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Abstract 

In recent decades, there has been a growing interest in THz research, leading to substantial improvements in 

technology and the emergence of new applications. In particular, the ever-evolving field of radio astronomy 

instrumentation has been pushing the limits of millimeter and sub-millimeter technology boundaries, redefining 

the state-of-the-art for wideband low-noise receivers. The technological roadmaps for radio astronomy 

applications, such as  “The ALMA 2030 Wideband Sensitivity Upgrade”, set the requirements for the next 

generation of heterodyne receivers. Among these requirements, it establishes the need for a wider IF bandwidth 

and the possibility of covering multiple existing RF bands with a single receiver, e.g., combining ALMA bands 6 

(211–275 GHz) and 7 (275–373 GHz), i.e., a ~56% fractional bandwidth. To build receivers with such a large 

fractional bandwidth, each of their components must be able to cover the required bandwidth with minimal 

insertion loss, or equivalently, add the minimum noise to the system. In particular, it is essential to focus on the 

components that are critical for the performance of such receivers, such as front-end waveguide components and 

the mixer chip. This thesis addresses this need and focuses on the design, simulation, fabrication, and 

characterization of ultra-wideband THz devices for the next generation of radio astronomy receivers. 

The thesis starts by presenting the development of waveguide passive components key to future ultra-

wideband receivers, such as waveguide twists and power dividers. Waveguide twists are essential interconnection 

parts in most polarization-sensitive THz receivers that make use of orthomode transducers. Since compactness 

and low insertion loss are critical requirements, step-twists have become a promising solution. This work 

introduces novel designs for step twists covering the frequency ranges of 120-220 GHz and 210-375 GHz, i.e., 

44% and 56% fractional bandwidth with 20 dB return loss, respectively. In the first design, the experimental 

verification showed an insertion loss of 0.4 dB, while the second demonstrated an insertion loss as low as 0.3 dB. 

Additionally, the thesis investigates waveguide power dividers, a fundamental component in the development of 

2SB receivers for LO injection. It presents a waveguide power divider that incorporates a substrate-based element 

into a waveguide structure to enhance the output port’s isolation and matching in the frequency range of 150-220 

GHz, i.e. 38% fractional bandwidth. 

THz mixers are implemented with thin-film technology. As a consequence, the waveguide-to-substrate 

transitions have a fundamental role in the performance and bandwidth of such systems. In this work, a waveguide-

to-slotline superconducting transition based on substrateless finlines is proposed. Moreover, for the majority of 

modern mixers with Superconductor Insulator Superconductor (SIS) technology, the microstrip line topology is 

the most suitable. Hence, this work presents the development of a broadband slotline to microstrip transition based 

on Marchand baluns. Both transitions were experimentally verified at cryogenic temperatures. Remarkably, each 

of these transitions achieved a fractional bandwidth of ~56%, while the substrateless finline transition 

demonstrated an insertion loss of 0.5 dB, the Marchand Balun showed an insertion loss as low as 0.3 dB. The 

integration of the substrateless finline and the Marchand balun transitions served as the first approach to a platform 

for the development of an ultra-wideband SIS mixer. This platform evolved into the SIS mixer design for 210-

375 GHz introduced in this thesis. The mixer chip represents a significant shift from traditional design approaches 

since the dielectric substrate is removed and replaced with a micromachined metallic substrate which integrates a 

metallic finline. The micromachined substrate is employed as a technological platform for the Nb-Al/AlN-Nb SIS 

junctions, the RF matching circuitry, and the IF output filter. The mixer features a designed IF bandwidth of 4-16 

GHz.  Furthermore, this thesis demonstrates the feasibility of micromachined metallic substrates as a technological 

platform for SIS devices. 

 

Keywords: Heterodyne receivers, Spectroscopy, Waveguide twist, Finline, Waveguide-to-Substrate Transition, 

Superconductor-Insulator-Superconductor (SIS) mixers. 
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Chapter 1   

Introduction 

The human eyes perceive a small fraction of the electromagnetic spectrum that is commonly 

referred to as visible light. Nevertheless, the electromagnetic spectrum extends far beyond the 

optical region, and it is traditionally divided into: radio waves, microwaves, THz, infrared, 

visible light, UV, and X-rays, as depicted in Fig. 1.1. Among these spectral regions, the THz 

range, which falls between 100 GHz (corresponding to a wavelength of 3 mm) and 10 THz 

(corresponding to a wavelength of 3 0µm) [1], has recently drawn increasing attention in the 

scientific community. The interest in this particular frequency range is motivated by its 

numerous applications in multiple areas such as instrumentation for medical science [2], 

material science [3], and radioastronomy [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 radioastronomy instrumentation which has continuously pushed the 

technological boundaries and redefined the state-of-the-art technology at THz frequencies [6-

8]. 

 

1.1 – Exploring the Universe: mm and Sub-mm Radioastronomy 

A large part of the universe and its phenomena are invisible to optical wavelengths since 

they occur in regions of space so cold that they do not radiate enough light in the visible 

spectrum. Furthermore, the opacity of the interstellar dust at optical frequencies prevents 

telescopes operating in the visible light spectrum from detecting a substantial number of these 

cosmic phenomena. This part of space is frequently referred as the “cold universe”. The "cold  

 

 

 

Fig.. 1.1. Illustration of the electromagnetic spectrum divisions and frequency ranges. 

Reproduced from [1]. 
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Fig. 1.2. Selection of recent radio astronomy observations. (a) Image of a young galaxy from 

a period just 600 million years after the Big Bang. This discovery provides valuable insights 

into the early stages of galaxy formation [9]. (b) 30 Doradus is a large star-forming region 

located in the heart of the Tarantula Nebula. The image is a composite, of red/orange 

millimeter-wavelength data from ALMA and data from the Hubble Space Telescope (HST) [10]. 

(c) High-resolution ALMA image of the protoplanetary disk surrounding DG Taurus at a 1.3 

mm wavelength. The smooth appearance, absent of ring-like structures, indicates a phase 

shortly preceding planet formation [11]. (d) The first image of Sagittarius A, the supermassive 

black hole at the center of our Milky Way galaxy, was released by the EHT Collaboration in 

May 2022 [12]. 

 

(a)
(b)

(c)

(d)
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universe " can be investigated by the observation in the mm and sub-mm range. This frequency 

range is essential for studying molecular lines to determine the chemical and physical 

characteristics of astronomical objects, seeing through optically thick cosmic dust to uncover 

stellar and planetary formation processes, and observing the dense molecular clouds where 

stars and planets are formed [13]. Furthermore, redshift is the phenomenon in which light from 

distant objects in the cosmos, such as galaxies, shifts to the longer wavelengths, i.e., towards 

the red end of the visible electromagnetic spectrum. This shift is primarily due to the expansion 

of the universe, which causes these objects to travel away from us. In other words, this 

phenomenon shifts the light originally emitted in the optical or infrared into the millimeter and 

submillimeter range by the time it reaches us. Therefore, mm and sub-mm astronomy is 

particularly well suited to make observations going back into the early universe, observing light 

from distant objects, and detecting redshifted continuous emission from and beyond the peak 

of dust thermal emission. The measured continuum emission reveals important information 

about dust mass and temperature, star formation activity in dusty regions, and the mass of the 

interstellar medium (ISM). For instance, it is possible to image distant galaxies and investigate 

gravitational lensing phenomena [13].  

Exploring the universe in the mm and sub-mm range has inspired worldwide efforts to 

develop and build radio telescopes to perform high-resolution observations. 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) [14]. 

The EHT makes use of Very Large Baseline Interferometry (VLBI), which involves employing 

multiple telescopes to form a virtual telescope the size of the maximum distance between them. 

This approach significantly improves spatial resolution and sensitivity, allowing astronomers 

to view details at much larger distances than a single telescope could. VLBI has been crucial 

in making groundbreaking observations, such as photographing the black hole in the M87 

galaxy, by merging signals from multiple telescopes across the world e.g. the Northern 

Extended Millimeter Array (NOEMA) [15], the Atacama Pathfinder Experiment (APEX) [16] 

and the Atacama Large Millimeter/Submillimeter Array  (ALMA) [13].  In Fig. 1.2, a small 

selection of recent radio astronomy observations at these frequencies is shown.  

The Atacama Large Millimeter/submillimeter Array (ALMA) is located in northern Chile's 

Atacama desert at an elevation of 5000 meters on the Chajnantor plateau where the high altitude 

and minimal precipitable water vapor provide ideal observation conditions. This makes 

ALMA, with its 66 reconfigurable antennas, one of the most sensitive ground based telescopes 

ever built for high-resolution investigations at millimeter and submillimeter wavelengths [19]. 

Each antenna has eight receiver bands that cover frequencies ranging from 84 to 950 GHz, and 

with the full deployment of Band 1 [17] and 2 [18], this range is extended down to 35 GHz 

(0.3 to 8.6 millimeters).  As it is found in other telescopes operating at this frequency range, 

the receivers employ state-of-the-art heterodyne technology that provides the highest spectral 

resolution (λ/Δλ> 106 -107). In addition, most of these heterodyne receivers rely on 

superconducting detectors based on Superconductor/Insulator/Superconductor (SIS) junctions. 

SIS Mixers have become one of the most common mixers in this frequency range since they 

provide an outstanding sensitivity, achieving noise levels close to the quantum limit [6]. For 

instance, 8 out of ten receivers of ALMA employ SIS technology [19]. The next section 

provides a quick outline of the technological principles behind radioastronomy receivers that 

are relevant to the thesis. 
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(1.1) 

1.2 – Concepts on Radiostronomy Receivers  

1.2.1 – Radioastronomy 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, the noise produced in the detector itself is a major factor in the noise 

performance of the receiver. Therefore, the detector noise must be minimized. This requirement 

is critical for the receiver performance since the sensitivity of the radiotelescope is intrinsically 

related to the noise temperature [20] [139]:: 

 

𝛥𝑇 𝑚𝑖𝑛 ∝  
𝑇𝑆𝑌𝑆

√𝛥𝜏 𝐵
 

 

where 𝛥𝑇 𝑚𝑖𝑛 is the sensitivity, understood as the minimum variation in the input signal that 

the system can detect, while 𝜏𝑖𝑛𝑡 is the integration time, and B and 𝑇𝑆𝑌𝑆 are the bandwidth and 

the noise temperature of the system, respectively. It is essential to mention that 𝑇𝑆𝑌𝑆 is defined 

for the entire system and includes the contributions of the receiver, antenna, atmosphere, and 

background. From equation 1.1, it can be seen that the system noise temperature is linearly 

related to the sensitivity. In contrast, the dependence on the integration time is the inverse of 

the square root. Note that the integration time is limited by the stability of the receiver and the 

1/f noise. These relations indicate that reducing the system noise temperature is the most 

efficient option to increase the sensitivity. 

