Signal Integrity Challenges and Solutions at Cryogenic Temperatures

by

Bhargav Yelamanchili

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
August 5, 2023

Keywords: Superconductor, resonators, signal integrity, interconnect, irradiation, quantum

Copyright 2023 by Bhargav Yelamanchili

Approved by

Michael C. Hamilton, Chair, James B. Davis Professor of Electrical and Computer
Engineering
Mark L. Adams, Associate Professor of Electrical and Computer Engineering
Masoud Mahjouri-Samani, Assistant Professor of Electrical and Computer Engineering
Minseo Park, Professor of Physics
Wencan Jin, Assistant Professor of Physics



Abstract

The field of electronics is rapidly evolving and expanding into new frontiers, including
cryogenic environments. Cryogenic temperatures below 10 K have become increasingly im-
portant in various applications such as quantum computing, superconducting electronics, and
space exploration. However, the unique physical properties of materials at these extremely
low temperatures present significant challenges for signal integrity in electronic systems.

The dissertation addresses critical signal integrity challenges encountered in the trans-
mission of high-speed digital signals in extremely low-temperature environments. The initial
research focuses on the design and implementation of a face-to-face cable connection scheme
using flexible thin-film superconducting stripline cables. The work encompasses the miti-
gation of signal integrity issues, including impedance discontinuities, crosstalk, signal loss,
and power dependency. Through extensive simulations using Ansys HFSS and Keysight
PathWave ADS and experimental measurements, the dissertation presents an effective inter-
connect scheme for cryogenic and quantum technology applications. The findings contribute
to the advancement of dense signal integration, ensuring reliable and efficient signal trans-
mission in demanding low-temperature environments. The insights gained from this research
provide a foundation for the development of robust signal pathways and hold significance for
the design and optimization of future cryogenic systems and quantum technologies.

This dissertation also investigates signal integrity challenges at cryogenic temperatures,
with a specific focus on the impact of gamma radiation on superconducting microstrip res-
onators. The work explores the behavior of Nb and Al/Nb/Al embedded resonators before
and after exposure to gamma radiation, quantifying changes in their quality factor (Q)
values. The Q values of the resonators were extracted and compared at various cryogenic

temperatures below 4.2 K after one and four weeks of gamma radiation corresponding to
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152 kGy and 608 kGy, respectively. The findings reveal the resilience of these resonators to
radiation, with minimal degradation observed in the dielectric loss tangent values.

The research also focused on utilizing very long resonators to characterize material losses
and optimize fabrication procedures for superconducting structures for quantum applica-
tions. By employing these resonators, a detailed analysis of losses at different frequencies is
achieved, enabling the identification of the most suitable fabrication techniques for quantum
computation applications. The work addresses signal integrity challenges by investigating
losses and frequency-dependent behaviors of superconducting structures. The Q values as
high as 1.2 million were measured. Through rigorous measurements and analysis, this re-
search contributes to the understanding and mitigation of signal integrity issues at cryogenic
temperatures, paving the way for the development of more efficient and reliable systems for
quantum computation.

The experimental investigation is a crucial aspect of this research, as it allows for the
validation of theoretical and simulation results and provides insight into the effectiveness
of proposed solutions. The results of this research contribute to the development of reliable
electronic systems for cryogenic applications. The proposed solutions include the use of
special low-temperature cables and connectors to minimize signal attenuation and noise and
the selection of appropriate materials with low loss tangent and high thermal conductivity.
These solutions are demonstrated through experimental validation and simulation, providing

a basis for their application in real-world electronic systems.
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Chapter 1

Introduction

1.1 Background and Motivation

Electronic systems have become an integral part of our modern world, enabling advance-
ments in various fields such as communication, sensing, and high-level data computing and
analyzing. As technology continues to advance, electronic systems are being pushed to op-
erate under increasingly demanding conditions, including extreme temperatures. Cryogenic
temperatures, in particular, have gained significant attention due to their relevance in emerg-
ing fields such as quantum computing, superconducting electronics, and space exploration
1, 2,3,4,5, 6.

Cryogenic temperatures, typically below 100 K, present unique challenges for the oper-
ation of electronic systems. At such extremely low temperatures, the physical properties of
materials undergo substantial changes that affect the behavior of electronic signals. These
changes include an increase in the conductivity of metals and changes in dielectric properties
in insulators, such as dielectric constant and dissipation factor. These alterations can lead
to signal integrity issues, such as impedance mismatches, and changes in signal propagation
speed, which can cause signal distortion, reflection of incident signal, crosstalk between ad-
jacent signal lines, and power loss, ultimately impacting the performance and reliability of
electronic systems [7, 8, 9].

