique topologies which are hard to integrate into conventional systems. Be-
sides the topology itself, the bias network, necessary to control the LC, is rather
bulky in these first demonstrators, and results in long switch-on response times.

In contrast to DWGs, the DIL is compatible to conventional PCB layouts, utilizing
their top metallization as the ground plane. This allows more compact design when
aiming for LC integration. The insertion of LC into a DIL demands usually for a
low-permittivity dielectric to be used as the hosting material, which is why the main
focus in this dissertation is on those low-permittivity dielectrics. Low-permittivity
dielectrics are beneficial for antenna applications, but result in larger physical size.
A new concept on how to circumvent this restriction is presented in Chapter 6.

This chapter serves as an introduction to the DIL topology and its different modes
of operation, linked to different distributions of metallic and dielectric loss. After
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3. Dielectric Image Lines

covering the fundamentals, the material selection and the waveguide transitions used
throughout this dissertation are introduced. As an example on how to interpret the
theoretical results obtained in the first sections of this chapter, DIL crossovers are
investigated at the end of the chapter.

3.1. Waveguide Topology

This dissertation focuses solely on rectangular cross-sections, since they offer a clear
distinction between orthogonal modes, which will play an important role through-
out the following chapters. In addition, manufacturing a rectangular cross-section
with subtractive methods such as milling is of low complexity. The DIL topology is
explained best by comparing it to its fully dielectric counterpart. Fig. 3.1 displays
the cross-section of a DWG next to its equivalent DIL. By introducing a metallic
half-space, a DIL can represent a DWG of twice its height, since the metallic half-
space produces an image of the field distribution above it. This phenomenon can
be described by the well-known image theory, which is extensively used e.g. when
describing fields of antennas above a ground plane [Bal05]. Throughout the estab-
lishment of DILs, different approaches for the description of the field distribution
of DILs have been developed [Goe69; Mar69; KT70; SW78]. They are showing very
similar results, with main differences occurring in cases where the EM wave is only
weakly guided by the waveguide [YS08; WS20]. In this section, the approximate
approach of Knox and Toulios [KT70] is briefly revised in order to describe the field
and propagation properties of DILs. This approach is closely related to Marcatili’s
theory of an open DWG [Mar69], which was the first to provide an approximation
yielding largely good results for both the electromagnetic fields and the propagation
coefficients. Fig. 3.2 displays the nature of the approach. The space around the DIL
of height h and width w is first divided into different field areas (1) to (5). In line
with Marcatili’s approach, the field in area (5) is considered to be negligibly small,
thus no coupling between area (2) and @) via (§) is assumed. Area (4) is the ground

A)Y Vi
s A0, | W2 L
WAk /
6 — 0
., ,
(a) <\j/’z (b)

X

Figure 3.1: (a) Fully dielectric waveguide of quadratic cross-section and (b) its di-
electric image line counterpart, with corresponding qualitative field dis-
tributions. The field confined in the dielectric is shaded in blue and the
evanescent components are indicated with dotted lines.
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Figure 3.2: Decomposition of the DIL for analysis according to [KT70]. (a) Cross-
section of a DIL with corresponding field regions (1) to (). (b) Slab
waveguide of infinite width and (c¢) narrow, infinitely high DIL with
effective permittivity e, ..

plane, assumed as perfectly conducting. The wave equations derived from Maxwell’s
equations for the structure in Fig. 3.2 (a) are
2 2 2
8(9;” + 88;V + aag'j +w2605T,yu0H,, =0, (3.1)
O’E, O°E, O°E,
022 Oy "o
In the equations above, it is assumed that the electromagnetic wave propagates along
z-direction, described by e/%+%, with 3, being the phase coefficient. v = 1,...,5 rep-
resents the corresponding field regions. The analysis starts with the decomposition
of the structure in Fig. 3.2 (a) to the dielectric slab shown in Fig. 3.2 (b). It extends
infinitely in z- and z-direction, but is of finite height A. Hence, only field regions
(D and (2) are present. In its fundamental mode, the main field components in the
transverse plane are the E, and H, components, and the £, and H, components
are negligibly small. Due to the infinite extension in z, there is no dependency on
this coordinate. The H,-components in region (1) and (2) can be set up as

H, = A cos(kyy)e_jﬁzz, (3.3)
Hyo = Agekyoye_jﬂzz, (34)

+ w2€0€,,7l,u0El, =0. (3.2)

with the arbitrary constants Ay, As. ky, kyo represent the wave numbers inside the
dielectric and outside, respectively. In region (2) the field decays in an evanescent
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3. Dielectric Image Lines

manner. The cosine dependency in region (1) is necessary to satisfy the boundary
condition for the E, component in region (1) at the ground plane (y = 0), and hence:

Ey = —A1wf[;r cos(kyy)e %%, (3.5)
Eyp =-Ay f—;)e_kyoye_jﬁzz, (3.6)
E.=-jA P sin(kyy)e 757, (3.7)
E. = —jAzj—ge_kyoye_jﬁzz. (3.8)

After applying the boundary condition at y = h and mathematical simplifications
the relation of the wave numbers in y becomes [WS20]

k
kyh = nZ _ arctan —2 , n=1,3,5,..., (3.9)
2 Ep 30

in which ko can be replaced by kyo = \/ wleopo(er — 1) — k2, yielding k.

This result is now used to calculate the second decomposition, the narrow and high
DIL in Fig. 3.2 (c). Instead of using the relative permittivity &, for this analysis, the
effective dielectric constant

Ky
Ereff =&Er— p (310)

0
is employed to describe the structure, which is the main difference to Marcatili’s
approach. In the analysis of the narrow and infinitely high DIL, similar assumptions
as in the case of the slab waveguide are made: fields are independent of the y-
coordinate, and dominant fields are H,, H., and E,, which have to be distinguished

between regions (1) and (3). Following this approach, we similarly find

k
k‘xwznz—arctan—m, n=0,1,2,3,..., (3.11)
2 kac[)

which can be used to determine k, with the help of ko = \/w2€ol~bo€r,eff - k2. With
these results at hand we can conclude the phase coefficient 3, of the line to be

B = \/w2€o€r,effuo - k2. (3.12)

Therefore, 5, depends on the physical parameters €., w and h. With modern 3D
simulation tools, the cross-section of a DIL with fixed permittivity can be fine-tuned
such that a desirable number of modes is reached, and further investigations e.g. on
radiation loss at bends etc. can be conducted. In this dissertation, CST Studio Suite
is used for these simulations, and results are shown in the following sections.
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3.1. Waveguide Topology

3.1.1. Operating Modes

Due to the boundary condition for the tangential electric field at the ground plane
FEian = 0, certain mode configurations in DILs cannot exist, which are supported in
a fully dielectric waveguide. The nature of modes in a DWG/DIL are hybrid, i.e.
neither pure TE- nor TM-modes, since both E- and H-field show components in the
direction of propagation. They are generally labelled as HE-modes, but a more pre-
cise way to describe a specific mode is the Ej,, and E¥, nomenclature. Assuming
the propagation in z-direction, n and m are the mode numbers in x- and y-direction,
and the superscript x or y show the dominant polarization of the E-field, neglect-
ing the field component in z-direction. Fig. 3.3 displays the field distribution of the
hybrid fundamental EY,-mode. The coordinate system in Fig. 3.3 will be the corre-
sponding coordinate system for all DIL components investigated in this dissertation.
Especially, two field configurations are of main interest:

1. The dominant EY|-mode
2. The higher-order Ef;-mode, orthogonally polarized to the EY;-mode.

The field distribution of these two modes and their relation to a DWG are visualized
in Fig. 3.4. The EY,-mode is always the dominant mode of any DIL. As sketched in
Fig. 3.4, the modes supported by a DIL are dependent on its cross-section. Further-
more, shown in the previous section, frequency and permittivity of the DIL have
to be considered. Hence, generalized dispersion diagrams utilize the normalized fre-
quency B = 4fh\/e, —1/cy in order to take account of the various dependencies.
Regardless, in this section mostly the influence of one parameter on the dispersion
characteristics are shown, while the others are fixed. Therefore, the following dis-
persion diagrams are always plotted specifically versus f or h. The corresponding

E max

-
H V/m
min

(a) Electric and magenetic field lines along a DIL. (b) Average E-field at 110 GHz at the DIL’s cross-
section, simulated with CST Studio Suite.

Figure 3.3: (a) Field distribution of the EY,-mode and (b) its average FE-field
strength along the cross-section of the waveguide. The dielectric is of
permittivity e, = 2.53 and has a cross-section of 0.9 mm x 1.8 mm.
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Figure 3.4: Field distribution for the two main DIL modes (right) and their coun-
terpart in DWG topology (left).

.

propagation constant 3., is usually normalized to A = (8% - k2)/(k} - k2), with
ko = 27 f\/uogo and ki = 27 f\/popir€0€, being the wave numbers in free space and
the DIL’s material, respectively. Applying this normalization means that with in-
creasing B, A increases towards 1 (wave fully guided in the material of the DIL).
Below cutoff A =0 (wave fully guided in free space). Fig. 3.5 shows a dispersion dia-
gram in W-band for a DIL with cross-section h x w = 0.9 mm x 1.8 mm, composed of
different dielectrics. It is evident that at low permittivity, a small increase of 0.33 in
e, from Rogers RT5880 to C-LEC Plastics Rexolite 1422 already results in higher A,
while at high permittivity, an increase in relative permittivity €, by 3.1 from Premix
PPE650 to Alumina does not significantly change the dispersion characteristics of
the well-guided mode.

Since most work in this dissertation is done on the basis of Rexolite 1422, Fig. 3.6
shows specifically the properties of a DIL composed of this material. Especially
when changing the height h of the DIL, while keeping w = 1.8 mm, the cut-on of the
higher-order modes can be controlled. Fig. 3.6 (a) shows true single mode operation
is obtained at 95 GHz with h < 0.9 mm. For larger h, the orthogonally polarized EY;-
mode may propagate as well. The EJ,-mode starts to propagate at h ~ 1.2mm, but is
due to the small fixed width w not increasing rapidly in A, and therefore extremely
weak bound to the DIL. With proper waveguide transitions at the DILs’ ends, the
Ef;-mode and the EY -mode can be effectively suppressed (see Section 3.3). When
considering broadband behavior (Fig. 3.6 (b)), we observe the natural shift in cut-on
frequency towards lower values with increasing h. Two distinct values, A = 0.9 mm
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3.1. Waveguide Topology

—— RT5880 —— Rexolite 1422 —e— PPE650 —— Alumina
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Figure 3.5: Dispersion diagram of the EY,-mode of a DIL composed of different ma-
terials, but with fixed cross-section 0.9 mm x 1.8 mm. The corresponding
permittivities are: €, rT = 2.2, €, Rex = 2.93, &, pPE = 6.5,and &, A1y = 9.6.
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(a) Fixed parameters: f = 95GHz, w = 1.8 mm, (b) Fixed parameters: w = 1.8 mm, €, = 2.53. Solid
er =2.53. lines represent h = 0.9 mm, dashed lines repre-
sent h = 2mm.

Figure 3.6: Dispersion diagrams of a DIL consisting of Rexolite 1422. (a) first three
modes at 95 GHz in dependence of height h, (b) first two modes at h =
0.9mm and h = 2mm in dependence of frequency.

and h = 2mm, have been selected for this plot, since they are used in this dissertation
for operation in EY,- and Ef;-mode, respectively. Their similarity in A at the given
heights serves as a basis of a fair comparison of two DIL-LC phase shifters in EY,-
and EY{;-mode, respectively, presented in Chapter 4.

3.1.2. Loss Mechanisms

Besides the inherent loss given by the dissipation factor tand of the DIL’s dielectric,
two main sources of loss are present with DILs. They are radiation loss, caused by
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3. Dielectric Image Lines

discontinuities both of the dielectric or the ground plane, and metallic loss, intro-
duced by the ground plane of finite conductivity and non-zero surface roughness.
This ohmic loss is very dependent on the mode of operation the DIL is designed to
operate in.

Radiation Loss

Radiation loss is obtained at any discontinuity of the DIL. This can include abrupt
changes in the DIL’s cross-section, obstacles in the form of metallic or dielectric
structures besides or on top of the DIL, structures in the ground plane, and bends
of the waveguide. Structures besides, above or below the DIL are usually desired
features used to form antennas [Ito77; SW85; PB17; Xin+17; PBA18], which is
covered in more detail in Chapter 5. Abrupt changes in the DIL’s cross-section can
be avoided by tapering smoothly from one cross-section to the other. Radiation at
bends is usually non-desirable, and needs to be prevented.

Fig. 3.7 depicts the simulation setup and resulting radiation loss of a DIL in EY,-
mode with a cross-section of 0.9 mmx1.8 mm, composed of Rexolite 1422, for different
bending radii and heights of a 90° bend. The waveguide transitions are described in
detail in Section 3.3. The radiation loss is high for small bends and decreases with
frequency as the effective cross-section of the DIL increases with frequency. A simple
way to reduce radiation loss at these bends is by tapering the DIL to a higher height h
at the bends, thus increasing A in the DIL forming the curvature (Fig. 3.6 (a)). This
effect is shown for different additional height Ah in Fig.3.7 (¢). In order to add this
extra height without radiation loss due to the discontinuity in height, a 3 mm long
taper is used, shown in Fig. 3.7 (a). Especially at lower frequencies, where the slope of
A is higher, the benefit from an increased height is stronger. Adding Ah = 0.4 mm can
decrease radiation loss by more than 40% at 75 GHz, and remains about 5% lower at
frequencies higher than 90 GHz. From a different perspective, a significant reduction
in R can be achieved adding Ah: the same radiation properties of R = 18 mm and
Ah = Omm, can be maintained with R = 10mm and Ah = 0.4mm, hence R can
be reduced by 44.5%, which is a high advantage for integrated applications. The
necessary increase in height by 31% can be seen as a minor absolute increase, if
the initial dimensions of the DIL are small enough. The high reduction in radiation
loss outweighs additional dielectric loss stemming from the larger cross-section of
the DIL: the dielectric loss contribution with respect to the total power fed to the
system is only increasing by less than 1%. Low loss materials, such as Rexolite 1422
or Alumina, are hence preferable for this approach. For industrial applications, mass-
manufacturing constraints, e.g. substrate height, need to be circumvented. Additive
manufacturing can avoid this restriction of fixed substrate heights, and the radiation
loss at bends could be efficiently reduced in a customizable manner.
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Waveguide
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Height taper

(a) Simulation setup including waveguide transitions.
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and different R.

Figure 3.7: Radiation loss at bends of a Rexolite-DIL. (a) Simulation setup in CST
Microwave Studio Suite. Radiation loss with (b) different bending radius
R with same height, and (c) increased height at the curvature by Ah
with a fixed bending radius of R = 10mm. The radiation loss is given
as the percentage of the relation of radiated power with respect to the
total power fed to the system. The slightly higher radiation loss in (c) at
100 GHz with Ah = 0.2mm compared to Ah = 0mm is due to reflections
at the waveguide transition at this frequency, which leads to a weak
resonance.
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3. Dielectric Image Lines

Surface Roughness

In practical applications, the conductivity o of the ground plane is not infinitely
high, as assumed during the previous derivation of the propagation constant. In
particular, besides the inherent o of the material of ground plane, its roughness is
of high importance. Similar to metallic planar waveguides, a high surface roughness
deteriorates the attenuation coefficient of the waveguides. This effect is of increasing
impact with higher frequency or higher permittivity, since the skin-depth reduces
with decreasing wavelength. Hence, the surface quality of the ground plane mate-
rial is directly related to the absolute loss of any component characterized in this
dissertation.

In order to get insights of this effect in practice, surface roughness is investigated
both simulatively and practically in this section, for both EY,- and Ef;-mode. In
order to extract the attenuation coefficient a of the DILs, a multi-line approach is
used [Tak+09; DSV18a]. The block diagram of the approach is given in Fig. 3.8.
Both simulation and measurement are conducted with respect to reference plane
A, hence including waveguide transitions. In practice, a vector network analyzer
(VNA) from Keysight, combined with Anritsu 3740A-EW mixer modules with WR10
waveguide extensions, is connected to the waveguide transitions. With the multi-line
measurement of two lines with different lengths [; and I5, reference plane A can be
shifted to reference plane B. As visible in Fig.3.8 the measurable S-parameters
consist of the concatenation of the scattering matrices of the line Sx, and the two
waveguide transitions, S4 and Sp. For an easy manipulation of concatenated S-
matrices, the transfer matrix 7" is commonly used, and the relation between S- and
T-matrix can be found in the appendix A.1. With T-matrices we can easily write

de-embedding de-embedding
TN N
A B B A
VNA S, S, 15, VNA
VNA S, H S, - S, VNA
A B B A
\_/ \_/
de-embedding de-embedding

Figure 3.8: Block diagram of the multi-line method used for obtaining the line at-
tenuation coefficient «. S4 and Sp denote the scattering matrices of the
waveguide transitions, Sx1 and Sxo are the scattering matrices of the
DIL with length [; and lo, respectively.

28



3.1. Waveguide Topology

the total transfer matrices of both measurements, Th;1 and Ty as:

Tan=Ta-Tx1-1p, (3.13)
Toro = Ta - Txo - T (3.14)

Inverting Thso and multiplying it with T leads to
Tarn - Tafy =Ta-Tx1-Txs-Tq' (3.15)

The transfer matrix of a perfectly matched transmission line, as which Tx1 and T'xo
are modeled, is

et 0
Tx = ( 0 ejfyl)a (3.16)
with [ being the length of the line section. Hence, Eqn. (3.15) becomes
_ eIVAl 0 -
Tari - Tagp = Ta - ( 0 Al Ty (3.17)

where Al = [y — [ denotes the length difference of the two line sections. The form
B=C"1-A-C of Eqn. (3.17) evokes eig(B) = eig(A) [Fis13], and leads to

. -1 ej’yAl

Therefore, the attenuation coefficient v and phase coeffcient 5 can be determined
from the set of measured S-parameters and their corresponding T-matrix by

_ In(eig(Thr1 - Thyp))
7 Al

=a+jp. (3.19)

Our main interest lies specifically in the attenuation coefficient «, and its behav-
ior with increasing surface roughness. Fig. 3.9 (a) shows the simulated attenuation
constant of a Rexolite DIL (w x h = 0.9mm x 1.8mm) in EY-mode for different
root-mean-square (RMS) values of the ground plane’s surface roughness profile R,,
using the two line lengths /1 = 30mm and lo = 150 mm. The resulting length differ-
ence Al = 120mm is chosen as a trade-off between a feasible maximum length for
verification in measurement, and ripple reduction of the raw «, which influences the
resulting fit, as shown in Fig.3.9 (b). In Fig. 3.10 the extracted « from both simu-
lation and measurement are compared. In practice, the ground planes are inspected
using a Veeco Dektak 6M Stylus Profilometer, and the RMS of the surface rough-
ness is found to be RMS;¢45 # 0.8 nm. The quality of the different ground planes
cannot be assured to be exactly equally polished, hence a slight deviation in sur-
face roughness is always present, which can slightly alter the measured o and lead
to larger ripples. Nonetheless, a high agreement regarding slope and value of « is
obtained. Higher values of the measurement can stem from slightly higher material
loss, and stronger ripples due to sensitivity to loss and the inherent assumption in
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(a) Increase of the attenuation coefficient o with (b) Ripple reduction for more accurate linear fits
higher sourface roughness. Al = 120 mm. of the attenuation coefficient o with increasing
Al, with a surface roughness of RMS = 0 pm.

Figure 3.9: Simulation results of the attenuation coefficient @ of a DIL (Rexolite,
wxh =09mm x 1.8mm) in E},-mode. Dashed lines are raw values of
the extracted «, according to Eqn. (3.19), solid lines represent a linear
fit to the data.
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Figure 3.10: Simulated (black) and measured (shades of gray) attenuation coefficient
a of a DIL (Rexolite, w x h = 0.9mm x 1.8mm) in EY,-mode. The
raw data is dashed, the fitted data is solid. Simulation data assumes a
surface roughness of RMS = 0.8 ym.

the mathematical approach that the waveguide transitions, represented by S and
Sp, are in both measurements exactly identical.

The same parameters (I; = 30mm, lp = 150mm and Al = 120mm) are used
for examining a Rexolite DIL (w x h = 1.8 mm x 2mm) in E¥;-mode. Fig.3.11 dis-
plays a comparison of simulations and one representative measurement, which shows
high agreement between measurement and simulation. Note the reduced y-range in
Fig.3.11. A direct comparison of simulated a for EY,- and E{;-mode, shown in
Fig.3.12 reveals that the EY,-mode is less sensitive to rough surfaces. This is due to
its field distribution, which is close to zero at the ground plane. The fundamental
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Figure 3.11: Simulated attenuation coefficient o versus frequency for the EY,-mode
with different surface roughness of the ground plane compared to a
representative measurement of a DIL (Rexolite, wxh = 1.8 mmx2mm).
The raw data is dashed, the fitted data is solid.
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Figure 3.12: Simulated attenuation coefficient a versus frequency for the EY,- (solid)
and Ef;-mode (dashed) with different surface roughness of the ground
plane, with accordingly different cross-sections.

mode is more susceptible to surface roughness and shows overall higher attenuation.
Nonetheless, the fundamental mode is in many applications still preferable, as it
requires the lowest DIL cross-section, and mode conversion is not an issue. Regard-
less, Fig. 3.12 highly suggests that integrated solutions should rely on the EY,-mode
when transitioning to higher frequencies than covered in this dissertation. In addi-
tion, as shown in Chapter 4, more aspects than the attenuation coefficient o of the
underlying DIL component have to be taken into account, when utilizing L.C in DIL
environments.
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3.2. Material Selection and Characterization

As discussed in the previous sections, the choice of the material the DIL is composed
of is defining its size, loss, and, in case of this dissertation, its compatibility for
hosting LC. Hence, the dielectric properties, namely relative permittivity and tanJd,
are of substantial interest when designing DIL circuitry, capable of LC-hosting. The
common core-cladding principle (gy core > Er,claddmg) needs to be respected when
adding an LC-core to the DIL, and hence, the choice of relative permittivity is
limited to maximally e, ~ 3, even if in Chapter6 first efforts are undertaken to
circumvent this classical restriction. The loss of the dielectric should be as low as
possible, such that little power is dissipated throughout the DIL component. Besides
the properties of the used dielectric, those of additional materials, such as adhesives
necessary to mount the DIL on the ground plane, are essential to know.

There are numerous methods which can be used to investigate materials regarding
their RF-characteristics. They can be grouped into two methods: resonant and non-
resonant approaches. Resonant characterization requires a resonator, either formed
by the dielectric itself [Hir+-96; Jim+19] or by a hosting cavity [COT99]. They are
very precise in the parameters they extract. However, a disadvantage is that they
provide information only for a narrowband frequency range. In order to achieve
broadband results, non-resonant methods, e.g. transmission line based methods or
free-space methods can be used [NR70; SRD90; BPMO06]. The trade-off of broadband
methods is that they allow for the estimation of €, in a wide range of frequencies, but
its tan é resolution is limited. In this dissertation, an additional constraint is added,
since besides solid dielectrics, adhesives and 3D-printed materials are investigated.
As the latter two are materials which have to cure, it can not be allowed that they
deform during production of the samples. Especially when dealing with glue, it is
challenging to create a well-defined sample without any holding structure. At the
frequencies of interest around 100 GHz, hollow waveguide resonators become very
small and filling glue without perturbing the resonator itself bears many risks. Hence,
resonant methods are not pursued in this dissertation. Instead, a hollow waveguide-
based approach is used, where a thin waveguide shim, which hosts the material
under test (MUT), is inserted into the waveguide. Especially for glue and 3D-printed
materials, where manufacturing technologies may not meet the demanded precision
of standalone samples yet, this approach helps to create a defined sample. Parts
of the MUT which exceed the holding structure can be mechanically or chemically
removed.