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.  Schottky diode mixers emerge as an attractive solution due to their large IF 

bandwidth and wide temperature range of operation [25]. These detectors are frequently 

employed in space-borne missions since they do not require cryogenic temperatures to operate 

[142].  However, the demand for a considerable LO power (~mW) and the comparably high 

noise temperature make them less attractive for applications that require the ultimate 

sensitivity. Recently, other technologies that provide highly compact solutions at room 

temperature operation have been tested for the development of receivers, such as BiCMOS  

[143]. 

Superconducting hot electron bolometers (HEB) provided the best noise performance for 

frequencies above ~1.2 THz  [78]. 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 nearly 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 [8,22], 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, it is possible to 

approach the theoretical quantum noise limit for a double sideband configuration (DSB) as 

hf/2k, as was demonstrated in [6,23]. Since in this thesis a wideband SIS mixer is designed and 

simulated, the next subsection details the most basic principles of SIS junction operation.  
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1.2.2 – SIS working principles 

 

The working principle behind SIS mixers lies in the photon-assisted quasiparticle tunneling 

through a superconductor-insulator-superconductor SIS tunnel junction. Fig 1.3a illustrates the 

energy level diagram of a SIS structure employing a semiconductor representation. From the 

figure, it can be seen that a gap exists between the filled states (shaded) and the empty states. 

Ideally, at T=0K, the energy states are occupied by paired electrons denominated "Cooper 

pairs". Meanwhile, at 0<T<Tcritical, a fraction of superconducting pairs breaks into single 

electrons, and they are exited into a quasiparticle energy state [25]. When the SIS is biased to 

a voltage level of Vb≥2Δ/e, where "Δ" 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 quasiparticles can tunnel through the insulating layer. In the presence of a photon source 

with energy hf, the tunneling can occur at a lower bias voltage, i.e. hf/e. This phenomenon is 

used for developing heterodyne mixers. It is important to note that the tunneling 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 tunneling.  

Another interesting feature of SIS mixers is that in contrast to conventional mixers, it is 

possible to have conversion gain as described in [24]. 

The SIS junction's structure sets limits for the intermediate frequency (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 

  

(a) (b) 
 

Fig. 1.3. SIS principle of operation. (a) 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) Simulated current voltage curve 

(IVC) for Unpumped (green), i.e., without LO power applied to the junction, and Pumped (red), 

i.e. when LO power is applied to the junction. Moreover. The photon assisted tunneling step 

below the gap is shown. Note that Vg is 2.8 mV. The normal resistance of the junction and the 

subgap resistance (𝑅𝑛) are indicated as the inverse of the slope for the normal and subgap 

regions of the SIS. Since 𝑅𝐽 is related to the subgap leakage current, the relation 𝑅𝐽/𝑅𝑛 is 

employed as a measure of the quality of the junction.  

2Δ

S SI

eVhν
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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.     

1.2.3 – Concepts of Heterodyne Detection 

A frequency mixer is essentially an analog multiplication of two signals with different 

frequencies denominated Local Oscillator (LO) and Radio Frequency (RF) in a nonlinear 

element, such as a SIS junction. 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 the IF 

signal that fully preserves the phase and amplitude of the RF information. The mixer output 

signal has a frequency higher or lower than the input signal depending on whether the process 

is up-conversion or down-conversion. Radio astronomy receivers make use of the down-

conversion process to detect and process the high-frequency signals that come from celestial 

objects, e.g. [6,26,27,28].  

Heterodyne receivers operate in a variety of modes, depending on the receiver configuration 

and measurement needs. The DSB mode, shown in Fig. 1.4, combines the lower and upper 

sidebands into a single IF signal, making them indistinguishable. When only one sideband 

 

 

 

Fig. 1.4. Illustration of the downconversion employing DSB mixer configuration.  
 

LSB USB

LO
ωIF ωIF

ω
ωIF (Signal+Image)

 

 

 

Fig. 1.5. Block Diagram of a Sideband Separating Mixer 2SB. The signal phasor for each 

sideband illustrates the sideband separation process.  
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(1.2) 

needs to be observed a Single Sideband (SSB) mode is employed, filtering out the sideband 

that is not needed. SSB eliminates one sideband but retains the associated noise, theoretically 

doubling the noise temperature over the DSB configuration [45].  

When both sidebands are to be observed separately, a sideband separating mixer (2SB) is 

employed. Fig. 1.5 depicts a block diagram for a receiver with 2SB operation. This setup 

requires two DSB mixers. The RF signal is split with a 90-degree phase difference using an RF 

quadrature 3dB hybrid, and the LO power is symmetrically divided across two mixers, e.g. 

using a waveguide power divider. Then, the IF outputs are combined in a quadrature 3dB IF 

hybrid to achieve sideband separation. The quadrature hybrid's outputs are connected to 

independent amplification chains with Low Noise Amplifiers (LNA), Note that ideal sideband 

separation, however, is dependent on the precise division and phase precision of the RF and 

LO signals. 

For radioastronomy receivers, the trend is toward 2SB receivers, as indicated by 

modifications such as those in BAND 9 and 10 from their initial DSB configurations [19].  

It is essential to note that radio astronomy receivers operating below ~100 GHz incorporate 

an RF low noise amplifier (LNA) as the first stage, e.g. ALMA band 2 receiver [18]. Even 

though LNA technology is progressing towards frequencies above ~100 GHz, e.g. [29,30], 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 noise performance of the system.  

 

1.2.4 – 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 [31].  

The equivalent noise temperature of a passive device is tightly connected to its losses [31]:  

 

𝑇𝑒 = (𝐿 − 1)𝑇 

 

where T is the temperature of the passive device, and L is 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 cryogenic 

 

 

 

Fig. 1.6. Simplified block diagram for heterodyne receivers for radio astronomy applications. 
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(1.3) (1.3) 

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' 

function.  

The system noise temperature for the receiver of Fig. 1.6 is defined by cascading the 

individual contribution of each component as follows: 

 

𝑇𝑠𝑦𝑠 = 𝑇𝑖𝑛 + 𝐿𝑖𝑛 [𝑇𝑚𝑖𝑥 + 𝐿𝑚𝑖𝑥 (𝑇𝐼𝐹 +
𝑇𝑛𝑒𝑥𝑡_𝑠𝑡𝑎𝑔𝑒

𝐺𝐼𝐹
)] 

 

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 [24], 

and therefore, the term 𝐿𝑚𝑖𝑥 could be replaced by 1/𝐺𝑚𝑖𝑥 which will help to reduce the overall 

𝑇𝑠𝑦𝑠. 𝑇𝑖𝑛 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 

[6,28,32], OMT and waveguide twist. Moreover, the losses of such components are represented 

by 𝐿𝑖𝑛. From equation 1.3, 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 transitions, and waveguide twist.  

 

1.3 – Motivation of the Thesis 

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 [6,26,28], 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 [33],  The ALMA20230 

Wideband Sensitivity Upgrade [19], and VLBI2030: “A scientific roadmap for the next decade 

- The future of the European VLBI Network” [34], reflect the needs for the next generation of 

radioastronomy receivers. Among the requirements for future receivers set in these roadmaps, 

the following stand out: wider instantaneous bandwidth, i.e. to double or quadruple the current 

IF bandwidth. Since the RF and IF signals are inextricably tied in the mixing process, it is 

natural to require wider RF bandwidth too. This is already in progress in new ALMA receiver 

developments such as the BAND6v2 [36], the demonstration of the BAND 7+8 [35] mixer, 

and the updated BAND 2 [18]. For instance, the upgraded BAND 2, covers both the original 

ALMA Band 2, i.e. 67-90 GHz, and the original ALMA Band 3, i.e. 84-116. Furthermore, the 

upgraded BAND 2 has an IF Range of 4-18 GHz with a future goal to reach 4-20 GHz. 

Moreover, as depicted in Table 1.1., future receivers are intended to employ 2SB configurations 

with increased sensitivity in the whole band, i.e. lower noise levels. 

To answer the needs of the next generation of radioastronomy receivers, the present thesis 

proposes various ultra-wideband devices for THz receivers: a set of waveguide twists [Paper 

A] and [Paper B], a power divider [Paper C], a cryogenic waveguide to substrate transition 

[Paper D], a cryogenic slotline to microstrip transition [Paper E], the development of a 

technological platform for THz applications [Paper F], and the design of a novel SIS mixer 

featuring the newly developed technological platform [Paper G].  
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Table 1.1 - ALMA Bands and Future Upgrade 

Band 

Original Future ALMA 2030 

RF Range 

[GHz] 

IF Range 

[GHz] 
Type 

RF Range 

[GHz] 

IF Range 

[GHz] 
Type 

1 35-50 4-12 SSB 35-50 4-12 SSB 

2 67-90 - - 67-116 4-16 

2SB 

3 84-116 4-8 

2SB 

* ≥ 4-12 

4 125-163 4-8 * ≥ 4-12 

5 163-211 4-8 * ≥ 4-12 

6 211-275 4.5-10 209-281 4-16 

7 275-373 4-8 * ≥ 4-12 

8 385-500 4-8 * ≥ 4-12 

9 602-720 4-12 
DSB 

* ≥ 4-12 

10 787-950 4-12 * ≥ 4-12 

Extracted from [19] . The future receivers with "*" indicate that the RF coverage might be upgraded. 
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Chapter 2  

 Waveguide Components for Wideband THz 

Receivers 

 

2.1 – Waveguide Components 

Radio astronomy receivers use waveguide components to transport RF and LO signals. Fig. 

2.1a depicts the main components of an S2B design, e.g. ALMA Band 5 mixer assembly. The 

feed horns and orthomode transducers (OMTs) are some of the most important components in 

terms of receiver performance. The feed horn is used to couple incoming electromagnetic 

radiation into the waveguide system, and the OMT, which is connected to the feed horn's 

output, is critical for polarization discrimination [37]. OMTs, which are commonly utilized in 

current polarization-sensitive receivers [6, 28], detect the polarization of the incoming signal. 

Given that OMT outputs are typically orthogonal, waveguide twists are required to rotate the 

E field by 90°, allowing integration of the two signal chains into a single receiver system, as 

shown in Fig. 2.1. The waveguide twists must achieve E-field rotation with minimal losses 

since they are located in the RF channel before the mixer. Therefore, the twist losses have a 

direct impact on the receiver's noise performance and the symmetry of the polarization chains. 