The motivation behind this dissertation stems from the need to bridge the knowledge
gap surrounding signal integrity at cryogenic temperatures, specifically to solve the prob-
lem of how to transmit and receive many RF and microwave signals efficiently for cryogenic
and quantum applications. Dilution refrigerators have been widely used for cryogenic and

quantum applications to provide continuous cooling to temperatures as low as 2 mK, with



no moving parts in the low-temperature region [10, 11, 12]. Dilution refrigerators usually
have limited physical volume and cooling capacity for superconducting circuitry and coaxial
data cables used to carry electrical signals between different temperature stages. These bulky
coaxial cables add to the thermal load and are likely to cause thermal leaks between vari-
ous temperature stages inside the dilution refrigerator. In recent times, densely integrated
superconducting interconnects and connector technologies have been presented to replace
coaxial cables [13, 14, 15, 16]. The existing literature provides some insights into the topic,
but further investigation is required to explore the unique characteristics and complexities
associated with signal propagation and degradation in extreme low-temperature conditions.
When these challenges are understood more thoroughly, novel solutions can be developed to
mitigate adverse effects on signal quality and enhance the performance of electronic systems

in cryogenic environments.

1.2 Superconductors

Superconductors are materials that possess the unique property of zero electrical re-
sistance when cooled below a certain temperature. This remarkable phenomenon was first
observed in 1911 by the Dutch physicist Heike Kamerlingh Onnes, who discovered that
mercury, when cooled to a temperature of 4.15 K, suddenly lost all electrical resistance
(17, 18, 19].

Since then, researchers have discovered many other materials that exhibit superconduc-
tivity, including metals, alloys, ceramics, and even some organic compounds. The critical
temperature (Tc) at which a material becomes a superconductor varies depending on the
specific material, but it is typically very low, ranging from just a few degrees above absolute
zero to around 173 K [20].

In a superconductor, an electric current can last forever. The temperature at which the
electrical resistance goes to zero is called the critical transition temperature of the supercon-

ductor (Fig. 1.1) [21]. The BCS theory, which was developed by John Bardeen, Leon Cooper,
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Figure 1.1: The electrical resistivity of a normal metal and a superconductor vs. temperature.
Adapted from [21].
and Robert Schrieffer to understand the behavior of a superconducting material, provides a

comprehensive explanation for this drastic reduction in resistance.

1.2.1 Types of Superconductors

Superconductors can be broadly classified into two categories: Type I and Type II. The
classification is based on the behavior of the superconductor in the presence of a magnetic
field [22, 23, 24].

Type I superconductors are characterized by a sudden and complete expulsion of the
magnetic field from their interior (the Meissner effect) when cooled below their critical tem-
perature. They have a relatively low critical magnetic field (H.) strength, above which the
superconductivity is destroyed. Type I superconductors are typically pure metals, such as
lead, mercury, and aluminum, and exhibit relatively low critical temperatures.

Type II superconductors, on the other hand, can tolerate much stronger magnetic fields
before their superconductivity is destroyed. They also exhibit a mixed state in which some of

the magnetic fields penetrate into the superconductor, forming quantized vortices. They will



Figure 1.2: Image showing the behavior of type-II superconductor in the presence of an
external magnetic field.

start to lose their superconductivity at a lower critical magnetic field (B¢ ) and at a higher
magnetic field (B, ), they will completely lose it as shown in Fig. 1.2. Type II superconductors
are typically complex materials such as alloys and ceramics, and have critical temperatures
higher than those of Type I superconductors. This is best illustrated by NbN.

The mixed state of Type II superconductors has led to the discovery of many interesting
phenomena, such as the formation of Abrikosov vortices, flux pinning, and the flux-flow
state. These phenomena have important implications for the potential applications of Type
IT superconductors, such as in high-field magnets and power transmission lines.

Although both Type I and Type II superconductors have unique properties and appli-
cations, the focus of current research is mainly on Type II superconductors because of their

higher critical temperatures and potential for practical applications.

1.3 Drude Model

The Drude model is a classical theory that was originally developed to describe the
behavior of electrical conductivity in normal metals. It is based on the assumption that

the free electrons in a metal are subject to collisions with ions and other electrons, which



cause them to scatter and lose energy. The complex conductivity is a simple result of the
classical Drude model and is typically represented as shown in 1.1, where the real part of the
conductivity represents the conventional conductive loss and the imaginary part represents

the phase velocity and propagation.

D= () i m(}) (1.1)

The real and imaginary components of the conductivity for the Drude Model are illus-

trated below in terms of DC conductivity, ¢, and mean collision time,
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The mean collision time of electrons can also be defined in terms of plasma frequency,
!y, and DC conductivity, o, as shown in equation 1.3, where ¢ is the permittivity of free

space.
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1.4 Generalized Model for Superconductors

In the context of superconductors, the Drude model has been extended to include the
effects of superconductivity. In this modified version of the Drude model, the superconducting
state is described as a state in which the electrons are able to move freely without any
resistance, resulting in zero electrical resistance.

