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Abstract

The last decades have seen an increasing interest in the THz research field, leading to a substantial
improvement in technology and the emergence of new applications. In particular, the research on
radio astronomy instrumentation has pushed millimeter and sub-millimeter technology boundaries
and redefined state of the art. Nonetheless, the requirements set for the next generation of radio
astronomy receivers will demand remarkable technological development, especially in terms of
RF and IF bandwidth. Addressing this need, the present licentiate thesis focuses on the design,
simulation and characterization of ultra-wideband THz passive devices for the next generation of
radio astronomy receivers.

As THz receivers mixers are implemented with thin-film technology, waveguide to substrate
transitions have a fundamental role in the performance and bandwidth of such systems. The critical
requirements for these transitions are a proper impedance matching and the minimization of
insertion loss. In this thesis, a waveguide to slotline superconducting transition based on
substrateless finlines is proposed. The transition was designed for prospective broadband SIS
mixer design in the frequency range 211-375 GHz. The experimental verification at cryogenic
temperatures shows a remarkable fractional bandwidth of 55%.

Although this transition represents a substantial improvement over existing designs, it is important
to note that it transforms a waveguide propagation mode into slotline mode. For the majority of
modern SIS mixers, microstrip line topology is the most suitable. Hence, the ongoing development
is focused on broadband slotline to microstrip transitions. In this work, a slotline to microstrip
transition based on Marchand Balun is designed, simulated and fabricated. The electromagnetic
simulations showed promising results, and the cryogenic characterization at 4K is ongoing.

For most modern polarization-sensitive THz receivers, 90° waveguide twists are essential
interconnection parts. Since compactness and low insertion loss are critical requirements, single
step-twists have emerged as an attractive solution. In this work, a novel compact wideband 90-
degree twist for the 140-220 GHz band is presented. Furthermore, the proposed twist has a
performance tolerant to small geometry variation, and hence it is especially suited for fabrication
by direct milling. The experimental verification shows 44% fractional bandwidth with return loss
better than 20 dB over most of the band.

Keywords: Compact waveguide twist, Substrateless Finline, Broadband Waveguide to Substrate
Transition, Superconducting Transition, Marchand Baluns.
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Chapter 1 - Introduction

The human eyes perceive a small fraction of the electromagnetic spectrum that is commonly
referred as visible light. Nevertheless, the electromagnetic spectrum extends far beyond the optical
region, and it is traditionally divided from low to high frequency in: radio waves, microwaves,
THz, infrared, visible light, UV, and X rays, as depicted in Figure 1.1. Among these spectral
regions, the THz range, which falls between 100 GHz (3 mm) and 10 THz (3 Oum), has recently
drawn increasing attention in the scientific community. The interest in this particular frequency
range is motivated by its numerous applications in fundamental and applied science, e.g. bio- and
medical science [2], material science [3], and radio astronomy [4]. Moreover, the continuous
advancement in generation and measurement techniques at this frequency range is taking the THz
wireless communications systems one step closer to reality [5]. These advancements have been
led by the research on radio astronomy instrumentation which has continuously pushed the
technological boundaries and redefined the state of the art technology at THz frequencies [6-8].
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Figure 1.1. Illustration of the electromagnetic spectrum divisions and frequency ranges.
Reproduced from [1].

For radio astronomy researchers, the study of this section of the electromagnetic spectrum is
especially relevant since half of the luminosity of the Universe, and 98% of the emitted photon
from the Big Bang corresponds to THz radiation [9]. The observation of the cosmos in the THz
region holds the key for answering fundamental questions, ranging from the formation of our Solar
System to the existence of life in other planets [4]. Answering these questions has inspired
worldwide efforts to develop and build radio telescopes to perform high-resolution observations
at millimetre and submillimetre wavelengths. In the last decade, these observations have led to
significant milestones for radio astronomy. For instance, the first picture of a supermassive black
hole was taken by the Event Horizon Telescope (EHT) [10]. The EHT is a virtual interferometric



telescope that spans nearly the diameter of the Earth by combining multiple telescopes located
around the globe, e.g. the Northern Extended Millimeter Array (NOEMA) [11], the Atacama
Pathfinder Experiment (APEX) [12] and the Atacama Large Millimeter/Submillimeter Array
(ALMA) [13]. In Figure 1.2, a small selection of recent radio astronomy observations is shown.
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Figure 1.2. Selection of recent radio astronomy observations. (a) Phosphine
spectral signature from planet Venus obtained with ALMA. The presence of
phosphine in the upper atmosphere of Venus could indicate the presence of
life. However, this have not been confirmed. Extracted from [14]. (b) First
picture of the supermassive black hole situated in the M87 galaxy obtained
by the EHT [10]. (c) Image of a low velocity outflow from a protostar in
Orion [15]. (d) Image of a protoplanetary disk [16].



A large number of radio astronomy observations are performed employing state of the art
heterodyne receivers with high spectral resolution. Although modern THz receivers have already
achieved an outstanding performance [6,22,29], the science goals set for the next decades will
demand remarkable technological development. The recommendations found in technological
roadmaps such as the ALMA roadmap to 2030 [16], and VLBI 20-30: “a scientific roadmap for
the next decade” [81], reflect the needs for the next generation of radio astronomy receivers. In
particular, wider IF and RF bandwidths are of foremost importance for the future of radio
astronomy. To secure a large instantaneous RF bandwidth, the present work proposes a number of
ultra-wideband passive devices for the next generation of THz receivers. Nevertheless, it should
be mentioned that these components are an attractive solution for a diverse range of applications,
such as THz wireless communications [5] and bio- and medical science [2].

Thesis structure

The thesis consists of six chapters, two appendixes, a table of contents and bibliography. Chapter
1 and 2 provide a brief overview of the scientific and technological background behind this thesis.
Chapter 3 details the design of a novel waveguide step twist for the frequency range 140-220 GHz.
Meanwhile, Chapter 4 elaborates on the development of a novel type of finlines, the substrateless
finlines. Moreover, Chapter 4 describes the design and the cryogenic measurements of a
waveguide to substrate transition for the frequency range 211-375 GHz, which allows covering
ALMA band 6 (211-275 GHz), and ALMA band 7 (275-375GHz) simultaneously. In Chapter 5,
the work in progress on slotline to microstrip transitions based on Marchand Baluns is detailed.
Finally, the concluding remarks and future outlook are presented in Chapter 6.



Chapter 2 - Scientific and Technological Background

Overview: This chapter provides scientific and technological background for the thesis. In section
2.1, the following fundamental concepts of radio astronomy receivers are explained: detector
types, heterodyne detection fundamentals and the importance of the system noise temperature.
These concepts set the foundations for the devices presented in this thesis, i.e. a compact single
step 90° waveguide twist with a simplified layout, a waveguide to substrate transition based on the
novel substrateless finlines, and a slotline to substrate transition based on Marchand Baluns.
Section 2.2 details the most critical waveguide components for radio astronomy receivers. Among
those, the 90° waveguide twists found in the literature are analyzed. This analysis allows us to
define the motivation and background for the device presented in [Paper A]. Furthermore, Section
2.3 elaborates on the advantages and disadvantages of the existing waveguide to substrate
transitions and the motivations behind the design presented in [Paper B]. Finally, section 2.4
explores the different slotline to microstrip transitions found in the literature and justifies the need
for the ongoing research effort on ultrawideband Marchand Balun transitions.

Section 2.1 - Radio astronomy Detectors

The radio astronomy receivers are intended to detect extremely weak signals that can easily be
outpowered by noise. The noise affecting the receiver might come from external and internal
sources. However, in many cases, the ultimate noise performance of the receiver is limited by the
noise produced in the detector itself. Therefore, the detector noise must be minimized. This
requirement is critical for the receiver performance since the sensitivity of the radiotelescope is
intrinsically related with the noise temperature by the radiometer equation [17]:

TSYS
vV Tint B (2 1)

where S is the sensitivity, i.e. the minimum change in the input signal that the system can detect.
Meanwhile, 7., is the integration time, and B and Ts,s are the bandwidth and the noise
temperature of the system, respectively. It is essential to mention that Ty is defined for the entire
system and includes the contributions of the receiver, antenna, atmosphere, ground and source.
From equation 2.1, it can be seen that the system noise temperature is linearly related to the
sensitivity. In contrast, the dependence with the integration time is the inverse of the square root.
These relations indicate that reducing the system noise temperature is the most efficient option to
increase the sensitivity.

S x
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Figure 2.1. The existing mixers technologies are compared based on
their DSB noise and the frequency of operation. Extracted from [18].

The radio astronomy receiver's low noise and high-frequency operation requirements have inspired
the development of three leading technologies with their advantages and disadvantages. In Figure
2.1, the existing mixer technologies are organized according to their DSB noise temperature and
frequency of operation.