 

 

(b) 

 

(a) (c) 

Fig. 2.1. (a) Example of S2B mixer assembly, ALMA Band 5 [38]. Various waveguide 

components are shown: For instance, corrugated horn, OMT, 90° continuous Waveguide Twist, 

IF hybrids (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:left image of continuous 90° waveguide twist employed in [38]. (c) E-field magnitude 

simulation of a classical waveguide power divider based on T-Junction with septum. 
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It is important to note that compact and low-loss waveguide twists are critical not only in 

radioastronomy but also in various mm-wave and sub-mm systems, including satellite systems 

with limited space and RF power [39]. 

Other key components in S2B designs include LO couplers, which inject a fraction of the 

LO power into the mixer, as well as RF and IF quadrature hybrids, which evenly divide the 

incoming signals and allow sideband separation. Moreover, power dividers are also required 

to equally distribute the LO signal to each SIS DSB mixer. The majority of power dividers 

used in modern radioastronomy receivers are simple three-port waveguide designs with a 

septum as depicted in Fig. 2.1c. These power dividers are intended to transmit half of the LO 

power to each output port without dissipation. However, their output matching and isolation 

performance is relatively poor, which means that reflections from one side can interfere with 

the other output port. This has an impact on the receiver's noise temperature and sideband 

rejection ratio (SBR), which are important metrics for determining the receiver's performance. 

 

 

2.2 – Compact Wideband Waveguide Twists with Low Insertion Loss  

2.2.1 – An Overview of 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 [40-50]. These designs tend 

to differentiate from commercially available solutions where continuous rotation twists are 

frequently employed. Continuous twist relies on the gradual rotation of the E-field inside a 

twisted rectangular waveguide, as shown in Fig. 2.1b. 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. 

Variant forms of continuous twists do not employ continuous rotations of a rectangular 

waveguide. Instead, these twists progressively change their cross-sectional shape until the 

rectangular waveguide is rotated. This approach was first proposed in [51]. Notably, a similar 

approach was implemented in the 220-330 GHz frequency region, as demonstrated in [40], 

shielding good results. Other examples are documented in the literature, including those 

discussed in [50] and [52]. Progressive twists provide reasonably wideband performance and 

are more compact than their continuous counterparts, nonetheless, they still require a minimum 

length close to a wavelength to achieve field rotation [52]. 

An alternative solution is found in step-twist which introduces 1 or more waveguide 

segments with identical cross sections that rotate the E-field of the input waveguide. The design 

presented in [41-43], explores 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 a continuous twist, its fabrication is rather complicated 

since each section is frequently fabricated individually. 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. Therefore, the integration of the multistep into a split 

block technology is desirable such as in the design presented in [40]. Nonetheless, in these 
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cases, the shape of each section is limited due to CNC capabilities. In this thesis, a 2-step twist 

is proposed. The design is optimized for fabrication through direct milling on a single washer 

[Paper B].  

The single-step twists constitute the most compact solution. In this approach, a single 

waveguide section is inserted with half the angle of rotation, which allows the E-field to rotate. 

The bandwidth and performance of these twists are related to the shape of the cross-section of 

the step twist. As a consequence, various shapes have been extensively studied [48, 47, 44, 50]. 

In particular, the corner-cut shapes with multiple sharp corners have been widely adopted since 

they tend to maximize the bandwidth of the twist. The sharp corners are rather challenging to 

fabricate with simple techniques such as direct milling, especially at higher frequencies. This 

has led to alternative fabrication methods, as presented in [49], 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 

for waveguide twists. To address this problem, in [Paper A], I demonstrate a novel compact 

wideband 90° twist with a performance less sensitive to geometry variations. 

 

2.2.3 – Principle of operation of Step twists 

To rotate the E-field in a rectangular waveguide, a discontinuity is introduced, resulting in 

the excitation of evanescent modes. These modes exist within the step twist cavity but do not 

propagate into the rectangle waveguide. This notion is discussed in [47]. The discontinuity 

created by a step twist is often inductive [47]. Moreover, in an ideal single-step twist scenario, 

the discontinuities at the input and output are identical. If the step thickness is about a fourth 

of the guided wavelength (λg/4) of the dominant mode in the twist cavity, these discontinuities 

can mutually cancel. Note that the alignment of the twist with the input and output waveguides 

is critical to avoid in-band resonances, as demonstrated in [Paper A]. 

In the case of multi-step twists, two scenarios are possible: If the steps have a cross-section 

of a rotating rectangular waveguide equal in size to the input/output waveguides and the 

rotation angle remains constant, the reactive discontinuities are equal and they will cancel out 

if the thickness of each section is λg/4. Second, if the cross-section of the steps is not 

rectangular [Paper B], the discontinuities between steps differ from those at the input and 

output. As a result, the step thickness and rotation angle must be adjusted to compensate for 

the unequal reactive discontinuities. The optimum thickness for each segment may vary from 

λg/4, and the rotation angle may not be consistent, causing the angular rotation from the input 

waveguide to the first step to vary from the subsequent steps. 

The maximum achievable bandwidth of a single-step twist is frequently limited by the 

apparition of resonances that are explained by trapped modes inside the twist cavity.  A trapped 

mode occurs when one of the modes involved in the field rotation is confined to a specific 

region within the twist cavity and cannot propagate beyond it. The mode confinement is due to 

the discontinuity generated by the introduction of the twist. An alternative to increase the 

bandwidth is the implementation of a multi-step twist.  
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2.2.4 – Design and Performance of Wideband 90° Twists 

The single-step twist proposed in [Paper A] and the 2-step twist described in [Paper B] are 

displayed in Fig. 2.2. Both designs are based on modified ridge waveguide sections and 

incorporate rounded features that ease the fabrication through direct miling without 

compromising the overall bandwidth and performance. 

 The single-step twist was aimed to cover the frequency range of 140 to 220 GHz, i.e. 44% 

fractional bandwidth. Through a careful study of the single-step twist, a second design with 2 

sections was proposed for a targeted frequency range of 210-375 GHz, i.e. 56% fractional 

bandwidth. The device remains highly compact since both steps are fabricated on the same 

washer. 

  

(a) (b) 

 

(c) 

Fig. 2.2. Compact wideband waveguide twists.Note that dashed lines indicate simulated 

performance and continuous lines depict measurements results. (a) Layout for the single-step 

twist described in [Paper A] (b) Layout for the 2-step twist presented in [Paper B] (c) 

Measured and simulated performance for proposed waveguide twists. 
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The second design introduces “lobes” with a circular shape that enhances the device 

bandwidth at the lower edge of the band. This is explained by the increment in the effective 

width of the ridge structure and, hence, a better matching at the lower edge of the band.  It is 

important to note that due to inaccuracies in the fabrication, the intended bandwidth was shifted 

to 205-365 GHz. The simulated and measured performance of both designed twists is depicted 

in Fig. 2.2.  

 

2.2.5 – Comparative Analysis with Existing Designs 

Table 2.1 shows a comparative analysis of 90° waveguide twists. From the table, it is seen 

the outstanding performance of the designs in references [40] and [55]. However, their 

compactness is limited due to fabrication into a split block. The designs in [49] and [50] include 

several sharp corners, which complicates production. Notably, the design in [50] achieves high-

frequency operation (500-700 GHz) with a 20 dB return loss through direct milling. In contrast, 

reference [49] uses micromachining with the LIGA Process to accurately produce features in 

the 600-750 GHz range. Furthermore, [52] employs an alternate micromachining approach 

incorporating deep silicon etching (DRIE) and metallization, resulting in a progressive twist 

with an excellent insertion loss of 0.2 dB between 220 and 325 GHz. In [53], 3D printing is 

employed to create continuous and single-step twists. While this developing technology has 

yet to equal the performance of existing fabrication methods, its rapid development promises 

to open up new design opportunities in the future. 

From the table, it is also seen that the twists from  [Paper A] and  [Paper B] stand out due 

to their exceptional compactness and superior performance in both Reflection Loss (RL) and 

Insertion Loss (IL). The single-step twist in [Paper A] achieves the full standard waveguide 

 

Ref
Frequency 

[GHz]
FBW [%] Length  [λg]  IL [dB] RL [dB] Fabrication Type

[6] 140-220 44% 1.8 ~0.2 30 Electroforming Continuous 

220-320 37% ? 4 0.5 ~20

500-700 33% NR 2.5 20

[42] 75-110 37% 1 0.11 25  Milling    Multistep 

[49] 600-750 22% 0.43 0.3 20
Micromachining- 

UV-LIGA Process
Single-step

[55] 220-330 40% 8.75 0.6 20  Milling

Single-step  

integrated in split 

block

75-110 40% 0.42 ~0.2 20

170-260 42% 0.33 ~1 15

[40] 220-330 40% 18.14 1 25 Milling Progressive 

0.46 2 ~15 Continuous 

0.35 2 ~10 Single-step

[52] 220-325 38.5% 0.7 0.2 20

Micromachining - 

DRIE Silicon and 

Metallization

Progressive 

[Paper A] 140-220 44% 0.3 0.4 ~20 Milling Single-step 

[Paper B] 205-365 56% 0.3 0.3 ~20 Milling Double-step 

Table 2.1 - State of the art comparison of 90° Twists

IL: Insertion Loss   RL: Reflection Loss  λg : guided wavelength NR:Not Reported

[54] Millling Single-step   

[53] 110-170 43%
3D Printing and 

PVD Metallization

[50] Milling Progressive 
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bandwidth of WR-5.1 while also combining outstanding reflection and insertion loss with a 

compact design, as indicated by its total length in λg. In contrast, the two-step twist from 

[Paper B] outperforms the former in fractional bandwidth and insertion loss while maintaining 

comparable levels of reflection loss and compactness. Furthermore, both designs were 

optimized for a well-established and precise manufacturing technique, i.e. direct milling. 

 

2.3 – Novel Waveguide 3dB Power Divider with Matched Ports 

2.3.1 – Overview of Power Dividers 

Waveguide power dividers are essential components in a wide range of applications, 

especially in high-power systems that combine numerous power amplifiers. In radioastronomy, 

these components are critical in S2B mixers within receivers, equally splitting the Local 

Oscillator (LO) over the two DSB mixers. In particular, most ALMA receivers make use of 

simple three-port waveguide structures such as the one shown in Fig. 2.1c [6]. These power 

dividers provide adequate input matching with reasonable phase and amplitude imbalances. 