In order to analyze the properties of the corresponding materials used in this
dissertation, the Nicolson-Ross-Weir (NRW) method is used [NR70; Wei74]. The
NRW approach is transmission-line-based, and utilizes both transmissive and reflec-
tive behavior of the MUT, in order to obtain its relative permittivity e,, perme-
ability u, and loss tangent. The following pages briefly revise the algorithm of the
modified NRW technique [Rot+16; PRB11; SNS18] and introduce the measurement
setup. Fig. 3.13 illustrates the measurement principle with a rectangular waveguide.
A sample of known thickness d is inserted into the waveguide. In practice, this can be
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achieved by clamping a waveguide shim, filled with the MUT, in between two hollow
waveguides. A VNA, connected to Anritsu 3740A-EW mixer modules with WR10
waveguide extensions, is calibrated to the surface of the shim, and provides both
S11 and Sa;1. These parameters are directly linked to the transmission and reflection
coefficients introduced by the MUT

1-T2

51 = F—l —To7 (3.20)
1-T?

521 = Tm (321)

I" denotes the reflection coefficient present by the difference in characteristic
impedance of the air-filled waveguide to the one filled with the MUT, and T repre-
sents the transmission coeflicient of the finite MUT sample with thickness d:

Z -7
T= 0 (3.22)
7+ Z()
T = exp(-vd). (3.23)
With the help of
2 2
- 1
K= S-S5 +1 (3.24)

2511

transmission and reflection coefficient can be computed by the measured S-parameters

Shim

Sample
7 LSS LSS
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) Si 21 & Port 2
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Figure 3.13: Cross-sectional view of the NRW approach with a hollow waveguide
[Tes+21b] (CC BY 4.0). The sample is held in place by a waveguide
shim.
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via

r=K+VK?2-1 (3.25)

SH + 521 -T
T= . 3.26
1—(5’11+521)‘F ( )

The sign in Eqn. (3.25) has to be chosen such that |I'| < 1 in order to fulfill a passive
material. By rearranging Eqn. (3.22) to Z/Zy = (1+T')/(1 -T), and inserting the
corresponding impedances

7 = ;b0 (3.27)
Y
Zy = j 20, (3.28)
o0
where w denotes the angular frequency of operation, and
2T )\0 2
— by — | — 3.29
v\ ( Ac) (3.29)
2w )\0 )
=j—\|1- , 3.30
0=9% (AC (3.30)

where Ay and ). are the free-space and cutoff wavelength of the waveguide, respec-
tively, u, of the MUT can be obtained by

)\Og 1+
=—. 3.31
Hr A 1-T’ ( )
with
A
Aog = ——m—, (3.32)
/ ,\0 2 / )\0
1— /\— Epfby —
The relative permittivity can be obtained by solving Eqn (3.31) for
Y 1
Ep = (A2 + )\_3) (3.33)
Following [SNS18; LMT11], amblgmty can be circumvented with
—j2md —-j2md
JEE ol (3.34)

CIn(T)  In(|T)) + jarg(T + 27m)’
where the integer m has to be different from zero if the sample size approaches

d ~mMAg/2, in order to avoid discontinuities in the extracted e, and p,.
Using the procedure described above, different dielectrics and adhesives have
been analyzed, which are summarized in Table 3.1, grouped by their different ma-
terial types. The measurement setup and a microscopic picture of a sample of a
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Table 3.1.: Materials investigated using the NRW method. They are grouped by
their material types: solids, adhesives and 3D-printables.

Material Description
Teflon Polytetrafluoroethylene (PTFE),

fluorocarbon solid

ﬁ Premix PPE300 Polyphenylene ether (PPE), ther-

e moplastic

7 Rexolite 1422 Cross-linked polystyrene, thermo-
plastic

» Rexolite Adhesive 12517 Rexolite 1422 specific adhesive

-% Pattex Plastix Superglue

% Norland Optical Adhesive 81 UV glue

< QuickStick 135 Mounting Wax Wafer Mounting Wax

2 Zeonex RS420 Cyclo Olefin Polymer (COC)

Q

g Creamelt COC Cyclo Olefin Polymer (COC)

g

g Topas Blend Custom blend of Cyclo Olefin

o Polymer (COC)

WRI10
4
r? connector

Waveguide shim
with sample

Handling area
(a) (b)

Figure 3.14: (a) Measurement setup of the NRW method and (b) microscopic view
of Zeonex RS420 in the sample holder [Tes+21b] (CC BY 4.0).
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3. Dielectric Image Lines

3D-printable MUT is shown in Fig.3.14. The sample holders are laser-cut from
d = 0.4mm thick Tombak sheets, including the WR10 waveguide segment for the
MUT and the necessary through-holes for screws and dowels. The holders are filled
with the MUTSs given in Table 3.1. In case of the solids, the MUT is cut to fit the
size of the WR10 waveguide (1.27mm x 2.54mm) and are mechanically squeezed
into the window. Solids show the highest potential for errors, especially in tan§, due
to the possibility of air gaps between sample and waveguide wall arising from the
assembly procedure. In contrast, the adhesives and 3D-printable MUTs are filled in
their viscose state into the sample holder and cure in it, thus air gaps are inherently
prevented. Therefore, the approach is well suited for materials which have to cure
in any way. In case of the adhesives, it can take several filling steps before a suit-
able sample is created, since the glue loses volume due to evaporation of contained
solvents. Fig. 3.15 shows the extracted permittivity and loss tangent of the analyzed
materials.

In terms of permittivity, all MUT's show low permittivity, which is necessary for a
possible combination with LC (2.4 < &, ¢ < 3.6). Teflon (PTFE) serves as a reference
material to verify the extracted parameters, but is not well suited as a DIL material.
This is mostly because it is very soft, which makes it hard to machine precise DIL
structures. Most importantly, however, is the fact that glue does not adhere well to
PTFE [Jos18]. Other widely used low-permittivity dielectrics for mmW-frequencies,
such as high-density polyethylene (HDPE) (e, = 2.3, tand = 3.1-10~* at f = 160 GHz)
[Ata+13; Lam96] show the same issues as PTFE. Hence, those materials are not con-
sidered. From the remaining dielectrics which are promising candidates for the DIL
material, especially Rexolite 1422, Zeonex RS420, and Creamelt COC have promis-
ing permittivity values between 2.3 and 2.6. However, for long periods of time during
this dissertation, the 3D-printable materials were still showing adhesion problems
to the ground plane, when aiming for a direct manufacturing process without glue.
Therefore, Rexolite 1422 is mostly used throughout this dissertation. It can be simply
and precisely processed by computer numeric control (CNC) milling [Jos18; Ree20].
This fabrication approach demands the use of adhesives, which are investigated side-
by-side with the solids and the additives. The relative permittivity of the considered
adhesives ranges from approximately 2.5 to 3.2. It is important that the adhesive
has a permittivity close to the used dielectric, in order to avoid layers of different
permittivity, especially when operating the DIL in the Ezll1 mode. Hence, Rexolite
glue obviously is preferable in the scenario of a Rexolite DIL, followed by superglue,
mounting wax and optical adhesive.

Furthermore, the loss of the DIL’s dielectric and potential adhesive is a crucial
factor for the DIL’s performance. At this point, it is essential to highlight again
that, due to the broadband characteristic of the NRW method, the material loss is
very sensitive to noise and can not be extracted very precisely [Kha+12; Cos+17].
Hence, the presented material loss should be examined with this circumstance in
mind. Over-estimated loss can be observed at all materials from 75 GHz to 85 GHz.
This is due to a slight deviation in the extracted w, in this frequency range, see
Fig. A.1 in the appendix. Nonetheless, a clear relation of the materials to each other
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Figure 3.15: Permittivity (left) and corresponding loss tangent (right) extracted
by the NRW method, smoothed and with independently scaled y-axis
range. Colored areas between dashed lines are included for an uncer-
tainty in sample size thickness d by £10pm (£2.5%). The plots are
grouped as follows: top - solids, middle - adhesives, and bottom - 3D-

printable materials.
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3. Dielectric Image Lines

in terms of loss can be well determined, and hence, promising materials can be
separated from less favorable materials. This makes the presented approach an at-
tractive method for testing customized blends and newly developed 3D-printable
RF-materials with comparable low effort. After pre-selecting promising materials
with the NRW method, the extra effort of manufacturing highly precise samples of
the desired material can be invested to achieve narrowband characterizations of loss
by using a resonant method.

The solid, classical dielectrics show a clear difference in loss, with Teflon and Rex-
olite being the favorable options when compared to PPE300. The materials which
can be additively manufactured are very similar in loss, and close to the behavior of
Rexolite. Hence, they could all be promising materials for tunable LC-DIL compo-
nents. The adhesives clearly differ in loss. Wafer mounting wax and superglue show
high tané when compared to Rexolite adhesive. The optical adhesive performs not
as well as Rexolite adhesive, but can be used as an alternative. Consequently, during
the course of this dissertation, Rexolite glue is mostly used. However, it was found
that Rexolite adhesive provides lower adhesion to the ground plane than the optical
adhesive. Hence, in scenarios outside the lab, where mechanical forces or environ-
mental circumstances have to be considered, optical adhesive should be preferred.

3.3. Excitation of Dielectric Image Lines

Excitation of DWGs and DILs can be realized by different approaches [SRI81;
GWDS82; PDK96; TLCO00; Hof+03; Ric07; YS08; DH12; XCZ13; PB15; DSV18a;
Wit420; WS20]. In most cases, the excitation is performed by a transition from one
waveguide topology to the dielectric topology. In this dissertation, measurements are
conducted with Keisight PNA using the aforementioned 3740A-EW W-band mixer
modules, which have WR10 rectangular waveguide (RWG) output ports. When tran-
sitioning from an RWG to a dielectric structure, horn transitions are most efficient
[YSO08], since the polarization of the TE;p mode in the RWG and can be used to
excite to the EY or E* mode in the dielectric waveguide. When using these transi-
tions, the dielectric is inserted into the RWG, which has a horn flare at its end to
avoid parasitic radiation. The DWG inside the RWG is usually tapered for better
matching [Ric07; YS08; Jos18; Ree20; WS20].

Following this approach, WR10-to-DIL transitions were designed in this disserta-
tion. Since they are a crucial part of all following measurements, their layout and
operation principle is described first, before the properties of the manufactured tran-
sitions is thoroughly investigated. Fig. 3.16 shows the layout of the transition from
WRI10 to a Rexolite-DIL in EY|-mode. In section A, the DIL is tapered such that
smooth coupling from RWG to the dielectric is ensured. The DIL is already at its
final height h = 0.9mm. In section B, the RWG is filled completely by the dielectric.
In order to remain at the same cut-off frequency, the width of this section is reduced,
hence the DIL has a cross-section of 1.6 mm x 0.9mm at this point. In addition, a
small Rexolite pin is used to keep the dielectric securely in place. The horn-like
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3.3. Excitation of Dielectric Image Lines

[ Dielecric A B C | A :B: C
[T Brass ; L

L

z l tot z

(a) Top view, with wide ground plane. (b) Side view.

Figure 3.16: Schematic of the transition for EY,-mode. The taper dimensions have
been optimized with CST Studio Suite to reduce radiation loss and
minimize reflections in the RGW. The most important dimensions are:
WWR10 = 2.54111111, hWRlO = 1.27111111, hDIL = 0.9mm lt,RWG = 4mrn,
Iy = 6mm, l; = 1lmm, [y = 4.7Tmm, wp = 5.5mm, hy = 1.9mm, wpyy, =
1.8 mm, and l;o; = 19.5 mm.

section C accomplishes both reduced radiation loss and allows tapering the DIL to
its full width w = 1.8 mm. In order to achieve a design which allows the excitation
of different components on different ground planes in practice, a split-block design
with three parts is used in this dissertation:

e top part with the RWG structure in it and parts of the flange
e ground plane with dielectric component /structure on it
e bottom part with parts of the flange

Fig.3.17 (a) shows these three parts for a simple line structure. They are milled
from brass using CNC milling. Technical drawings of the parts are included in the
appendix (Fig. A.2). The modular design allows connecting different DIL structures
of any shape to the measurement equipment, if they have a feed of same or similar
permittivity and cross-section as the EY; Rexolite DIL.

The transition to the orthogonal E{;-mode is in its principle of operation identical
to the one to the EY;-mode. In order to achieve the desired polarization parallel to
the ground plane, the WR10 waveguide needs to be rotated by 90°, so that its long
side is perpendicular to the ground plane. Accordingly, sections A to C are similar
as shown in Fig. 3.16, but individually optimized for the increased cross-section of
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3. Dielectric Image Lines

Bottom part Ground plane with DIL
()

Top part

Flange

Ground plane
(b) Bottom part

Figure 3.17: Fabricated transitions to Rexolite DIL structures. (a) Disassembled
parts: bottom part with threads and pin dowels, ground plane with
through holes and DIL structure on it and top part with through holes
and the RWG layout. (b) Assembled transition which feeds a line struc-
ture and is connected by a flange to a WR10 waveguide on the right. (c)
View on the WR10 end of the EY] transition with a two-port structure
on the ground plane (left) and on the EY; transition with a one-port
structure on a wide ground plane (right).

1.8 mmx2 mm. Its detailed dimensions can be found in Fig. A.3 in the appendix. Both
manufactured transitions are shown in Fig.3.17 (c). Using the multi-line method
from Section 3.1.2, the total loss of the transitions can be determined in simulations
and measurement: with the attenuation coefficient o at hand, the total absolute
insertion loss L. of a line section of length [ can be calculated. The total insertion
loss IL¢,: of the back-to-back structure, connected by the line, is also known. Hence,
ILransition = %(ILtot — ILjine) can be used to calculate the insertion loss caused by
one transition. This aids in evaluating the phase shifters that will be connected to
the transitions in Chapter4 as an individual component. This approach is necessary
since a TRL (thru-reflect-line) or SOLT (short-open-line-thru) calibration cannot
be realized, due to radiation at an ”open” /”short”. Fig.3.18 depicts the loss per
transition for EY,- and E{;-transition in simulation and measurement. We observe
a higher IL in measurements than in simulation. Since the extracted IL is noisy, the
difference in IL is evaluated using mean values of simulated and measured data. In
this way, a conservative estimate of the additional IL is obtained, since high peaks are
neglected. In EY,-mode the average measured IL is 0.69 dB, and therefore 0.22dB
higher than the simulated average IL of one transition (0.47dB). The transition
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Figure 3.18: Extracted IL per waveguide transition. (a) Simulation of the EY,-mode
and multiple measurements. (b) Measurement of the Ef;-mode and
multiple simulations with different R,.
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Figure 3.19: Measured |S1:1| of a [ = 150mm long Rexolite EY; and Ef; DILs con-
nected to the corresponding transitions.

of the EY;-mode’s average measured IL is 0.27dB higher (measurement: 0.64 dB,
simulation 0.36 dB). Since in two-port measurements two transitions contribute to
the total IL, we can conclude that two transitions contribute with an absolute loss of
1.37dB and 1.27dB to measurements of EY;- and in E{;-components, respectively.
In both cases, this is about 0.5dB more than the simulation predicts. Additional
loss can stem from slightly higher material loss and manufacturing tolerances, which
lead to higher propagation and radiation loss of the transition. Good matching is
obtained for both transitions, as Fig. 3.19 shows, with the E{; transition achieving
better results than the EY, transition, owed to the different position of the cutting
planes in the corresponding split-block designs.
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4. Liquid Crystal Dielectric Image
Line Phase Shifters

Tunable phase shifters are essential components for tunable RF-systems, especially
for phased arrays. Many types of phase shifters, such as loaded line [Atw85; RB00;
Gol110], switched/delay line [LD19], and reflection [Isk+16] phase shifters exist. At
upper mmW-frequencies, delay line phase shifters are mostly used. They belong to
the true delay line phase shifters, which show a frequency dependent phase shift, in
contrast to true phase shift phase shifters, which show constant phase shift at all fre-
quencies [RLO1]. LC based phase shifters belong to passive delay line phase shifters.
In addition, LC-phase shifters are analogue phase shifters which can continuously
change their phase shift, opposed to digital phase shifters which show discrete phase
shifts. At V- and W-band, multiple dielectric LC-phase shifters have been realized
[Pol4-20b]. Even though they can not be easily integrated to conventional systems
and require high bias voltages, they have proven to be of very low loss and are
suitable for e.g. antennas in the same topology [Jos18; Ree20)].

When a delay line LC-phase shifter is tuned, its effective permittivity changes.
This leads to a change in propagation constant 3, and hence the electrical length of
the delay line changes. The maximum possible phase shift Ay in degree is obtained
by the difference in propagation constants Af, and the phase shifter length [pg:

™ 360° - f
Ap =g —pi= (Aﬁ' 1800) lps = ( “(\fereft) ~ \/5r,eff,L)) lps. (4.1

€o

The subscripts 1 and || describe the orientation of the LC-molecules with respect to
the RF-polarization. In order to quantize the efficiency of (LC) phase shifters, dif-
ferent aspects have to be taken into account. The most common way to characterize
a phase shifter is by the figure-of-merit (FoM), which relates maximum phase shift
Ap and maximum insertion loss IL of the component at any bias state [Fer+22]:

ASomax
ILmax

The FoM is a frequency dependent parameter, since phase shift and IL vary with
frequency. In addition, the steering efficiency 7 is used to emphasize the phase shift
and physical length of the phase shifter:

_Ap
lps’

FoM = (4.2)

T

(4.3)

While these two parameters are most common, the response times, as well as neces-
sary bias voltage/power have to be taken into account. As stated in the introduction,
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4. Liquid Crystal Dielectric Image Line Phase Shifters

fully dielectric phase shifters may show high FoM, but lack fast response times or
feasibility for integration to conventional topologies.

This chapter covers two LC-DIL phase shifters, one for the Ef;-mode and one for
the Ef,-mode. More focus is put on the EY,-mode phase shifter, as most investiga-
tions in this dissertation are based on it. However, as demonstrated in Chapter 3,
the EY,-mode can be of increased interest for frequencies beyond 110 GHz, and is
therefore compared to the EY,-mode phase shifter.

4.1. LC-Phase Shifter in E{,-Mode

The EY,-mode is best suited for the first analysis of an LC-DIL phase shifter, since
it is the fundamental mode. In the following, the EY,-mode DIL which hosts the
LC is always of cross-section 1.8 mm x 0.9 mm, in accordance to all observations and
results obtained in Chapter 3.

4.1.1. Design

In order to change the effective permittivity of the DIL, an LC core needs to be
inserted into the line. Since the LC core differs in permittivity of the DIL’s dielectric
(LC: 2.46 < ¢, < 3.53 , Rexolite: €, = 2.53), the core needs to be tapered to mitigate
reflections and radiation loss. First demonstrators use a trench of LC, which is
open at its top. Fig. 4.1 shows the simulation model, and |S11| in dependence of the
taper length liaper of a DIL with LC section. Especially in perpendicular orientation,
mismatch and radiation loss occur due to the difference in permittivity of DIL and
LC, which is why this particular case is shown in Fig. 4.1 (b). A feasible taper length

Tapered Section ’ ltaper(mm) = ——0——1—2-2——3—4 ‘
~10 -+
_15 4
\ = -2 |
s A |3t
o d Wi f 24\ ;
w a 30y il " ‘
Waveguide Port . s 35 | il !‘\, I‘ ,\
== TN s |

7 80 85 90 95 100 105 110

. Rexolite l:l Brass . LC Frequency (GHz)

(a) CST Studio Suite model with important pa- (b) Input reflection for different liaper, with per-
rameters. lpc = 20mm, wrpc = 1.5mm and pendicular molecule alignment (¢, c = 3.53).
tLc = 0.75 mm.

Figure 4.1: (a) Simulation model and (b) input reflection for different liaper. Good
matching is achieved with l¢aper = 2mm, but radiation loss can be further
mitigated when increasing liaper to 3 mm.
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— wrpc = 0mm ——wpc = 0.9mm

—wpc = 0.6 mm —— wr,c = 0.9mm
—— wrc = 1.2mm —— wy,c = 1.5 mm

——wrc = 1.2mm —— wy,c = 1.5 mm
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(a) Effective permittivity of a LC-DIL in depen- (b) Effective permittivity of a LC-DIL at 95 GHz
dence of wrc with e;rc = 3.53 (solid) and in dependence of wi,c and &, 1c.
er,Lc = 2.46 (dashed).

Figure 4.2: Influence of wrc on &, g of the LC-DIL (a) over frequency, and (b) at
95 GHz.

of 3mm is chosen for all following designs, to ensure minimal reflections at the
shortest length. It reduces radiation loss by 32% at 95 GHz when compared to a
non-tapered structure. The width wrc and depth t1,¢ of the LC cavity directly affect
the realizable phase shift. In the E}; mode, the field strength is at its maximum at
the ground plane. Therefore, t;,c needs to be as high as possible, such that only a
thin Rexolite layer exists between LC and ground plane. In order to be mechanically
stable, the maximum depth is ¢ = 0.75 mm. This leaves a layer of 150 pym at the
bottom of the LC trench, which is still thick enough such that no friction from
low mechanical stress occurs. The width wy,c of the trench directly translates to
the realized effective permittivity of the phase shifter, depending on the molecules’
alignment, and, therefore, to the achievable differential phase shift. Keeping t1,c =
0.75mm at its mechanically stable minimum, the effect of different trench width
wr,c on the effective permittivity of the LC-DIL is shown in Fig.4.2 (a). The LC’s
lowest permittivity is close to the value of the Rexolite’s permittivity. Hence, in this
state of molecule alignment, wr,c does only negligibly impact the overall effective
permittivity e, ¢ of the structure. In high permittivity, however, the effect is visibly
higher with increasing wy,c. This effect is represented by the slope of the curves in
Fig.4.2 (b), where wyc and the LC’s permittivity are varied at a fixed frequency of
95 GHz. As a consequence, the change of €, .y of the phase shifter is highly sensitive
to changes in the value of the high permittivity state. Therefore, if the maximum
permittivity is not reached, e.g. by non-ideal biasing, the impact can be high on the
performance of the phase shifter. This effect is quantified in Fig. 4.3 (a):

at wpc = 1.5mm, slight deviations in maximum permittivity in the parallel state
can lead to significant reduction in the achievable Ae,. At e,1,c =3.41 and €, 1,¢c =
3.17, which corresponds to a reduction of 3.4% and 10% from the maximum value
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Figure 4.3: Influence of the achievable maximum LC permittivity e, ,c on (a) the
achievable anisotropy Ae, and on (b) the absolute phase shift Ay, both

at 95 GHz.
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Figure 4.4: Tuneable range of €, .4 with the final dimensions of wrc = 1.5mm and
trc = 0.75 mm.

er1c = 3.53, respectively, the maximum achievable Ag, is reduced by 11% and
32%, respectively. This effect is translated to an absolute difference in differen-
tial phase shift, which deviates significantly with increasing length [ of the phase
shifter, see Fig. 4.3 (b). As we aim for highest Ay , the widest, mechanically stable
wr,c = 1.bmm is chosen, together with t;,c = 0.75 mm. Hence, the side and bottom
walls of the trench have a thickness of 150 ym, each. This leads to a range of &, f
which is displayed in Fig.4.4. For direct comparison to a measurement, the waveg-
uide ports in Fig. 4.1 (a) are replaced by the waveguide transitions designed in the
previous chapter. In addition, an electrode arrangement is set up, such that both
LC-molecule alignments can be electrically controlled. The full simulation setup is
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|:| Brass . Copper . Pyralux . Rexolite . FR4 . LC

(a) Simulation layout of the phase shifter. The first half is cut (shaded area) to reveal the
structure below the FR4 substrate for the top electrodes and the inside of the transition.
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(b) Bias scheme for perpendicular (left) and parallel (right) LC orientation. The arrows indicate
the bias field lines. The color code is identical to (a).