Schottky diode mixers emerge as an attractive solution due to their large IF bandwidth and wide
temperature range of operation [19]. However, the demand for a considerable LO power (~mW)
and the comparably high noise temperature makes them less attractive for applications that require
the ultimate sensitivity, e.g. radio astronomy instrumentation.

Superconducting hot electron bolometers (HEB) provided the best noise performance for
frequencies above 1 THz. Their principle of operation relies on heating with microwave radiation
an ultrathin superconducting film. As the heating process does not depend on the frequency of the
incident radiation, HEB can provide unlimited RF bandwidth. Nevertheless, the thermal response
sets a limit in the IF bandwidth of HEB mixers. Even though substantial progress towards larger
IF bandwidths has been made in recent years [8,77], the IF bandwidth remains the main challenge
for HEB mixers.

Superconductor-insulator-superconductor (SIS) mixers present an outstanding noise performance
in the frequency range from 100 GHz to 1.2 THz. In particular, when they operate in quantum
mode it is possible to approach the theoretical quantum noise limit hf/2k, as it was demonstrated
in [6,20]. Since the components presented in this work are meant for prospective SIS mixer design,
the basic working principles behind this mixer type will be detailed. The working principle behind
SIS mixers lies in the photon assisted quasiparticle tunnelling through a superconductor-insulator-
superconductor SIS tunnel junction. Figure 2.2a illustrates the energy level diagram of a SIS
structure. From the Figure, it can be seen that a gap exists between the filled states (shaded) and
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the empty states. Ideally, at T=0K, the filled states are fully occupied by paired electrons
denominated "Cooper pairs”. Meanwhile, at O<T<Tciticar, & fraction of superconducting pairs
breaks into single electrons, and they are exited into quasiparticle energy state. When the SIS is
biased to a voltage level of Vb>2A/e, where "A" is the superconductor bandgap, and "e" is the
electron's charge, the filled states on the left approach the level of the unfiled band on the right.
Therefore, the cooper pairs can be broken, and the resulting quasiparticles can tunnel through the
insulating layer. In the presence of a photon source with energy hf, the tunnelling can occur at a
lower bias voltage, i.e. hf/e. This phenomenon could be used for developing heterodyne mixers. It
is important to note that the tunnelling of Cooper pairs, known as the Josephson Effect, is an
undesirable effect in SIS mixers since it increases the overall noise. Thus, a steady magnetic field
is employed to suppress cooper pair tunnelling. Another interesting feature of SIS mixers is that
in contrast to conventional mixers, it is possible to have conversion gain as described in [76].

ENERGY
CURRENT
3

DENSITY OF STATES

(@) (b)

Figure 2.2. SIS principle of operation. Extracted from [21]. ()
Energy bands of a biased superconducting-insulating-
superconducting (SIS) structure. The copper pair is broken by the
incoming photon which allows the quasiparticle to tunnel through the
insulator. (b) IV curve of the SIS junction. The dashed line
corresponds to the unpumped SIS, i.e. when no local oscillator (LO)
power is applied. Meanwhile, the solid line shows the behavior with
the applied LO power.

The SIS junction’s structure sets limits for the IF bandwidth and the operational frequency since
the IF bandwidth is limited by the geometrical capacitance of the junction. Moreover, the IF
bandwidth is further limited by the tuning circuitry capacitance.

The choice of a mixer technology will depend on the characteristics of the radiotelescope,
frequency of operation and noise requirements. Moreover, the receiver detection could be coherent
or incoherent. In contrast to incoherent detection, heterodyne (coherent) receivers preserve the
phase information of the incoming radiation. The following section elaborates on the key concepts
of heterodyne detection.



Concepts of Heterodyne Detection

A frequency mixer is essentially an analogue multiplication of two signals with different
frequencies denominated Local Oscillator (LO) and Radio Frequency (RF). The LO is generated
in a reference source, while the RF signal presents the information of interest. The mixing between
the LO and the RF produces a signal called Intermediate Frequency (IF) that fully preserves the
phase and amplitude of the RF information. The IF frequency is higher or lower than the RF
depending on whether the process is up-conversion or down-conversion. While up-conversion is
typically employed in transmitters, the down-conversion process is found in receivers®.

The mixer element’s nonlinear nature produces a large variety of harmonics and undesired signals
that must be filtered out at the output. The following power series function describes a classical
regime mixer response:

I(t) = ag + a,V(t) + a, V()2 + azV(£)3 + - a, V()" (2.2)

Where I(t) is the time dependent current at the mixer output. When LO and RF are applied , V(t)
is defined as:

V(t) = Vo cosnfiot) + Virr cos(2mfrpt) (2.3)

Therefore, the mixer will generate at its output a large number of frequency components based on
the addition, subtraction and multiplication of the original f,, and fzr. However, the frequency
components that are interesting for the conversion process are:

1(t) x Kcos(2mfot) cos(2mfrpt) (2.4)
I(t) o g[COS 21t (frr + fLo)t + cos 21 (frr — fL0)t] (2.5)
fir = frr £ fro (2.6)

The intermediate frequency can be filtered from the rest of the undesirable frequency components.

Many radio astronomy receivers make use of the down-conversion process to detect and process
the high frequency signals that come from celestial bodies, e.g. [6,22,23,29]. In Figure 2.3, the
simplified block diagram for a heterodyne radio astronomy receiver is shown. The bandpass
response is provided by the interconnection components located between the antenna and the
mixing element, i.e. horn, orthomode transducer (OMT), and waveguide to substrate transition.

It is essential to note that radio astronomy receivers operating below ~100 GHz incorporate a RF
low noise amplifier (LNA) as the first stage, e.g. ALMA band 2 receiver [24]. Even though LNA
technology is progressing towards frequencies above ~100 GHz, e.g. [25,26], RF LNAs are not
employed in high frequency receivers since the noise of such devices so far is too large compared
to the extremely sensitive SIS mixer. Therefore, the inclusion of an RF LNA would deteriorate the

! Part of this section follows the book by David Pozar “Microwave Engineering”
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noise performance of the system. This aspect will be further discussed in the next section, where
the system noise temperature is presented.

LO
Antenna
BPF IF LNA
% RF ® IF Next
X Stages
Tmix T|F
Lmix GIF
Tin
Lin

Figure 2.3. Simplified block diagram for heterodyne receivers for radio
astronomy applications.

System Noise Temperature

Since the temperature of a system is inherently connected to the generated noise power, the
measurement of equivalent noise temperature provides a figure of merit to evaluate the receiver's
performance. The equivalent noise temperature could be defined as the absolute temperature of an
equivalent resistor that would generate the same noise as the component [27]. This definition could
be better understood with the following example. In Figure 2.4a, a noisy amplifier with bandwidth
B and gain G is depicted. The amplifier is perfectly matched to a source and load resistors which
are noiseless. If the absolute temperature of the input resistor is 0 K, the input noise power would
be 0, thus, the output noise power would be the noise generated by the amplifier itself. As depicted
in Figure 2.4.b, it is possible to obtain the same noise output power if the amplifier is assumed
noiseless and the resistor is at a temperature T,:

N, = GkT,B (2.7)

where k is the Boltzmann's constant and B the bandwidth of the system. Therefore, T, is the
equivalent noise temperature of the amplifier. Moreover, the T, of a passive device is tightly
connected to its losses [27]:

Te=(L—1)T (2.8)

Where T is the temperature of the passive device, and L are the losses which are defined as the
loss of signal power resulting from the insertion of the passive device in the transmission path.
Therefore, reducing the system noise might be achieved by minimizing their components' losses
and decreasing operation temperature. Both strategies are implemented in radio astronomy
receivers where the losses are carefully optimized, and the system is generally cooled down to



Ne=0 No = GkT.B N; Ny = GKT.B
Ts = 0K Rsource T No R
s = -0
¢ GkB source Rload
Noisy Amplifier Noisellgss
Amplifier
(@ (b)

Figure 2.4. Definition of equivalent noise temperature of a noisy amplifier. (a) Noisy amplifier (b)
The output noise power is identical if the amplifier is noiseless and the source resistance is at T,
temperature.

cryogenic temperature to reduce the thermal noise. It is important to note that the cryogenic
operation is not only grounded by noise reduction but also required for the superconducting
detectors functioning.

The system noise temperature for the system shown in Figure 2.3 is defined by cascading the
individual contribution of each component as follows:

Tnext_stage )] (2 9)

Tsys =T+ Lin [Tmix + Lnix (TIF + G
IF

From the equation, it becomes clear that the first stages significantly impact the overall system
noise temperature. In SIS mixer radio astronomy receivers operating beyond ~100 GHz, LNAs are
not useful since the noise added by this component as first stage amplifier would dominate the
overall system noise temperature. Thus, the SIS mixer is employed as the first stage of the system.
It is important to note that SIS mixers can achieve conversion gain [76], and therefore, the term
Lomix could be replaced by 1/G,,;, which will help to reduce the overall Ts,,. Nevertheless, SIS

mixers with high conversion gain are not frequently employed due to potential oscillations and
difficulties in the design for wideband operation.