The key to the success of the modified Drude model lies in its ability to account for the
coherence of the superconducting state, which is characterized by the formation of Cooper

pairs-bound states of two electrons with opposite spins. These pairs are formed due to the



attractive interactions between the electrons, which overcome the repulsive Coulomb inter-
actions.

The modified Drude model for superconductors predicts that the electrical conductivity
should exhibit a sudden drop to zero below the critical temperature, as the Cooper pairs
begin to condense and form a macroscopic quantum state. The model also predicts that
there should be a sharp increase in the heat capacity of the superconductor below the critical
temperature, due to the energy required to break up the Cooper pairs.

While the Drude model for superconductors is a simplified model that neglects many
of the quantum mechanical effects that are important in real superconductors, it provides a
useful starting point for understanding the behavior of superconducting materials and has
been the basis for much of the theoretical work in the field of superconductivity.

The common model used to describe the dispersive electrical effects of a superconductor
derives itself from this ‘2 body fluid’ model discriminating the electrons as such. This model
also represents the electrical effects of a superconductor with a complex conductivity that is a
function of temperature and frequency. If the temperature is above the critical temperature, it
will behave as the classical conductor, whether a semiconductor or metal. If the temperature
is equal to or below the critical temperature, the behavior changes markedly to demonstrate
many of the classical superconducting effects. For the 2-fluid superconductor model, the

complex conductivity is as shown below:

Nn 1 1 n, 122

re = n_SK[lJr 12 7] im = H[1+n_sm] (1.4)

where Nh=ng is the ratio of classical electrons to superconductive electrons and is a

function of temperature:

(1.5)



A is a function of the London Penetration Depth, :

A= o ¢ (1.6)

1.5 Quantum Computing

Over the past few years, despite the fact that computer technology has advanced signif-
icantly, there are still a lot of computational issues in physics and other fields of study that
are too big to be solved on a traditional computer leading to a growing interest in quantum
computing. Many academic and industrial research groups have selected quantum computing
as their major route to developing scalable quantum information processing systems. Quan-
tum computers take advantage of quantum physics’ unique properties, such as superposition,
entanglement, and quantum interference, and apply them to computing. The fundamental
unit of information in quantum computing is a qubit. Qubits serve a similar function in
quantum computing as bits do in classical computing, but they act considerably differently.
(Classical bits are binary and can only carry the values 0 or 1, whereas qubits can hold a
superposition of all conceivable states, which can be represented as any point on the surface
of a 3D sphere - the ”Bloch Sphere” (shown in Fig 1.3) [25]. Each qubit can exist in such a
superposition state. Still, the system as a whole is also capable of being in a superposition
of every possible combination of all the qubits’ distinct states. Because every potential state
may be stored and processed simultaneously with all the other possible states, a quantum
computer could be potent. If we have N qubits, then there are 2N potential states in the
superposition, making the number of possible states that could be present extremely large.
In keeping with the comparison between qubits and classical bits, qubits can be excited by
microwaves and magnetic fields while classical bits can be excited and controlled by DC

voltage.
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Figure 1.3: Image showing the comparison of different states in a classical bit and qubit.

The quantum computer is far more susceptible to faults than a classical computer would
be due to the utilization of quantum states. Decoherence, a process in which the environment
interacts with the qubits, changes their quantum states unpredictably, and results in the loss
of information stored by the quantum computer, is the cause of these errors. Decoherence
could result from a variety of environmental factors, including changing magnetic and electric
fields, radiation from hot things nearby, and qubit crosstalk. Cryogenic temperatures are
needed to slow down the atomic motion, provide a vibration-free environment, decrease error
rates and provide longer qubit coherence times. A cryogenic system can require temperatures

as low as 10 mK, which can be maintained in a dilution refrigerator.

1.6 Superconducting Quantum Computing

Many different quantum systems, such as trapped ions [26, 27, 28], superconducting
qubits [29, 30, 31, 32], photons [33, 34, 35|, and silicon [36, 37], can be used to create quan-
tum computers. Superconducting qubits in particular have emerged as a major possibility
for scalable quantum processor architecture. Superconducting quantum computing employs

superconducting electrical circuits to implement quantum computing. In 1999, a simple qubit



for superconducting computing was developed [38]. The quality and quantity of qubits have
been scaling up quickly in recent years.

One of the key advantages of superconducting qubits is their ability to be fabricated
using standard microfabrication techniques, which makes them relatively easy to manufacture
and scale up. Another advantage is their relatively long coherence times, which is the amount
of time a qubit can remain in a superposition state before decoherence occurs. This makes

them suitable for use in complex quantum algorithms.