Figure 4.5: Simulation model (top) and bias scheme of the EY,-mode phase shifter
(bottom).

shown in Fig. 4.5.
All corresponding final dimensions from Fig. 4.1 and Fig. 4.5 are given in Table4.1.
In order to bias the LC cavity, the electrode must be designed to mitigate two

Table 4.1.: Most important dimensions of the E;l—mode DIL phase shifter.

Parameter lpe | wie | tre ltaper Ips | lirans | liot | detec | Wegee htop

Value (mm) || 21 1.5 | 0.75 3 23 | 195 | 67 | 1.25 | 1.8 1.9
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4. Liquid Crystal Dielectric Image Line Phase Shifters

problems:

1. Bias field distortion due to the ground plane, mainly in perpendicular align-
ment.

2. Suppression of parasitic modes, which may arise in the bottom electrodes’
substrate.

The ground plane is an image plane, which enables the image line topology. How-
ever, its fundamental properties hold true for (quasi-)static bias fields as well, i.e.
the field distribution of the bias electrodes can be deducted by placing virtual image
electrodes below the ground plane. Hence, a simple electrode setup such as utilized
in [Ree20] which frames the waveguide is not possible and the electrode network is
more related to hollow waveguide designs. Wide, flat bottom electrodes are neces-
sary, which are in line with the desire of an integrated design. The 18 pm thick top
electrodes, which are processed on a common FR4 substrate, need to be placed with
a distance dgjec from the ground plane, such that they do not disturb the evanescent
field of the DIL, and such that they provide a bias field distribution within the LC
cavity, which is orthogonal to the RF-polarization. In order to provide the latter,
top and bottom electrodes need to be sufficiently far away from each other. This
distance was simulatively determined to dgj. = 1.25 mm. Nonetheless, a fully accu-
rate perpendicular alignment cannot be achieved, as sketched in Fig.4.5 (b). The
top electrode FR4 substrate does not affect wave propagation, and is arbitrarily set
to a thickness of 500 pm.

The second problem arises due to the strip-like structure of the bottom electrodes.
They are 9 pm thick and processed on 12 pm DuPont Pyralux AC substrate (g, = 3.7,
tand = 0.003, at 1 MHz [DuP]), such that the DIL is only marginally distanced from
the ground plane. Still, undesired parasitic modes can be excited in the substrate
between electrode and ground plane. With increasing substrate thickness, this phe-
nomenon gets more pronounced, see Fig.4.6 (¢). Even though a substrate thickness
of tgupst = 30 pm corresponds to 3.3% of the DIL’s height, this thickness proves to be
impractical. Hence, the bottom substrate should be as thin as possible. In practice,
small discrepancies in this height can arise, especially since the bottom substrate
needs to be mounted on the ground plane. As the formation of substrate modes
is very sensitive to substrate thickness, a stepped-impedance structure is employed
to suppress this formation further. The layout of the stepped-impedance structure
is shown in Fig.4.6 (a) where Babinet’s principle was used to create an inverted
stepped-impedance structure, such that the edges of top and bottom electrodes
still coincide. The difference of an unstructured strip versus the stepped-impedance
structure with ¢gypst = 12 1m is shown in Fig. 4.6 (b).
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(a) Layout of the inverted stepped-impedance bottom electrode structure.
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(b) Ripple reduction when employing a stepped (c) Deterioration of |Sa1| with increasing bottom
impedance structure (solid) compared to non- substrate thickness tsypst-
structured electrodes (dashed).

Figure 4.6: (a) Inverted stepped-impedance electrode structure and (b) its impact
on the simulated |S21| of the phase shifter compared to non-structured
bottom electrodes. (c¢) Shows the high sensitivity on substrate thickness.
The dimensions in mm are: wege. = 1.8, w1 = 1.25, dy = 1.25, wy = 1.25,
dy =1.25.

4.1.2. Fabrication and Microwave Characterization

The Rexolite part of the phase shifter and its brass ground plane are milled by
a Datron M10pro+ CNC milling machine at the precision mechanics workshop of
TU Darmstadt. The waveguide transitions, also made by this workshop, are those
introduced in Section 3.3. The ground plane is a 1.6mm thick brass sheet. The
bottom electrodes are photolithographically processed on 12pum thick Pyralux AC
substrate, and the top electrodes are milled with a LPKF ProtoMat S100 rapid
prototype circuit board plotter on 500 pm thick FR4 substrate. The thickness of
the bottom electrode substrate should be as thin as possible, but it needs to be
mounted on the ground plane. Manually distributed glue results in uncontrolled
height, which deteriorates the phase shifter’s performance, as shown in Fig. 4.6 (c).
Hence, a 1.5 um thin layer of MaN415 photoresist is spin-coated on the backside of
the Pyralux substrate and used as glue, to minimize the total height of the bottom
substrate. Together with the transitions, the DIL is placed on the ground plane with
the bottom substrate. It is filled with LC using a micropipette, and the electrodes
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Figure 4.7: Photograph of the demonstrator in full assembly (left), and with the
top electrodes removed to reveal the bottom electrode substrate, the LC
section and a zoomed microscopic view of the bottom electrodes (right),
based on [Tes+20a] (©) 2020 IEEE.
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(a) Transmission of the phase shifter for different (b) Simulation and measurement in most lossy
bias schemes. Magnetic bias is applied with configuration (perpendicular alignment).

assembled electrodes.

Figure 4.8: Simulated and measured S-parameters of the realized E"fl—mode phase
shifter.

are connected to the voltage supply. The top electrode substrate is held in place by
small spacers. The voltage source provides a 1kHz rectangular bias signal with a
peak-to-peak voltage of maximally V,, = 200 V. Fig. 4.7 shows the partly and fully
assembled demonstrator, as well as a microscopic view of the stepped impedance
bottom electrode. The S-parameters of the phase shifter are shown in Fig. 4.8. Dif-
ferent bias schemes show similar measurement results (Fig.4.8(a)). For magnetic
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Figure 4.9: Measured differential phase shift Ay and resulting FoM in comparison
to simulations with different gap widths between DIL and ground plane.
For simulations, an RMS of surface roughness for the ground plane of
R, =0.8pm is assumed.

bias, permanent magnets which apply a magnetic flux density of B = 200mT are
placed around the demonstrator to achieve the desired LC orientation. Good match-
ing is achieved with |S11] < =10dB in the entire W-Band, as Fig. 4.8 (b) indicates.
Higher IL of up to 1dB more than simulated is observed, which stems mostly from
the higher loss of the transitions (see Section 3.3). The achieved phase shift Ay and
the resulting FoM are plotted in Fig.4.9. About 100° less differential phase shift
than simulated is obtained. A non-optimal electric bias field can contribute to this
discrepancy. This can be quantified by comparing A with electric bias to Apmag
with magnetic bias: the electric bias shows a maximum reduction in Ay by up to
50°. Of similar importance is a small gap between bottom electrode substrate and
DIL, which could not be excluded during measurements. Hence, Fig.4.9 includes
the loss in differential phase for a 50 pm gap. This gap contributes to a reduction of
Ay by a constant offset of around 65°. With reduced Ay, and slightly higher loss in
practice, the measured FoM is smaller than simulated. The directly measured FoM
ranges from 50°dB~! to 84°dB~! and reaches its maximum of 84°dB~! at 101 GHz.
With knowledge of the transition’s loss in practice, averaging 0.687 dB per transi-
tion (c.f. Section 3.3), the FoM of the standalone phase shifter can be estimated to
range from 93.57°dB™! to 136.91°dB™! without transitions, which are good values
for phase shifters in W-Band. The standalone FoM of the simulated phase shifter is
included in Fig. 4.9, and reaches up to 182°dB™!, mostly because of the higher Ag.

The high advantage of an LC-DIL phase shifter compared to a fully dielectric
one manifests in its reduced response time, which is generally measured between
the 90% and 10% value of the initial and final signal state. Those are shown in
Fig.4.10, for two different peak-to-peak voltages V,,, of the 1kHz rectangular bias
signal. Due to closer electrode spacing, a reduction of response time by up to 65%

o1



4. Liquid Crystal Dielectric Image Line Phase Shifters

max +

90% 1

max +

90% 1

10% 1

min

10% A
: : : : : : ‘ ‘ min : . : : : : : :
5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
t(s) t(s)

(a) Response time from perpendicular to parallel (b) Response time from parallel to perpendicular

state, with V,, =200V. state, with V,, =200V.
max | max
90% | 90% |
S S-
10% b 10% i} ]
. + T ‘ : ‘ : | min Lt - - - ! ! {
0O 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

t(s) t(s)

(c) Response time from perpendicular to parallel (d) Response time from parallel to perpendicular
state, with V,, =300V. state, with V,, =300V.

Figure 4.10: Measured response times of the EY,-mode phase shifter for different
peak-to-peak voltages V,,,, of the 1kHz rectangular bias voltage. Phases
are normalized to their maximum (perpendicular) to minimum (paral-
lel) phase, and corresponding lines which mark the 90% or 10% thresh-
old are included.

when compared to a fully dielectric demonstrator with same Vj, = 200V is achieved
[Ree20; Tes+20a]. With higher V,,,, response times can be further reduced. A high
voltage is mainly necessary for fast response times, since V,, = 200V is sufficient
to reach the maximum phase shift. Hence, an overshoot of bias voltage for a fast
response time, followed by a lower voltage for maintaining the desired phase shift
can be used in practical applications.

4.1.3. Temperature Characterization

The performance of the EY;-mode phase shifter is also evaluated in dependence of
temperature. In environments outside the lab, high temperature differences may
arise, e.g. due to exposure to weather effects. For this evaluation, the phase shifter
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is placed on a thicker ground plane, which has the bottom parts of the transition
integrated in it. A PT100 temperature sensor is inserted into the thick ground plane,
and monitors its temperature without interacting with the DIL. In order to heat or
cool the ground plane, it is mounted on a copper block with fluidic channels. A
Julabo FP50 Heating/Refrigerating Circulating Thermostat is used to heat or cool
the copper block. With feedback from the sensor, a constant temperature can be
achieved in the ground plane. In order to avoid moist or frost on the structure,
it is enclosed by a transparent PVC box, in which a steady flow of nitrogen is
present. For simplicity reasons, the electrodes are not included in this setup and LC
control is performed by magnets. They rotate around the whole setup, and provide
a magnetic flux density of B ~ 0.25T. The measurement setup is shown in Fig. 4.11.
A temperature range from —10 °C to 80 °C is covered. Lower temperatures could not
be realized by the Julabo FP50 Thermostat, since the cooling liquid heats up during
its way from the thermostat to the cooling block. Higher temperatures than 80 °C
cause the DIL to deform.

Measurement results are summarized in Fig. 4.12. While matching is not affected,
|S21| decreases with increasing temperature, regardless of alignment state. A max-
imum difference of 1.5dB in parallel LC orientation, and 1.9dB in perpendicular
orientation is observed. It is most noticeable that with every temperature interval
of 10°C, an almost constant decrease A|Sa1|~ 0.2dB is measured. The characteris-
tic curves of |S9;| remain almost in parallel for each temperature. Since GT-29001
is a thermotropic LC-mixture, its anisotropy decreases with temperature, as the
order of molecules decreases. Hence, the achievable differential phase shift Ay de-

Temperature

Control :

Brass Blogek
A

PT100 Sensor

Figure 4.11: Measurement setup for temperature characterization. The setup in (a)
is inserted into the arrangement of rotatable magnets, which are en-
closed by a PVC box. (b) shows a top view of the inserted setup with
magnets positioned for perpendicular LC alignment [Tes+21b] (CC BY
4.0).
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Figure 4.12: Temperature characterization of the phase shifter [Tes+21b] (CC BY
4.0). Since no significant change in |S11| is present within the investi-
gated temperature range, only selected temperatures are plotted in (a)
and (b) for more clarity.
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4.1. LC-Phase Shifter in Ei”l-Mode

creases with the reduction of Ae,., caused by increasing temperature. Similar to
the course of |S21|, Ap decreases linearly for each frequency. However, due to the
decreasing anisotropy, different slopes in Ay are present when observing the behav-
ior for the whole frequency range, as already shown in Section4.1.1 (Fig.4.3 (b)).
In particular, we observe that the frequency fa,360, where A = 360°, shifts from
fagseo = 91.7GHz to fagseo = 104 GHz in the investigated temperature range from
-10°C to 80°C. At room temperature (¢ = 20°C), fap360 = 94GHz. This is at a
lower frequency than in the measurement with electrodes (;Ap360 = 110 GHz), due
to three reasons: first, an air gap has been carefully avoided by using Rexolite adhe-
sive. Second, no bottom electrode substrate is present in this setup. Third, magnetic
bias is able to provide a non-distorted bias field distribution, since the field lines are
not affected by the ground plane. The increased differential phase directly leads to
a high FoM, depicted in Fig.4.12 (f). The maximum FoM at 109 GHz ranges from
126.6°dB™! to 63.7°dB~! in the investigated temperature interval, and degrades by

By ) =80°C
50 ,;/_—//'/—_’_—,—:L———'—’_"—H/
Q ﬂ—ﬂ
;\ 95 [ Ad =10°C |
S \
s 0 1
—% 9y = —10°C
80 85 90 95 100 105 110
Frequency (GHz)
(a) Course of Wyg:c 9, over frequency.
30 1
20 +
10 +
S 0¢ Wapec,70°C
© 10|
—920 %
-30
—-10 0 10 20 30 40 50 60 70 80
92 (°C)

(b) ¢ at 100 GHz.

Figure 4.13: (a) Difference in Ay and (b) its decomposition to change of phase in
parallel or perpendicular molecule alignment. Both ¥ and ¢ have ref-
erence temperature ¥, = 20°C [Tes+21b] (CC BY 4.0).
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2.5°dB7! to 8°dB~! per AvY = 10°C. The FoM includes the loss of the waveguide
transitions. As the differential phase resembles the utilizable anisotropy of the LC,
it is worth investigating the behavior of Ay further. The difference of Ay at a fixed
frequency between temperatures ¢; and 15 is represented by

Uy, 00 = Ay, — Apy,. (4.4)

At 100 GHz W_1p-c80°c = 80°. It is most reasonable to set ¥; = 20°C to show the
discrepancy in differential phase shift compared to room temperature. The course
of Wypec 9, versus frequency is shown in Fig. 4.13 (a). As expected, the discrepancies
rise linearly with frequency and have different slopes for each 5. While at 95 = 30°C
the slope of ¥ is 0.17° GHz ™!, it rises to 1.29 °GHz ! at 15 = 80 °C. To assess to which
extent the change of anisotropy Ae, is dependent on molecule alignment, the raw
phase in parallel and perpendicular alignment is compared to the reference phase
at 91 = 20°C, for each temperature 2. The deviation from the reference phase is
denoted by

(b = Py — P - (45)

¢ is plotted in Fig.4.13 (b) at 100 GHz. We observe that the parallel alignment is
more affected by temperature change than the perpendicular alignment. The phase of
both alignment states changes rather linearly, with slopes of 0.55 °K~! in parallel and
0.4°K~! in perpendicular alignment. This higher dependency in parallel alignment
is in agreement with the observation of [Pol23] (c.f. Fig.2.8 (a)). The provided data
indicate that a rather linear degradation of performance of an LC-DIL phase shifter
can be expected in practice, when the ambient temperature increases. In practical
applications, a more narrow frequency band is likely to be employed. In order to
balance off reduced Ay and degraded |Sa;| with increasing temperature, the thermal
conductivity of the metallic ground plane can be used to employ passive heat sinks,
or active thermoelectric coolers.

4.1.4. Electrode Integration for Fast Switch-On Response Times

Even though significant reduction in response time compared to fully dielectric LC-
phase shifters has been demonstrated in the previous section, voltages of V},, = 200 V
and response times in the range of seconds are limiting the field of applications for
LC-DIL phase shifters. In order to reduce both, the electrode placement should be
as close as possible to each other. The goal in this section is to put the electrode
structure directly on the DIL without interfering with the propagating wave.
Usually, placement of any metallic structure on a DIL causes radiation loss. Hence,
the goal is to minimize this radiation loss without affecting the mode of the propa-
gating wave severely. The overall idea of the designs presented in this section follows
a simple analogy: like linear polarizers, where one wave polarization is suppressed
while the other remains untouched, an electrode structure which only affects one
polarization while being ”invisible” to the other one is pursued. Following this anal-
ogy, an EY,-mode LC-DIL phase shifter should not have electrodes which are long in
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Figure 4.14: Absolute instantaneous electric field at 85 GHz at the longitudinal cross-
section of the simulation setup. It includes the waveguide transitions at
both ends, and a thin substrate with electrode strips, shown in a top-
view on the right, which is put on the DIL in the center of the setup.
(a) Electrode strips along propagation direction. (b) Electrode strips
orthogonal to propagation direction.

y-direction. Since this direction is normal to the ground plane, no electrode design
will ever be long in y-direction. From the remaining two directions, = and z, there
is one direction in which components of the E-field are present: due to the hybrid
nature of the modes of DILs, there will always be components in the direction of
propagation, i.e. z, and field lines reach from one point of the DIL to another point
along the DIL. If a conducting connection between them exists, a current may flow.
Hence, the main direction in which electrodes should extend to is orthogonal to y
and z, i.e. z. First trials have been conducted by simulations. Fig.4.14 shows the
instantaneous field distribution of a Rexolite DIL in EY,-mode with a substrate, on
which an electrode grid with different orientation is placed directly on the DIL. The
electrodes grid is composed of strips of width w = 200 pum, thickness ¢t = 12um, a
distance d = 200 pm to each other, and go from one end of the substrate to the other
one. The substrate is RO5880 (g, = 2.2, tand = 0.0009) in one of its commercial
standard thicknesses of s = 0.127mm. In Fig.4.14 (a), the strips are repeated in
x-direction, i.e. their long side is along z, and leads to severe perturbations of the
field distribution. In Fig.4.14 (b), the repetition is in z, and the long side is along
x, hence, the evanescent field of the DIL may pass unperturbed. Closer inspection
reveals that transmission in the orthogonal case is only possible in certain, about
10 GHz wide frequency windows, according to Fig.4.15 (a). Resonances within the
structured section of the DIL cause band stops, and within these frequency regions
no operation is possible. This layout has been fabricated to confirm simulations.
Measurement results are shown in Fig.4.15 (b) and (c), and highlight the sensitivity
to small angular deviations Ap from perfect orthogonal alignment in practice. The
DIL is milled from Rexolite 1422, and the electrode grid is etched on RO5880. The
substrate is glued on top of the DIL with help of optical adhesive. Deviations by
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(a) Simulated S-parameters of the electrode grid (b) |S2:1| of simulations with different deviation an-
orthogonal to (EM propagation) and along gles Ap from perfect orthogonal grid align-
(EM blockage) the DIL. ment, compared to a measurement.
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compared to a measurement.

Figure 4.15: (a)-(c) Simulation and measurement data of a Rexolite DIL (no LC
present) with an electrode grid, and (d) a picture of a demonstrator
with LC cavity.

1.5dB in |S91| are present due to higher transition loss, and higher material loss
than anticipated in simulations, e.g. by the RO5880 substrate or higher amounts
of glue used in practice. Fig.4.15 (d) depicts a demonstrator with an LC cavity. In
order to fill the DIL with LC, two small filling holes are at the sides of the cavity,
placed directly at the tips of its tapers. LC is filled with a syringe, and the holes are
sealed with optical adhesive. The LC-DIL phase shifter is mounted on the ground
plane with Rexolite adhesive. When using the grid with an LC cavity, and tuning
the LC, the windows shift slightly, and higher insertion loss, stemming from the LC,
is present, as shown in Fig.4.16. Windows from 79 GHz to 84 GHz, from 87 GHz to
97 GHz, and from 101 GHz to 110 GHz can be utilized in all bias states. However,
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Figure 4.16: Measured S-parameters of an LC-DIL phase shifter with grid electrodes
(c.f. Fig.4.15(d)) in parallel and perpendicular molecule alignment.
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Figure 4.17: (a) Layout of the optimized electrode and (b) the additional radiation
caused by it when compared to a simulated structure without elec-
trodes.

due to the combined loss of LC and electrode substrate the phase shifter gets lossy.
In addition, Ay is mitigated and ranges from 101.5° to 266° in W-band. Hence, the
FoM ranges from 21°dB™! to 39°dB™!, only. If taking account of the waveguide
transitions, the FoM slightly improves to 31.5°dB™" to 48.8°dB™!. However, the
switch-on response time can reach sub-second values for V,, > 150 V. In order to
utilize the full W-band without the windowed characteristic and to mitigate effects of
the substrate, the layout of the electrode is changed in two ways: first, the substrate
is changed to 12 um thin Pyralux AC, and the layout of the electrode is revised. The
main goal is to enable a structure which could be directly put on the DIL’s top, e.g.
by selective metallization. This means that the whole electrode structure should not
exceed the width of the DIL. Optimizations are carried out with CST Microwave
Studio Suite. The optimized electrode structure is shown in Fig.4.17 (a). The grid
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character is maintained with electrodes of width /4,4 = 0.3 mm which have a spacing
of dgrig = 0.3 mm. The reduced width of the electrodes helps to suppress modes and
maintain a layout which could be metallized directly on the DIL. In order to bias the
individual electrode strips, a 100 pm thin bias line connects them to each other. The
thinner the line, the less its influence on the system. Due to manufacturing restric-
tions, this line could maximally be reduced to 75 pm when processed on Pyralux. In
order to assess the structure’s influence, and in particular the longitudinal bias line’s
influence on radiation, simulations with and without the electrode structure have
been conducted. The additional radiation loss introduced by the electrode network
is shown in Fig.4.17 (b). From 80 GHz on, the additional radiation loss ranges from
1% to 2% in perpendicular molecule alignment and is below 4% for parallel align-
ment, before it starts to increase at 100 GHz. The realized demonstrator is shown
in Fig.4.18 (a). For simplicity reasons, the substrate is wider than necessary. Since
the integrated electrode takes care of parallel alignment, perpendicular alignment is
only achieved by the natural re-organization of the molecules after bias is released.
This results in a non-optimal perpendicular alignment state. Perfect perpendicular
alignment can be forced by employing a pair of magnets besides the DIL phase
shifter, as shown in Fig.4.18 (b). Their static magnetic field forces the molecules
into perpendicular alignment. The electric field has therefore to surpass a thresh-
old voltage, at which it becomes stronger than the magnetic field, to create parallel
alignment. Due to the distance of the magnets to the DIL, they do not interfere with
the structure and do not influence its performance. The S-parameters are given in
Fig.4.19 (a). Stop bands have been successfully removed, and similar performance
is achieved in both, parallel and perpendicular molecule alignment. However, higher
loss, |S21] » =5dB, than anticipated in simulations is present. In this design, the
filling holes have been moved from the side of the LC cavity taper to the bottom of
it, since filling holes on the sides proved to be very impractical. The new position of
the filling holes allow easy filling of LC, but since they are directly on the ground
plane, where the E-field is maximal, the glue necessary for sealing can have bigger

Bias Supply GND

l:l Brass . Copper . Rexolite

Electrode Structure on Pyralux . Pyralux . LC :: Eggf&i
(a) (b)

Figure 4.18: (a) Demonstrator with improved electrode design [Tes+22a] (C)2022
IEEE and (b) hybrid bias scheme.
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Figure 4.19: (a) S-parameters of the phase shifter with integrated electrode and (b)
resulting Ay and FoM with and without hybrid bias. Dashed lines in
(b) indicate the deembedded FoM, which excludes transition loss.
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(a) Behavior of two different demonstrators. (b) Phase Shifter 1 with and without hybrid bias.

Figure 4.20: Necessary voltage V, for a certain differential phase shift Ay at
100 GHz.

impact on the structure’s loss.