T;,, represents the noise of the antenna, optics and all the components located before the mixer
stage, e.g. waveguide to substrate transitions and, in polarization sensitive receivers [6,29,78],
OMT and waveguide twist. Moreover, the losses of such components are represented by L;,,. From
equation 2.9, it is seen that the input losses should be minimized to reduce their impact on the
overall system noise temperature. Therefore, the minimization of losses was one of the main
requirements for the design of the devices presented in this thesis, i.e. waveguide to substrate
transition and waveguide twist.



Section 2.2 - Waveguide Components

Radio astronomy receivers make use of waveguide components to transport the RF and LO signals.
Among the different components, the most critical for the receiver performance are the feed horns
and the orthomode transducers (OMTs). The feed horn is used to couple the incoming
electromagnetic radiation into the waveguide system. Meanwhile, the OMT, which is connected
at the output of the feed horn, is used for polarization discrimination [28]. OMTs are widely
employed in modern polarization-sensitive receivers such as [6,29] to detect the incoming signal's
polarization. Since the outputs of the OMTs are generally orthogonal to each other, the E field of
one of the output waveguides often needs to be rotated 90° to facilitate the integration of the two
signals chains into a single receiver system, as depicted in Figure 2.5. Therefore, waveguide twists
have become a crucial component for receivers with polarization discrimination. This waveguide
component should achieve the E-field rotation with minimum losses since it is located in one RF
path before the mixer. Thus, the twist's overall losses will directly impact the noise performance
of the receiver and the symmetry of both polarization paths. Moreover, since the minimization of
the losses is closely tied to the shortening of the RF path, the compactness of waveguide twists is
also an essential requirement. It is important to highlight that compact and low loss waveguide
twists are not limited to radio astronomy receivers, but they are frequently applied to many mm-
wave and sub-mm systems too. For instance, highly integrated waveguide components are
important for satellite systems where space and RF power are extremely limited [30].
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Figure 2.5. Continuous rotation twists (a) Example of 90° continuous twist employed after the
OMT in ALMA band 5 preproduction cartridge [6] (b) E-field magnitude simulation of a
continuous twist. It is appreciated how the E-field of the rectangular waveguide main mode is
gradually rotated along the continuous twist. Top: image of continuous 90° waveguide twist
employed in [6].

90° Waveguide Twists

A great variety of 90° waveguide twists have been extensively studied in recent years to achieve
compactness, low insertion loss and minimum reflections [31-41]. These designs tend to
differentiate from commercially available solutions where continuous rotation twist are frequently
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employed. Continuous twist relies on the gradual rotation of the E-field inside a twisted rectangular
waveguide, as shown by Figure 2.5b. The gradual rotation guarantees broadband operation with
minimum reflections. However, continuous twists require a length of several guided wavelengths,
which makes them incompatible with highly integrated waveguide systems. Moreover, the
electroforming process employed for its fabrication is costly and takes a significant amount of
time.

An alternative solution was explored in the designs presented in [32-34], which are based on multi-
step twists. These twists are formed by a series of waveguide sections that are gradually rotated
until the full E-field rotation is achieved. Although this solution is less bulky than continuous twist,
its fabrication is rather complicated. Furthermore, the overall performance of the multi-step twists
depends on the fabrication and mounting tolerances of each section. Therefore, these twists are
especially challenging to implement at higher frequencies where mounting tolerances are more
critical.

Figure 2.6. Single step twist with a corner cut layout
proposed in [40] and fabricated by micromachining.

The 90° single-step twists constitute the most compact solution. In this approach, a single
waveguide section is inserted with an angle of 45°, which allows the E-field to rotate. As explained
in [38], the discontinuities introduced by this waveguide section are mutually cancelled if the
thickness is approximately one quarter guided wavelength (Ag/4). Furthermore, the bandwidth and
performance are related to the shape of the cross-section of the step twist. As a consequence,
various shapes have been extensively studied [35, 38, 39, 41]. In particular, the corner cut shapes
with multiple sharp corners have been widely adopted since they tend to maximize the bandwidth
of the twist. Figure 2.6 illustrates a single step twist with sharp corners proposed in [40]. The sharp
corners are rather challenging to fabricate with simple techniques as direct milling, especially at
higher frequencies. This has led to alternative fabrication methods, as presented in [40], where
micromachining techniques are employed for producing a 90° step twist. Although
micromachining allows to precisely define the cross-section shape, it is so far a rather complicated
and expensive process. Furthermore, the alignment of the twist with the input and output
waveguides is critical to avoid in-band resonances, as demonstrated in [Paper A].

To address these problems, in this work, we demonstrate a novel compact wideband 90° twist with
a performance less sensitive to geometry variations [Paper A].
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Section 2.3 - Waveguide to Substrate Transitions

Thin-film technology is the main pillar for mixer fabrication in radio astronomy receivers, thus,
waveguide to substrate transitions play a crucial role in the receiver performance. The main
requirements for the waveguide to substrate transitions are a low insertion loss accompanied by
proper impedance matching. In addition, a simple mounting process and the associated mounting
tolerances are also essential requirements.

E-Probes

E-probes have been extensively employed from the origins of microwave technology to our days
in a large number of applications. This enormous popularity responds to their ease of fabrication
and versatility. Thanks to these characteristics, E-probes are among the most widely used
waveguide to substrate transition for THz application. Moreover, the analysis of "one-side™
microstrip probes impedance presented in [42] and [43] opened new possibilities for high-
frequency broadband applications. In recent years, significant progress has been made toward
wideband microstrip probes with fractional bandwidth reaching 50% [43]. In Figure 2.7, examples
of E-probe radio astronomy mixers for different frequencies and detectors types are depicted.

Among the great variety of probe shapes found in the literature [45, 46, 47, 48], the radial probes
are the most popular due to their convenient impedance range that can vary between 10 and 60 Q

(a) High .Jt;uphoon
Impedance RFl Hioke suppresion
RF choke 1 line SIS junctions current
\ and tuning

circuitry // SIO2 layer

\ ; Bond wire to ground
% output 4 RF Bottom conductor
Josephson waveguide virtual ground
suppression current g RF chg ke 2
+ mixer bias 4

g AR

Resistive LO? .

L. 2 i .
coupler ¥ terminationi Bond wires #;

Figure 2.7. Examples of E-probe radio astronomy mixers. (a) SIS mixer developed
for APEX band 2 receiver covering 275-370 GHz [44]. (b) SIS mixer for 475 to 625
GHz [20]. (c) SIS mixer developed for ALMA band 5 receiver 163-211 GHz [45].
(d) NbN/GaN HEB mixer 1-1.5 THz [8].
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depending on the substrate and radius [43]. The pure real impedances can only be obtained by
tuning out the impedance imaginary part. This cancellation is strongly dependent on the probe's
position with respect to a waveguide backshort. The backshort is generally situated at A¢/4 and
constitutes the main limitation for the maximum bandwidth of E-probes. Thus, the mounting
accuracy and machining tolerances become rather critical for the performance, especially at mm-
wave and THz frequencies. In [43], a capacitive step is introduced in the input waveguide to
increase the fractional bandwidth. Although this approach dramatically improves the probe's
bandwidth, it does not solve the tolerance issues associated with E probes. Therefore, it becomes
clear that there is a need for an alternative waveguide to substrate transition for the next generation
of radio astronomy receivers.

Finlines

Since finlines structures were first proposed in [49], they have been used for a wide variety of
applications, from microwave to the millimetre-wave range [50-53]. Finlines are waveguide to
substrate transitions constitute by a pair of conductive fins over a dielectric substrate. It is
important to remark that finline structures are meant for split block technology. In general, the
conductive fins are positioned where the E-field magnitude is maximum for the fundamental TE1o
rectangular waveguide mode, i.e. at the centre of the waveguide "a" dimension, as shown in Figure
2.8a. The positioning inside the rectangular waveguide gives finlines a considerable advantage
with respect to other waveguide to substrate transitions, i.e. their tolerance to mounting and more
straightforward block fabrication since a backshort is not needed.

Conductive Fins

b

Y
\ 4

(@) (b) (©)

Figure 2.8. Cross section of three commonly used finline configuration. (a) In the
unilateral finline configuration the fins are located on only one side of the substrate.
The red arrow illustrates the electric field excitation of the fin-gap (b) Antipodal
finline configuration with separated fins by the substrate. (c) Bilateral Finline.