Nonetheless, they suffer from poor isolation and output matching. In principle, it is impossible 

to exceed -6 dB in these respects, since microwave theory states that no tri-port network can 

be lossless, reciprocal, and matched at all ports at the same time. 

Various studies have investigated classical waveguide power splitter designs that 

incorporate septums to improve input matching. In [56] and [57], output power is delivered to 

a substrate via E-probes, whereas [58] and [59] achieve power splitting in a substrate-based 

structure. The intrinsic absence of isolation in these systems means that reflections from one 

port negatively affect the other [31]. In theory, this limitation might be solved by adding a 

fourth port to absorb reflected energy, improving isolation and output matching, as the limits 

of a three-port network do not apply to a four-port network. This approach has been the subject 

of various investigations in recent decades. A pioneering work in [60] incorporates a resistive 

material through a slot, which is feasible at lower frequencies but unsuitable at millimeter-

wave frequencies due to the structure dimensions becoming too small for accurate fabrication. 

Further developments include the addition of a resistive material to the septum of the 

waveguide divider at the Ka-band [61], which improves isolation and output matching. An 

alternative technique described in [62] uses a ceramic substrate loaded with thin film resistors. 

However, these strategies result in additional insertion losses due to power dissipation in the 

resistive material. In [63], a coaxial fourth port is placed between the ports of a Y-junction 

waveguide power divider, resulting in an effective fourth port that can be matched for improved 

performance. This concept is further developed in [64] and [65], where an E-probe is placed at 

the junction of a T-junction power divider. Notably, in [64], a grounded lumped resistor is used 

as a matched load, but this solution is less effective at millimeter wavelengths due to the 

significant parasitic inductance and the practicality of discrete/lumped surface-mounted device 

load resistors at these frequencies. 

[Paper C] describes a compact waveguide power divider optimized for millimeter-wave 

and THz applications. This unique design combines waveguide structures with substrate-based 

features that significantly enhance output port isolation and matching. 
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2.3.2 – Design and Performance of Waveguide Power Divider 

The power divider described in [Paper C] employs a waveguide T-junction structure 

combined with a chip based on microstrip technology. This chip makes use of a wideband E-

probe that is patterned on the chip to absorb and dissipate reflected signals from the output 

ports. The chip is placed in a substrate channel located in the waveguide junction. The energy 

coupled by the E-probe is absorbed by a floating resistive load made of a Titanium-Nitride (Ti-

N) mixture chosen for its resistive properties and compatibility with thin-film technology. Fig. 

2.3 shows the proposed design. 

The fabricated device was tested using a vector network analyzer (VNA) with WR-5 

frequency extenders that covered the 150-220 GHz range. The experimental verification was 

consistent with the simulation results. As shown in Fig 2.4, the measurements revealed a return 

loss of 20 dB at both the input and output ports, as well as an isolation better than 16 dB 

between the output ports. The excess insertion loss is limited to 0.3 dB, with amplitude and 

phase imbalances of only 0.15 dB and close to 0°. Note that the design greatly improves port 

isolation and matching when compared to commonly used traditional T-junction waveguide 

dividers. The isolation between the output ports improved from 6 dB to 16 dB, representing a 

10 dB improvement with respect to traditional designs. Simultaneously, the return loss at the 

output ports has improved by at least 14 dB, from 6 dB to 20 dB. Furthermore, the proposed 

power divider achieved a fractional bandwidth of 38%. 

 

 

 

Fig.2.3. Power divider presented in [Paper C]. Detailed 3D drawing of the bottom waveguide 

split block and the overall chip layout.  
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 2.3.3 – State-of-the-Art Comparison 

Table 2.2 show a comparative analysis with the state-of-the-art equal slit power dividers, 

detailing the principle of operation and their measured results. From the table, it is clearly seen 

that few designs are developed for frequencies above 50 GHz.  For instance, the device 

presented in [56] implements a classical waveguide power divider employing a novel double 

probe. In [66], a similar concept to the proposed structure in [Paper C] is implemented but 

with a metamaterial structure based on Spoof Surface Plasmon Polaritons (SSPPs) partnered 

on the chip. It achieves good isolation and output return loss but only over a limited fractional 

bandwidth of 18%. On the other hand, the design presented in [67] implements a combination 

  

(a) (b) 

  

(c) (d) 

Fig.2.4. Simulation and Measurement results for Waveguide Power Divider proposed 

in [Paper C]. (a) insertion loss and input return loss, (b) output return loss, (c) amplitude and 

phase imbalance, and (d) isolation of the power divider. 
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of multiple design strategies, with a partial septum, an inductive iris, and a piece of absorber, 

with limited performance. It is important to note the device proposed in [63] which is 

specifically tailored for ALMA receivers. This device introduces a coaxial port in the 

waveguide junctions that are connected to a matched load. Nonetheless, the performance is 

noteworthy, the use of commercial coaxial load might introduce variability in the performance 

and difficulties to scale the design at higher frequencies. From the comparative analysis, it is 

seen that the device described in [Paper C] stands out for its wideband performance, its novel 

implementation, and the higher frequency of operation, making the device a very practical 

component for millimeter-wave and THz systems, in particular, radio-astronomy receivers. 

 

 

 

 

In Out Amp [dB] Phase [°]

[56] 30 100 0.3 NR 6 6 0.3 ~0
E- Probes and substrates are 

used for power division.

[58] 4.4 93 0.5 15 6 6 0.12 1.38

The division is achieved 

through a  Substrate 

Integrated Waveguide chip.

[61] 23 34 0.2 20 20 20 NR NR

A Resistive Film is 

introduced in the Septum 

position.

[62] 18 55 0.4 16 13 20 0.19 1.4

Ceramic Substrate Loaded 

with Thin Film Resistors 

introduce in the Septum 

position.

[64] 20 30 0.2 17 17 20 0.06 NR

E- Probes and grounded 

lumped resistor employed as 

matched load.

[63] 38 92.5 0.2 19 14 14 NR NR

Added coaxial fourth port in 

waveguide junction. This 

coaxial is connected to 

coaxial matched load.

[66] 18 215 0.3 20 15 15 NR NR

E probe and Spoof surface 

plasmon polaritons (SSPPs) 

structure.

[67] 28 87.5 ~0.25 15 10 10 0.15 7.5

Waveguide T-Junction 

combine with Septum, Iris 

and absorver.

[Paper C] 38 185 0.3 ~20 ~20 16 0.15 ~0

Waveguide T-junction 

structure combined with a 

chip based on microstrip 

technology.

I [dB] Comment

Table 2.2 - Comparison With State-Of-The-Art Equal Split Power Divider

FBW: Fractional Bandwidth Fc: Central Frequency IL: Insertion Loss   RL: Reflection Loss  I : Isolation NR:Not Reported

Fc [GHz]
Imbalance

Ref FBW [%] IL [dB]
RL [dB]
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Chapter 3 

Waveguide to Microstrip Transition for Prospective 

2SB SIS Mixers 

3.1 – A Review of 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. 

3.1.1 – Probes 

Probes have been extensively employed as waveguide-to-substrate transitions. This 

enormous popularity responds to their ease of fabrication and versatility. The primary 

classification of probes differentiates between H and E types [31]. E-probes are designed to 

interact with the electric component of an electromagnetic field, whereas H-probes are intended 

to interface with the magnetic component. The literature on H-probes in the mm and sub-mm 

ranges is sparse, reflecting their limited applications at these frequencies [68]. Although H-

probes can be used as in-line waveguide-to-substrate transitions with no backshorts or tuning 

 

 
Fig. 3.1. Examples of probes waveguide to substrate transition. (a) H-Probe designed for 

frequency range 750-1100 GHz [68]. (b) 90° Radial “one-side” probe with tunning capacitive 

step in the input waveguide. Design for SIS mixer operating in the frequency range 275-425 

GHz. [70] (c) E-Probe employed in [Paper C] covering the frequency range 150-220 GHz. (d) 

275-500 GHz “double-side“ E-Probe for back-short configuration with waveguide of reduced 

height for wideband operation. Employed in SIS Mixer in [35]. (e) Single-side E-Probe for 295-

375 GHz employed in [Paper E] for back-to-back measurements (f) Radial E-Probre for HEB 

mixer 1-1.5 THz [8]. 

 
 

(b)(a) (c)

(d)

(e) (f)
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elements [69], they have a high impedance when suspended striplines are employed as final 

transmission lines [68]. Furthermore, these probes do not have the same broad bandwidth 

performance as E-probes in the mm and sub-mm ranges [69]. As a result, E-probes are 

commonly used in waveguide-to-substrate transitions for THz applications. In radioastronomy, 

for instance, E-probe mixers are widely employed for a variety of frequencies and detector 

types, as shown in Fig. 3.1b, c, d, e and f. 'One-side' E-probes, especially radial probes, are 

widely used in this field [70], [8], [38]. These probes, which partially extend their electrically 

conducting structures over the waveguide, have been found to have a low impedance. This is 

explained by the contributions from the waveguide modes, which add up in series, and only 

the propagating fundamental mode couples to the resistive part of the input impedance, 

resulting in the lower characteristic impedance [71], [72].In contrast, 'double-side' E-probes 

have a parallel addition of evanescent waveguide modes, which complicates and increases the 

real component of the input impedance [72]. In such cases, the waveguide height is frequently 

reduced to accommodate a lower impedance at the expense of higher waveguide losses. 

Therefore, “one-side” probes are generally employed for SIS mixer designs since the RF 

impedance of the superconducting tunnel junction is low. Fig. 3.1b and 3.1d show examples of 

“one-side” and “double-side” probes respectively. Radial probes are preferred over other E-

probe designs because of their wide impedance range (10 to 60 Ohms), which varies depending 

on substrate and radius specifications [73]. Achieving pure real impedances needs fine-tuning 

to cancel the probe's impedance imaginary portion, which is significantly dependent on the 

probe's position relative to a waveguide backshort and the alignment to the chip channel. 

Traditional designs position the backshort at a quarter guided wavelength (λg/4), limiting the 

maximum bandwidth of E-probes [73]. Some designs offer in-line E-probes that do not use 

traditional backshorts and instead compensate with waveguide elements such as irises and T-

junctions [19]. In recent years, significant progress has been made toward wideband probes 

with fractional bandwidth reaching 50% [70] where a capacitive step is introduced in the input 

waveguide to increase the fractional bandwidth. Although this approach dramatically improves 

the probe's bandwidth, the positioning of the probe with respect to the waveguide backshort 

remains a critical parameter for the performance. Therefore, it becomes clear that there is a 

need for an alternative waveguide to substrate transition for the next generation of radio 

astronomy receivers. 