The achieved differential phase shift and resulting FoM are presented in Fig. 4.19 (b).
When excluding the transitions, the phase shifter with integrated electrodes can
reach a maximum FoM of 80°dB™!. When employing hybrid bias with magnets,
which create a B = 70mT strong magnetic flux density at the LC cavity’s position,
higher Ay can be achieved while leaving the S-parameters unchanged. As a result,
the FoM increases, and reaches values of up to 94°dB lafter deembedding. The
main benefit from placing the electrodes directly on the DIL are lower voltages for a
desired phase shift, and faster switch-on response times. The necessary voltage for bi-
asing the demonstrator are shown in Fig. 4.20, for both pure electric and hybrid bias
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(b) Switch-on response time for electrical bias. Zoomed view on first second included.

Figure 4.21: Switch-on response times for (a) hybrid and (b) electric bias.

schemes. Fig.4.20 (a) includes two curves for two individually realized phase shifters
to highlight assembly tolerances, mainly caused by glue entering the sealing holes.
As we can observe in Fig. 4.20 (b), the hybrid bias increases the necessary voltage for
a desired phase shift slightly. Due to better perpendicular alignment, the maximum
Ay can be increased by about 50° at 100 GHz when employing magnets. Since only
a small increase in V},, is present with hybrid bias, it should be preferred, if space
and resources can be allocated to this bias scheme. Fig. 4.21 shows the switch-on re-
sponse time for hybrid and electric bias. With low voltages, long response times are
necessary for reaching the desired signal state. Drastic decrease to the sub-second
range is possible for V},, > 150 V. The fastest switch-on response time of 134ms is
realized for electric bias at V},, = 250 V. In hybrid bias, this response time doubles
to 270 ms. These switch-on response times are significantly lower than in previous
designs. A 99.2% decrease with respect to fully dielectric concepts (17, [Ree20]) and
a 97.7% decrease with respect to the distanced layout from Section4.1.1 has been
achieved. Since Fig.4.20 shows that lower voltages are necessary to keep a certain
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phase shift, the concept of overshooting this necessary voltage for a quick response,
and then stabilizing on the desired voltage, is the only way to achieve sub-second
switch-on response time characteristics. In this section, only fast switch-on response
time is covered. If the voltage is returned to zero, perpendicular molecule alignment
is either achieved by natural re-alignment or by the magnetic bias field. These re-
sponse times are at the current state at the range of seconds, but can be addressed
by either stronger magnets, or experimental LC-mixtures [Lan+20).

4.2. LC-Phase Shifter in E{,-Mode

The considerations for the EY,-mode phase shifter can be transcribed to the orthog-
onal Ef;-mode. For this, the suitable cross-section of w x h = 2mm x 1.8 mm (c.f.
Section 3.1.1) is used for the Rexolite DIL in which the LC is incorporated.

4.2.1. Design

Similar considerations to the Ei/l—mode LC-phase shifter are taken into account when
designing the EY;-mode LC-phase shifter. A ¢;,c = 1.55 mm high LC cavity is inserted
in the Rexolite body, which has a 3 mm long taper. As a result, a 250 pm thick layer
of Rexolite remains between LC and ground plane. Fig4.22 (a) shows that the width
wrc of this cavity mainly affects €, ¢y in parallel director alignments, similar to
Fig. 4.2 (a). The effect of different wy¢ is stronger, since the cavity has a higher t7¢.
In Fig.4.22 (b), the effect of different width at various ¢, ¢ is shown. Compared to

— wLc = 0mm ——wpc = 0.9mm —eénre =246 ——ep 0 =3.17

——wrc = 1.2mm —— wy,c = 1.5 mm

——¢&p e =341 ——¢, 10 = 3.53

3 2.53 7
2.35 | -
2.5 2.25 |
& aq:{ 2.07 + —Aer = 0.793
& 2l S L Ae, = 0.697
Aer = 0.517
1.6 1 L {
1 } } } } } } | 1.5 . . . ! !
75 80 8 90 95 100 105 110 0 0306091215
Frequency (GHz) wrc (mm)
(a) Effective permittivity of an ET;-mode LC- (b) Effective permittivity of an ET;-mode LC-
DIL in dependence of wrc with &, c = 3.53 DIL in dependence of wrc and & 1c, and re-
(solid) and &, rc = 2.46 (dashed). sulting anisotropy Ae,.

Figure 4.22: Influence of wrc on &, cf¢ of the Ef;-mode LC-DIL (a) over frequency
and (b) consequences of the achievable maximum LC permittivity e, 1,c
on the achievable anisotropy Ae, at 95 GHz.
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(a) Tunable range of &, .y with final dimensions (b) Absolute achievable differential phase in de-
of wrec =1.2mm and trc = 1.55 mm. pendence of LC section length [ and highest
possible LC permittivity e- rc.

Figure 4.23: (a) Achievable range of €, .y with dimensions for the final design and
(b) achievable Ay at 95 GHz.

-V +V

|:| Brass . Copper . Pyralux . Rexolite . FR4 . LC

Figure 4.24: CST simulation model (left). The top electrode substrate is transpar-
ent to see the underlying LC-DIL phase shifter and bottom electrodes.
The Rexolite structure with a cavity is displayed next to the simu-
lation model with corresponding dimensions [Tes+20b] (©)2020 IEEE.
The bias states (right) are: top - parallel high permittivity, bottom -
perpendicular low permittivity. Corresponding dimensions are in Ta-
ble4.2.

Fig. 4.3 (a), which covers this effect for the EY,-mode, we see that higher absolute
Ag, is present (e.g. 38% higher for wrc = 1.5mm and ep¢c = 3.53). The resulting
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4.2. LC-Phase Shifter in E{,-Mode

Table 4.2.: Most important dimensions of the El!-mode DIL phase shifter.

Parameter lps | wic | tre ltaper Ipre | lirans | lRex htop Welee | d
Value (mm) 21 1.2 | 1.55 3 30 19.5 67 3.8 1.8 | 2

deterioration in Aeg, if the high permittivity is not fully reached remains in the same
range of percentile reduction, i.e. 12.2% and 35% when reducing from Ae, = 0.793
to Ag, = 0.697 and Ae, = 0.517, respectively. This larger absolute range of Ae,
is mostly due to the different field distribution and the larger LC cavity. Hence, a
higher drop in Ay can be observed with decreasing Ae,., while a wider range of €, g
can be theoretically covered by the Ef;-mode phase shifter, as shown in Fig4.23.
For maximum A, the final width and depth of the LC cavity are wrc = 1.2 mm and
trc = 1.5 mm. The initial wrc = 1.5 mm proved to be unstable for the EY,;-mode
in measurements, which is shown in Fig. A.4 in the appendix. The layout of the full
wave simulations of the phase shifter, together with its electrode network, is shown
in Fig.4.24. A distanced electrode setup is chosen for this demonstrator, and bias is
similar to the E};-mode phase shifter, with the only difference being that parallel
and perpendicular alignment is switched, due to the different polarization of the
EY,-mode. The most important parameters of the demonstrator are summarized in
Table4.2. Due to the larger cross-section in EY;-mode, the top electrodes have to
have a larger distance hyop to the bottom electrodes. The main benefit compared to
the Efl-mode is that no stepped impedance structure is necessary for the wejee =
1.8 mm wide bottom electrodes, and the bottom substrate thickness does not have a
critical influence on the transmission of the phase shifter. This is due to the different
field distribution, which has a minimum at the ground plane. Hence, the bottom
electrodes are employed as simple metallic strips, such as the top electrodes.

4.2.2. Fabrication and Microwave Characterization

All components are realized similarly to the E};-mode phase shifter: the Rexolite
DIL, and the brass components, are milled by a Datron M10pro+ CNC milling
machine at the precision mechanics workshop of TU Darmstadt. The ground plane
is a 1.6 mm thick brass sheet. The top electrodes are milled by a LPKF ProtoMat
S100 rapid prototype circuit board plotter on a 1 mm thick FR4 substrate. The
bottom electrodes are photolithographically processed on 12 pm thin Pyralux AC
substrate. This substrate is mounted on the ground plane with wafer mounting
wax. All parts are assembled, and the LC is filled, before bias connections and the
top electrode shield are placed on the demonstrator, which is shown in Fig. 4.25.
A 1kHz rectangular bias signal with peak-to-peak voltage V,,, is applied, and the
corresponding obtained S-parameters are shown in Fig. 4.26 (a), for V,, = 200V.

Good matching of [S11| < —20dB with a small exception from 79 GHz to 82 GHz is
obtained, and IL ranges from 3.8dB to 4.3dB, with a deviation in |S2;| between
simulation and measurement of 0.65dB to 1.23dB. Ap and FoM are depicted in
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Top Electrode Substrate

i Strain Relief
Reference Plane Reference Plane

Spacer

Figure 4.25: Demonstrator of the Ef;-mode phase shifter. The non-structured bot-
tom electrodes are visible on the left. On the right, the demonstrator
is fully assembled with the top electrode substrate mounted above the
phase shifter [Tes+20b] (©)2020 IEEE.
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(a) Simulation and measurement of S-parameters (b) Differential phase shift and FoM, including
in most lossy configuration (perpendicular a simulation with a 100 pm air gap between
alignment). ground plane and phase shifter.

Figure 4.26: (a) S-parameters of the realized Ef;-mode LC phase shifter, and (b)
obtained Ay and FoM. Simulations assume a RMS surface roughness

of Ry =0.8m.

Fig.4.26 (b). A difference in A is present, which increases with frequency. It is
maximally 40° and therefore, much lower than in EY,-mode due to the mode being
less susceptible to perturbation at the ground plane, such as air gaps: a fairly large
air gap of 100 pm does not affect the structure significantly, and affects Ay by
maximally 20°, as shown in [Tes+20b]. The deviation in Ag can have its origin in
imperfect bias field distributions, and slightly reduced Ag, of the LC-mixture GT7-
29001 at frequencies around W-band (c.f. Fig.2.8). The FoM, including transition
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loss, ranges from 75°dB™! to 124 °dB~!. Without transition loss, the FoM ranges
from 100 °dB™" to 188°dB~!. The simulated FoM (excluding transition loss) reaches
up to 200°dB~ 1. Especially at frequencies around 103 GHz, where the measured IL is
almost in agreement with the simulation, both simulated and measured FoM reach
very similar values. The remaining difference is only due to the slightly reduced
Ay at these frequencies. The switch-on and switch-off response times of this phase
shifter are both around 35s long, with a bias of Vj, = 300V. This is about seven
times longer than in Ei/l—mode. Hence, the potential of this phase shifter is more
towards higher frequencies beyond 100 GHz. Since the overall cross-section of the
phase shifter will reduce with frequency, faster response times can be achieved.
With similar considerations about integrating electrodes for faster response time,
the EY;-mode phase shifter can unfold its full potential at these higher frequencies,
since the EY;-mode phase shifter increasingly suffers from metallic loss caused by
surface roughness (c.f. Fig. 3.12).

4.3. Comparison of both Phase Shifters

In this chapter, two DIL LC-phase shifter demonstrators have been introduced. The
main focus was on the EY,-mode phase shifter. Fig. 4.27 serves as a graphical refer-
ence in terms of tunability of e, .. The EY;-mode phase shifter covers a wider range
of €, o compared to the Ezl/l—mode phase shifter, which directly translates to higher
Agp. The EY,-mode phase shifter offers the smallest cross-section with a low height h,
which enables faster response times and less voltage requirements. Response times
of the first EY,-mode demonstrator are in the range of 3s to 9s (Section4.1.1),
which can be further decreased to the ms-range by employing electrode structures
directly on the DIL (Section4.1.4). However, high sensitivity in proper contact to
the ground plane and strong interaction with potential bottom electrodes, or possi-
ble neighboring structures on the ground plane, have to be taken into account when

|— Ef,wie =12— By wie = 15
3 -
2.5 |
&
2
W
1.5
1 - - - - - - {
() 80 85 90 95 100 105 110

Frequency (GHz)

Figure 4.27: Tuneability range in .7y of the E{,- and Ef;-mode phase shifter with
the corresponding LC cavity width wrc in mm.
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4. Liquid Crystal Dielectric Image Line Phase Shifters

employing an E},-mode phase shifter. In addition, the EY,-mode is more suscep-
tible to surface roughness (Section3.1.2) and will therefore show higher loss when
aiming for frequencies beyond 110 GHz. This problem can be circumvented with
the EY,-mode phase shifter, where the modal field distribution has a minimum at
the ground plane. Hence, no special care in the bottom electrode layout has to be
taken, and hybrid DC/RF-structures could coexist closely when using an EY;-mode
phase shifter. In addition, the EY;-mode phase shifter is naturally less susceptible
to surface roughness. However, a DIL needs to have a larger cross-section to sup-
port the E{;-mode than a DIL in EY,-mode. In this dissertation, the Ef;-mode DIL
has a 55% larger cross-section than the EY,-mode DIL. The larger height directly
translates to larger response times of up to 35s and high bias voltages. In principle,
electrode integration on top of a E{;-mode DIL is possible, but was not pursued dur-
ing this dissertation. This principle is tested in an LWA (Section 5.2.2 and Appendix
A.6.2). In general, LC-DIL phase shifters show good temperature stability between
-10°C and 80°C (Section4.1.3). This behavior has been investigated in E},-mode,
but is expected to be similar in EY;-mode. Active or passive cooling on the ground
plane can enhance the LC-DIL phase shifters during operation. A direct compari-
son between both phase shifters and to other LC-based phase shifters is shown in
Table4.3. The top half of Table4.3 includes different LC-phase shifters in various
non-dielectric-based topologies. Planar solutions can provide very fast switch-on re-
sponse times and low V,,. Due to high loss and very high sensitivity to fabrication
tolerances, they are mostly not used towards 100 GHz. FoMs range to up to 70°dB™
for planar phase shifters, and up to 80°dB™! for all phase shifters covered in the
upper half of Table4.3. The second half of Table4.3 includes dielectric-based LC-
phase shifters. They usually show high A, high FoMs beyond 100°dB™, and their
bias circuits are never part of the waveguide topology. Hence, they do not require a
bias-tee, but their electrodes need to be incorporated in their structure, which can
cause difficulties in design. Due to their volumetric topology, higher bias voltages

200 ¢ -
180 + < 0.5s 1s > 10s Ef, DIL /x‘

Y] — - S
= 1 S X

=10 oW SOk, M,

= 80¢ v [ MSNAM Ridged HWG [—x X ><\| v :

) 1 E7, DIL (intr. elecs.)
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Figure 4.28: Comparison of different LC-phase shifters at frequencies beyond

50 GHz, with abbreviations according to Table4.3. The response time
is color-coded. If no data is available, the color is black.
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4.3. Comparison of both Phase Shifters

and lower response time results. The PPDW, NRD, SIF and sWL are characterized
including transition loss, since no data on this loss is present. Hence, the FoM of the
standalone phase shifters is in general higher than given in Table4.3. Parts of this
table are graphically arranged in Fig.4.28, which compares frequency of operation
in relation to achievable FoM and switch-on response times.
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4. Liquid Crystal Dielectric Image Line Phase Shifters

Table 4.3.: Comparison of different LC-phase shifters at mmW, measured above 50 GHz. Dielectric waveguide topologies are in
the lower part of the table. Abbreviations: MS - microstrip transmission line; HWG - hollow waveguide; MS-NAM
- microstrip with nanowire membrane; CPW - coplanar waveguie; PPDW - parallel-plate dielectic waveguide; NRD
- non-radiating dielectric, SIF - step index fibre; sWL - sub-wavelength dielectric line.
Ay IL FoM n V,
LC GHz 1/\ i . max max h max Mzm& pp,max Ton (8 Ref.
J(GHa) | Pomia | o @B) | (/aB) | C/mm) | (V) ©)
MS E7 50-65 1.43 260 20 20 34.76 11 - [Bul+10]
HWG MWHOM.H 80-110 13.62 130 2 80 3.02 magn. - [Jos+17]
MS- GT7-
NAM 99001 5-67 0.8 120 3 70 33.33 10 0.003 [Wan+22a]
Ridged MDA.-
HWG 03-2844 65-110 8.7 600 10 78 20 30 1.5 [Mue+06]
CPW - 65-95 1.46 180 4 42 18.6 30 0.002 [Fri+12]
GT5-
PPDW 926001 50-75 7.91 330 4.8 113 10 300 - [Ree+17a]
GT5-
NRD 96001 98-110 6.94 270 4.8 85 15 300 - [Pol+19b]
GT5-
SIF 26001 75-110 5.86 425 5.1 100 22.1 1.1k > 60 [Ree+17b]
GT7-
sWL 99001 75-110 10.19 860 7.5 130 27.3 200 17 [Ree+19a]
DWG W\HH%L@- 75-110 | 9.25 440 3.5 182 14.7 400 1.5 [Hu+22]
gvopiL || G Sect. 4
T1- 90001 75-110 6.48 350 3.2 136 16.7 200 9 ect.4.1.2
GT7 0.134
EY,-DIL ) 75-110 6.48 350/420 | 3.8 80/94 16.7/21 50 /0.270 Sect.4.1.4
29001
@200V
. GT7-
11-DIL 99001 75-110 6.48 480 3.7 188 22.7 200 35 Sect. 4.2
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5. Beamsteering Liquid Crystal
Dielectric Image Line Antennas

In this chapter, DIL antennas and their capability for LC-based beam steering are
investigated. The W-band from 75 GHz to 110 GHz is considered, based on the results
on DILs/LC-DILs from the previous two chapters.

In general, there is a large variety of possible antenna elements that can be used
to form LC-based, beam steerable DIL antennas or antenna arrays: rods [PWO06a,;
PBA17], resonators [Qur+17; AH18]|, and leaky-wave-based structures [SW85; PWO07;
PB17; PBA18] are the most common antenna element types. Lens antennas are usu-
ally not used in DIL topology [Wu+12; NIH18].

Rod antennas are simple broadband surface wave antenna elements, which are
often used in fully dielectric topologies [GW12; Ree+18; DAH20]. They have been
successfully combined with fully dielectric LC-waveguides [Ree20]. Since they are
tapered waveguides, translating them to the DIL topology makes them compatible
to the DIL phase shifters discussed in the previous chapter.

Resonators are of narrow bandwidth, and feeding from a purely DIL-based topol-
ogy is possible, and is usually done by a serial feed, such as in [AKG09; JLR12;
Xin+17]. Due to the high variance in resonator performance if each resonator is in-
dividually filled with LC, this antenna element type is not considered in this chapter.

Lens antennas are broadband and can provide significant gain. They are in general
large in terms of wavelength, and often geometric optics is used to analyze them in
an initial step. LC lens antennas have been investigated in V-band, both in parallel-
plate waveguide and fully dielectric waveguide topology [Ree+19a; Tes+19b]. Large
amounts of LC are required, and high voltages are necessary to steer the beam.
Mainly, their size is the reason why they are not investigated in this dissertation.

Leaky wave antennas (LWAs) are composed of a radiative structure on or around
a waveguide, which is fed in a serial manner. In their most compact form, they are
created by a waveguide with perturbations, e.g. metallization on the DIL, grating
in the ground plane, etc., in order to create radiation. Hence, fabrication of those
antennas is usually of low complexity. LWAs are of low profile, can provide high
directivity and radiation to broadside. As they scan their main lobe direction with
frequency, the bandwidth at a particular radiation angle can be narrowband.

Two antenna types are investigated in this chapter: 1) rod antennas, due to their
broadband characteristics and high compatibility to the phase shifters introduced in
the previous chapter. Single DIL antenna elements are investigated first, and their
difference to fully dielectric rod antennas is highlighted, before two array demonstra-
tors, in Y- and E*-mode and with a fixed antenna pattern, are presented. This con-
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cept is extended to a 1x4 phased array in EY-mode by combining four phase shifters
(Section4.1.4) with the corresponding antenna elements. 2) LWAs are investigated
in order to achieve broadside radiation with a low antenna profile. Here, the main
focus is on the use of the radiator elements as an electrode simultaneously, such that
the advantages of a quasi-planar component with low bias voltage is created. The
main properties of LWAs are covered with the investigation of non-reconfigurable
LWAs, before LC is integrated.

5.1. Rod Antenna Arrays

Rod antennas have often been used in fully dielectric setups [Pou+10; Fan+14;
Riv+15; Ree+18; Tes+19a]. These antennas are created by tapering a dielectric
waveguide, such that a smooth match from characteristic waveguide impedance to
free space impedance is obtained. They radiate in the direction of propagation in the
DWG, i.e. to end-fire. Their simple shape can be scaled easily by controlling the per-
mittivity of the dielectric, and they are easy to adapt to different frequencies. DWG
rod antennas are non-planar, and can be sensitive to mechanical stress. DWG rod
antennas have been successfully combined with LC at W-band [Ree+19b; Pol+20a]
to phased arrays. However, their main drawback are the phase shifters in DWG
topology, which are bulky due to their electrode network, need high voltages and
show slow response times. In addition, the electrodes between different phase shifters
have to be shared by two neighboring phase shifters, hence tuning one phase shifter
can influence the bias state on its neighbor element. Another challenge of LC-DWG
rod antenna arrays is scalability. Due to the mentioned dependence on neighboring
electrodes and the overall bulky setup, scaling to a high number of antenna elements
is linked with significant effort, especially in the bias network.

5.1.1. Single Antenna Elements in E};- and Ef;-Mode

A DWG rod antenna can be as easily transferred to the DIL topology as the corre-
sponding waveguides: the cross-section is cut in half and the lower half is replaced
by a metallic half-space. The ground plane provides mechanical stability, such that
longer tapers with very small taper tips are still feasible in practice. However, taper
type, relation of taper length /; and ground plane length [, have to be considered
carefully in the DIL topology. Fig. 5.1 displays the models of the rod antennas used
throughout this dissertation for both EY,- and Ef;-mode. They are composed of
Rexolite 1422 in order to be compatible with the structures discussed earlier in this
dissertation. Width w and initial height h before tapering are determined by the
waveguide dimensions of the corresponding mode, which are introduced in Chap-
ter 3 and used for the phase shifter designs in Chapter4. As with fully dielectric
rod antennas, [; mainly controls gain and half-power beam width (HPBW) of the
antenna pattern [Vol07]. Gain rises, and HPBW decreases with increasing I; before
both start to saturate, and no significant change is obtained with further increase
of l;. The ground plane length [, is most relevant for the elevation angle §. With
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l:l Brass . Rexolite k |:| Brass . Rexolite

(a) EY,-mode rod antenna with y-taper. (b) EY;-mode rod antenna with z-taper.

Figure 5.1: Rod antenna types used in this dissertation.

increasing Iy, 6 (see Fig.5.1) approaches 90°. This is intuitive, since an infinitely
long ground plane would provide a perfect image of the system, i.e. a fully dielectric
rod in free space. For highest gain with the shortest length, /; has been simulatively
determined to /; = 21 mm. In this simulation, I, >>[; in order to ensure no parasitic
effect of a short ground plane. The taper type has been investigated using CST Stu-
dio Suite, and it has been found that a taper parallel to E-polarization causes fewer
ripples in the antenna pattern. Hence, all simulation results are with the correspond-
ing taper types, as indicated in Fig. 5.1. For simulations, a waveguide transition is
included, in order to represent measurements as precise as possible.

With [; = 21 mm fixed, Fig. 5.2 shows the simulated gain and sidelobe level (SLL)
of both antennas for various /4. It is found that, especially for EY,-mode, [, = 31 mm
provides the best trade-off between gain, main lobe ripples, SLL, and stable @ for all
frequencies. The Ef;-mode shows less sensitivity of I,, and both antennas perform
worst if the ground plane is terminated halfway through the taper length of the rod,
i.e. 10mm < /; < 19mm. For comparison, [, = 31 mm is chosen to be the same for
EY- and E®-mode, resulting in ¢, ~ 75° and 6, ~ 70° in the entire frequency band,
respectively. In principle, an end-fire antenna can be created by [, ~ 0mm and if
minor drawbacks in the pattern shape are accepted. Results for the E;l—mode can
be found in the appendix A.5, but due to mechanical instability, this approach is
not pursued in this dissertation. Fig. 5.3 shows the realized antenna elements, milled
from Rexolite 1422, adhered with Rexolite adhesive on the ground plane, and fed
by the waveguide transitions.