Among the different existing configurations, the antipodal, unilateral and bilateral finlines are the
most widely used. In antipodal finlines, the fins are separated by the substrate, as shown in Figure
2.8b. Antipodal finlines achieve lower impedance levels since the field is concentrated inside the
substrate. Moreover, the antipodal layout allows a direct transition to microstrip. This advantage
has been explored in [54], where an antipodal finline mixer was developed. However, the
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performance of the antipodal configurations is sensitive to the alignment between the fins,
especially at high frequencies where a few pum wide fin-gap is frequently employed. This problem
is shared with the bilateral finline configuration since it presents a pair of fins on both sides of the
dielectric slab, as depicted in Figure 2.8c. Furthermore, the bilateral arrangement generally
presents significant losses due to higher field concentration inside the dielectric.

The unilateral layout is the simplest and probably the best suited for high-frequency applications
since both metallizations are located on the same side of the dielectric slab, as illustrated by Figure
2.8a. This configuration eliminates the problems related to the fins' alignment but increases the
overall impedance of the line since a large part of the electromagnetic field propagates outside the
dielectric. The unilateral configuration has been applied for mixer design in [51]. In these designs,
different techniques were employed to mitigate the main problem associated with finlines, i.e. the
impedance matching between the waveguide and the substrate. The poor impedance matching
degrades the performance of the transition and limits its operating bandwidth. In Figure 2.9, a

RF choke Tuner circuit Finline-microstrip transition (a)

Direct-mixer

Bonding ; Unilateral finline Triangular matching
pads Serration choke taper notch
. - fos e (e (b)
RF choke Tuner circuit Finline-microstrip transition
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- il #’  y e §
AT LK

Gold beam leads Gold beam leads Unilateral Multi-stage matching
(IF signal) (Ground) finline taper notch

Direct-mixer

Figure 2.9. Examples of unilateral finline 600-700 GHz radio astronomy mixers.
Extracted from [55]. (a) SIS mixer fabricated over 60 um quartz. The finline
transition make use of a triangular notch in the quartz substrate to improve
matching. In addition, serration chokes are employed to guard against the
propagation of substrate mode. (b) SIS mixer fabricated over 15 um Si substrate.
Note the multi-stage silicon matching notch.
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variety of solutions for improving the matching are presented. These solutions are based on
impedance transformers patterned on the substrate aiming to gradually load the waveguide and
minimize the mismatch. Although these techniques partially solved the matching problem, they
extend the substrate inside the waveguide, which increase the dielectric losses of the transition. An
alternative solution is explored in this thesis [Paper B], where a new type of finline is presented,
the Substrateless finline. In this finline configuration, the substrate confined by the fins is removed
to improve the matching and reduce the dielectric losses.

Section 2.4 - Slotline to Microstrip transitions

Thin-film superconducting microstrips are fully compatible with the fabrication of the trilayer SIS
structure. Furthermore, thin-film microstrips can reach impedances below 10 Q, which is
especially suitable for the SIS RF impedance matching circuit. Consequently, most modern SIS
mixers rely on thin-film microstrip lines for on-substrate interconnections [45], [79]. On the other
hand, finline structures can be easily coupled to slotlines as the main electromagnetic propagation
mode is essentially identical. Nevertheless, fabricating slotlines with small characteristic
impedance is rather challenging. Therefore, finline mixers usually employ an additional transition
step from slotline to microstrip.

The main requirements for slotline to microstrip transitions are low insertion loss, high return loss,
and chip area minimization. These requirements are challenging to accomplish due to the inherent
impedance difference between slotlines and microstrips. While 40 Q slotlines can be fabricated
with thin-film technology, lower impedance values are non-practical as the slot dimension
decrease to the um range and below. On the other hand, it is rather difficult to achieved impedance
values higher than 20 Q with thin-film microstrips, where the dielectric layer thickness is
comparable to the strip thickness. Therefore, the matching between slotlines and thin-film
microstrip is highly complex. Through the years, a large number of different solutions have been
proposed [55-59].

One of the classical solutions is the cross-junction transition [58], as depicted in Figure 2.10a. In
these junctions, the microstrip is defined on one side of the dielectric, while the slotline is located
on the opposite side. The transmission lines cross each other at a 90° angle and terminate in A/4
stubs. These stubs are open and short circuit for the microstrip and the slotline, respectively.
Therefore, the electromagnetic energy is transferred at the intersection from one transmission line
into the other through the magnetic field. The energy transfer is maximized when the stubs are
exactly A4 long. Hence, the cross-junction transition performance is limited by the stubs
bandwidth. Radial stubs are frequently employed since they provide larger fractional bandwidth.
However, the radial stubs dramatically increase the chip area together with the equivalent
capacitance showed by the circuit at lower frequencies. This becomes especially problematic for
SIS mixers where the IF bandwidth depends on a lower capacitance value.
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Figure 2.10. Slotline to microstrip transitions. It is important to note that the
dielectric layer located between the conductors is not shown in the images for
clarity. (a) Cross-junction transition. (b) Indirect transition with CPW. (c)
Double Y balun transition (d) Marchand balun transition.
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Double Y baluns emerge as an alternative solution to cross-junction transitions [59], as displayed
in Figure 2.10c. The double Y balun employs short and opens terminations for both microstrip and
slotlines to optimize energy transfer and improve the overall bandwidth of the transition.
Nonetheless, the slotline open termination significantly increases the area on the chip, and it is a
potential source of resonances due to energy radiation. Furthermore, the realization of the
microstrip short makes the design and fabrication rather complex.

The inherent impedance difference of microstrips and slotlines could be overcome with indirect
transitions, where an auxiliary transmission line is employed to facilitate the matching [55].
Among the different auxiliary lines, coplanar waveguides (CPW) are the most popular solution
due to the wide range of impedances and field compatibility with slotline and microstrip, as
illustrated by Figure 2.10b. Indirect transitions with CPW enhance the bandwidth of microstrip to
slotline transitions. Nevertheless, the fabrication of such transition is rather complex due to the
extra transition steps and the need for an air bridge to suppress parasitic CPW modes.

The Marchand balun transition arises as a promising solution due to its compactness and design
flexibility [56]. The Marchand balun structures resemble the cross-junction transition. However,
its bandwidth does not rely on single A/4 stubs, but it combines different impedances to synthesize
a particular response. For instance, a third-order Chebyshev passband response could be
synthesized as depicted in Figure 2.10d. Furthermore, since this balun does not employ radial or
circular stubs, the transition is highly compact. These characteristics make Marchand baluns an
attractive solution for broadband low-loss microstrip to slotline transitions. In this work, the
ongoing research towards a Marchand balun transition designed for future SIS mixer design and
integration with substrateless finlines is presented in Chapter 5.
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Chapter 3 - Wideband 90° Waveguide Twist with
Simplified Layout for 140-220 GHz

In [Paper A], a novel compact wideband 90° twist was presented with a performance less sensitive
to geometry variations than the existing corner cut designs, e.g. [35, 38, 39]. The higher geometric
tolerance of the design allowed simple fabrication techniques as direct milling without
compromising the overall bandwidth and the performance. The design layout presented in Figure
4.1 was intended for the 140-220 GHz band.

PORT 1

(a) (b)
Figure 3.1. Waveguide twist presented in [Paper A]. (a) Waveguide twist layout. (b) Cross
Section view and waveguide ports. Dimensions for WR-5.1 Band: R= 460um, A= 600 um, B=
500 um and R2= 100 pum. The thickness of the step twist is 660 pum.

Section 4.1 - Simulation of electromagnetic twist modes

The field rotation process can be better explained if the modes inside the twist cavity are studied.
Figure 3.2 illustrates the electrical field distribution of the first, second and third modes of the twist
cavity. As can be seen, the modes resemble TE1o, TE11, and the antisymmetric TE1o modes in a
rectangular waveguide, respectively. However, it is essential to highlight that the twist's second
and third modes are evanescent for the input/output rectangular waveguides connected at port 1
and 2, i.e., they propagate only inside the twist cavity.

To further investigate the propagation modes of the twist, a series of simulations were performed.
Figure 3.3 shows the simulated magnitude of S12 for two configurations: 1) the twist as a
standalone component and 1) the twist connected to a standard rectangular waveguide in only one
of its ports, as shown in the insert in Figure 3.3. In both configurations, the first three modes were
simulated. For the first configuration, the cut-off frequencies were found to be 120 GHz, 211 GHz
and 223 GHz. Note that the main mode for the standalone twist was not plotted since it propagates
in the whole frequency band and may reduce the graph's clarity.
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When the first configuration is compared with the second, a series of interesting conclusions can
be drawn. In the first place, the second mode's cut off frequency is influenced by the rectangular
waveguide connected to the twist. In contrast, the third mode cut off remains fixed, but a resonance
appears at the same frequency, i.e., 223 GHz. This resonance is "mirrored” at the main mode, as
seen in Figure 3.3. Therefore, the third mode will play a significant role in limiting the operational

(a) (b) (©)
Figure 3.2. Electrical field distribution comparison between Twist
modes and standard rectangular waveguide WR 5.1. Twist modes: (a)
Dominant Mode — Cut off Frequency 120 GHz. (b) Second Mode - Cut
off Frequency 211 GHz.(c) Third Mode — Cut off Frequency 223 GHz.
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Figure 3.3. Propagation of the second and third mode for the
standalone twist cavity, and the twist cavity connected to a rectangular
waveguide. The third mode will introduce a resonance in the response.
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bandwidth of the waveguide twist. A second conclusion can be formulated by analyzing the mode
relations in the twist and rectangular waveguide. When the first mode of the twist cavity is excited
on the input port, the TE1o mode is observed at the rectangular waveguide output. This relation
proves its role in the field rotation process.