3.1.2 – Finlines  

Since finlines structures were first proposed in [76], they have been used for a wide variety 

of applications, from microwave to the sub-mm wave range [77-80]. Finlines are waveguide-

to-substrate transitions constituted 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 

TE10 rectangular waveguide mode, i.e., at the center of the waveguide broader wall "wa", as 

shown in Fig 3.2a. 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.  
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Among the different existing configurations, the unilateral, antipodal, and bilateral finlines 

are the most widely used. 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 Fig. 3.2 . 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 [85] and [86]. 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 Fig. 3.3b and d, unilateral finline mixers are 

presented. Note that different solutions for improving the matching are presented. These 

solutions are based on impedance transformers [82] 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 increases 

the dielectric losses of the transition. 

 
 
Fig. 3.2. Cross section of four commonly used finline configurations. Dimensions a and b 

of a standard rectangular waveguide are indicated as wa and wb. (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 configuration. (c) Bilateral. (d) 

Metallic Finsline. 
 

wb

wa

(a) (b)

(c) (d)
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Fig. 3.3. Examples of finline devices (a) Antipodal SIS finline mixer designed for 350 GHz 

operation. [81] (b) SIS mixer fabricated on 60 µm quartz substrate. The finline transition 

makes use of a triangular notch in the substrate to improve matching. In addition, serration 

chokes are employed to guard against the propagation of substrate mode. [83] (c) Metallic 

finline employed for a Schottky frequency tripler [84] (d) SIS mixer fabricated over 15 µm 

Si substrate. Note that a multi-stage silicon matching notch is employed. Since the Si 

substrate is extremely thin, no serration is needed to preclude substrate modes from 

propagating. [83]. 

 
 

(a)

(b)

(c)

(d)
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In antipodal finlines, the fins are separated by the substrate, as shown in Fig 3.2. This type 

of finline achieves 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 [81], where an antipodal finline mixer was developed as illustrated in Fig. 3.3a. 

However, the performance of the antipodal configurations is sensitive to the alignment between 

the fins, especially at high frequencies where a few µm wide fin-gap is frequently employed. 

This problem is common also for bilateral finline configuration since it presents a pair of fins 

on both sides of the dielectric slab, as depicted in Fig. 3.2c. Furthermore, the bilateral 

arrangement generally presents significant losses due to higher field concentration inside the 

dielectric [82]. Within the various finline configurations, there is a variant that does not include 

a dielectric slab, referred to as metallic finlines. This design employs free-hanging thin metallic 

films and is distinguished by the absence of a dielectric substrate, resulting in a higher 

characteristic impedance than other finline designs. This characteristic makes matching 

impedance with rectangular waveguides easier. However, metallic finlines are mostly used in 

low-frequency applications. The reason for this is the complex process of fabricating and then 

aligning each fin separately within the waveguide. Fig. 3.3c depicts a notable implementation 

of all-metal fins in the 170-260 GHz band, as detailed in reference [84]. In this design, a metal 

film is shaped into a finline to make a frequency tripler based on Schottky diodes. Each metallic 

fin is separately mounted and the diodes are then attached to the structure using conducting 

glue. While this approach is feasible, it has limitations in more complex applications where 

fin-gap precision and alignment relative to the fin gap are critical for performance. 

An alternative solution is explored in this thesis [Paper D], where a new type of finline, the 

Substrateless finline, is presented. In this finline configuration, the substrate confined by the 

fins is removed to improve the matching and reduce the dielectric losses.  

 

3.2 – Advancements in Finline Technology for THz Applications 

3.2.1 – Substrateless Finlines 

The substrateless finline described in [Paper D] is a novel approach to unilateral finline 

design, with the substrate completely removed between the conductive fins, as illustrated in 

Fig. 3.4. However, the substrate beneath the fins is preserved. As mentioned in Section 3.1.2, 

this design focuses on two main challenges related to finline transitions: dielectric losses in the 

substrate and wideband impedance matching. The gradual insertion of the dielectric slab into 

the substrateless finline eases the matching of the structure with the waveguide, dramatically 

improving the bandwidth of the transition. This makes substrateless finlines an attractive 

choice for wideband design applications. The waveguide-to-substrate transition is built on a 

thin silicon substrate coated with a superconducting niobium layer. An additional gold layer is 

used to facilitate grounding and mounting in a split block. The design was simulated, 

fabricated, and tested at cryogenic temperatures, as described in [Paper D]. The simulation 

showed a fractional bandwidth of 55% with a return loss reaching 15 dB for a single transition. 

The experimental results at cryogenic temperatures confirmed these findings, with an the 

measured insertion loss of 0.5 dB for most of the band for a single transition. The demonstrated 

performance demonstrates the suitability for wideband mixer designs and other applications 

requiring low losses and large fractional bandwidth. Fig. 3.4 depicts the fabricated structures 

according to the technique specified in [Paper D], while Fig. 3.5 provides an overview of the 

experimental results. 
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Fig. 3.4. Fabricated waveguide to substrate transition. (a) Finline mounted in the tellurium-

copper waveguide block with dimension 800 × 400 μm (b) Magnified image of the mounted 

finline. (c) Scanning electron microscope (SEM) image of the fabricated back-to-back device 

mounted into the split-block. (d) SEM picture of the finline structure after etching the first 5 μm 

of the Si device layer. The verticality of the side walls could be appreciated. (e) SEM picture of 

the device before release. (f) Detail of the central slotline transformer in a back-to-back 

configuration. 
 

(a)

(c) (d)

(f) (g)

(b)
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3.2.2 –Analysis of State-of-the-Art Waveguide to Substrate Transitions 

Table 3.1 depicts the most recent advances in waveguide-to-substrate transitions, 

demonstrating a range of techniques to achieve large fractional bandwidths in millimeter and 

submillimeter wavelengths. These designs predominantly employ E-probes in a variety of 

configurations. One notable example is found in the design presented in  [73], which proposed 

a cryogenic transition with a significant fractional bandwidth of 45.7%, yet its insertion loss is 

not specified. This design, along with those suggested in [87], [89], and [90], has been verified 

with a scaled model at lower frequencies and ambient temperature. While this method supports 

the design concept, it does not fully capture the transition's actual performance. Furthermore, 

thermal contraction and cooling-induced stress, as well as mounting and positioning sensitivity, 

can only be empirically validated in the desired frequency band at cryogenic temperature. 

Another novel design in [7] employs radial E-probes in a split-block layout for a frequency 

multiplier. Despite the low insertion loss and significant fractional bandwidth of 44.4%, these 

findings are primarily based on electromagnetic models and estimation from direct 

measurements. Furthermore, Table 3.1 presents novel designs that include ridge waveguides 

in combination with E-probes [94], and Substrate Integrated Waveguides (SIW) [93]. The ridge 

waveguide, in particular, aids in field concentration and impedance matching, but its precise 

fabrication presents challenges at higher frequencies, as indicated by differences between 

intended and measured fractional bandwidths in these works. 

Another noteworthy design is the bifurcated probe in [97] which exhibits remarkable 

performance with low insertion loss throughout a wide fractional bandwidth, as confirmed in 

a back-to-back configuration at room temperature. Moreover, the device in [96], that employs 

a bow-tie probe with a bed of nails has a significant fractional bandwidth. Nonetheless, it has 

 
 
Fig. 3.5. Measured Insertion loss of the proposed finline in [Paper D] at the physical 

temperature of 4K and 10K. It can be seen how the losses above the transition temperature for 

Nb increase considerably. The simulation at 4K is shown in red. Three different VNA extension 

modules were used in the experiment to be able to cover the frequency range of 200-375GHz.  
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only been tested in simulation and is not yet verified by measurement. Emerging trends, as 

illustrated in [75] and [74], include the use of E-probes as inline transitions with additional 

waveguide features to compensate for the imaginary impedance of the probe and increase 

bandwidth. These transitions attained measured bandwidths of up to 42%. Finline transitions, 

while uncommon at these frequencies, are demonstrated in [83] and [90]. In particular, the 

work in [90] was verified employing a scaled model, demonstrating a measured fractional 

bandwidth of 38.2% and an insertion loss of 0.5 dB. 

In Table 3.1, the substrate materials of the waveguide-to-substrate transitions are listed. It 

is seen that quartz is the preferred substrate material due to its low loss and dielectric constant 

(εr ~ 3.8). This limits the excitation of unwanted electromagnetic modes and allows thicker 

substrates with mechanical strength for easy handling and mounting. Although Si presents a 

high dielectric constant,  its mature processing technology and low dielectric loss tangent at 

cryogenic temperatures make it an attractive option [7], [89], [88], [Paper E]. Notably, high-

dielectric-constant materials such as InP and GaAs have lately been investigated as substrate 

material for waveguide-to-substrate transitions, driven by the development of mm and sub-mm 

HEMT amplifiers employing MMIC methods based on these materials [92], [95], [68]. 

The transition in [Paper E] stands out, with a remarkable bandwidth of ~56% and low 

insertion losses. This design, to the author's knowledge, presents the highest fractional 

bandwidth among all analyzed and the only design tested directly at cryogenic temperatures, 

has the potential for a wide range of applications, particularly in broadband mixer design for 

radioastronomy receivers, due to its wide bandwidth, low losses, and simple design and 

mounting. 
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3.3 – Wideband Slotline-to-Microstrip Transition 

3.3.1 – Overview of Slotline-to-Microstrip Transitions 

Thin-film superconducting microstrips are fully compatible with the fabrication of the 

trilayer SIS structure [Paper F]. Furthermore, thin-film microstrips can reach impedances 

below 10 Ω, 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 [38], [35]. 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 due to the small 

slot size. Therefore, finline mixers usually employ an additional transition step from slotline to 

microstrip.  

Slotline-to-microstrip transitions are expected to have low insertion loss with sufficient 

return loss level, and chip area minimization. These requirements are challenging to 

accomplish due to the inherent impedance difference between slotlines and microstrips[82]. 

While 40 Ω slotlines can be fabricated with thin-film technology, lower impedance values are 

unpractical as the slot dimension decreases to the µm range and below. On the other hand, it is 

rather difficult to achieve impedance values higher than 20 Ω with thin-film microstrips, where 

the dielectric layer thickness is comparable to the strip thickness. Therefore, the matching 

between slotlines and thin-film microstrips is highly challenging. Through the years, a large 

number of different solutions have been proposed [98-101]. 

One of the classical solutions is the cross-junction transition [100], as depicted in Fig. 3.6a. 