Since an elevation angle 6 # 90° is present, the azimuth measurement has to be
conducted at this angle. Hence, a tilted hollow waveguide section with the exact
corresponding angle has been manufactured, such that the antenna is tilted on the
turntable. More information of the measurement setup can be found in the appendix
A.5. Fig. 5.4 depicts the magnitude of the measured S-parameters. Both antennas are
matched with |S11] < =10dB throughout W-band. The obtained radiation patterns
are summarized in Fig. 5.5, and the frequency behavior of gain and SLL (in elevation
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(a) EY,-mode. (b) Ef;-mode.

Figure 5.2: Simulated gain (solid) and SLL (dashed) for rods in both modes.

(b) ()

Figure 5.3: Manufactured antenna elements. (a) E};-mode rod with split block tran-
sition, (b) Ef;-mode rod directly before assembly, (c¢) both assembled

demonstrators.
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Figure 5.4: Simulated (dashed) and measured (solid) |S1;| of the rod antennas.
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Figure 5.5: Simulated and measured far fields for rod antennas in (a) to (c) EY,
mode, and in (d) to (f) Ef; mode. Cross polarization is measured at

92.5 GHz.
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Figure 5.6: Simulated (dashed) versus measured (solid) course of gain and SLL in

W-band for both antennas.

plane) is plotted in Fig. 5.6. Both antennas provide a gain of around 17 dBi, with a
SLL better than —15dB. Simulation and measurement of the patterns coincide well
in azimuth and elevation plane. In elevation, ripples at angles of 6 ~ 30° or higher
exist for both antenna elements. They stem from spurious radiation caused by the
waveguide transitions and will be present at all antenna measurements in this dis-
sertation.

Both antenna elements provide stable, broadband properties, and can therefore be
employed for broadband arrays. The EY,-mode element radiates slightly more to-
wards endfire and is well suited if a low profile is desired. It is more reliant on
longer ground planes than the E*-mode element, which is operating well even if
lg =1y = 21mm (c.f. Fig.5.2). Higher cross-polarization of -20dB is present with
the EY;-mode element (Efl—mode: -35dB), since the fundamental, cross-polarized
EY -mode is supported by the E;-mode waveguide structure.

5.1.2. 1x4 Antenna Arrays

With full knowledge on the element behavior, they can be combined to an array.
In this dissertation, 1 x 4 arrays are designed, manufactured and characterized as
a proof-of-concept. In order to feed the elements, an easy way of power division
is necessary. Serial feeds are possible [Che+09], but since they are frequency de-
pendent, they are contradicting to the broadband nature of the antenna elements.
Broadband corporate feeds can be realized by Y-branches [Josl8|, but in order to
reduce radiation loss, the branches become space consuming. Coupling structures
[WS20] of adjacent DILs can reduce this space, but the necessary coupling length
increases exponentially, both with frequency and distance between the lines. Broad-
band structures require the aspect ratio of the DIL’s cross-section to be very small,
which in turn leads to very high amounts of evanescent field components. There-
fore, adjacent structures, such as packaging or other components, can influence the
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coupler’s performance. In addition, the complexity of the coupling network rises lin-
early with the number of output ports. A simple way to achieve power division in
one step is multimode interference (MMI) [BBM94; SP95]. MMI has its origins in
the optical regime, and has been successfully translated in 1D and 2D fully dielectric
waveguide antennas at W-Band [RJJ16; Tes+19a]. Its principle is briefly revised on
the following pages, before its adaptation to the DIL topology is presented. With
the power divider at hand, the 1 x 4 arrays can be easily designed.

MMI is often referred to as self-imaging. This is due to the N-fold repetition of an
input field distribution at certain lengths of a multimode waveguide, with IV being
an arbitrary positive integer. The multimode waveguide is solely different from the
single mode waveguide in its width w, i.e. it is extended in z-direction. By exciting
the multimode waveguide with a single mode waveguide, the input field distribution
at z = 0, U(x,0), can be represented as a superposition of all modes m with the
modal field profile v, (x) which are supported by the multimode waveguide

\I/(x,O) = Zcmwm(-f)a (5.1)

where ¢, is an excitation coefficient for the m-th mode. Since all m modes propagate
with different propagation constants 3,, along the waveguide, an interference pattern
arises along the direction of propagation (z-direction). Hence, when using the term
"higher order mode” in this section, it always refers to higher order modes of the
same polarization, i.e. modes only of type EY or E*, depending on the input field’s
type. If mode conversion, e.g. from type E* to EY takes place, the corresponding
power will be lost, since no interference of the converted mode with the modes of
the original polarization can take place. The composition of the field profile ¥(z, z)
in the multimode waveguide can be represented as

M-1
U(z,z)= Z cmwm(:):)ej(ﬁo_ﬁm)z, (5.2)
m=0
where M represents the maximum number of modes supported by the multimode
waveguide, and (3, is the propagation constant of the m-th mode. Time dependency
in the form of exp(jwt) is omitted in the equation above and all following forms of
this equation for the sake of simplicity. The difference Sy — B, can be approximated
by the "beat length” L., which describes the length the two lowest order modes 5y
and /1 have to travel such that a phase difference of 7 is reached [SP95]

4. [z, W?
Ly~ Y—°%. 5.3
g (5.3)

e, represents the dielectric constant of the multimode waveguide, W, is the waveg-
uide’s effective width which takes evanescent field components into account, and
Ao is the free space wavelength of the operation frequency. With L, the difference
Bo — Bm can be described as [BBM94]

mm(m +2)

/Bﬂ_ﬁm“ 3L,

(5.4)
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Hence, by plugging Eqn. (5.4) into Eqn. (5.2) we get

M-1 - mm(m+2)
W)= S emtom () 52 5)
m=0

Eqn. (5.5) shows that if the exponential becomes 1 or (-1)", we get the same (or
mirrored) expression as in the feeding point (Eqn. (5.1)), hence an image of the
input field distribution. In general, these self-images occur at z = 3L,p, with p =
1,2,3... since this is a periodic phenomenon. In between these distances, higher
order self-images are formed in the form of multiple self-images along the width of
the multimode waveguide. The particular length for an N-fold image is given by

[SP95)

p
—3L,. 5.6
L (56)

LN =
All N images have the same fraction 1/ V/N of the original input power, when neglect-
ing loss. For shortest components, p = 1 throughout the rest of this dissertation, and
explicit indexing of p is omitted. The feeding point affects Eqn. (5.6) with different
factors [SP95]. The shortest distance is achieved when feeding at the exact middle of
the width of the multimode waveguide, causing so-called symmetric interference. As
the input field distribution forces a maximum in the middle of the multimode waveg-
uide, the input field distribution can only be reassembled by odd modes (E},,EY,,
Egl,...), i.e. modes which are not zero at the middle of the multimode waveguide.
By this technique, Ly can be reduced by a factor of 4 to

3L,

- (5.7)

N

Fig. 5.7 shows an MMI pattern in EY-mode, together with the distinctive lengths for
N =1,2,3,4 maxima. At shorter distances, higher order images can not be resolved.

L,=3L/8

00“‘ i)
o LD

L,=3L/4
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Figure 5.7: Instantaneous electric field distribution in an EY-multimode DIL, con-
sisting of Rexolite 1422, at 90 GHz, with the single mode feed positioned
symmetrically on the left. Simulated with CST Microwave Studio Suite.
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This can be circumvented by using a wider width of the multimode waveguide. Power
division can be achieved by cutting the multimode waveguide at the desired Ly, and
connecting single mode waveguides at the positions where the N-fold images form.

MMI Dividers in E};- and Ef,-Mode

The MMI dividers are shown in Fig. 5.8. They are of the same width wyp for better
comparability, and to ensure that output ports have the same spacing d = 3.1 mm
to each other. The design procedure uses initial lengths Iypv, calculated with the
equations in the previous section, and then fine-tunes them with CST Studio Suite,
mostly to take account of the inclusion of loss, surface roughness and the blended
multimode section at the input point. This blend is to reduce parasitic radiation due
to the abrupt change in width between feeding waveguide and MMI section. Since
a symmetric feed is used, S31 & S41, and So; & Ss1 behave identical, respectively.
Hence, when investigating magnitude and phase relations, it is sufficient to compare
e.g. S91 to S31. Fig. 5.9 (a) shows the obtained power split between the two output
port groups for their respective Iyr. A difference in the course of |Sxi| exists
between the two dividers, which is based on the difference in propagation constants of
the corresponding modes. Hence, the optimum Iy is also different for both modes,
and power split can differ due to the inclusion of loss in simulations. Both dividers are
designed to show good power splits from 95 GHz to 105 GHz. When optimizing Iyt
for the results displayed in Fig. 5.9 (a), absolute power split and imbalance between
the ports have to be considered. Taking both aspects into account, the final lengths
have been determined to Inmry = 16.5mm and Iy, = 14.35mm. The EY-MMI
divider shows slightly increased imbalance, but better results at higher frequencies
than the E*-MMI divider. When inspecting Fig. 5.7, a phase difference Ay between
the four self-images at L4 can be observed. Ay ~ 100° in EY-mode and Ay ~ 85°

) 4
% ort 2
(a) (b)

Figure 5.8: MMI divider models for simulations with CST Microwave Studio. (a)
EY-mode, with Iypyr = 16.5mm, (b) E®-mode, with Iy = 14.35 mm.
Both dividers have the same width wypyr = 11.5mm. The input port is
Port 1.
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(a) Output power levels of the EY-MMI divider (b) Phase difference A¢ between the output
(solid), and the E*-MMI divider (dashed). ports.

Figure 5.9: Simulated S-parameters at W-band for both power dividers. (a) Mag-
nitude of S9; and Ss;, (b) phase difference between Port 2 and Port
3.

in E*-mode for the operation frequency range from 95 GHz to 105 GHz with nearly
equal power split. This difference is plotted in Fig. 5.9 (b) for both power dividers.
Due to the higher discrepancy in |S2i| and |S31| in EY-mode, the corresponding
A has a steeper ascent before it settles for a stable value. When the dividers are
to be used for an antenna array, the corresponding Ay has to be compensated
in order to achieve in-phase radiation. When comparing the EY-MMI divider to a
fully dielectric counterpart [RJJ16], similar values in phase can be observed, but the
course of available output power at Port 2 and Port 3 is more flat in DIL topology,
and therefore, about 1dB more power is available at 105 GHz than in [RJJ16].

1x4 Arrays in EY;- and E{;-Mode With Fixed Antenna Patterns

The 1 x 4 arrays are realized by connecting the individual antenna elements from
Subsection 5.1.1 to the divider outputs. Due to the phase difference present at the
different output ports, a phase compensation mechanism has to be employed, such
that useful radiation characteristics can be achieved. In fully dielectric designs, the
phase was mostly compensated by changing the taper length of the rod antenna
elements [RJJ16; Tes+19a]. While showing usable results, this direct manipulation
of taper length [, changes the gain between the antenna elements by 1.5 dB, which
is non-desirable. Furthermore, in [RJJ16; Tes+19a] the outer antenna elements have
longer [l;, which results in higher gain for elements at the outer positions of the
array. Besides this drawback, employing different /; in DIL rod antenna arrays leads
to different radiation angles 6 when keeping the ground plane length [, fixed. Altering
the length of the single mode output of the MMI divider before connecting the DIL
rod antenna element has a similar effect on 6, since the length of the output section
needs to be rather long, and therefore, the affected antenna elements move closer to
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the edge of the ground plane.

From Chapter 3, we know that the propagation constant can be increased by either
applying a higher cross-section, or by changing the permittivity of the waveguide.
Modifying the cross-section, e.g. the height, seems to be a very simple and feasible
approach, but e.g. in EY;-mode, an additional height on the output waveguides of
Ah =0.4mm (+22%) only results in an additional phase delay of 6.5°mm™!. There-
fore, the phase shift gained by this method is not large enough to compensate the
phase difference of the output ports with reasonable size. Increasing the permittivity
of the waveguide could be achieved with a dielectric core of different material, such
as in [Tes+19b], but includes a second material different from the rest of the DIL
structure. Additive manufacturing could incorporate this approach, but this option
was not available at the time of this dissertation. Instead, the long, but constant
taper length [; is used for phase compensation: in both modes, the height of the DIL
along I; is slightly increased by Ah for the two central antenna elements, such that
the propagating wave has a slightly higher S than in the neighboring elements. This
approach is visualized in Fig.5.10 (a) and changes neither 6, nor affects the gain of
the individual elements significantly. With the optimized additional Ah, gain is max-
imally changed by 0.2dB, and the obtained SLL in azimuth is shown in Fig. 5.10 (b).
An optimum of Ah = 0.15mm (E{,-mode) and Ah = 0.4mm (E{;-mode) is deter-
mined, and slightly better overall performance is obtained in EY,-mode. Fig.5.11
depicts the realized demonstrators, which are both milled from Rexolite 1422 in
one piece. Small Rexolite positioning pins are used with these demonstrators, in
order to assure proper orientation on the ground plane. The position of the pins has
been chosen such that they are in regions of the MMI dividers with very low field

_______

| | |
95 100 105 110
Frequency (GHz)

(a) Phase compensation for Ef;- (top) and EY,- (b) SLL in elevation for different Ah for EY, -
mode (bottom) rod antenna elements. (solid) and Ef;-mode (dashed) antenna ele-
ments at 100 GHz.

Figure 5.10: (a) Phase compensation by adding Ah to the rod antenna elements,
shaded in red, and (b) resulting SLL of a 1 x 4 array for different Ah
added to the central two antenna elements.
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Power Divider ~ Output Waveguides Feed Taper for 4h

Positioning Pins Rod Antenna

Figure 5.11: Manufactured demonstrators. Left: E};-mode rod array, mounted on a
ground plane [Tes+22c] (©)2022 IEEE. Right: E{;-mode rod array with
a 1€ coin for size reference. In order to reduce parasitic radiation, a
small taper to Ah for the central antenna elements is employed.
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(a) Positioning pin locations (circles) in the EY- (b) Simulated (dashed) and measured (solid) in-
MMI divider. put reflection of both antenna arrays.

Figure 5.12: (a) Simulated instantaneous field distribution with positioning pin lo-
cations, and (b) |S11| of the antenna arrays.

strength, see Fig.5.12 (a). Fig. 5.12 (b) depicts the measured input reflection of both
demonstrators, which is well below —10dB at all frequencies. The obtained antenna
patterns are illustrated in Fig. 5.13. Good agreement of simulation and measurement
is obtained. Gain and SLL are plotted in Fig.5.14. The EY,-mode array demonstra-
tor shows slightly unbalanced side lobes at +16°, which is frequency independent
and due to fabrication tolerances. Maximum gain of 21 dBi and 23 dBi is obtained
for EY,- and E{;-mode, respectively.

A direct comparison to different rod antenna arrays is given in Table5.1. The
DIL arrays are on par with voluminous two-dimensional dielectric arrays. Their
slightly larger size in one dimension, due to the ground plane length, can be adapted
according to space restrictions in practical applications. The main benefit of DIL
antennas compared to HWG and DWG arrays lies in their quasi-planar, PCB-like
nature. The total efficiency from the operation frequency of 90 GHz to 105 GHz is
97% to 72% (simulated: 95% to 92%) for the EY,-mode array. The Ef;-mode array’s
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--- Sim —— Meas —— 95 GHz --- 100 GHz .
-----XPol -----105 GHz - - - Sim —— Meas
6] [¢]
90 60° 90 60°

dBi 1800 150°

(a) Simulation and measurement of (b) Measurements of the EY,-mode (c) Simulation and measurement of

the EY,-mode array in Elevation  array in Azimuth, 6 = 75°. the EY,-mode array in Azimuth
at 100 GHz. at 92.5 GHz, 6 = 75°.
--- Sim —— Meas — 95 GHz --- 100 GHz
-~ -XPol -.-.-105 GHz - - - Sim —— Meas
90° 90°

60° 60°

_gp°  —60° dBi g5 —60°
(d) Simulation and measurement of (e) Measurements of the ET;-mode  (f) Simulation and measurement of
the Ef{;-mode array in Elevation  array in Azimuth, 6 = 70°. the EY,-mode array in Azimuth at
at 100 GHz. 92.5 GHz, 6 = 70°.

Figure 5.13: Simulated and measured far fields for the rod antenna arrays in (a) to
(¢) EY,-mode, and in (d) to (f) Ef;-mode. Cross polarization is mea-
sured at 100 GHz.
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(a) EY,-mode. (b) Ef;-mode.

Figure 5.14: Simulated (dashed) versus measured (solid) course of gain and SLL
(Azimuth) in W-band for both antennas. Imbalanced side lobes, indi-
cated by their angle of occurrence, for the EY,-mode demonstrator in
(a) shows its sensitivity to fabrication tolerances.

Table 5.1.: Comparison of different rod antenna arrays. Abbreviations: HWG - hol-
low waveguide, DWG - dielectric waveguide.

fo Size in | # Ele- | Power Max.
Topology (GHz)| Ao at fp | ments | Division | gain er Ref.
DIL 15 3x3 4 Corporate | 18 6 [PBA17]
DIL 35 81x35 |3 Serial / 9 [Che-+09]
HWG 70 49x0.5 |4 Corporate | 20 5 [Kah+17]
HWG 100 f A T Corporate | 23.5 | 11 [Riv-+16]
DWG 100 |55x4 |4 MMI 17 2.53 | [Ree+17c]
DWG 100 i'i“'“ 16 MMI 22 253 | [Ree+18]
EY-DIL | 100 |10x4 |4 MMI 21 253 | Sect.5.1.2
EY-DIL | 100 |10x4 |4 MMI 23 2.53 | Sect.5.1.2
DWG 350 | 13.4x10 | 40 Flare 20 11 [Wit-+18]

efficiency ranges at these frequencies from 99% to 83% (simulated: 97% to 94%),
when the slight frequency shift, visible in Fig. 5.14 (b), is taken into account.

5.1.3. 1x4 Phased Array in E},-Mode for Beamsteering

With the investigation of phase shifters, power dividers, antenna elements and ar-
rays, a phased array is realized by combining the corresponding components in this
section. The EY,-mode is chosen for a phased array demonstrator, since integrated
electrodes with good response time from Section4.1.4 are available in this mode.
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(a) Simulation Model (top view).The substrate above the bottom phase shifter is left out to show
the LC cavity underneath. Dimensions are given in in mm.

Feed MMI Divider Filling Holes

Positioning Hole Rod Antenna

Cavity
(b) Rexolite body.

(¢) Array demonstrator.

Figure 5.15: (a) Phased array demonstrator schematic, (b) Rexolite body and (c)
full assembly [Tes+22a] (©)2022 IEEE.

The corresponding layout is illustrated in Fig.5.15 (a), together with important di-
mensions from the previous sections and chapters. The Rexolite body of the phased
array is milled in one piece, and the electrode structure for all four phase shifters is
photolithographically processed on a Pyralux substrate. As with the phase shifter
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from Section 4.1.4, the substrate is glued on top of the Rexolite structure. The phase
shifters are individually filled with LC, and the filling holes are sealed with optical
adhesive, before the structure is mounted on the ground plane. The demonstrator is
shown in Fig.5.15 (b) and (c). The magnitude of input reflection, for zero and full
bias at the phase shifters, is given in Fig.5.16. While good matching is obtained,
the course of the measured |S;;| differs from simulations and of the obtained |Si|
for the array without phase shifters (Fig.5.12 (b)). This discrepancy can be caused
by reflections from the phase shifters with the electrode structure, which propagate
through the MMI divider simultaneously and interfere at the input.

The obtained antenna patterns are shown in Fig.5.17. In elevation, high agree-
ment is obtained, but the main lobe presents more ripples in measurements than in
simulations, which can be caused by the manual assembly of the electrode structure
on top of the array. In azimuth, the bias voltages of the individual phase shifters
need to be adjusted to counteract manufacturing tolerances, such that a 0° beam
steering is obtained. These differences arise by different amounts of glue at the filling
holes, and different glue layers underneath phase shifters and antennas. Hence, with
no bias, a pre-steered pattern with non-desirable SLL is present.

At ¢ = 0°, an SLL of -7.7dB and a gain of 18dBi is obtained at 95 GHz. The
HPBW is both 11° in azimuth and elevation plane, respectively. With the demon-
strator, beam steering £10° can be achieved. With such a steered beam, the gain
reduces to 17dBi, and the SLL remains at around —-7.5dB at 95 GHz. Simulations
predict similar SLL, but a higher beam steering angle of 12°. At higher frequen-
cies, i.e. at 100 GHz, the SLL rises to —-5dB, and is not in line with simulations.
The radiation of the top electrodes, discussed in Section4.1.4, shows a simulated
increase of radiated power from 100 GHz on, which can cause higher SLL. The volt-
age necessary for ¢ = 0° and ¢ = +10° are given in Table5.3. In principle, higher
beam steering angles of up to +25° can be achieved if the phase shifters are longer,
such as in [Ree+19b], and thus provide higher amounts of differential phase. With
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Figure 5.16: Measured (solid) and simulated (dashed) |S11] of the phased array
demonstrator with different V), at all phase shifters.
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(a) Simulation (dashed) and mea-  (b) Measurements for 10° beam (¢) Measurements for —10° beam
surements (solid) in Elevation, ¢ =  steering in Azimuth, 6 = 75°. steering in Azimuth, 6 = 75°.
0°.
— 90 GHz --- 95 GHz —— 90 GHz --- 95 GHz
——95 GHz 100 GHz -----100 GHz -----100 GHz
90° 90° 90°

60° 60° 60°
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(d) Simulation (dashed) and mea-  (e) Simulations for 10° beam (f) Simulations for —10° beam
surements (solid) Azimuth, § =  steering in Azimuth, 6 = 75°. steering in Azimuth, 6 = 75°.
75°.

Figure 5.17: Simulated and measured far fields for the phased array demonstrator.
(a), (d) - simulation and measurement with 0° beam steering, (b), (c)
- measurements for £10° beam steering, and (e), (f) - corresponding
simulations. Patterns are individually normalized for readability.
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Table 5.2.: Comparison of different LC rod antenna phased arrays. Abbreviations:
HWG - hollow waveguide, DWG - dielectric waveguide.

fo # Ele- | Gain SLL n ®
Topology | (G117)| ments | (dBi) | (dB) %) | ) | ®eb
HWG/DWG| 90 4 ?'115 1 12 t0-8 | 20-30 | £25 | [Ree+19b]
DWG 90 4 13to14 | -8 52-55 | +10 | [Pol+20b]
DIL 95 4 17t0 18 | -7.5 41-64 | +10 | Sect.5.1.3

Table 5.3.: Peak-to-peak voltages V; to V at the phase shifters for the demonstrated
beam steering angles.

2 Vi Va Vs Vy
-10° 12.5V | 9V 55V 70V
0° oV 15V 25V 50V
10° ov 80V 2.5V ov

the demonstrator at hand, the additional challenge to balance manufacturing toler-
ances decreases the achievable phase progression between the elements. Longer phase
shifters result in an increased total length of the phased array. It is also possible to
increase the height h of the DIL, which hosts the LC, slightly by Ah. By this, the
total length of the array is not changed, but the response time will increase. The
phase increase obtained by this technique is limited: an increase by Ah =0.2-h of
the given phase shifter of length Iy = 21 mm results in an additional Ay = 50°, but
the switch-on response time is increased by a factor of 1.44 from 134 ms to 192ms. A
direct comparison to DWG phased arrays with MMI dividers is shown in Table 5.2.
Higher gain with similar SLL is obtained, and the total measured efficiency from
90 GHz to 105 GHz is 65 % to 41 % (simulated: 63 % to 52 %), decreasing with fre-
quency, is in a similar range as in [Pol4-20b]. The presented demonstrator consists
of less individual components, and has the clear advantage that neighboring elec-
trodes do not affect each other. In [Ree+19b; Pol+20b], multiple voltages have to
be adjusted if one central electrode changes its potential, which results in a complex
interaction at each phase shifter. Hence, if only one phase shifter in these works
needs to be adjusted, all others have to be adjusted as well.