Simulated performance

The operational bandwidth was maximized by carefully positioning the third mode resonance
outside the frequency of operation. The simulation results are illustrated in Figure 3.4.

The twist was simulated with the full-wave 3-D simulator Ansys HFSS [64]. The simulation shows
a return loss better than -20 dB over most of the operation band, which implies a 44% fractional
bandwidth. In addition, the insertion loss is predicted to be below 0.3 dB for the whole frequency
range.
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Figure 3.4. Simulated Performance for the desing twist presented in [Paper A]. The
magnitude E-field colour representation shows the field rotation process.
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Section 3.2 - Measurement Setup

The proposed waveguide twist was characterized using Keysight PNA-X 5242 and Virginia
Diodes frequency extension modules WR-5.1 with standard TRL calibration. The extension
modules should be rotated 90° to account for the twist rotation. Unfortunately, the calibration
cannot be performed in this position. Therefore, the setup should be disturbed after calibration to
rotate one extension module, which affects the overall precision of the measurements. In order to
preserve the measurement accuracy, an additional 90° continuous twist [6] was employed. The
continuous twist was positioned at one of the ports providing an additional 90° field rotation. The
S matrix of this continuous twist was fully characterized in advance and later de-embedded by
software. As a consequence, the physical rotation of the module is avoided during the step twist
measurement. In Figure 3.5a, the measurement setup is illustrated. Furthermore, the fabricated step
twist and the continuous twist employed in the measurements are depicted in Figure 3.5b. From
the picture, it is observed the remarkable difference in thickness between both twists.

GHCOMST GHM

SEHAOIG VINIS/

(b)
Figure 3.5. Mesurement setup and fabricated twist. (a)
Mesurement setup (b) Continuos twist (left) and fabricated twist
(right). The thicknesses are 4 mm and 660um, respectively. The
fabricated twist is displayed on the left.
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Section 4.3 - Results and Discussion

The measured performance of the fabricated step twist is compared with the simulation in Figure
3.6. The continuous twist response is displayed in the same graph for the sake of comparison.

From the graphs, it can be seen that the experimental data was found in good agreement with the
simulation. Although the return loss of the continuous twist is better than the fabricated twist for
most of the band, its insertion loss is in the same order. This result implies that a notable bandwidth
with minimum insertion loss and a reasonable 20dB return loss can be achieved with the highly
compact step twist, which is 6.5 times thinner than the bulky continuous twist.

Measured and Simulated 90° Waveguide Twists
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Figure 3.6. Measured and simulated scattering parameters for fabricated twist and

continuous twist.

The twist proposed in [Paper A] is further compared with the state-of-the-art 90° waveguide twist
found in the literature in Table 3.1. From the table, it is seen that the proposed waveguide twist
covers a full waveguide band, i.e. 44% bandwidth, with the lower insertion loss and thickness.
Although the designs presented in [31] and [60] achieved an excellent performance, their
compactness is compromised since they are integrated into a split block. Moreover, the devices
explored in [40] and [41] include multiple sharp corners, increasing the fabrication complexity.
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Table 3.1 - State of the art comparison of 90° Twists

Ref

Frequency
[GHZz]

Franctional
Bandwidth

Length [Ag]

IL
[dB]

RL
[dB]

Geometry

Comment

(6]

140-220

44%

1.8

30

Continuous Twist
-Fabricated by
Electroforming.

[41]

220-320

37%

>4

0.5

500-700

33%

Not reported

2.5

20

Continuous Twist
-Fabricated by
direct milling.

[33]

75-110

37%

112

0.11

25

1.27 mm

(G,

LRn 635 mm

Multistep Twist
-Fabricated by
direct milling.

[40]

600-750

22%

0.43

0.5

20

Single step Twist
-Fabricated by
micromachining.

[60]

220-330

40%

8.75

0.6

20

Single step Twist
integrated in split
block - Fabricated
by direct milling.

[31]

220-330

40%

18.14

25

Multistep Twist
integrated in split
block - Fabricated

by direct milling.

[Paper A]

140-220

44%

0.3

0.4

~20

Single step Twist
-Fabricated by
direct milling.

IL: Insertion Loss RL: Reflection Loss A;: guided wavelength.
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From the comparison, it becomes clear that the twist proposed in [Paper A] combines a highly
compact design with a remarkable fractional bandwidth and minimum losses. Moreover, the
absence of sharp corners makes the design suitable for standard milling techniques at least up to
220 GHz. Furthermore, the presented design can be easily scaled down to lower frequency,
extending its applicability to a large number of broadband highly integrated waveguide systems.
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Chapter 4 - The Substrateless Finlines

The substrateless finline is a novel type of unilateral finline where the substrate between the
conductive fins has been completely removed, as shown in Figure 4.1. Meanwhile, the substrate
under the fins is preserved. The substrate removal addresses two fundamental problems of
waveguides to finlines transitions, i.e. the dielectric losses on the substrate and the impedance
matching over large bandwidths. As discussed in Section 2.3, the impedance match of finline
transitions is usually compromised by the discontinuity between the dielectric slab and the
waveguide. In contrast, the substrateless finline introduces the dielectric slab gradually, which
dramatically improves the matching with the waveguide and the resulting bandwidth of the
transition. Therefore, substrateless finlines could potentially be employed for wideband designs.
In this work, the development of this novel transmission line was intended for wideband cryogenic
mixer design in the frequency range 211-375 GHz.

Figure 4.2 depicts the E-field distribution in a waveguide to substrateless finline transition. It is
seen how the fundamental waveguide mode TEio is transformed into a finline mode. Since this
field distribution is identical to the slotline mode, the electromagnetic energy can be naturally
coupled later to a slotline.

Waveguide

Substrate

Removed
Substrate

Figure 4.1. Substrateless Finline waveguide to substrate transition. Note that the
substrate enclosed by the conducting fins has been removed. The red arrow
indicates the E-field orientation in the waveguide input.

25



4 Waveguide E Field [V/im]

1.5000E+05
. 1.4007E+05
1.3013E+05

1.2020E+05
1.1027E+05
1.0033E+05
9.0400E+04
8.0467E+04
7.0533E+04
6.0600E+04
5.0667E+04
4.0733E+04
3.0800E+04
2.0867E+04
1.0933E+04
1.0000E+03

Waveguide Substrate
Input

Figure 4.2. E-field magnitude distribution in a waveguide to substrateless
finline transition. The waveguide input is excited with TE1o mode.

Section 4.1 - Design of Substrateless Finlines

The taper shape defines the performance of waveguide to finline transitions. In the last decades,
several methods for finline taper design have been proposed and tested [61-63]. Nevertheless, these
methods have been specially formulated for regular finlines where the substrate between the fins
has not been removed. Therefore, in this work, a new method for designing substrateless finline
tapers was investigated and presented in [Paper B].

An arbitrary finline taper profile can be generated if the characteristic impedance and the guided
wavelength functions are known. The relations between impedance, guided wavelength and fin-
gap size can be explored with the help of the full-wave 3-D simulator Ansys HFSS [64].
Employing a single section of substrateless finline, the main parameters of the substrateless finline
can be investigated and mapped for different fin-gap. Afterwards, the mapped values can be used
to create polynomial approximations that relate the different parameters. However, it should be
noted that the approximations produced with this method are only applicable to the conditions
established in the simulation. In particular, it is crucial to define the dielectric slab characteristics,
i.e. dielectric constant and thickness, since the substrateless finline impedance depends on these
values. In this work, float-zone silicon of 30 um thickness was chosen as the finline substrate. The
selection of float-zone silicon was motivated by its low loss at cryogenic temperatures. Moreover,
the maturity of the Si etching technology allows removing of the substrate easily. Regarding the
thickness of the Si substrate, 30 um was selected to prevent substrate modes from propagating in
the structure [65]. Moreover, the silicon substrate was enclosed by an 800 pum x 400 pm
waveguide. This waveguide size completely covers the frequency range which was targeted in the
design, i.e. 211-375 GHz.