In these junctions, the microstrip is defined on one side of the dielectric, while the slotline is 

located on the opposite side of it. The transmission lines cross each other at a 90° angle and 

terminate in λ/4 stubs. These stubs are open and short circuits 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 λ/4 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 shown by the circuit at lower frequencies. This becomes 

especially problematic for SIS mixers where the IF bandwidth depends on the capacitance 

value.  

Double Y baluns emerge as an alternative solution to cross-junction transitions [101], as 

displayed in Fig. 3.6c. The double Y balun employs short and open 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 short circuits in a microstrip makes the design and fabrication rather complex. 

The inherent impedance difference between microstrips and slotlines could be overcome 

with indirect transitions, where an auxiliary transmission line is employed to facilitate the 

matching [83]. 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 Fig. 3.6b. Indirect transitions with CPW enhance the bandwidth of 

microstrip to slotline transitions. Nevertheless, the fabrication of such a transition is rather 

problematic due to the extra transition steps and the need for an air bridge to suppress parasitic 

CPW modes. 
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Fig. 3.6. 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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 The Marchand balun transition arises as a promising solution due to its compactness and 

design flexibility [98]. The Marchand balun structures resemble a cross-junction transition. 

However, its bandwidth does not rely on λ/4 stubs, but it combines different impedances to 

synthesize a particular response. For instance, a third-order Chebyshev passband response 

could be synthesized for the balun as depicted in Fig. 3.6d. Furthermore, since this balun does 

not employ radial or circular stubs, the transition is highly compact. These advantages make 

Marchand baluns an attractive solution for broadband low-loss microstrip to slotline 

transitions. In [Paper E] a wideband low-loss slotline to microstrip transition is presented. 

 

3.3.2 – Wideband Low-Loss Slotline-to-Microstrip Transition 

In [Paper E] a novel slotline-to-microstrip transition is presented for the 210–375 GHz 

frequency band, based on Marchand baluns which are traditionally used in low-frequency 

applications [98]. The design, simulation, and cryogenic characterization of the proposed balun 

are detailed in [Paper E]. 

To be able to measure the entire bandwidth of the baluns, they were integrated with 2 

different E-probes, covering the lower and upper part of the targeted frequency band. 

Moreover, in order to deembed the losses associated with the E-probes, chips without the 

transitions were fabricated, featuring only a microstrip connecting the two probes. The 

experimental cryogenic verification and deembeding revealed an impressively low insertion 

loss of 0.3 dB across most of the band and a significant 56% fractional bandwidth. Fig. 3.7 

depicts pictures of the fabricated transition, the measurement setup, and the measured 

performance of the devices at 4K. 

The proposed slotline-to-microstrip transition is proven to be a promising solution for THz 

applications due to its outstanding fractional bandwidth, low loss, and compact design. The 

experimental verification at 4K supports the transition application for wideband mixer design 

within the 210–375 GHz frequency band. 

Integrating substrateless finlines with Marchand baluns is a promising solution for achieving 

a wideband waveguide-to-microstrip transition. However, this design can be further enhanced 

by completely removing the dielectric beneath the fins, resulting in purely metallic finlines 

produced via a micromachining process. These metal micromachined finlines, which are free 

of any dielectric substrate, present an attractive design approach. In such structures, the chip 

area is not limited by the excitation of substrate modes and resonances. Furthermore, the all-

metal structure has low thermal capacitance and has greater tolerance to stress during cooling 

processes [102]. Chapter 4 further explores employing a metallic substrate as a technological 

platform for THz applications and details the design of an SIS mixer employing this metallic 

substrate platform. 

 

 

 

 



 

33 
 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3.5. Marchand Balun transition proposed in [Paper E]. (a) A photograph of the 

fabricated Microstrip to Slotline transition is depicted. (b) Measurement setup inside a 

closed cycle cryostat. (c) Insertion loss measurements at cryogenic temperatures of the chip 

with thru connection and the chip with the Marchand balun structure. 
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(4.1) 

Chapter 4 

A Novel Ultra Wideband SIS Mixer 

4.1 – Modern SIS Mixers  

4.1.1 – Fundamentals of SIS Mixer Design  

The basis for SIS mixer design was established by Tucker and Feldman in [24] where they 

described the principles of quantum mixing. The small signal analysis of an SIS mixer is based 

on the following assumptions: first, only the LO frequency is applied to the junctions and all 

the higher harmonics are effectively short-circuited by the geometric capacitance of the SIS 

structure. Therefore, only the signal, the image, and the output IF signal are taken into account 

in the analysis. Secondly, it is assumed that the IF frequency is much smaller than the LO 

frequency. These assumptions allow the definition of the small-signal circuit model for 3-ports 

as shown in Fig. 4.1.  

 

This circuit model defines the embedded admittances for each port: Y1 is the admittance 

shown by the matching circuit to the upper sideband, while Y-1 is the equivalent for the lower 

sideband. In a DSB mixer, those admittance values are identical. Meanwhile, the IF load 

admittance is represented by Y0. Employing the same notation the relation between currents 

𝑖𝑚 and voltages ν𝑚 is defined by: 

𝑖𝑚 = ∑ 𝑌𝑚𝑚´ν𝑚

𝑚´

 

 

 
 

Fig. 4.1. Circuit model for 3 port heterodyne mixer presented in [24]. A sinusoidal LO 

frequency is applied generating 2 sidebands and an IF output. The RF signal applied to 

each sideband is represented by the current sources Ѱ1 and Ѱ−1 for the USB and LSB, 

respectively. 

 

Mixer
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(4.2) 

(4.3) 

(4.4) 

(4.5) 

where Ymm´is the small signal admittance matrix defined for the 3 port model detailed in Fig. 

4.1 as follows: 

[
Ѱ1

0
Ѱ−1

] = [

𝑌1,1 + 𝑌1 𝑌1,0 𝑌1,−1

𝑌0,1 𝑌0,0 + 𝑌𝐿 𝑌0,−1

𝑌−1,1 𝑌−1,0 𝑌−1,−1 + 𝑌−1

] [

ν1

0
ν−1

] 

This admittance matrix fully describes the behavior of the SIS mixer. However, one of the 

key parameters for the design is the RF conductance 𝐺1,1 and susceptance 𝐵1,1 for the image 

and signal frequencies. For a DSB mixer: 

𝑌1,1 = 𝑌−1,−1 = 𝐺1,1 + 𝑗𝐵1,1 

From Tucker´s quantum mixing theory, these values can be calculated employing the following 

set of equations: 

𝐺1,1 =
𝑒

2ħ 𝜔𝐿𝑂
∑ [𝐽𝑛−1(𝛼)2 − 𝐽𝑛+1(𝛼)2]𝐼𝐷𝐶 (𝑉0 + 𝑛

ħ𝜔

𝑒
)

∞

𝑛=−∞

 

𝐵1,1 =
𝑒

2ħ 𝜔𝐿𝑂
∑ [𝐽𝑛−1(𝛼)2 − 2𝐽𝑛(𝛼)2 + 𝐽𝑛+1(𝛼)2]𝐼𝐾𝐾 (𝑉0 + 𝑛

ħ𝜔

𝑒
)

∞

𝑛=−∞

 

Where IDC and IKK are the un-pumped current-voltage curve (IVC) of the SIS junction and 

its Krammers-Kroning transform, respectively. Meanwhile, α is the pumping factor defined as 

α= 
𝑒𝑉𝐿0

ħ𝜔
 which is closely related to the level of LO pumping. Moreover, 𝐽 corresponds to the 

 

  
(a) (b) 

 

Fig. 4.2. Example of simulated real and imaginary parts of the complex admittance for the 

SIS junction at RF. The nominal bias point is marked with a black dot. (a) RF conductance 

for 3 values of α, 0.5 (blue), 0.8 (green), and 0.9 (red). (b) RF susceptance for 3 values of α, 

0.5 (blue), 0.8 (green), and 0.9 (red). Note that the design´s nominal bias voltage is generally 

chosen in the middle of the first photon step before the gap voltage Vg where 𝐵1,1 is closer to 

0.   

 



 

37 
 

Bessel function of the first kind, 𝑉0 is the bias voltage of the SIS junction, ħ is the reduced 

Plank constant and 𝑒 is the electron charge. In Fig. 4.2 examples of the simulated 𝐺1,1 and 𝐵1,1 

for different bias voltages are displayed.  

In the design process, the SIS is biased in the middle of the first photon step below the gap 

voltage Vg. This bias condition makes 𝐵1,1 approximately 0, and therefore the junction 

geometric capacitance, Cg, defines the resultant imaginary part of the SIS junction admittance.  

Then, the SIS could be represented at RF by an equivalent circuit with the quantum 

conductance shunted by the geometric capacitance as shown in Fig.4.3a.  

To calculate the IF response, the mixer chip's IF impedance needs to be calculated, which 

is the parallel combination of real RIF and imaginary CIF components. The slope of the pumped 

I-V curve determines the real component of the IF output impedance, which is typically 8-10 

times Rn [24]. Meanwhile, the CIF capacitance is defined as the sum of the junction capacitance 

CJ  and the matching circuitry capacitance CM, as illustrated in Fig. 4.3b. CM is the equivalent 

capacitance of the RF/LO matching circuit at IF. This capacitance will set a limit to the 

achievable IF bandwidth, and therefore, it is desirable to minimize it.  

Modern mixer designs take advantage of 3D electromagnetic simulation software such as 

High-Frequency Structure Simulator (HFSS). Such simulators allow the simulation and 

extraction of the complex embedded admittance of the mixer Y1. Furthermore, it is possible to 

introduce the simulation of superconducting microstrips and slotlines employing surface 

impedance models as detailed in [107] [108]. The junction complex impedance for the intended 

frequency range can be introduced into the model employing lumped ports.  

4.1.2 – RF matching techniques for SIS junctions  

The RF matching circuit is designed to efficiently couple the incoming signal to the SIS 

impedance by canceling the susceptance and matching the conductance. This is generally 

accomplished by employing one or several SIS junctions [105]  [38] [103] [134] with one or 

more matching sections to the waveguide-to-substrate transition. A classical solution for RF 

matching is a small piece of inductive line employed to compensate for the susceptance of the 

junction while a λ/4 open stub creates an IF extraction point [137] as depicted in Fig. 4.4a. 