5.2. Leaky Wave Antennas

A more simple way of biasing can be achieved by employing LWAs. LWAs are com-
parably easy to realize by including radiative structures in, on or next to a waveguide
of arbitrary topology. Due to their simplicity, no complex feeding network is neces-
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sary, and they are often of lower cost than a large phased array. They are of low
profile and provide high directivity. The first LWA, a HWG with a long slot, was
introduced by W.W. Hansen in the 1940s [Han46]. Since then, LWAs have been con-
tinuously researched and employed in practice. A comprehensive overview of LWAs
is given in e.g. [JOOT7|, but the most important aspects, necessary for the design
of LC-LWAs and the interpretation of measurement results, are summarized on the
following pages. The open structure of DILs, together with a reflective ground plane,
makes them good candidates for LWAs, and several different approaches of creating
LWAs in DIL topology have been tested [Ito77; Wu+12; PB17; PBA18]. In addi-
tion, LC has been included in LWAs in different topologies to steer the main beam
at a fixed frequency. One of the earliest LC-LWAs is shown in [Dam+10; Dam11]
which was followed by [Roi+14; Roi+15; Parl5]. In these early works at frequen-
cies from 7 GHz to 27 GHz, metamaterials are used, and maximum angular coverage
from 14° to 20° are obtained when applying bias voltages of up to 120 V. However,
these early demonstrators suffer from a non-mitigated open stop-band, which re-
sults in high reflection coefficients around the frequencies at broadside radiation. At
frequencies below 30 GHz, good results for LC-LWAs are achieved by now [Ma+-20;
KN21], but due to their comparably low frequencies of operation, they are inher-
ently narrowband. Even though there have been advances of LC-LWAs at higher
frequencies, and good results have been demonstrated in simulations, they are not
practically confirmed [Che+16; Fus+17; Fool9]. Especially higher mmW-frequencies
are of particular interest for LWAs, due to higher achievable bandwidth for imaging,
communication, or remote sensing applications.

As LWAs inherently scan their main beam with frequency, tuning with LC results
in a shift of the whole sector covered by frequency scanning, as shown in Fig. 5.18.
Hence, either a fixed frequency can be changed to radiate in different directions,

Ground

Figure 5.18: Schematic of an LC-LWA in DIL topology. The spatial coverage sector
when changing the frequency of operation from fy to fi is steered by a
change of the permittivity of the LC body below the radiators, indicated
with black markings [Tes+22b] (CC BY 4.0).
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or the whole utilized scanning sector is turned, which can add to diversity gain or
extend the area of observation.

5.2.1. Operation Principle

The key characteristic of LWAs is that they are waveguide-based structures with
a travelling wave which leaks power from the waveguide to free space. The ear-
liest LWAs relied on a continuous perturbation of the waveguide, such as a slot
along it. This simple type of perturbation only allows radiation in the direction of
propagation, i.e. only towards endfire and with significant effort to broadside, but
not to backfire [JOO07]. In order to overcome this problem and enable full scanning
from backfire to endfire, metamaterial-based approaches or periodic perturbations
can be used [Dam+10; JO07]. In this dissertation, periodic structures are used as
unit cells. Fig.5.19 (a) shows a side view of a lossless DIL with an arbitrary imper-
fect (and hence partially leaking) boundary to free space at y = 0. This boundary
can be created by e.g. periodic strips of width w, and periodicity p (Fig.5.19 (b)).
In Fig.5.19 (a), ”A” represents the source point, which is located at z << 0. The
wave propagates in z-direction with the propagation wave number k,/propagation
constant S(w) (lossless case). kyyg is the guided wave number, and depends on the
material inside the waveguide structure, hence k4 = ko if it is filled with air. k. is the
cutoff wave number and can be determined by the waveguide dimensions. Directly at
the imperfect boundary to the upper medium (air), the propagation constant away

from the DIL is
ky = \/kg - 32 (5.8)

In order to achieve k, > 0, f(w) < ko, i.e. it has to be a fast wave, with a phase
velocity greater than the speed of light. The wave travelling along the DIL has a
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Figure 5.19: (a) Side view of an arbitrary two-dimensional lossless LWA, including
the radiation principle. Dashed lines represent constant amplitudes. (b)
an example of a periodical DIL-LWA with strip radiators of width w.
Both structures are infinitely expanded in « direction.
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complex wave number, even if all components are considered as lossless, since power
is leaked and leaves the DIL (k, > 0). Hence,

kz = 5 _j s Qleak s (59)

where [ is the phase constant, and «yq is the leakage constant. The phase constant,
if the fast wave condition applies, determines the main beam elevation angle 8, which
changes with variation of w:

O(w) = sin™! [%Zj)] . (5.10)

Hence, a change of frequency of operation or in the permittivity of the DIL medium
results in a steer of the main beam. For periodic LWAs, see Fig. 5.19 (b), the Floquet-
Bloch Theorem can be applied, which states that a time-harmonic (ej“t) elec-
tromagnetic field propagating along a periodic structure possesses the property
E(x,z +p) = e/*PE(x,2), where p is the period of the structure/function. With
the statement for a periodic function P(x,z) = P(z,z +p) we get

E(x,2) = e %2 P(z, 2), (5.11)

which means that the determination of the guided-wave field (Bloch mode) at any
point on an infinite periodic structure can be obtained solely from the knowledge of
the field distribution within a "unit cell” (UC), i.e. a single period p. Since all periodic
functions can be expanded to Fourier series, i.e. by P(z,2) = Y07 _ an(x)e Im(/P)z,
we obtain via Eqn. (5.11)

E(z,z) = e7Iks? > ane Imr/P)z - > ape Iken? (5.12)
n=—oo n=-—00
with
ko =k, + 2n7r/p = Bn = JQeak, Bn =0+ n27r/p, (5~13>
and a, being the coefficient of the corresponding harmonics n = 0,+1,+2,.... As

stated previously, the propagation constant [3,, needs to fulfill the fast-wave condition
in order to cause a leaky wave. The attenuation constant oy, is not changed with
different n.

A very useful tool to analyze which spatial harmonic contributes in which way to
leakage, is the Brillouin Diagram. In this dispersion diagram, UC investigations are
used to predict bandwidth and scanning range of an LWA with an infinite number
of UCs. Fig.5.20 displays a Brillouin Diagram and highlights important zones in
it. The n-th spatial harmonic only contributes to radiation if it is a fast-wave, i.e.
lying in between the two dashed ”air-lines” where |3| = ko. The abscissa divides
this region, where the positive side represents radiation in forward direction towards
endfire, and the negative side backward radiation direction towards backfire; the
abscissa itself represents broadside radiation. A typical course of three harmonics
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Figure 5.20: Representation of a typical Brillouin Diagram for a periodic LWA.

Bo, B-1 and B_g is included in Fig. 5.20. It is undesirable if two spatial harmonics are
in the fast-wave regime simultaneously, since they will both contribute to radiation
to different angles 6, and therefore a pattern with high grating lobes arises. Hence,
the operational bandwidth of a particular spatial harmonic is not only limited by
the fast-wave regime, but also by the frequency, when the next spatial harmonic
becomes fast-wave. This is particularly important when tuning LC, i.e. changing
the dispersion relations within the UCs. The different spatial harmonics 3,, and the
accompanied leakage constant qyeqx can be obtained by [Pozl1; Lyu+16]

Bnp = ‘Im (cosh_1 ( - SHS;;; 521512 ))’ (5.14)
ap = |Re (cosh_1 ( L SH%;; 521512 ))‘ : (5.15)

In the following section, focus on an EY-mode LC-LWA is set. Results for an E{;-
mode LC-LWA can be found in the appendix A.6.2.

5.2.2. Unit Cell and Antenna Design

Instead of treating the bias electrodes as an external means to bias LC, the aim
in this section is to integrate the electrodes to the component, such that they con-
tribute to the desired RF-performance, instead of disturbing it. An electrode which
simultaneously provides good radiation characteristics has to satisfy several condi-
tions:

e Radiation in fast-wave region, with good bandwidth and angular coverage

Mitigation/elimination of periodic LWA issues, e.g. stop-band phenomena

Supply of a large area above an LC cavity for efficient bias

Geometries which can be biased, i.e. the UCs need to be electrically connected
with no isolated entities.
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5.2. Leaky Wave Antennas

It is often the case that some of these conditions contradict, e.g. when trying to sup-
press an open stop band with two nonidentical isolated radiation elements [PW07],
only small areas on the DIL are covered, and the structures may not be connected to
each other. Many radiator geometries such as strips and discs and various arrange-
ments of them have been tested during this dissertation. Disc shapes do not satisfy
the conditions listed above, even though they would be able to cover large areas
of an LC cavity. When combining transversal and longitudinal strips/slots, good
LWA characteristics can be obtained [PWO07; Lyu+16], but these structures are not
connected to each other, and can therefore not be used. The best results have been
achieved with H-shaped UCs. They were first suggested by [PBA18], and can cover a
sufficient area on top of a DIL. The longitudinal strips cancel reflected waves, while
the thick, transversal strip contributes most to the radiation. In order to achieve
almost full biasing of the LC cavity by the UC, the cavity is of slightly less width
wrc = 1.5 mm than in the previous Section 4.1.1. Fig. 5.21 shows the model of both, a
non-tunable Rexolite demonstrator for basic investigations, and its tunable extension
to an LC-LWA. The H-shape of the UC does not differ between both demonstrators,
but the LC-LWA is sealed with Pyralux foil on which the electrodes/radiators are
etched on, similar to the phase shifters of Section4.1.4 and Section 5.1.3. In order to
bias the structure, a thin line connects all UCs for the LC-LWA. The corresponding
dimensions of the optimized H-shape is given in Table 5.4, and the obtained phase
and leakage constants are shown in Fig.5.22, which highlights the contribution of
the bias line to aye.r. A positive side effect of the bias line is that it helps to elimi-
nate residual effects of the mitigated open stop band, which is present with isolated
UC, as visible e.g. at 92.5 GHz and ¢, ¢ = 2.46 in Fig.5.22 (b). However, the bias

Table 5.4.: Most important dimensions of the DIL-LWAs.

Parameter w h P ls I | ws | wy t Weonn | Wro | hro

Value (mm) || 1.8 | 09| 23 [ 0.7 | 15| 15| 0.3]0.009 | 0.075 | 1.25 | 0.8

WCOI’lﬂ

. =
— ol I.i::::lls
H
Wi

Brass [ Copper [ Rexolite [l LC [ Pyralux

Figure 5.21: Antenna layouts with a detailed view on the UCs. Left: Rexolite-LWA
with isolated UCs, right: LC-LWA with connected UCs on Pyralux foil,
which seals the LC cavity [Tes+22b] (CC BY 4.0).

93



5. Beamsteering Liquid Crystal Dielectric Image Line Antennas

——g, =246 ——¢, = 3.53 —— g, = 2.46 —— ¢, = 3.53

6=}
2 ~
& 3
g
Q
-3t ‘ : : : : : : J
75 80 8 90 95 100 105 110 75 80 8 90 95 100 105 110

Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 5.22: (a) Phase and (b) attenuation constants of isolated (dashed) and con-
nected (solid) UCs, for highest and lowest LC permittivity. Represen-
tative pictures of both UCs are included in (a).

line increases leakage, especially at lower frequencies, which leads to more radiation
at the first UCs. Therefore, a reduced gain can be expected when employing the
bias line. Since an LC-LWA with isolated UCs can not be biased, the Rexolite-LWA
is employed as a reference for result comparison, since its permittivity is highly
similar to LC in perpendicular alignment (e, rc = 2.46). Fig. 5.23 shows the corre-
sponding Brillouin Diagrams for the UC-setups, which are practically verified in the
following sections: 1) a Rexolite-based LWA without connection line between the UC
(Fig.5.23 (a)), and 2) an LC-based LWA with a connection line (Fig.5.23 (b), (¢)).
Frequency scanning from 75 GHz to 105.3 GHz without grating lobes is predicted
for Rexolite-LWA, with broadside radiation at 92.03 GHz. The LC-LWA shows very
similar radiation characteristics with a frequency shift of approximately 1 GHz in
perpendicular molecule alignment (e, ¢ = 2.46) due to the high similarity in per-
mittivity when compared to Rexolite (¢, pery = 2.53). When tuning the LC to parallel
alignment (e, ¢ = 3.53), the scanning range is limited from 75 GHz to 97 GHz, due
to the n = —2 harmonic entering the fast-wave region, caused by the reduction of
electrical length of one UC. This change shifts the harmonics to the right in the
Brillouin Diagram, and affects their slope. Hence, broadside radiation is shifted by
11.07 GHz to 79.03 GHz, and grating lobes appear at lower frequencies. In order to
assess general fabrication tolerances, the Rexolite-LWA is investigated, first.
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Figure 5.23: Brillouin Diagrams for the UC-setups shown in Fig. 5.21. The operation
bandwidth without grating lobes is shaded in green. Lowest and highest
frequency in W-band, as well as the broadside frequency are indicated
with markers.

1) Frequency Scanning Solid Rexolite-LWA

The Rexolite-LWA is fabricated at the institute’s clean room and laboratory facili-
ties: a rectangular Rexolite block of 30 mm x90 mm is sanded on one of its major sur-
faces, such that a smooth surface is obtained. The block is of height A = 0.9 mm of the
final DIL-LWA (c.f. Fig. 5.21). The smooth surface is metallized with a hgeq # 50 nm
thin gold layer with a Balzers BA510 evaporation system. The desired number N = 24
of UCs are photolithographically structured on the block, which can host four rows of
lzwa=N-p=55.2mm long LWA structures. The LWA, together with tapered ends
for feeding the DIL structure by the waveguide transition introduced in Section 3.3,
is cut from the block by an LPKF ProtoMat S100 rapid prototype circuit board
plotter. After cleaning, the LWA is mounted on its ground plane. Fig. 5.24 shows the
structured substrate and the assembled demonstrator. In order to measure | Sy, i.e.
the residual power present after the wave propagates through the LWA, two waveg-
uide transitions are connected to the demonstrator. For radiation pattern measure-
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Figure 5.24: (a) Metallized Rexolite with partially removed LWA-structures, and (b)
the fully assembled demonstrator [Tes+22b] (CC BY 4.0).
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Figure 5.25: Simulated (dashed) and measured (solid) S-parameters.

ments, the second transition is replaced by absorbing material in order to reduce
undesired reflections from the transition. The measurement setup for the Rexolite
LWA and the upcoming LC-LWA can be found in Fig. A.7 in the appendix. The mea-
sured amplitude of transmission and reflection coefficients is shown in Fig. 5.25. For
simulations, a finite model of the demonstrator shown in Fig. 5.24 (b) is used. The
antenna is matched up to 103 GHz, and residual power drops at around 101 GHz,
which is lower than both the full wave simulation of the finite structure and the
Brillouin Diagram of the infinite structure predict. Fig.5.26 shows the obtained
radiation pattern at various frequencies. A typical fan shaped beam is obtained,
where residual radiation to the forward region is caused by the waveguide transi-
tion. This radiation is visible at the patterns in Fig.5.26 (a), (b) at 6 ~ 45° to 80°.
The frequency-dependent gain and SLL are shown in Fig.5.26 (d), where, besides
the slight frequency shift already visible in Fig. 5.25, high agreement is achieved. The
slight difference is caused by a slightly higher A of the DIL. In Fig. A.8 and Fig. A.9
in the appendix, the influence of h on the S-parameters, gain and SLL is visualized.
Due to the high agreement of simulation and measurement, the antenna provides a
good basis for LC-integration. Fig. 5.26 (e) illustrates the scanning behavior in eleva-
tion plane as a heat map. The antenna scans with 1.4°GHz ™! from —-30° at 75 GHz
through broadside to 10° at 102 GHz. Hence, a bandwidth of 0.714 GHz is available
for every 1° of scanning angle. From 80 GHz to 100 GHz gain ranges between 16 dBi
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Figure 5.26: (a)-(c) Simulated (dashed) and measured (solid) normalized patterns,
and (d) frequency dependent gain and SLL of the Rexolite-LWA. (e)
Normalized measured scanning behavior as a heat map [Tes+22¢| (CC
BY 4.0).
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and 18 dBi and the SLL is below —10 dB. Cross-polarization is below —20 dB and the
measured antenna efficiency ranges from 69 % to 58 % (simulated 93 % to 87 %).

2) Rexolite-LWA with LC-Cavity for Steering of the Frequency
Scanning Sector

On the basis of the results for the Rexolite-LWA a direct comparison and assessment
of the effects of LC-integration to the DIL-LWA can be conducted. The fabrication
process of the LC-LWA is slightly different to the Rexolite-LWA, since the radiators
have to be directly above a cavity in the DIL. Hence, the electrodes/radiator elements
can not be metallized directly on a Rexolite structure. Instead, they are processed
on a separate Pyralux foil, and are glued on Rexolite-DILs with a cavity, which are
manufactured by CNC-milling. The Rexolite-DILs have two holes on the bottom of
the cavity, and sealing and filling is similarly performed as with the phase shifters
of the phased array in Section5.1.3. Fig. 5.27 displays the assembly steps and the
final demonstrator. The same number of N =24 UCs is used as with the Rexolite-

L ncGton Iine | Filling Holes Filled Cayity Bias Supply.
: Cavity Sldering Pad () '
: _—

Waveguide
Transition

‘ PVC
Mounting

Structure

Figure 5.27: Assembly of the demonstrator. (a) Pyralux foil with electrode and bias
structure, and Rexolite-DIL with cavity. (b) Filled LC-LWA, bottom
view. (c) Assembly on ground plane with bias connections. (d) Final
setup for measurements [Tes+22c] (CC BY 4.0).
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Figure 5.28: |S1;| for different bias voltages V).
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LWA | hence the antennas are of the same length I7 4 = 55.2mm. In order to utilize
the anisotropy of the LC to the highest extent, two cuboid magnets, which provide
a magnetic flux density of B = 70mT at the position of the LWA, are used for
perpendicular LC alignment. Since the bias structure with soldering points and
a clamp for ground connection are directly at the LWA’s end, this area has to be
shielded with absorber material. Otherwise, high reflections occur, which deteriorate
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Figure 5.29: Heat maps of the measured beam steering behavior in elevation at W-
band for different bias conditions [Tes+22b] (CC BY 4.0).
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Figure 5.30: Simulated (left column) and measured (right column) patterns for beam
steering at various frequencies and bias conditions (i.e. LC permittivi-
ties).

|S11| and the antenna pattern significantly. A 1kHz bias voltage of peak-to-peak
voltage V,, is directly applied to the solder pad at the end of the LWA in order to bias
the LC. Fig5.28 displays the input reflection for different bias voltages. Regardless
of bias voltage, matching with |S11]| < —10dB is maintained at all frequencies. Since
the bias pad and the ground connection is present at the end of the LWA, no second
waveguide transition can be connected to measure the residual power present at the
end of the LWA. Due to the direct placement of the electrodes/radiators on the
DIL, voltages of 50V are sufficient for beam steering. Fig. 5.29 shows heat maps in
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elevation plane for the unbiased and fully biased case. We observe a beam steering
angle of Af =10° at all frequencies.

The antenna efficiency ranges from 69% to 42%, decreasing with frequency (simu-
lated: 85% to 55%). Utilizable SLLs are obtained from 85 GHz to 100 GHz. Detailed
patterns in elevation for different bias conditions are shown in Fig.5.30. The nec-
essary bias for a desired beam steering angle Af is plotted in Fig.5.31 (a), and
confirms saturation at 50 V. This is in line with the voltage characterization of the
phase shifter of Section4.1.4 (Fig.4.20). When comparing simulation and measure-
ment in Fig.5.30, a difference in achievable Af is noticeable. While simulations
predict Af = 15° at all frequencies, Af = 10° is achieved in practice. The origins are
the same as with the DIL phase shifters: fabrication tolerances and glue entering
the cavity during sealing, non-optimal bias fields, and slightly reduced anisotropy
of GT7-29001 at higher frequencies (c.f. Fig.2.8). In fact, the practically achiev-
able anisotropy, which can be estimated to be 73% of the theoretically available
anisotropy, shown in Fig. 5.31 (b), extends the frequency range the antenna is usable
in, and marks one of the most important trade-offs of this demonstrator: the more
the tunable dielectric is changed to higher values, the lower the maximum usable
frequency becomes due to grating lobes. This effect is shown at the simulated gain
and SLL in Fig.5.32 (a). The simulation predicts a maximum usable frequency of
95 GHz, if the highest LC permittivity of ¢, ¢ = 3.53 is assumed. In measurements,
we see that this permittivity value is not reached, both due to bias conditions and
reduced anisotropy of GT7-29001 at W-band frequencies. In fact, the simulated re-
duction in utilizable frequency range is not observable by the demonstrator, which
presents operating frequencies of up to 100 GHz. In measurements, undesirable SLLs
at frequencies from 75 GHz to 85 GHz are due to the waveguide transition and the
high leakage constant of the connected UCs (see Fig.5.22). From 85 GHz on, SLLs
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Figure 5.31: (a) Measured beam steering angle versus applied bias voltage, and (b)
deducted uniform LC permittivity by mapping the measured beam
steering angle to simulated values at different ¢, ;. Both plots are
at 90 GHz.
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Figure 5.32: (a) Simulated and (b) measured gain and SLL at W-band.

are acceptable, with minor exceptions due to ripples in the main lobe. Good antenna
patterns are still achievable at 100 GHz [Tes+22b]. The reduction in maximum fre-
quency by tuning is not an issue, if narrowband operation or a lower frequency range,
e.g. from 80 GHz to 90 GHz, is aimed for. If higher A6 is strived for, the width of
the LC cavity should be increased. Simulations show that increasing the width from
wreo = 1.25mm (used for this demonstrator) to e.g. wrc = 1.5 mm increases A6 by
2°. Hence, a slight redesign of the DIL, to a wider general width and a wider cavity
can be a suitable improvement. Adaptations in cross-section and UC shape allow a
high degree of freedom for designing an LC-LWA for the desired frequency range,
with the desired scanning capabilities, both with frequency and LC permittivity.

Comparison of LC-LWAs

The presented LC-LWA demonstrator at around 90 GHz is up to now the only prac-
tically proven reconfigurable LC-LWA at this frequency range. By undergoing the
full cycle of design, fabrication and microwave characterization, practical limitations
and challenges have been identified, such as limited LC tunability and assembly of
the demonstrator. The pure frequency scanning Rexolite demonstrator is a capable
LWA which can scan thorough broadside without significant reduction in gain. In
contrast to the LC-DIL phased array (Section5.1.3), only one LC cavity has to be
filled in the LC-based LWA, which eases fabrication tolerances, and only one volt-
age is directly linked to a beam steering angle. A translation to higher frequencies
enables higher absolute bandwidths, less LC in the cavity, and less bias voltage to
be applied. Even though there is no realized LC-LWA to compare to at around
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100 GHz, Table 5.5 serves as an orientation to compare the proposed demonstrator
to existing LC-LWAs at lower frequencies, or solely simulated approaches. Especially
at higher frequencies, simulations can predict excellent behavior, but lack the as-
sessment of practical limitations, e.g. by complex assembly and high sensitivity to
tolerances. The very recent publications highlight the interest in LC beam steering
LWAs, and a broad interest is present in conventional topologies such as microstrip
lines at lower frequencies. The proposed demonstrator shows moderate scanning ca-
pabilities, which can be extended by LC-mixtures of higher anisotropy, adapted UC
design, or a reshape of the underlying DIL cross-section. Due to the good material
parameters of LC, and the easy scaling of the DIL topology to higher frequencies,
an extension of the LC-LWA to those higher frequencies is possible. Overall, the
rather simple layout of DIL LC-LWAs allow easy means of providing beam steering
for a fixed frequency. This is a high advantage, since the antenna can be mounted
on existing PCB layouts, as long as there is free space on the ground plane/top layer
of the PCB. Hence, very cheap designs are possible, without multilayer approaches
in order to include LC cavities, or special glass substrates.
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Table 5.5.: Comparison of different LC-LWAs. If the topology is marked with an asterisk (*), the results are only evaluated in

simulations. Abbreviations: FPC- Fabry-Perot Cavity, GCPW - Grounded Coplanar Waveguide, MS - Microstrip
Line, SIW - Substrate Integrated Waveguide, OSM - Open Stopband Mitigation.