Once the substrate and frequency range were selected, substrateless finline for fin-gaps ranging
from 4 to 400 um were simulated. Therefore, the impedance and guide lambda vs. fin-gap was
obtained. This data was employed to develop polynomial approximation functions, which can be
used for multi-step transformer design, as discussed in the next section. A similar procedure was
performed for characterizing superconducting slotlines.
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Section 4.2 - Waveguide to Substrate transition employing
Substrateless Finlines

The approximations for characteristic impedance and guided lambda were employed to design a
waveguide to substrate transition for 211-375 GHz frequency range. The transition transforms the
nearly 500 Q of a full-height waveguide into a 70 Q superconducting slotline. As illustrated in
Figure 4.3, the impedance transformation was achieved with an 8 steps transformation that
includes 2 Chebyshev transformers; the first 5 steps, S1 to S5, consist of a substrateless finline that
matched the waveguide impedance to 108 Q, while the remaining 3 slotline steps, S6 to S8, further
reduce the impedance to 70 Q.

M Fins
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Optimized Step Transformer and Spline for Substrateless Finline
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Figure 4.3. Design of waveguide to substrate transition. Top:
Substrateless Finline and superconducting slotline transformer.
The different steps of the full transformation are depicted.
Bottom: Optimized step transformer and resulting finline taper
(spline).
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The taper shown in Figure 4.3 was obtained after drawing a spline curve through the centre of each
step. The spline definition generates a smoother impedance transition since it reduces the effect of
step discontinuities in the response [66].

Employing the finline taper and the superconducting slotline transformer, the waveguide to
substrate transition illustrated in Figure 4.4a was designed. The transition incorporates
superconducting Nb fins deposited over 30 pum Si substrate. Moreover, the Nb fins are grounded
to the copper block through Au beamleads that extend 100 pum beyond the substrate. The Au
beamleads overlaps the superconducting fins and follow a similar spline, but they are offset from
the Nb edge to avoid losses in the Au. When the waveguide split block is closed, the beamleads
are clamped and pressed between the two halves, as shown in Figure 4.4a and c.

Consequently, the device is supported only by the beamleads and the substrate is suspended inside
the waveguide block. It is important to note that the waveguide width was increased from 400 pum
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Figure 4.4. Waveguide to substrate transition. (a) Transition mounted in the block. (b) Lateral view of
the structure mounted in the waveguide. (c) Transition viewed from slotline side. The different material
thicknesses are appreciated. For the sake of clarity, this image is shown not to scale. (d) Top view of
the transition. Au beamleads extend by 100 um from each side of the silicon substrate. The dashed
lines illustrate the waveguide dimension. (e) The bottom view reveals the profile of the silicon substrate
and its overall length.
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to 420 um. This additional 20 um facilitates the mounting of the device since a 10 pum gap is
created between the substrate and the waveguide wall.

As depicted in Figure 4.4b and c, the block height is reduced in 2 equal steps to obtain the
subcritical dimension 400x420 um. This waveguide dimension prevents the propagation of
unwanted waveguide modes in the frequency of operation. The waveguide height variation is
introduced when the field has already concentrated between the fins, as shown in Figure 4.4b.
Thus, the change of waveguide height has almost no effect on the impedance of the transition.

It is important to remark that a tolerance analysis was performed to investigate the sensitivity of
the different parameters of the device. It was concluded that the fabrication precision was required
to be £1 um for the step widths and +5 pum for the step longitudes. A standard microfabrication
process can achieve this precision.

Back-to-Back Structure Superconducting Simulation

Since the S parameter characterization systems at the targeted frequency range 211-375 GHz make
use of waveguide extenders, it was developed a structure composed of two transitions in a back-
to-back arrangement for mounting in a split block waveguide. With a back-to-back structure, the
simulations and measurements can be easily compared. The back-to-back structure is shown in
Figure 4.5a. From the image, it can be seen that silicon tips have been added to the finline
structures. These silicon tips, which rest inside pockets in the block, facilitate handling and
alignment of the back-to-back finline sample.

The electromagnetic performance of the back-to-back structure at 4 K was simulated in Ansys
HFSS employing two different approaches. Firstly, the superconducting Nb layer was simulated
as a perfect conductor (PEC). Secondly, the complex surface impedance of the superconductor
was calculated following the BCS theory. Moreover, the surface impedance values were computed
for 450 nm of Nb in the frequency range 211-375 GHz. Afterwards, the complex impedance was
applied as an impedance boundary to the fins. This procedure was based on the superconductor
simulation detailed in [67] and the method proposed in [68] for the superconducting microstrips
simulation.

The PEC and superconducting simulations are compared in Figure 4.5b. It is seen that both
simulations predict an insertion loss of less than 0.6 dB, and a return loss better than 15 dB over
the whole band, i.e. 211-375 GHz. However, the superconducting approximation response seems
to be shifted to higher frequencies. This shift may be explained by the reactive component of the
surface impedance, which is not present in the PEC approximation. Nevertheless, the agreement
of the simulations indicates that the functions developed in [Paper B] give a reasonable
approximation for substrateless finline and superconducting slotline design. In the case of
superconducting finlines and slotlines, the magnetic field penetrates into the superconductor from
both faces of the superconducting thin film that forms the fins. Therefore, the PEC approximations
developed in [Paper B] will remain valid as far as the fins are much thicker than twice the London
penetration depth AL of the superconducting material, e.g. 180 nm for a thin-film Nb layer.
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Figure 4.5. Back to Back transition. (a) Transition mounted in the block. The
upper and lower halves of the block are depicted separately. (b) S parameter
simulation of back-to-back structure employing PEC and Superconductor
approximations.
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Section 4.3 - Bending of the fabricated Structure

The samples were fabricated following the process presented in [Paper B]. After the samples were
released, they were inspected under the microscope. From this analysis, it was appreciated that the
back-to-back structures were bent. The bending was further analyzed by employing an optical 3D
profilometer. The inspection results depicted in Figure 4.6 show that the structure symmetrically
bends along the X-axis. This deformation may be the result of the fabrication process. In particular,
the Nb layer is deposited with a compressive stress of about 200 to 300 MPa, which may cause the
bending of the finline structure. Stress-free Nb films are hard to accurately achieved, while tensile
stressed films have the substantial disadvantage of worse adhesion and porous structure, which
degrade their superconductive properties [69]. Therefore, compressively stressed Nb film is
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Figure 4.6. Profile analysis of the fabricated back-to-back structure.
The 3D representation clearly show the structure is bending along the
X axis. The profile graph for the slice “A-B”" shows that the structure
is bended 55 um with respect to its center.
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employed as it provides the highest superconducting properties, as well as having the least
developed surface topography for the film [69].

The deformation of the structure complicates the correct mounting of the samples in the block.
Nevertheless, the considerable flexibility of the thin silicon substrate allowed to reshape of the
back-to-back structure. With the help of a wire bonding machine, the beamleads were carefully
pressed against the block surface to flatten the structure. It is important to remark that the bonding
wire was not required during this process. In Figure 4.7, it can be observed the places where the
bonding wedge pressed the beamleads. This method allowed to flatten and, by that, ease mounting
of the devices into the block.

Figure 4.7. Flattened structure mounted on the lower half of the split block.
The marks of the bonding wedge are visible over the finline beamleads.

Section 4.4 - Cryogenic Measurements of Substrateless
Finline

The measurement of the fabricated samples was performed with the help of the setup shown in
Figure 4.8. It consists of a Keysight PNA-X 5242A, a 4 K closed-cycle cryostat where the device
under test (DUT) was cooled, and a pair of frequency extension modules Virginia Diode Inc. [70].
Due to the considerable fractional bandwidth of the DUT, three pairs of extension modules for
different frequency ranges were employed in the measurements, i.e. WR-5.1 (140-220 GHz),
WR3.4 (220-330 GHz), and WR2.2 (330-500 GHz). However, the cryostat input waveguide was
WR-10 (75-110 GHz), hence a pair of adapters were employed to transform the waveguide sizes
from WR-10 to the required waveguide dimension of the extension modules as depicted in Figure
4.8b. These adapters allow to overmode the WR-10 waveguide chain. Moreover, since the DUT
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waveguide size is 800x420 um, an additional pair of adapters were located at the 4K stage inside
the cryostat, as illustrated by Figure 4.8c.

Frequency
Extension
Modules

Adapters WR-10 to
800x400um

'7 £ "71/ %3 g

Figure 4.8. Measurement setup. (a) WR-3.4 frequency extension
modules and VNA (b) The extension modules are connected to the WR-
10 waveguide chain using adapters. The calibration plane is located
outside the cryostat. (c) Waveguide chain inside the cryostat.