  
(a) (b) 

Fig. 4.3. Equivalent circuits for SIS at RF and IF. (a) RF equivalent circuit for a single 

junction bias at nominal voltage. 𝐺1,1 s the conductance of the SIS and Cj its geometric 

capacitance.    is the embedded admittance of the mixer, i.e. the admittance showed to the 

junction by the waveguide-to-substrate transition and the RF matching circuitry. (b) 

Simplified IF equivalent circuit for a single SIS junction. CM corresponds to the capacitance 

added by the RF matching circuitry. YL s the load impedance that might be adjusted to 

control the conversion efficiency of the mixer. It is important to consider the impedance of 

the bonding wires for IF extraction ZBond. 
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Variations of this technique are commonly found in the literature. For instance, a radial stub 

might be used to compensate for the susceptance [85].  This type of stub has a broadband 

performance when compared with line stubs. Nonetheless, its large area adds extra capacitance 

at IF, compromising the IF bandwidth.  

A broadband matching might be achieved by employing a twin junction configuration [105] 

[106] shown in Fig.4.4b.  The twin junction is composed of 2 SIS junctions separated by a 

piece of line that acts as an impedance inverter.  As a consequence, the susceptance of the 

junctions are mutually canceled providing a broadband RF matching. Nonetheless, the twin 

junction arrangement also increases the total capacitance of the circuit, which together with the 

capacitance of the matching circuitry will ultimately limit the achievable IF bandwidth.  

Moreover, the twin junction configuration lacks  a “cold point” for IF extraction, defined as 

the part of the circuit that is at the lowest potential energy. Therefore, a high-impedance line 

might be employed for that purpose [38].  

Although the twin junction arrangment provide a broadband RF response, the quality factor 

of a junction, defined as Q=𝜔𝑅𝑛𝐶𝐽 determinates the maximum bandwidth where the SIS 

junction can be matched to the embedding circuit. Note that the direct calculation of Cj requires 

the barrier thickness measurement. However, since this parameter is challenging to measure, 

the specific capacitance Cs (fF/µm2)  is usually measured. Then, the product of Cs  and 𝑅𝑛𝐴 

 
(a) 

 

(b) 

Fig. 4.4. Equivalent circuits for SIS RF matching. The IF extraction point is shown in each 

case. Note that to increase the RF/LO rejection a filter is commonly employed at the IF 

extraction.  (a) A single SIS junction with an inductive piece of line LI for susceptance 

compensation and open λ/4  stub to create a  point for IF extraction. (b) RF equivalent 

circuit for twin junction. The piece of line  LINV  between the junctions acts as an impedance 

inverter to cancel the capacitive susceptance. A high-impedance line LHI is commonly 

employed for IF extraction. 
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(Ω.µm2) is equal to the RC product of the junction for a given barrier thickness. In addition, 

this depends on the barrier material. The next subsection describes the differences and 

advantages of Nb-based SIS junctions and their relation with the Q factor.   

 

4.1.3 – Overview of Nb-based SIS junctions: Nb/Al-AlOx/Nb and Nb/Al-AlN/Nb 

In order to increase the achievable RF bandwidth of an SIS mixer the quality factor of a 

junction, defined as Q=𝜔𝑅𝑛𝐶𝐽  should be decreased. Reducing the area of the junction will not 

suffice to reduce the Q factor since C linearly decreases with the area while Rn increases. 

Therefore, to effectively reduce the Q factor, the 𝑅𝑛𝐴 (Ω.µm2 )product must also be lowered, 

or equivalently employ thinner barriers and higher current densities. However, the significant 

reduction of  the 𝑅𝑛𝐴 product might degrade the junction quality increasing the leakage current 

Ij. For Nb/Al-AlOx/Nb SIS the quality typically degraded below 15 Ω.µm2 [136]. An 

alternative solution is to employ a different material for the barrier such as Nb/Al-AlN/Nb 

junctions which have thicker tunnel barriers for the same current density as compared to other 

SIS technologies as AlOx tunnel barrier junctions. Simultaneously, the thicker tunnel barrier 

has lower specific capacitance, thus further contributing to the decreased Q. In Fig.4.5, the 

graph depicts Cs (fF/µm2) as a function of the 𝑅𝑛𝐴 product for AlOx and AlN SIS technologies. 

From the graph, it is seen that Nb/Al-AlN/Nb junctions can reach lower Cs for the same 𝑅𝑛𝐴 , 

reaching lower Q factors. The next section analyzes a selection of the last decade's SIS mixers 

and the employment of Nb/Al-AlN/Nb technology. 

 

 
Fig.  4.5. Specific capacitance as a function of 𝑅𝑛𝐴 for SIS barriers of AlOx and AlN for 

various authors. The Nb/Al-AlOx/Nb data points are extracted from [111].  The graph was 

adapted from [109]. The Cs capacitance data for the junctions are approximated with the 

relation Cs = a / ln(Rn A) [110], where a is equal to 211 [111] for the Nb/Al-AlOx/Nb 

junctions and 170 for  Nb/AlAlN/Nb junctions [112].  
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4.1.4 – State of The Art SIS Mixers  

Recent developments in the field of SIS mixers are shown in Table 4.1 for frequencies 

ranging from 100 to 1300 GHz. A selection of the most advanced SIS mixers is shown in this 

table, which highlights the advancements made in the last decades. There has been a noticeable 

change in favor of Nb/Al-AlN/Nb SIS mixers, which has been attributed to their improved 

performance characteristics over their Nb/Al-AlOx/Nb counterparts. Research has shown that 

mixers using both Nb/Al-AlOx/Nb and Nb/Al-AlN/Nb junctions and operating in the same 

frequency range often show a tendency toward lower noise temperatures for AlN technology, 

i.e., such as the mixers presented in  [26] and [23] in particular. 

Furthermore, the table shows a slow evolution towards greater intermediate frequency (IF) 

bandwidths from 4-8 GHz to 4-12 GHz or greater. One notable example is the mixer described 

in [132], which attained an exceptional 4–21 GHz instantaneous bandwidth. Regarding RF 

bandwidth, it has proven difficult to find SIS mixers in the literature covering an RF fractional 

bandwidth larger than 30%. However, the mixer design in [132] is particularly noteworthy 

since it achieves a 58% RF fractional bandwidth and covers both of the current ALMA bands 

7 and 8 (275 GHz and 500 GHz).  

From the table, it is also seen that twin junction configurations are preferred over single 

junction since they are easier to match across wider bandwidths. Furthermore, compared to 

silicon membranes, the table shows that low dielectric constant quartz substrates have been the 

preferred substrate for SIS mixers. As shown in Fig. 4.6, the analysis also shows that most of 

the examined mixers have a DSB noise temperature that is between ten times the quantum 

noise and 2 times the fundamental quantum noise limit (2hf/k) [121]. Furthermore, it is seen 

that E-probes are a well-established technology as the waveguide to substrate transition in most 

SIS mixers. Nonetheless, there are some outliers, such as the Fineline-based works showcased 

in references [105] and [78]. 

In the context of modern SIS mixers, [Paper F] and [Paper G]  present a novel mixer 

design with a target IF bandwidth of 4-16 GHz that stands out from existing designs. Moreover, 

the proposed mixer is designed to cover a remarkable RF fractional bandwidth of 56%, 

covering the frequency range of 211-375 GHz. Such value has been achieved only in [132]. 

Furthermore, the proposed mixer integrates the most recent SIS technology with a twin junction 

arrangement and 1 µm² Nb/Al-AlN/Nb junctions. In addition, the mixer distinguishes itself 

from earlier designs by the introduction of metallic substrates which marks a new approach in 

SIS mixer design. In the next section, the design, simulation, and fabrication of the proposed 

SIS mixer is detailed.  
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Lowest Highest

240 350 800 960 18,2

500 970 960 1120 15,4

123 2006 30 50 275 370 29,5 4-8 O T P Q

138 2007 330 490 1100 1275 12,7 4-8 N T A NR

140 2007 15 28 275 427 42,8 4-8 N T P Q

125 2008 100 175 385 500 26,0 4-12 O T P Q

126 2010 100 245 600 720 18,2 4-8 O S P Q

78 2012 145 1000 600 700 15,4 4-12 O S F Q

127 2012 25 67,5 275 373 30,2 4-8 O S P Q

128 2013 19 25 163 211 25,7 4-8 O T P Q

124 2013 160 270 787 950 18,8 4-12 O T P Q

129 2014 21,5 25 125 163 26,4 4-8 O T P Q

15 20 84 116 32,0 4-8 O

25 90 211 275 26,3 4-12 O

10 24 180 280 43,4 4-8 N T P Q

22 30 390 520 28,0 4-8 N T P Q

70 125 N

80 200 O

114 2016 240 550 790 950 18,4 NR N T P Q

130 2019 210 400 800 950 17,1 4-12 N T NR NR

131 2020 125 240 410 510 21,7 3.2-8 N T NR MgO

132 2020 37,5 57 275 500 58,1 4-21 N S P Q

133 2020 25 32,5 211 275 26,3 NR O S P Q

53 250 O

55 125 N

141 2020 55 80 325 375 14,0 4-8 O S P Q

28 2022 37,5 87,5 272 376 32,1 4-12 O T P Q

105 2022 40 80 210 260 21,3 2-12 O S F Q

30 42 300 360 18,2 4-13 O S P NR

47,5 61,5 300 360 18,2 4-17 O 3 Junctions P NR

Paper G 2024 - - 211 375 56,0 4-16 N T MF M

T P

Substrate 

material

Q

Q

S

Q

T P

 4 Junctions P

S18,2 4-12

2020 500 600

2014

2015 600

135 2014

Table 4.1 - Selection of State-of-The-Art SIS Mixers

122

SIS 

Configuration

Waveguide- 

to-substrate 

transition

Year

DSB Noise [K]
FL 

[GHz]

FU 

[GHz]
Ref 

2006 4-8 O

O=AlOx    N=AlN    T= Twin junction  S=Single Junction  P= E-probe F= Finline MF=Metallic Finline A=Slot Antenna

Q=Quartz S=Silicon M=Metallic

FBW 

[%]

IF 

[GHz]

SIS  Barrier 

Technology 

26

103

23 18,2 4-8

P

FL= Lower Frequency FU= Upper Frequency FBW= Fractional Bandwidth

134 2023

720
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4.2 – Ultra-Wideband SIS Mixer Design and Simulation 

To achieve a 56% fractional bandwidth, a new broadband SIS mixer has been developed 

and is intended for use in the 211-375 GHz frequency range. Fig. 4.7a depicts the 3D drawings 

of the mixer block for DSB measurements. Furthermore, Fig. 4.7b shows the mixer chip and 

the IF board arrangement. 