Topology | f (GHz) | # Elements | Scan (f) | Scan (LC) | Gain (dBi) | SLL (dB) | OSM | Ref.
MS 9.3 to 10.4 8 40° 25° 5.2 to0 7.5 -5 to —11 na. | [SFW22]
SIW 10.1 43 n.a. 120° 8.5 to 12.5 -5 to —11 n.a. [KN21]
MS 11.85 to 12.55 8 40° 22° 3.2 to 4.5 -5 to -6 no [Ma+20]
MS 26 to 30 32 n.a. 14° n.a. <-10 at 26.7GHz | no | [Roi+15]
MS* 25.85 5 n.a. 52° 9 <-10 no [Tor+22]

GCPW* 37 to 44 40 80° 35° D=18 <18 yes [Foo19)
DIL 85 to 102 24 40° 10° 15 around -10 yes Sect. 5.2.2
FPC* 560 - n.a. 20° to 30° D=15.5 -5 to -10 yes | [Fus+17]
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6. Towards Additively Manufactured
Liquid Crystal Dielectric Image
Line Components

Throughout the last chapters, manual assembly with the help of adhesives (sealing
of filling holes, mounting on ground plane) contributed to varying performance of
the proposed demonstrators. Hence, these chapters mark the limits of manual real-
ization of the discussed components. If DIL (LC) components should be employed
in practical applications, they need to be manufactured industrially. This enables a
higher precision in fabrication through the automation of the manufacturing process,
enabling even higher operating frequencies by miniaturizing the presented compo-
nents. A promising manufacturing process is additive manufacturing (AM), which
can provide sealed cavities in dielectric components, which do not need to be closed
by an additional substrate as in the previous sections. There are many different
general types of AM for polymers, such as Powder Bed Fusion, Material Extrusion
(MEX), Material Jetting, or Vat Photopolymerization (VPP). AM has often been
suggested as a suitable manufacturing technology for LC-DWGs, but many printable
materials show poor mmW performance, due to high material loss [Jos18; Ree20].
In this dissertation, MEX and VPP have been tested for their suitability for LC-
DIL components with different low-loss materials. Both technologies show specific
advantages and disadvantages, which will be discussed in the next sections.

6.1. Material Extrusion for Low-Permittivity
Components

In order to be able to transfer the concepts from the previous chapters directly,
MEX for low permittivity components is investigated first. The results in this section
have been obtained in cooperative work with the Lehrstuhl fiir Hochfrequenztech-
nik (LHFT) of the Friedrich-Alexander-Universitit Erlangen-Niirnberg (FAU). For
MEX, the raw material - either granulate or filament - is heated, such that special
forms or layers can be deposited. A well-known MEX process is Fused Deposition
Modeling. Since the granulate/filament needs to be heated to a viscose form before
being deposited, only thermoplastics can be used for this process. In addition, their
permittivity needs to be of similar values as the LC (¢, » 2 to 3). Both, Zeonex
RS420 and Creamelt COC, characterized in Section 3.2 and in [Cas+17], are suit-
able components. HDPE is not investigated, since it does not show stable printing
properties [Dis+19]. Zeonex is a good candidate for DWGs, as shown in [Dis+19;
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(©)

Figure 6.1: (a) Extruded DWG, filled with a colored LC and sealed at its end. (b)
Multiple microsections along a 1 meter long extruded line, dimensions
in millimeter. (c¢) Overlay of seven differently colored microsections to
highlight deviation areas. Microsections from [Tes+21a] (©)2021 IEEE
and provided by the LHFT.

Dis20], where different cross-sections of the extrusion nozzle directly lead to DWGs
of different cross-sections. Continuing with these results, first feasibility studies have
been conducted in a fully dielectric layout without a ground plane [Tes+21a]. The
extrusion nozzle is of rectangular cross-section and has a centered pin, which leads
to a cavity in the extruded DWG, as no material is deposited at the pin’s position.
The cross-section of the rectangular nozzle is w x h = 2.35mm x 1.3mm, and the
central pin has a diameter of D = 0.7mm. The DWG is filled with a syringe by
pumping LC into one end of the line, until the LC exits at the opposite end of the
DWQG. Since the dielectric is a thermoplastic, the ends can be easily sealed, e.g. by
a soldering iron or a hot blade. Fig.6.1 shows an LC-DWG filled with a colored
low-performance LC, various cross-sections of an extruded Zeonex DWG at differ-
ent positions along a 1 m long printed line, and graphically illustrates the deviation
of the cross-sections from each other. Slight differences with respect to the nozzle’s
dimensions are present, and deviations of the different microsections in the tens of
millimeters are observed. Different lengths can be extruded such that the multi-line
method from Section 3.1.2 can be applied to extract the attenuation coefficient a. To
be compatible to previous results, the waveguide transition from [DSV18b] is used.
The measurement setup for electrical bias is shown in Fig.6.2. In order to achieve
a length difference which provides reliable results for «, Al = 122mm is chosen,
which requires the long electrode setup visible in Fig. 6.2. Due to the high electrode
distance in the setup, a high voltage of V},, = 500V is necessary to bias the LC-
DWG. Fig.6.3 (a) depicts the extracted attenuation coefficient o by the technique
discussed in Section 3.1.2. The filling of L.C leads to a much higher o than the empty

106



6.1. Material Extrusion for Low-Permittivity Components

Waveguide Transition

Electrode

Figure 6.2: (b) Measurement setup for electrical bias. The inset picture shows the
inside of the waveguide transition [Tes+21a] (©)2021 IEEE .
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Figure 6.3: (a) Extracted attenuation coefficient « for an empty and LC-filled (GT7-
29001) DWG. The highest loss of each LC alignment state is summarized
to the curve for the LC measurement. (b) Achieved differential phase
shift per cm (A¢') and obtained FoM using « from (a).

waveguide investigated in [Dis+19]. The results of a simulation model, which takes
the realized cross-section and elliptical hole (Fig.6.1) into account, are included in
the plot. The achievable phase shift and FoM is shown in Fig.6.3 (b), where the
phase shift is normalized to cm. A 7.2 cm long waveguide is necessary to achieve
Ay =360° at 110 GHz. Compared to the phase shifters introduced in Section4.1.2
and Section 4.2, this is rather long, and is caused by the comparably low cavity size
of the additively manufactured waveguide. For comparison, the area of the ellipti-
cal hole is 0.34 mm?, while the rectangular area, e.g. of the EY -mode LC-DIL phase
shifter from Section4.1.1, is 1.28 mm?. If the cavity size can be increased while main-
taining the same cross-section of the overall DWG, shorter waveguides with higher
absolute phase shift can be realized, but at the expense of an increased « [Tes+21a].

For DIL structures, a fabrication by partwise direct extrusion and partwise layer-
based fabrication process can be employed. Unfortunately, Zeonex proved to have ad-
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(b)

Figure 6.4: (a) First line structures directly printed on FR4 substrate. (b) Test of a
heated nozzle head with 200 pm opening diameter at the LHFT.
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Figure 6.5: (a) S-parameters of different lines, including a reference measurement of
Rexolite (mounted with adhesive, Section 3.1.2). (b) Simulated attenua-
tion constant (raw - dashed, fit - solid) of the Creamelt lines.

hesion problems on metallic surfaces. Hence, the material was changed to Creamelt,
which is of similar permittivity and loss tangent (c.f. Fig.3.15 in Section3.2). In
addition, the fully metallic brass ground plane is switched to a copper-clad FR4
substrate, such that the heat during the fabrication process dissipates slower and
the environment of a PCB is emulated. For manufacturing, the substrate is heated
up to 90°C, a temperature conventional electronics usually are able to withstand.
In order to adhere properly on the copper cladding, a pre-treatment of the surface is
necessary right before depositing the material. By the time of this dissertation, first
tests of DILs without an LC cavity have been conducted. For layer-wise creation of a
DIL with LC cavity, small feature sizes of down to 100 pm are necessary for the EY,-
mode phase shifter (Section4.1.1). Thus, very small extrusion nozzles are necessary.
For a nozzle diameter of 50 pm very high pressure, equivalent to the weight force
of about 2t needs to be applied to press the heated viscose dielectric through the
nozzle head. The necessary modifications of the 3D-printers at the LHFT are still in
progress. First results of line structures have been acquired, and are measured with
the transitions introduced in Section 3.3, which are optimized for the slightly differ-
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ent permittivity of Rexolite 1422. Fig. 6.4 shows the first test structures of Creamelt
DILs directly printed on the top layer of copper-clad FR4. For these structures, a
conventional extrusion nozzle with a diameter of 1.6 mm is used. Fig. 6.5 (a) shows
the measured S-parameters of two printed lines compared to a manually assembled
Rexolite line. Due to the optimization of the transition to Rexolite, better matching
is achieved for this material. In addition, the big extrusion nozzle does not allow to
precisely fabricate the necessary width in the waveguide transition and the taper.
To ensure fitting of the transition on the DIL, slight mechanical post-treatment had
to be applied to these line sections. Hence, matching of the Creamelt lines is in
general worse than for Rexolite lines. Nonetheless, good first results are achieved,
and show the potential of MEX for DIL components. Since printing space of the
available printers is limited, Creamelt lines of maximum length [ = 140 mm can be
realized. Therefore, a maximum line length difference Al = 80 mm is available for
the multi-line based extraction of the attenuation coefficient o. Due to different be-
havior of each individually modified line in the transition, and extremely low loss,
unreliable data for « of the printed line has been obtained so far. The accuracy of
« can be increased if higher Al can be realized, and the loss starts to be dominated
by the actual difference in line length, and not by the transitions [Dis20]. The latter
is still present with the measurements of |S2;| of the Creamelt lines, as they show
almost identical behavior. The little difference and good overall performance of |Sa;|
of the Creamelt lines is also due to the surface roughness of the copper cladding on
the FR4 substrate, which is in the range of an RMS of only 0.2 pm to 0.3 pm. Good
performance of « can be estimated to range from 0.06 dBcm™ to 0.14dBcm™ (from
75 GHz to 110 GHz), see Fig. 6.5 (b). These first promising results highlight the high
potential in MEX for DIL components with possible LC-integration, and effort in
the refinement of the fabrication process is steadily investigated by TU Darmstadt
and FAU Erlangen-Niirnberg in the ongoing DFG proposal JA921/68-2.

6.2. Stereolithography for High-Permittivity
Components

In order to increase component density, higher &, than 2 or 3 needs to be used for
the DIL components. The main problem is that values of e.g. &, » 10 are not suit-
able for LC-integration using the classic core-cladding approach with total internal
reflection of dielectric waveguides. This problem can be circumvented if a different
guiding structure is chosen. A possible approach is the slotted waveguide from the
optical regime, first introduced in [Alm+04] and further investigated in [NMKO6]
and [Jah+18]. Crossovers with slotted DWGs can show high transmission efficiency,
due to low radiation, crosstalk and reflection loss [Su+11]. For a slotted waveguide,
a central air-slot is introduced into a dielectric of higher permittivity, e.g. e, ~ 10. If
it is of rectangular cross-section, this waveguide type is referred to as the slot rectan-
gular waveguide (SRW). In general, the inclusion of a slot can also be in horizontal
direction, such as in the dielectric microstrip line [Zhu+18], or in the integrable Lay-
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Figure 6.6: (a) Model of the SRW and the difference of its qualitative E-field profile
in z-direction (solid) compared to a standard solid waveguide (dashed)
[Jah+18]. (b) Simulated modal profile of the average electric field along
the cross-section of a standard EY;-mode DIL and (c) an SRW. Both lines
have &, =10 , w x h = 1mm x 1.27mm, and the SRW has an additional
insulation layer of ¢, = 2.53 with h; = 0.1 mm and a slot width ws =
150 pm. Both field views are at 92.5 GHz.

ered Ridge Dielectric Waveguide [PDK96]. The modal profile of a DIL-SRW and its
field profile compared to a conventional E{;-mode DIL is shown in Fig. 6.6. Guidance
of the EM wave in the low-permittivity slot is achieved by the sandwich structure of
the SRW. Since the normal component of the dielectric displacement D needs to be
equal at the boundary of two materials, the corresponding normal component FE,, of
the F-field needs to satisfy the boundary condition

Dy =¢0er1-Eny=cogr2 - Ena=Dpa, (6.1)

with n = 1,2 representing medium 1 (dielectric of the waveguide) or medium 2 (slot,
usually air). Hence, at the boundary, the E-field has a discontinuity, given by the
ratio of Fj, 2 to Ey 1

En,Q Eri

—_— = . 6.2
En,l Er2 ( )

Assuming €, » = 1 for air surroundings, the E,, o is scaled by €, 1 - Ey, 1. This is always
the case, and is also true for the outer sides of the SRW where the field exponen-
tially decays. In the slot, two of these discontinuities are close by and the field profiles
overlap. As they add, they form a high field strength within the slot. An EY; modal
profile is chosen in the following sections, since this mode shows low conductor loss
and a vertical slot is easier to produce and to fill with LC afterwards. The ground
plane serves as the mechanical anchor to hold the SRW in its place. This is an advan-
tage over fully dielectric setups, since the continuous slot destabilizes the waveguide
[NMKO6]. First experiments in translating this concept to the mmW-regime, both
with simulations and measurements, have been conducted with an air slot, which
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(b)

Figure 6.7: Fabricated high permittivity DILs in Ef; mode. (a) Alumina DIL, (b)
TMM10 DIL and (c¢) TMM10 SRW. Each rod has a tip-to-tip length of
48 mm and the same cross-section of w x h = 1mm x 1.27mm.
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Figure 6.8: Measured |S11| (dashed) and [Sa1| (solid) of the lines shown in Fig. 6.7,
including a hollow waveguide to DIL transition.

has to be filled with LC afterwards. The optimal slot width ws can be determined
with simulations: a slot which is too narrow contains only little power, and a very
broad slot compromises the working principle of overlapping evanescent fields. Sim-
ulations show that an air slot inside a DIL of w x h = Imm x 1.27 mm should be
between 150 pm and 200 pm to guide about 40% of the total power solely in the
waveguide’s slot. The dielectric material guides an additional 40% of power, while
the remaining 20% propagate in the form of evanescent fields. These dimensions are
optimized for an operation range of frequencies from 85 GHz to 103 GHz. Simula-
tions show that by concentrating the E-field in an air slot of 150 pm, the dielectric
loss compared to a solid DIL decreases by 30%. In order to ease fabrication and
assembly tolerances, and allow the propagation of the EY;-mode at lower frequen-
cies, a 100 pm thin isolation layer consisting of Rexolite 1422 is inserted between
the SRW and the ground plane [Kno76; GWD82]. Fig. 6.7 shows three demonstra-
tors for high permittivity DILs: two are regular E{;-mode DILs consisting of Rogers
TMMI10 (e rarar = 9.2, tandrarar = 0.002 [Coo]) and Alumina (99.6%, e A, = 9.4,
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tan d 47, = 0.0003 [Raj+08]), respectively, and one is an SRW consisting of TMMI10.
Both materials are very hard, which makes processing by means of subtractive man-
ufacturing a challenging task. The Alumina DIL is cut from Alumina sheets by a
laser, and the TMM10 components are cut with a Disco DAD-341 dicing saw from
TMM10 sheets. Hence, this approach comes with the limitation of processable sheet
thickness. The most challenging problem is to create a slot, which is realized by a
very thin saw blade of 150 pm width, hence fulfilling the slot width exactly. However,
no transition between a non-slotted DIL to the slotted part is possible with this fab-
rication approach, as the saw blade does not allow any tapered structure of the slot.
As a result, the slot of the TMM10 SRW is continuous from one end to the other of
the DIL, causing fragile taper tips (see Fig. 6.7), which can break and in turn degrade
matching. Excitation of the structures is performed by an adapted waveguide tran-
sition of those from Section 3.3. These pre-study results are summarized in Fig. 6.8.
The TMM10 DIL shows highest IL, even though it is the best-matched DIL of the
three lines. Despite the damaged taper tips of the SRW, the slotted waveguide shows
almost similar performance as the Alumina waveguide at frequencies where [S11| is
similar, even though the loss tangent of Alumina and TMM10 differs by a factor of
10. By concentrating the field in the slot, about 1dB to 2dB less IL than a solid
TMM10 DIL is achieved. This technique can lead to high performance waveguides
even if dielectrics of moderate tand are employed.

Nonetheless, conventional subtractive methods do not allow any transition from a
slotted to a non-slotted part, and can not include taper structures for matching
the slot-discontinuity to a solid waveguide. Alumina can be additively manufac-
tured, e.g. by Stereolithography (SLA) and an additional sintering process. First
non-reconfigurable mmW and sub-THz components have been successfully realized

[ I
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(b) min.
Figure 6.9: (a) Simulation model with a longitudinal cut along the SRW with an LC

cavity, including two simplified waveguide transitions. (b) Instantaneous
field view at 92.5 GHz.
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by additive manufacturing, e.g. in [Jim+19; Kad+22]. The Alumina components are
manufactured at the Institute of Technology for Nanostructures of the University
of Duisburg-Essen. With this technique, a viscose photopolymer (”slurry”) is layer-
wise selectively polymerized by a laser. After the polymerized component is finished,
it is sintered. During this process, shrinkage of the component occurs, which has to
be taken in account by upscaling of the physical size of the initially printed com-
ponent. Fig. 6.9 shows a longitudinal cross-section of the simulation model of a first
demonstrator for an additively manufacturable DIL LC-SRW phase shifter. In order
to allow the undesired slurry to leave the slot, its upper side is open, but enclosed
tapers are present at this demonstrator. Future refinement of the fabrication process
can allow fully closed cavities. The whole LC cavity is I ¢ = 20mm long, with two
3mm long stepped tapers, shown in a magnified view in Fig. 6.9 (a). The taper steps
are each 1mm long and have heights of 0.2mm, 0.4mm and 0.6 mm, before the
final slot height of 0.9 mm is reached. In order to address the permittivity difference
between air and LC, the slot is ws = 200 pm wide, i.e. 50 pm wider than the air slot.

Waveguide ;
Transgition LC Slot Isﬂg%cgn Taper for Transition

(©)

Figure 6.10: Fabricated components. (a) Measurement setup, (b) printed Alumina
LC-SRW mounted on Rexolite isolation layer, and (c¢) microscopic pic-
ture of the beginning of the printed slot.
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Figure 6.11: Measured S-parameters for different LC alignment states.
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Figure 6.12: (a) Simulated (dashed) and measured (solid) Ap (blue) and FoM (red).
(b) Front view on the beginning of the internal taper. (c) Side view into
the internal taper, cut open with a dicing saw.

Fig.6.10 shows the fabricated components. The Rexolite isolation layer is milled
such that it has a 100 um thick layer in the center, but 300 pm thick sides for better
mechanical stability and better handling when positioning the waveguide and the
transitions. The SRW is glued into the channel of the isolation layer. After filling LC
into the slot, the SRW is placed in an evacuation chamber for 30 minutes, to remove
any air bubbles trapped in the taper tips and the structure is afterwards adhered
to the ground plane. The measurement results for magnetic bias are displayed in
Fig.6.11 and Fig.6.12 (a). Slight differences and ripples in parallel alignment are
observed, which cause ripples in the extracted FoM. Nonetheless, |S2;| ~ =2.5dB is
achieved, including the loss of the waveguide transitions. The FoM reaches a peak
value of 97°dB™!, and will show more smooth and higher results, if manufacturing
and assembly processes become more sophisticated. The results shown in Fig.6.11
and Fig.6.12 (a) are the best achievable results at the time of writing this disserta-
tion. In the fabrication process, the slot width and deformed internal tapers are the
main challenges to overcome (c.f. Fig. 6.10 (¢) and Fig. 6.12 (¢)), as they do not match
the originally designed dimensions. Furthermore, manual mounting is still necessary,
and slight misalignment affects more critically DILs with higher permittivity than
low-permittivity DILs.

Even with these challenges, the demonstrator proves the innovative concept of
combining high permittivity and LC for the first time. Electrodes similar to the
setups in the previous chapters can be employed for an all-electric bias. With the
advancement of reliable additive manufacturing of Alumina cavities, and an auto-
mated mounting procedure, LC-SRW components will be able to unfold their full
potential for compact LC-DILs. Due to the inherent loss of the waveguide transi-
tions in Fig.6.11, the IL of the standalone component is lower, and hence, the FoM
is higher.
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6.3. Comparison and Discussion

Two different AM techniques have been tested for their feasibility of realizing LC-
DIL structures. MEX has the advantage that it is a simple, cost-efficient technique,
and materials with favorable micro- and millimeter-wave characteristics are available
which match the general permittivity range of LC. Due to their low permittivity, the
components introduced throughout this dissertation can be realized if the extrusion
process is refined. The biggest challenge is the thin nozzle opening, which requires
high pressure for extrusion of the viscose material, such that fine feature sizes can
be realized. Good, direct adhesion on the ground plane could be achieved, which
eliminates the use of glue. Hence, direct printing on an RF-PCB is possible and
allows fast realization of conventional circuitry with innovative new dielectric (image
line) components. Even without the inclusion of LC, inexpensive components, e.g.
LWAs, can be produced by metallizing the extruded DIL by printing metallic ink
with inkjet printers directly on the DIL component.

SLA offers the possibility to create LC-DIL components of higher permittivity.
Since many high permittivity materials are hard to process mechanically, e.g. by
milling, SLA proves to be a very good alternative for realizing Alumina components
at mmW and beyond. Due to a novel combination technique of LC and high permit-
tivity materials, smaller LC-components which are compatible to designs in silicon
could be possible. The main challenge of these new components is the fabrication
of enclosed cavities of small feature size. In the sintering process, which is time and
energy intensive, deformations still need to be overcome. In addition, the demonstra-
tor in this dissertation still requires manual mounting on a ground plane, which can
introduce additional uncertainties. In fully dielectric setups, SLA could prove to be
better suited for LC-integration, until more reliable assembly for high permittivity
LC-DIL components is achieved. Alumina LC-DILs can provide higher integration
density, since the components have smaller feature sizes and cross-sections, while
they can provide higher Q-factors.