The major challenge in measuring S parameters at cryogenic temperatures lies in the calibration
inside a cryostat, especially at high frequencies where waveguide systems are employed. The
reduction of the waveguide chain losses during cooling dramatically affects the reference planes
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Insertion Loss (dB)

calibrated at warm inside the cryostat since the warm calibration overestimates the losses. The
shift of the calibration planes could be corrected by measuring a short circuit standard at 4K, as
described in [71]. This method for cryogenic measurements is frequently applied at lower
frequencies where coaxial cables are employed. Nonetheless, it is not practical at higher
frequencies due to the waveguide chain's thermal contraction. This shrinking is comparable to the
guided wavelength, thus, it is not possible to accurately correct the room temperature calibrations.
Therefore, an alternative measurement procedure using waveguide frequency extension modules
was developed to characterize the insertion loss of back-to-back substrateless finline structures. A
standard warm TRL calibration was applied to position the calibration planes at the input of the
cryostat, as depicted in Figure 4.8b. This calibration served to measure the DUT and a waveguide
thru at 4K and 10K. The waveguide chain was identical for both measurements, which allows the
comparison of the DUT insertion loss with the waveguide Thru. As a result, the relative insertion
loss of the DUT was obtained and compared with the simulation. The same procedure was repeated
for the three frequency bands.

Figure 4.9 shows the comparison between the simulated and measured performance of the
fabricated back-to-back transition. From the graph, it can be seen that the experimental data was
found in good agreement with the simulation. The measured back-to-back insertion loss at 4K is
less than 1 dB almost over the entire frequency range. Meanwhile, the losses triple above the
superconducting transition temperature, i.e., 9.3K for Nb. Although the results are consistent with
the simulation for the lower frequencies, experimental data deviate for the higher frequency end.
These deviations may be explained by minor differences in the waveguide chains and fabrication.

Relative Measurements Back-to-Back Transition at 4K and 10K
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Figure 4.9. Measured and simulated insertion loss for 4K together with the measured frequency
bands. The losses above the transition temperature for Nb are also plotted.
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Section 4.5 - State of the Art Comparison

The novel substrateless finlines presented in [Paper B] achieved a remarkable fractional bandwidth
of 55%. Table 4.1 shows the state-of-the-art waveguide to substrate transitions intended for THz
receivers. From the table, it is evident that the proposed transition stands out not only for its
bandwidth but also for its direct measurement at cryogenic temperatures. The complexity of the
direct cryogenic measurements made the low-frequency scale model the preferred method for
design verification. Moreover, this verification is done at room temperature. Nonetheless, this
method presents a series of significant limitations. For instance, during the cooling cycle, the

TABLE 4.1 STATE OF THE ART WAVEGUIDE TO SUBSTRATE TRANSITIONS
- Intended
Transition Fractional BW @ 15| Insertion
Reference Tipe Fr;q:ne;cy dB Return Loss Loss [dB] Measurement Method Image
Radial Probe o Scale Model Verification -
(72l to microstrip 375-500 ~30% 0.15 Warm
73] Radial Probe 140-220 44.4% 0.45 Estimation from Cryogenic ,’
to microstrip ' ' Measurement
[43] Eag:f‘c'rz:r?e 270-430 45.7% Not Reported | S¢3%® M°d\f\; Verification -
p arm
[74] E)adm'iac'rzgli’; 700-1100 44.4% Not Reported Simulation
Dual-dipole -
[47] antennato |  580-800 31.8% 2 Scale M"d\fv';r/;”f'ca“on :
microstrip
Unilateral
[55] Finline to 550-750 30.7% Negligible Simulation
slotline
Unilateral
[75] Finlineto | 170-265 38.2% 05 Measure Back to Back
slotline Transition - Warm
Unilateral Cryogenic Back to Back - - -
[Paper B] | Substrateless | 211-375 55% ~0.5 Insertion Loss T——
Finline Measurement " 0= e
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thermal contraction of the various materials and the rise of stress can easily break ultrathin silicon
devices. The survival of the device to a cooling cycle cannot be assessed adequately with warm
measurements. Furthermore, the impact of the fabrication and mounting tolerances cannot be
evaluated with low-frequency scale models. To the best knowledge of the authors, the insertion
loss measurement presented in [Paper B] constituted the first verification of a back-to-back
structure at cryogenic temperatures.

This ultrawide bandwidth of substrateless finline transitions opens new possibilities for the design
of receivers in radio astronomy applications. In particular, the presented substrateless finline
allows covering ALMA band 6 (211-275 GHz) and ALMA band 7 (275-375GHz) simultaneously
[16]. Nevertheless, the applicability of this new type of finline is not limited to radio astronomy
applications, but it can be employed in a wide range of mm and sub-mm applications. For instance,
it may be applied in the THz communication systems that have increasingly drawn attention in
recent years [5]. Moreover, the design procedure detailed in [Paper B] might be employed for
different frequency ranges, making substrateless finlines an attractive solution for a great variety
of wideband applications.
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Chapter 5 - Ongoing Research: Ultrawideband Slotline
to Microstrip Transition for 211-375 GHz based on
Marchand Balun

The transition based on Substrateless finlines detailed in Chapter 4 transforms a waveguide
impedance into a slotline. Since fabricating slotlines with small characteristic impedances below
10 Ohm is not practical at mm-wave and THz frequencies, most modern SIS mixers rely on other
types of transmission line, e.g. thin-film microstrip lines [45]. Therefore, the need for an additional
transition step from slotline into microstrip becomes clear. To address this need, the ongoing
research is focused on the design, fabrication and cryogenic measurement of a slotline to microstrip
transition covering the frequency range 210-375 GHz.

The literature review on existing microstrip to slotline transitions presented in Section 2.4 shows
the Marchand baluns as a promising solution due to their compactness and straightforward design.
However, to the author's best knowledge, these baluns have not been previously investigated for
sub-mm applications. In this chapter, the design and fabrication of a superconducting Marchand
balun for future wideband mixer chip design.

Section 5.1 - Transition design

The proposed transition depicted in Figure 5.1 is based on a third-order Chebyshev Marchand
balun [56]. The balun consists of a microstrip and a slotline that lie perpendicular to each other.
The structure is patterned on top of a 30 um Si substrate compatible with the finline structure
presented in [Paper B]. The slotline and the microstrip are defined by 450 nm of superconducting
Nb, and they separated by a layer of 1.3 um SiO2. This particular dielectric thickness was chosen
to achieve the required impedance while keeping the microstrip width at the level of a few pm, i.e.
compatible with the available microfabrication process.

Figure 5.2 outlines the different impedances employed in the transition as an equivalent circuit
diagram. The transition transforms a 60 Ohms slotline, referred to as ZoS, into a 45 Ohms
microstrip, denominated as ZoM. The transformation is accomplished with two stubs: an open
circuit microstrip stub and a short circuit slotline stub, with Z1 and Z2 characteristic impedances,
respectively. Besides, Z3 is realized as a A/4 slotline section that matches the intersection
impedance to ZoS. The procedure to calculate the impedances Z1, Z2 and Z3 are detailed in
Appendix I.
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Figure. 5.1. Proposed slotline to microstrip Marchand
Balun transition. (a) Top view of the transition. (b) Lateral
view of the structure where the different layers and
thicknesses are detailed.
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Figure 5.2. Equivalent circuit diagram of the proposed third
order Chebyshev Marchand Balun transition. The microstrip
impedance ZoM is 45 Ohm while the slotline impedance ZoS
is 60 Ohm. The impedances Z1 and Z3 are realized with
slotlines. Meanwhile, the short circuit stub with a
characteristic impedance Z2 is realized as a microstrip.
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Section 5.2 — Back-to-Back Electromagnetic Simulation

After the dimensions of the transmission lines were defined, the complete Marchand Balun was
simulated and optimized for minimizing the insertion loss in the full-wave 3-D simulator Ansys
HFSS [64]. Figure 5.3a shows that the optimization was performed with a back-to-back layout,
where both input and output are microstrips. This layout responds to the particular characteristics
of the simulator, where microstrips are simpler to excite than slotlines. Moreover, the
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Figure 5.3. Electromagnetic Simulation (a) Simulated back-to-back
structure. The microstrip ports were excited with 45 Lumped Ports. (b)
Simulated S parameters Marchand Balun Transition in a back-to-back
arrangement.
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superconducting Nb was simulated as a perfect conductor. This approximation was appropriate
since the dielectric thickness is several times the thickness of Nb, i.e. 1.3 pm and 0.45 pm,
respectively. Under this condition, the superconducting microstrip impedance resembles a
microstrip with perfect conductor electrodes [67, 68].

The simulation results for the back-to-back balun are presented in Figure 5.3b, where the calculated
and optimized transition can be compared. The graph shows that the simulated return loss for the
optimized back-to-back Marchand Balun is better than 25 dB in the whole band. Furthermore, the
insertion loss is above -0.1 dB in the entire frequency range.