The proposed design deviates significantly from typical designs since it employs a metallic 

substrate instead of a standard dielectric substrate for the Nb-Al/AlN-Nb SIS junctions and RF 

matching circuits. This innovative solution reduces dielectric losses, and unwanted substrate 

modes as well as makes the chip grounding and substrate shaping easier, especially when 

incorporating a metallic finline transition. Employing a metallic finline waveguide-to-substrate 

transition that is integrated into the substrate as depicted in Fig. 4.7c, the design provides 

impedance matching over a wide range of frequencies without requiring waveguide backshorts. 

Due to its mounting tolerance, this design also simplifies the block fabrication. As displayed 

in Fig.. 4.7d, the RF matching network consists of a 3rd-order Marchand Balun from slotline 

to microstrip and a 2-section Chebyshev transformer that effectively couples the incoming RF 

and LO signals to the twin junctions. As mentioned in the previous section, the twin SIS 

junction configuration is employed to facilitate broader bandwidth by compensating the 

imaginary RF impedance of the junctions. The RF resistance of each SIS junction is 

approximately 11.6 Ohm at the central frequency of 293.5 GHz and its specific junction 

capacitance, Cs, is determined to be 64.4 fF/μm². 

To provide support to the suspended microstrip lines and help with impedance matching, 

the chip keeps a silicon layer in key locations, guaranteeing the robustness of the design. To 

minimize the total capacitance for achieving a larger IF bandwidth, two SiO2 sections of 

different thicknesses are incorporated: a thicker layer for the RF filter and Marchand balun, 

and a thinner layer for the microstrip inverter of the twin junction. 

The SIS mixer partially integrates the IF circuitry on the same chip for the 4–16 GHz band. 

In particular, an RF/LO filter integrated into the chip makes use of an LC circuit with high and 

low-impedance lines to build an effective low-pass filter, addressing the lack of a natural "cold 

point" of the twin junction configuration for IF extraction. The total capacitance is calculated 

to be 376 fF. Moreover, to prevent excessive conversion gain and ensure stable operation of 

the mixer, the IF load impedance was set to 20 Ω, using a transformer from 50 Ω. This 

superconducting multisection transformer is realized on an alumina substrate and integrates a 

broadband bias T.  

The Ansys HFSS simulation results reveal an RF coupling to the twin-junction of over 93% 

across the intended bandwidth, and for the majority of the 4-16 GHz band, the IF circuitry 

demonstrates losses below 0.3 dB. The simulated performance is shown in Fig. 4.8. 
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Fig. 4.4.  Proposed Mixer Chip in [Paper G]. (a) Exploted view of the DSB block 3D model. 

(b) Detailed view of the IF board and a layout of the mixer chip. (c) Mixer chip´s different 

layers. (c) Detail of the RF matching and IF output circuitry integrated on the metallic chip. 

Slotlines 1 and 2 are employed for reducing the impedance from 100 Ohm to 60 Ohm, 

facilitating a smoother transition from slotline to microstrip. The Marchand Balun is formed 

by slotlines 3 and 4, and microstrips 5 and 6. This transition is employed for further 

impedance transformation, acting as a bridge between the higher impedance slotlines and 

the lower impedance required by the SIS junctions. Microstrips 6 and 7 are a two-section 

Chebyshev transformer for a broadband impedance match to the SIS junctions. Line 8 is the 

impedance inverter of the twin junction. Lines 9 to 12 constitute the IF extraction circuitry. 

forming the RF/LO filter. Suspended microstrips are employed as high-impedance lines. 
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4.3 – A Novel Technological platform for SIS mixer Design 

4.3.1 – Motivation 

The choice of substrate material significantly impacts the development of mm and Sub-

mm circuits, as it requires a balance between low RF losses, compatibility with cryogenic 

operation, mechanical robustness, and the possibility of depositing high-quality 

superconducting films. Among the many requirements, it is desired to have a low dielectric 

constant to prevent the excitation of undesirable electromagnetic modes, ease of electrical 

contact, and the possibility to shape the substrate to allow suitable waveguide transitions for 

minimizing insertion loss [Paper D]. Quartz substrates have traditionally been preferred for 

 
(a) 

 

 
(b) 

 

Fig.4.8.  Simulated performance of the proposed mixer: (a) Simulated performance of the RF 
matching circuit. For the HFSS simulation, a lumped port is located as illustrated in the insert. The 
impedance values for the twin junction circuit were calculated and loaded in the lumped port. (b) 
Simulated performance for the IF Output circuit. 
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their low dielectric constant and low dielectric loss at THz frequencies. However, this substrate 

material imposes limitations in shaping the substrate restricting the possibilities for waveguide-

to-substrate transitions to mainly E-probes. Silicon, particularly Silicon-on-Insulator (SOI), 

stands out as an alternative substrate due to the well-established deep silicon etching 

technology [119] [120], which is suitable for precise substrate shaping. Nonetheless, its high 

dielectric constant (εr ~ 11.7) requires ultra-thin membrane-like structures that are brittle and 

difficult to handle [118]. The reduction in the substrate thickness is implemented to minimize 

excessive coupling to substrate modes and higher-order modes in waveguide-packaged 

circuits. In order to maintain this condition, the substrate is progressively made thinner as the 

frequency of operation increases. 

The mixer design presented in [Paper G] makes use of a metallic substrate with an integrated 

finline. This approach provides multiple advantages over existing substrates. Namely, those 

are: eliminating the excitation of substrate modes which might allow for higher integration and 

larger chip areas, and ease of connections through bondwires to the chip, e.g. DC biasing, IF 

extraction, and grounding via wire bonds or solder bump. Moreover, it provides excellent 

thermal contact with the block. The metallic substrates have the potential to be employed in 

other active devices in various applications [116], [117].  However, the feasibility of fabricating 

active devices such as SIS junctions over metallic substrates has not been reported in the 

literature yet. Therefore, [Paper F] presents a fabrication process for the proposed mixer. The 

SIS junctions are tested at cryogenic temperatures during various fabrication stages to monitor 

their quality and assess the viability of the process. In Fig. 4.6, pictures of the fabricated devices 

are depicted. 
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4.3.2 – DC Testing and Results 

The IVC of junctions before and after electroplating were investigated using 4-point 

measurements on 22 devices mounted on a 4K plate in a closed-cycle test cryostat. Fig-4.7 a 

shows the IV curve of one of the devices before and after electroplating. Note that 5 of the 22 

junctions were devices for process control with a single SIS junction.  The fabricated devices 

had nominal sizes ranging from 1.6 µm² to 7.07 µm². However, due to a 0.4 µm junction 

dimension offset typical of the process,  the actual areas were between 0.5 µm² and 3.8 µm² 

The 𝑅𝑛𝐴 was extracted from the measurements resulting in a value of 13.24 Ω.µm²  which is 

close to the target  14 Ω.µm². The investigation of the  𝑅𝑛 values and the 𝑅𝑗/ 𝑅𝑛 before and 

after gold plating revealed minor variations and no substantial degradation of the junctions, 

with  𝑅𝑗/ 𝑅𝑛 ratios remaining in the high-quality range of 20-30. The results of Rn variation are 

displayed in Fig. 4.7b. This demonstrates that the gold plating technique does not affect the 

quality of the SIS connections. The findings support the conclusion that the novel 

microfabrication process for Nb-Al/AlN-Nb SIS junctions on metallic substrates could be 

employed for the fabrication of the mixer presented in [Paper G]. Moreover, it has the potential 

to be used in the development of devices for a variety of applications, including mixers, 

frequency multipliers, and substrate-based components. 

  
(a) (b) 

 

 
(c) 

 

Fig. 4.7. Cryogenic measurements of the SIS junctions. (a) Measured IV curve before and 

after electroplating. (b) Rn variation before and after electroplating of each fabricated 

junction. (c) RnA fitting. The RnA of the batch results is 13.24 Ω. µm² with a fabrication offset 

of t=0.4µm. 
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Chapter 5 

Concluding Remarks and Future Outlook 

Even as the radio astronomy receivers at telescopes such as ALMA and APEX continue to 

make remarkable astronomical discoveries to this day, their future requirements mark a major 

leap from existing technologies. Furthermore, the next generation Event Horizon Telescope 

(EHT) has further increased the demand for advanced receiver technology. This thesis 

addresses the need for such advancements, focusing on the design, fabrication, and testing of 

components to extend bandwidth capabilities and minimize losses, i.e. minimize its 

contribution to the noise temperature of the receiver. Moreover, the proposed waveguide 

components also ensure compactness and  reasonable ease of fabrication and assembly. 

Although the deadline for developing technology for future radioastronomy receivers is 

rapidly approaching the target year of 2030, the research of new components and mixers 

fulfilling the requirements has proven to be a significant technological challenge, as indicated 

by the extensive review done in this thesis. In particular, the review showed a lack of mixer 

designs capable of addressing the required RF and IF bandwidth simultaneously. In this 

context, the mixer proposed in this thesis based on metallic substrates departs from traditional 

methods. The design is not only intended to achieve a wideband response but also to have 

a simple mounting process and less the performance dependencies associated with traditional 

approaches. Furthermore, it opens up new integration possibilities for larger chip areas. 
Previous attempts to integrate components such as OMTs and S2B mixers on a single chip have 

encountered difficulties related to resonances due to the dielectric substrates. Consequently, to 

avoid substrate mode excitation, these designs have to be fabricated onto thin membranes that 

are difficult to handle and mount. Metallic substrates, as proposed in this thesis, could 

potentially overcome these problems, allowing for the manufacturing of far thicker metallic 

chips for easing handling and mounting while being free from substrate-based resonances. This 

innovation might allow for the integration of several components on a single platform, 

providing more freedom and flexibility in the design and manufacture of various structures. 

Implementing the proposed mixer brought new possibilities for future research while also 

posing challenges. In particular, the development of a microfabrication process for SIS 

junctions over metallic substrates required a significant effort. The culmination of this effort 

was the microfabrication process and the cryogenic DC characterization of SIS junctions 

presented in this thesis. Furthermore, this work expands the use of metallic substrates beyond 

SIS junctions to other applications that might employ diverse detectors such as HEB and 

Schottky diodes, yet demonstrating our ability to fabricate Nb/Al-AlN/Nb junctions with high 

quality and achieve the desired RnA. With the metallic substrate concept validated and DC 

characterization of fabricated SIS junctions accomplished, the next step is to investigate the 

proposed mixer's RF performance. At the moment of writing this thesis, the mixer chips 

are near completion and the components needed for cryogenic DSB performance measurement 

are being fabricated. We plan to test the mixer structures once they are finally produced in the 

near future but beyond the scope of this thesis. 
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