In light of the above, MEX can enable very cheap mmW components for fields
of application where cost is a key factor, e.g. in the automotive industry. SLA is
more expensive and is likely to be chosen for high quality components with high
integration density.
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In order to satisfy the demand for increasing data rate and bandwidth in our rapidly
digitizing society, innovative solutions for reconfigurable components at millimeter
waves (mmW) are necessary. Conventional technology at higher mmW frequencies
faces increased loss in waveguides and free-space, which has to be overcome. Re-
configurable components offer adaptation to the challenges linked to increasing fre-
quency of operation. This work demonstrates the capabilities of novel, reconfigurable
dielectric image line (DIL) components based on liquid crystal (LC). The W-band
(75 GHz to 110 GHz) serves as the frequency range at which the concepts are de-
veloped and practically evaluated. It is shown that LC-DIL components combine
advantages from fully dielectric waveguides with their low profile to form PCB-
compatible mmW components with lower bias voltage requirements. A material
study forms the basis of the investigation of the components, utilizing the Nicholson-
Ross-Weir method. A flexible measurement setup is employed, such that different
DIL components can be analyzed. The components are mounted on brass plates and
different rectangular-waveguide-to-DIL transitions are connected to the respective
demonstrators. Besides components in the fundamental EY,-mode, components are
also investigated in the orthogonally polarized EY;-mode. The two necessary waveg-
uide transitions are characterized in their contribution to loss in a full measurement
setup, and the reduced sensitivity of the Ef;-mode to surface roughness is practi-
cally verified. With basic knowledge of the transition’s influence on measurements,
the following key aspects have been investigated in this dissertation:

1. Performance analysis of LC-DIL phase shifters at W-band:
For the first time, DILs are combined with LC. Due to smaller cross-section in
EY -mode, less LC is necessary than compared to fully dielectric waveguides.
It is pointed out that especially the parallel alignment of LC is crucial for the
device performance: small deviations in alignment can lead to high fluctuations
in the effective permittivity of the waveguide, which causes reduced phase
shift. By characterizing the temperature-dependent change in performance of
an EY, phase shifter, good linear behavior of the component in embedded
environments is demonstrated. With the ground plane, active cooling can be
included for LC-DIL components. The differences of Ef;- and E{,-mode phase
shifters in terms of electrode design, response time, and RF-performance is
investigated and compared. By utilizing the DIL topology, the response times
compared to LC-DWG phase shifters could be reduced by 47% to 65% to
a range of 6s to 9s with a bias voltage of V,, = 200V. By integrating the
electrodes directly on the dielectric, the smallest possible switch-on time could
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be further decreased to 134 ms, which corresponds to a reduction by 99% and
97% compared to LC-DWG and the aforementioned LC-DIL phase shifters,
respectively. The necessary voltage for the maximum phase shift compared
to an LC-DWG could be reduced by 29%, from 70V to 50 V. This approach
is the only way of achieving comparably fast response time on voluminous
dielectric LC-components, and the very recent publication of an LC-DWG
[Hu+22] supports this conclusion. By comparing the demonstrators of this
dissertation to various other LC mmW phase shifters, high performance LC-
DILs, with FoMs of up to 188 °dB™! can be achieved, while integration on PCB
top layers can be ensured and allow for complex systems of different waveguide
topologies.

. Capabilities of beam steering LC-DIL antennas at W-band:

In order to address the high demand for mmW beam steering antennas, DIL
antennas are tested for their capabilities of LC-based beam steering. A broad-
band and a narrowband approach are pursued: DIL rod antennas are analyzed
first on their single element behavior before non-reconfigurable 1 x 4 arrays,
both in EY,- and Ef;-mode, are presented. Multimode interference (MMI), is
for the first time employed to achieve power division in the DIL topology. It
is demonstrated that, ET;-MMI is possible without mode conversion to the
fundamental EY-mode. Differences in MMI divider design are discussed, and a
suitable phase compensation technique, which does not interfere with the sen-
sitive interaction of rod taper length and ground plane length, is introduced
for both modes. The arrays are capable antennas with gain from 21dBi to
23 dBi for Efl— and EY;-mode, respectively and do not radiate to broadside,
but have a tilt angle due to the ground plane. This angle can be exploited in
certain scenarios to cover specific areas, such as in assembly halls or for data
exchange with a commercial airplane when it is in parking position. This is
particularly useful at mmW, where multipath propagation leads to severe loss
of power, and efficient illumination of the area of interest is necessary. In EY-
mode, phase shifters with integrated electrodes are combined with the array
to form a phased array. Operating from 95 GHz to 105 GHz, it shows gain of
17dBi to 18 dBi and a moderate scanning range of £10° with side-lobe levels
of maximally —7.5dB. With longer phase shifters, higher scanning angles can
be achieved.

A more narrowband approach is tested with leaky-wave antennas (LWAs).
They can cover a whole spatial sector with frequency scanning. By adding L.C,
this sector can be steered, which corresponds to a spatial shift for each fixed-
frequency beam. Hence, reconfigurable LWAs are often investigated at a fixed
frequency. In contrast, in this dissertation, the beam steering capabilities of the
LWAs are evaluated for a wide frequency range instead of only at one favorable
frequency. Hence, the broadband behavior of the developed LC-DIL LWAs is
not neglected. Both, a frequency scanning solid Rexolite DIL-LWA and an
LC-DIL LWA, capable of changing its spatial coverage sector by applying a



bias voltage, are introduced. The frequency scanning Rexolite DIL-LWA is a
capable antenna which does not require complex manufacturing techniques.
For the LC-DIL LWA, metallic structures, directly placed on the DIL, are
serving simultaneously as a radiation element and as an electrode. By this novel
approach, comparable response times to milliseconds, as with the investigated
phase shifters, are expected and no additional bias network is necessary. The
gain of the non-reconfigurable layout of 18 dBi is reduced to 14 dBi when adding
LC to the antenna in order to make it reconfigurable. The frequency scanning
behavior from —30° to 10° can be turned by 10° when applying bias to the LC
in the antenna. The demonstrator shows good performance from 85 GHz to
100 GHz, and a bandwidth of 0.714 GHz is available for each 1° step. Radiation
through broadside without severe degradation in matching or gain is possible.
This type of antenna is best suited for steering applications in which simplicity
instead of high-performance complexity is preferred, since only one voltage is
directly related to the beam steering angle. The antenna is cheap and simple
in its realization, and marks the first practically verified antenna of its type at
frequencies around 100 GHz.

. Novel printing technologies for tunable LC-based low- and high-
permittivity DIL microwave components:

Due to encountered tolerances during the assembly of the various demonstra-
tors discussed in this dissertation, additive manufacturing is investigated as an
alternative fabrication technique of high potential, together with the Lehrstuhl
fiir Hochfrequenztechnik of the Friedich-Alexander University of Erlangen-
Niirnberg. First, material extrusion (MEX) is investigated, with the initial
concepts being tested in fully dielectric designs. The problems of adhering dif-
ferent materials to a ground plane are taken account for, and the first DILs
printed on a copper-clad FR4 board are introduced. MEX for DILs proves to
be a promising, unique way of achieving DIL components on PCBs with dis-
crete components already mounted on them. While there are still challenges
considering the feature size of the extrusion nozzles, this promising approach
for low-permittivity DIL components is still investigated in the ongoing re-
search project of Deutsche Forschungsgemeinschaft (DFG), project number
JA 921/68-2. Even without LC-integration, proposed structures, e.g. the non-
reconfigurable LWA, could be fast and very cost-efficiently realized.

In order to increase integration density and enable smaller components, the
first approach to combine LC with materials of higher permittivity has been
introduced in this dissertation. By inserting a narrow LC slot in the high per-
mittivity material, it is ensured that the LC still affects the propagating wave
significantly. After first tests with air slots, the necessity of additive manu-
facturing became clear. Stereolithography (SLA) enables 3D printed Alumina
components of low feature size. With the Institute of Technology for Nanos-
tructures of the University of Duisburg-Essen, a first demonstrator was re-
alized. It is of low loss and achieves FoMs close to 100°dB~!. Besides good
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performance, there are still fabrication challenges to overcome, since enclosed
cavities tend to become obstructed with SLA. The combination technique of
high-permittivity dielectrics and LC is not limited to the DIL topology.

In summary, this thesis demonstrated the capabilities of LC-DILs for integrated
reconfigurable components and devices, which are backed up by measurements. Chal-
lenges in realization of the components have been revealed, and practical limitations
are identified. While the components at the covered frequency range of 75 GHz to
110 GHz can be comparatively big in geometrical size, due to the permittivity of
the DIL, increasing the frequency of operation leads to smaller components. With
smaller components smaller LC cavities are achieved, and hence, faster response
times and less bias voltage. The higher the frequency of operation, the more favor-
able the EY;-mode becomes, due to its robustness to surface roughness. Due to their
intrinsic simplicity, the DIL components can become cost-efficient assets, which still
have favorable mmW characteristics. Many of those components are necessary in
sensor networks and access stations, or if vehicle-to-everything (V2X) communica-
tion, i.e. connections to infrastructure, other vehicles or else, is to be employed in a
large scale.

Outlook

Besides the elimination of manual fabrication issues by additive manufacturing, DIL
components have to be able to support the demands of complex RF-frontends. Since
dielectric waveguides can be a suitable interconnect to different PCBs or sensors,
e.g. in a car [Dis20], integrated transitions from different waveguide topology to the
DIL topology need to be established. This includes transitions to fully dielectric
waveguides and planar metallic waveguides. With growing complexity of the RF-
frontend itself, DILs have to be able to enable complex routing. While Chapter 3.1.2
introduced the capabilities of enabling lower curvature radii, crossovers are espe-
cially necessary for established RF-networks, e.g. the Butler matrix [But61]. First
investigations on integrated transitions and crossovers show promising results:

e In order to address more compact excitation, the hollow waveguide transitions
can still be refined to a more sophisticated and minimized layout, but planar
metallic waveguide transitions should be focused on, such that no component of
high profile remains (e.g. on a chip). Since many chips utilize differential lines,
a transition with differential planar feeding should be aimed for. A possible
solution can be a slotline-to-DIL transition, where the DIL needs to be of
high permittivity and operated in EY,-mode. The concept of the transition
is illustrated in Fig. 7.1 and Fig. 7.2. The slotline shares the main E-field
component in z-direction with the E{;-mode DIL. Hence, placing a dielectric
above the slot allows portions of the field guided by the slot to transition
to the DIL above. The higher the permittivity of the DIL, the higher the
portion of the E-field within the DIL. In order to transfer the power smoothly
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(a) (b) (c)
Slotline Taper
DIL Outline
) Balun

Figure 7.1: (a), (b) Representative E-field of a slotline and an Ef;-mode DIL. (c)
Simulated E-field distribution of a high permittivity DIL above a slotline.
(d) Fabricated transition, including a Balun (CPW to slotline) and an
exponential slotline taper. The DIL Outline is shown as a white shadow,
produced by the camera system of the flip-chip machine, which was used
to position and mount the DIL on the substrate.

DIL

vvvvvv MOOOUUCCC RF-Substrate

FR4
(@)

Figure 7.2: (a) Side view of the simulated instantaneous field view at 95 GHz inside
a back-to-back setup of two transitions, with a pure DIL part without
slotline at the center. (b) Practical measurement setup with a probing
station. (¢) Comparison of one hollow waveguide transition for the SRW
(Section 6) and a back-to-back measurement setup of the planar transi-
tion.

from the slot to the DIL, the slotline is widened while the DIL is tapered
in height. At the beginning of the transition, the DIL is of low height, which
increases throughout the slotline taper. If a mode profile close to the Ef;-mode
is established in the DIL, a ground plane can be inserted to form a true DIL.
Back-to-back setups have been tested both in simulations and measurements,
utilizing TMM10. While results show that the concept is working, it still needs
refinement, mainly due to assembly and adhesion issues.
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Figure 7.3: Schematic of a 4 x 4 Butler matrix [Jos18|. Feeding at different ports

1.8 mm
|_|
2.6 mm

results in different beam directions. The necessary crossovers are high-
lighted with red circles.

. Rexolite
I:l Brass

g
=

e
)

20 mm

Figure 7.4: Top view on the layouts of the direct crossover (left) and expanded
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crossover (right) with same height hp;r = 0.9mm. The elliptical ex-
pansions around the crossing are of height heyp = 0.45 mm.

e Crossovers are key components for RF-frontends of growing complexity, e.g. for

switched-beam antennas which rely on a Butler matrix [But61] as depicted in
Fig. 7.3. Switched-beam antennas can be further improved by adding tunable
phase shifters, which enable beam steering in between the fixed beam angles
of the switching network [Jos18; Wan+22b]. In the optical range, crossovers of
DWGs are extensively discussed in order to enable photonic integrated circuits
[Wei+-97; Fuk+04; Bog+07]. Those principles mixed with the behavior of DILs
studied Chapter 3 can be translated to the mmW-frequency range in order to
provide crossovers of low insertion loss and high isolation. By manipulating the
cross-section of the DILs at their crossing, the performance of the crossover can
be significantly increased. The layouts of two crossovers, one without modifi-
cations and one with elliptical extensions, are shown in Fig. 7.4. The modified
crossover is tapered in its width at the crossing from 1.8 mm to 2.6 mm. In
addition, following [Bog+07], a small elliptical expansion is introduced, with
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(a) Measurement setup of the unmodified (b) S-parameters of the unmodified crossover.
crossover with absorbers.
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Frequency (GHz)
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(c) Realized expanded crossover, shown without (d) S-parameters of the expanded crossover.
absorbers.

Figure 7.5: (a) Demonstrator of a direct crossing, (c) a modified crossing and corre-
sponding obtained S-parameters (b), (d), respectively. Simulation results
are dashed, measurements are solid. Since |S31| = |S41] in theory, only one
dashed line represents the corresponding simulation.

a height hezp = hprr/2 = 0.45mm around the crossing. This thin sublayer has
a maximum width of 3.5 mm and the elliptical expansions have a major axis
of ljmej = 10mm and a minor axis of l,;, = 4mm. Fig. 7.5 shows the demon-
strators of the unmodified and modified crossovers in EY,-mode, together with
their corresponding S-parameters. For measurements, absorbers are used to
shield unused ports and mitigate reflections from them. The modified crossing
shows significant increase in isolation obtained by the slight redesign at the
crossing of the waveguides. An improvement of the isolation by 10dB to 17dB
is obtained.

The investigations in this dissertation, together with the steady advancement to
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lower tolerances and feature sizes of additivie manufacturing pave the way towards
integrated, reconfigurable and complex DIL networks, which coexist with conven-
tional circuitry on the same PCB at mmW and beyond.
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A. Appendix

A.1. Relation of S- and T-Matrix

7o [t i _ L [s12s21 - 511822 su
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A.2. Extracted Permittivity and Permeability of an
Empty Sample with the NRW Method

’ —e— Permittivity - - - Permeability ‘
1.1
1.05 |
1 :‘“'""\““”"‘"‘l"“l Y% DAL B R TSNS N VY., VY Ym"n.(".-“\t“p»w”! vV
0.95 |
0.9 - - - - - - !
75 80 85 90 95 100 105 110

Frequency (GHz)
Figure A.1: Relative permittivity and permeability of an empty sample. The slight
difference in permeability until 85 GHz can cause overestimated loss of

the investigated samples. After 85 GHz, the difference in permittivity
and permeability from 1 is less than 1%.

A.3. Schematics of Waveguide Transitions

125



o
@
—

05°2@ Yooisbuebyaing

00°Z@ Yooisbuebyoing

09'T@ yoojsbuebyoing

19°'T@ ydopynsssed

S8'7@ 9puImMaD S8'ZW

A. Appendix

F——o00r——

l‘mm.v\ll‘mo.mL

;
1 m HJ\. IIIIIII
g =1
8 ===
PJ_HH%S.N
HNI
© Wcﬁ 0oE
8 o__“ia. | _%
h————+—11 1
s|——rT—18
y PR
{ s 1
I
a LTT=

0S°Z@ apuImaD S°ZIW

00°2@ yoopynsssed

|®|_|rm®|“8.§ 3pUIMED 9'TIW
| 8

I

Ts.m

—95"T¢@ Yoopynsssed

I—G8°7@ dpuImaD 85T

T

000z

.

ap-ipelswiep-ny dwi@pwsa}

Jaydny| XT

126

Figure A.2: Top and bottom part of the EY,-waveguide transition.



A.3. Schematics of Waveguide Transitions
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Figure A.3: Top and bottom part of the EY,-waveguide transition.
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A.4. Mode Conversion in the Ef;-Mode LC Phase
Shifter

[S11](dB)
[S21](dB)

0 +—— } } } Al ) { 04 } } | } } } {
75 80 8 90 95 100 105 110 75 80 8 90 95 100 105 110
Frequency (GHz) Frequency (GHz)
(a) Magnitude of Si1. (b) Magnitude of Sa1.

Figure A.4: Measured mode conversion due to a wide LC cavity. This effect is not
predicted in simulations.

A.5. Antenna Measurement Setups

&VE |

=

(a) | (b) ©)

Figure A.5: Measurement setup for rod antennas. (a) measurement of endfire sin-
gle rod antenna element in elevation plane, AUT marked in red. (b)
tilted waveguide sections (15° and 18° for EY,- and Ef;-mode rod an-
tenna elements, respectively) for measurements in azimuth plane. (c)
measurement of rod array in azimuth, § maintained by tilted sections
and PVC fixture for the ground plane.
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A.5. Antenna Measurement Setups

(a) DIL rod antennas. Left: as discussed in Section 5.1.1, right: with short ground.

. 75 GHz - - - 92.5 GHz
- - - Sim — Meas ~=-110 GHz - XPol

00

—20f
0 |
\ 107 \
.20 \ 20! o Bi
dBi 180° 150° dBi 180° 150 dBi
(b) Elevataion at 92.5 GHz. (c) Elevation, different frequencies. (d) Azimuth at 92.5 GHz,

0 ="75°.

Figure A.6: Endfire-demonstrator and difference to DIL rod antenna with longer
ground plane (a), and corresponding measurement results ((b) to (d)).
Gain ranges from 12dB to 14 dBi.
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Measurement Function Generator AUT  Turntable
Control =

AUT

Turntable

@) Amplifier )

Figure A.7: Measurement setup for LWAs. (a) azimuth plane measurement of

Rexolite-LWA, (b) elevation plane measurement of LC-LWA.

A.6. Leaky Wave Antennas

A.6.1. Frequency Scanning Rexolite LWA in E},-Mode

The following two plots show the sensitivity of the Rexolite LWA to slight variation
in its height h. In practice, these variations can be caused by the glue layer. The plots
confirm that a slightly higher h than anticipated in the simulations of the Rexolite
LWA (h =0.9mm). This can be observed especially in Fig. A.9, when comparing the
frequency at which gain and SLL cross.

|Sx1| (dB)

—x—|S11|, meas. -©- |S11|, h = 0.9mm - [S11], B = lmm
—“—|521|7 meas. - ©- |521|, h=09mm:---- |521‘, h = 1mm

75 80 85 90 95 100 105 110
Frequency (GHz)

Figure A.8: |S11] (blue) and |S11]| (red) of the Rexolite LWA. Measured results (solid)
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A.6. Leaky Wave Antennas

—— SLL meas. --- SLL (h = 0.9mm)
—— Gain meas. - -- Gain (h = 0.9mm)

SLL (dB)

+ f L f f | | -5
75 80 85 90 95 100 105 110
Frequency (GHz)

Figure A.9: SLL (blue) and gain (red) of the Rexolite LWA. Measured results (solid)
are compared to simulation results with different DIL height h.

A.6.2. LWA in ET-Mode

The consideration of electrodes and radiators can be extended from EY,-mode to EY;-
mode. The obtained results are summarized in the following figures. Since the mode
is different, the radiator is of different shape, as well. The EY,-mode appears to be less
sensitive to a bias connection line. The unit cell (UC) layout and the demonstrator
is shown in Fig. A.10, corresponding dimensions are given in Table A.1. Due to the
width w; of the unit cell, the LC cavity is less wide than in the EY;-mode LC-LWA.
The same number of N =24 UCs as with the EY;-mode demonstrator is employed.
The measured S-parameters are presented in Fig. A.11, both for a solid Rexolite

Wconn

Waveguide Transition Ground

LC-LWA Bias Supply

Il Copper [Pyralux [ |Brass .L_C
(a) (b)

Figure A.10: (a) Unit cell layout, corresponding dimensions given in Table A.1, and
(b) assembled demonstrator before mounting magnets to the sides of
the ground plane.
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Table A.1.: Most important dimensions of the Ef; LC-LWA.

Parameter p |11l w1 W | Weonn | WpIr | hprr
Value (mm) || 2.6 | 1 | 2 | 0.875 | 0.4 | 0.075 2 1.8

- -~ |S11|, Sim. — 511/, Meas. Vpp =—— 0V —e— 25V —— 35V
- %x- |S21|7 Sim. —— |S21|7 Meas. —— 50V —— 100V

|Sx1|(dB)
|S11[(dB)

‘ — 1 1 A L LV 0
75 80 8 90 95 100 105 110 75 80 8 90 95 100 105 110
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure A.11: Measured S-parameters of (a) the Rexolite demonstrator with simula-
tion results and of (b) the LC-LWA demonstrator with different bias
voltages applied.

—— SLL meas. - -- SLL sim.

—— Gain meas. - - - Gain sim.
) =
A =
= k=
= 3
n O

—90° 0
75 80 85 90 95 100 105 110
Frequency (GHz) — 75 GHz —92.5 GHz — 105 GHz
(a) (b)

Figure A.12: (a) Gain and SLL the Rexolite demonstrator and (b) elevation pattern
at selected frequencies.

LWA and the LC-LWA. As the Ef,-mode is orthogonal to the EY,-mode, the static
magnetic bias causes the LC to be in parallel alignment if no voltage is applied, and
changes towards perpendicular alignment when the voltage is increased. Behavior
of gain and SLL, as well as the pattern in elevation at selected frequencies of the
Rexolite demonstrator are shown in Fig. A.12. The corresponding parameters for
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Gain (dBi)

5 86 8‘5 Qb 9‘5 160 165 1iO
Frequency (GHz) Frequency (GHz)
erLc =——2.46--- 2.75 —~—3-0- 3.25-4- 3.53 ‘ ‘ Vpp(V) =——0--- 30 —=—40-o- 45 ‘

(a) (b)

Figure A.13: (a) Simulated and (b) measured behavior of gain and SLL at different
permittivity /bias voltages. Note different scaling of the SLL plots.

Ab(°)
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Figure A.14: Beam steering angle versus applied bias voltage.

the LC-LWA demonstrator are depicted in Fig. A.13. Cross polarization of the LC
demonstrator is —12dB at broadside frequency of 94 GHz. The obtained elevation
angles at different voltages are visualized in Fig. A.14. A higher bias voltage is
necessary to align the LC molecules, due to the higher LC cavity height within the
Ef,-mode demonstrator. The LC-LWA faces higher variance in gain when tuning
the LC, and lower beam steering angles are obtained.
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B. Acronyms

AM
CNC
CcoC
CPW
DIL
DWG
EM
FoM
FPC
GCPW
GND
HWG
HDPE
HPBW
IL

LC
LWA
MEX

MMI

MUT

Additive Manufacturing
Computer Numeric Control
Cyclo Olefin Polymer
Coplanar Waveguide
Dielectric Image Line
Dielectric Waveguide
Electro-Magnetic
Figure-of-Merit
Fabry-Perot Cavity
Grounded Coplanar Waveguide
Ground

Hollow Waveguide
High-Density Polyethylene
Half Power Beam Width
Insertion Loss

Liquid Crystal

Leaky Wave Antenna
Material Extrusion
Multimode Interference
Millimeter Wave

Material Under Test
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B. Acronyms

MS

Microstrip Transmission Line

MS-NAM Microstrip Transmission Line with Nanowire Membrane

M2M
NRD
NRW
OSM
PCB
PEC
PPDW
PPE
PTFE
PVC
RF
RMS
RWG
SIF
SIW
SLA
SLL
SOLT
SRW
sWL
TRL
TE
™™
ucC
VNA
VPP
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Machine-to-Machine
Non-Radiating Dielectric
Nicolson-Ross-Weir

Open Stopband Mitigation
Printed Circuit Board

Perfect Electric Conductor
Parallel-Plate Dielectric Waveguide
Polyphenylene ether
Polytetrafluoroethylene
Polyvinyl Chloride

Radio Frequency

Root Mean Square
Rectangular Waveguide

Step Index Fibre

Substrate Integrated Waveguide
Stereolithography

Sidelobe Level
Short-Open-Line-Thru

Slot Rectangular Waveguide
Sub-Wavelength Dielectric Line
Thru-Reflect-Line

Transversal Electric
Transversal Magnetic

Unit Cell

Vector Network Analyzer

Vat Photopolymerization
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