Section 5.3 - Test Chip Design

To fabricate and assess the performance of the back-to-back Marchand Balun, the structure must
be integrated with a waveguide to microstrip transition. Thus, the back-to-back transition was
integrated with E-probes. However, a single probe cannot cover the entire frequency band
adequately. Therefore, two versions of the test chip for the frequency range 211-295GHz and 295-
375 GHz were designed. A separate probe was designed and optimized for each frequency range.
Both test chips included a straight section of microstrip that connects the probe with a 90°
microstrip bend terminated in 45 Ohm, i.e. ZoM. The microstrip bend was introduced to
accommodate the Marchand Balun transition in a back-to-back layout. The chip is grounded
through a 5 um thick Au beamleads that extend 80 um beyond the silicon substrate. The beamleads
provide an electrical connection between the niobium ground layer and the waveguide block since
the gold is clamped and pressed between the two waveguide halves. The waveguide size of the
blocks is 800x400 um to cover the entire frequency range 211-295GHz. The samples were
fabricated in house following the procedure detailed in Appendix I1.

Section 5.4 - Ongoing Work

The characterization of the test chips at cryogenic temperatures is ongoing. Figure 5.4 illustrates
the fabricated chip and the measurement setup. The setup includes waveguide bends with
integrated waveguide size adapters from 2540x1270 um (WR-10) to 800x400 um. These adapters
are employed to connect the waveguide blocks, where the fabricated chips are mounted, to the
existing WR-10 waveguide chain of the cryostat. The chips are measured employing the technique
described in [Paper B], i.e. the insertion loss is compared with a waveguide thru at 4 K. This
approach allows for a straightforward comparison between measurements and simulation.
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Waveguide Bend
and adapter WR-10
to 800x400um

Microstrips

Figure. 5.4. Measurements setup and fabricated test chips. (a) Waveguide chain mounted inside the
cryostat. The DUT fabricated in tellurium copper is connected to the WR10 system through
waveguide bends that integrate waveguide adapters. (b) Test Chip mounted in the lower part of the
split block. (c) Magnified image of the mounted test chip. The S shaped waveguides are employed to
maintain output symmetry. (d) Test Chip covering the lower frequency band (210-295 GHz). (e) Test
Chip covering the higher frequency band (295-375 GHz). (f) Detail of the fabricated back-to-back
Marchand Balun.
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Chapter 6 - Conclusion and Future Outlook

The next generation of radio astronomy receivers demands a considerable improvement in the RF
bandwidths of passive devices. To address this need, a series of ultra-wideband passive devices
have been presented in this thesis.

Firstly, a 90° step twist for the frequency range 140-220 GHz was presented. In contrast to existing
designs, the twist presented in this work avoids sharp corners, which greatly enhances
manufacturability through direct milling without compromising its performance or compactness.

Secondly, a new type of finline was developed, i.e. the substrateless finlines. This novel approach
improves the matching with waveguides and reduces the overall losses in the substrate.
Consequently, substrateless finlines are an attractive solution for the design of ultra-wideband
waveguide to substrate transitions. In this thesis, a waveguide to substrate transition with 55%
fractional bandwidth (211-375 GHz) was designed, simulated and measured at cryogenic
temperatures. To the authors' best knowledge, the insertion loss measurement presented in this
work constituted the first verification of a back-to-back structure at cryogenic temperatures.

The need for further transition from slotline to microstrip motivates the ongoing research on
Marchand Baluns. In this work, a slotline to microstrip transition was designed and simulated for
the frequency range 211-375 GHz. The simulations showed promising results, and characterization
at 4 K is ongoing.

Figure 6.1a shows a conceptual integration of the Marchand Balun with substrateless finline to
design a waveguide to microstrip transition. This transition could be employed for the future
design of broadband SIS mixers receivers. In Figure 6.1b, a conceptual block diagram for a
sideband separating receiver is depicted. In the block diagram, the RF and LO signals are
transferred to the substrate with the waveguide to microstrip transition shown in Figure 6.1a.
Moreover, the RF 90° hybrid and power divider could be integrated on the same chip.

Even though the devices presented in this work were meant for radio astronomy receivers, other
applications at THz frequencies could possibly benefit from this development. Furthermore, the
presented designs can be easily scaled down to lower frequencies, extending their applicability to
a large number of broadband systems.
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Figure. 6.1. Future Outlook: Broadband mixer design. (a) Conceptual chip layout of waveguide
to microstrip transition employing substrateless finlines developed in [Paper B] and the
Marchand balun presented in Chapter 5. This transition could be used for RF and LO in a future
SIS mixer design. (b) Conceptual block diagram for a sideband separating receiver employing
the waveguide to microstrip transition shown in picture “a”. The complete chip may include 2
waveguides to microstrip transition for LO and RF, on chip RF hybrid, on chip power divider
for the LO signal and tuning circuitry for the SIS.
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Appendix | - Simplified equations for third-order
Chebyshev Marchand balun calculation.

The following equations can be used for calculating a third-order Marchand Balun [56] and serve
as a starting point for optimization:

73 = \zos (1.1)
2+ 2 1
z2 = —/zos + (zos + ﬁ)z (1.2)

- a?+ B(B + 22 tanH)
2 + (B + 2z2 tan 9)?

z2 tan? 6 (1.3)

1 + tanz 9 (I 4)
= Zos(l + zos tan?0

tan @
1+ zos tan?6

B = Vzos (1 — zos) (1.5)

The terms a and S are used solely to simplify the presentation of the equations. Meanwhile, the
variable 6 , express in degrees, defines the theoretical bandwidth of the Chebyshev response. The
relation between 6 and the overall bandwidth of the transformer was numerically calculated in
[56], showing an inverse nonlinear relation between these 2 variables. It is important to note that
all the impedances have been normalized by ZoM in the equations.
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Appendix Il - Fabrication Process of Marchand Balun
Test Chips

The process employed for fabricating the samples is detailed in Figure. Il. The samples were
fabricated from a silicon-on-insulator (SOI) substrate with a 300 pum handle layer, 2 pum barrier
layer SiO2 and 30 pm device layer. The SOI structure facilitates handling the thin devices and
provides a natural etch-stop layer for the Si etching.
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Figure I1. Simplified fabrication process. (a) First lithography over previously sputter Nb layer. (b) Dry
etching of Nb layer for slotline definition. (c) Magnetron sputtering of SiO; layer. (d) Magnetron sputtering
of second Nb layer. (e) Second lithography and dry etch of Nb layer for microstrip definition. (f) Third
lithography. Note that certain alignment marks are patterned for transferring them into the SiO2 layer. (g)
Sputtering of 100 nm Al. (h) Lift off Al and dry etching of SiO2 layer. (i) Strip of Al hard mask. (j) Fourth
lithography and transferring of alignment marks into Si. (k) Electroplating of beamleads. (I) The sample is
mounted for backside processing. Dry etch of handle layer. (m) Dry etching buried SiO>. (n) Fifth lithography
step and anisotropic etching of Si device layer. (0) Release of devices.
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After carefully cleaning the handle layer surface, a film of 450nm Nb layer is deposited by dc
magnetron. Afterwards, the first lithography shown in Figure Il.a creates a photoresist soft-mask
over the Nb layer. This mask is later employed to define the slotline by dry etching the Nb layer
in a reactive ion etching (RIE) process. Then, the 1.3 um SiO: layer is deposit by a reactive RF
magnetron sputtering. Furthermore, a second 450 nm Nb layer is deposited over the SiO: in the
same vacuum run. The microstrip lines are created over this last Nb layer with a second lithography
and dry-etching, as depicted in Figure Il.e. This is followed by the third lithography shown in
Figure I1.f and the sputtering of a 100 nm Al layer, as illustrated by Figure Il.g. The lift-off in
acetone of the Al layer defines a hard mask for the SiO2 dry-etching process shown in Figure I1.h.
In addition, in this process stage, specially designed alignment marks are patterned in the SiO..
This oxide layer will act as a hard mask for further transferring these alignment marks into the
backside of the Si device layer with the help of a Bosh process. The deep Si etching by the Bosch
process is depicted in Figure 11.J. The Figure demonstrates how a thick photoresist allows the deep
etching of the alignment marks but protects the rest of the sample. The alignment marks transfer
will prove to be helpful in the last steps of the process since they will transform backside
lithography into frontside lithography. This is advantageous since a better alignment could be
easily obtained in frontside lithography.

After removing the thick photoresist, the beamleads are created through electroplating process, as
depicted in Figure Il.k. Afterwards, the chip is mounted upside down on a 4-inch Si carrier wafer
for backside processing. The mounting process involves a release layer and an adhesive layer. The
subsequent dry etch illustrated in Figure I1.I and Figure I1.m are employed to remove the handle
layer and the buried oxide layer, respectively. The final lithography defines the chip shapes and
uses the alignment marks patterned in the backside of the device layer. Therefore, a thick
photoresist etch mask could be created on the backside. This soft-mask is used for the final
anisotropic etching that complete the device definition. Finally, the devices are released when the
adhesive and release layer are dissolved in a solvent.
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