1.7 Research Goal

Typically, precisely timed and shaped microwave pulses of particular frequencies are sent
into groups of qubits or individual qubits to execute quantum computational operations on
their states. Limited attention has been given to solving the problem of how to transmit and
receive a large number of RF and microwave signals efficiently for cryogenic and quantum
applications. As the number of qubits increase, the circuitry required for qubit readout
increases inside a dilution refrigerator. Dilution refrigerators usually have limited physical
volume and cooling capacity for the superconducting circuitry and coaxial data cables. These
bulky coaxial cables add to the thermal load and are likely to cause thermal leaks between
various temperature stages inside the dilution refrigerator making it impractical to use these
cables in the long run. In recent times, a lot of work has gone into developing thin-film
flexible superconducting cables as a potential alternative for coaxial cables [13, 14, 39, 40].

However, the impedance mismatches are currently high in these flexible superconducting
cables introducing the need for better impedance matching of cables. Changing temperature
can change the performance of the materials (i.e. dielectric and conductor properties). The
dielectric properties such as loss tangent need to be characterized as a function of frequency
at cryogenic temperatures. Therefore, it is not only necessary to select various materials with

excellent temperature stability, but also to consider issues such as signal integrity at long



transmission. In this dissertation, I discuss the major signal integrity issues for these thin

superconducting structures and suitable solutions to these challenges.

1.8 Dissertation Structure

Chapter 2 presents a new interconnect and connector technology between different
temperature stages inside a dilution refrigerator using flexible stripline cables. Design, fabri-
cation, mechanical assembly, and results are discussed. I performed direct current (DC) and
time-domain reflectometry (TDR) measurements on the assembly to evaluate the supercon-
ductivity of the assembly and impedance mismatch at the connector region, respectively. I
implemented a distributed element model for the connection region using Advance Design
System (ADS) circuit-level schematic simulations and matched the measured results.

In Chapter 3, I discuss the effect of gamma radiation on superconducting microwave
resonators with different material stack-ups and superconducting metals. The resonators were
subjected to different doses of radiation and the quality factor of the resonators was measured
and compared to see the amount of degradation if there was any. Resonator design, layout,
simulation, fabrication techniques, sample assembly procedures, and experimental setup are
among the experimental approaches mentioned in this chapter.

In Chapter 4, I investigate the characterization of material losses in superconduct-
ing structures at cryogenic temperatures using very long microstrip resonators. This study
intends to shed light on the losses related to various materials and fabrication methods
through a thorough investigation of the resonance frequency spectrum. Nb and Al conduc-
tor resonators fabricated using liftoff and etching processes were characterized and com-
pared at cryogenic temperatures. Researchers can make significant progress in building high-
performance quantum computers that can fully utilize quantum physics by determining the
most advantageous production techniques.

In Chapter 5, I summarize the main results of this dissertation and in Chapter 6, I

discuss the related future research.
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Chapter 2

Face-to-face Connector Scheme For Flexible Cables

Interconnects and connectors play a crucial role in cryogenic systems, which are used to
operate devices at extremely low temperatures, typically below 77 K (liquid nitrogen tem-
perature) and even down to a few mK temperatures. These low temperatures are required to
achieve and maintain superconductivity in certain materials, which enables the development
of high-performance electronic devices, such as quantum computers.

In cryogenic systems, interconnects and connectors are essential for transmitting elec-
trical signals between various components, such as sensors, filters, amplifiers, and power
supplies. These components are typically housed in separate cryogenic environments and
need to be connected to each other via cables, wires, or other types of interconnects. How-
ever, at cryogenic temperatures, the electrical properties of materials change significantly,
leading to increased signal transmission losses, and increased noise. Therefore, it is important
to carefully design and select interconnects and connectors that can maintain reliable signal
transmission and minimize losses and noise [41, 42, 43].

Moreover, cryogenic systems often operate in harsh environments, such as high vacuum,
strong magnetic fields, and extreme vibrations, which can aggravate minor imperfections,
compromise strength, and increase stress. These stresses can lead to deformation, breakage,
or loss of electrical contact, which can significantly affect the performance and reliability of
the system. Therefore, interconnects and connectors need to be designed to withstand these
harsh conditions and maintain stable and reliable electrical contact.

So, engineering efficient and reliable densely integrated interconnects and connectors
for quantum and cryogenic information processing systems is a key challenge in achieving

practical packaging and integration technologies. Over the past several years, there has been
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a greater demand for solutions to various interconnect problems at cryogenic temperatures
such as minimizing interconnect cross-sections, reliability and repeatability of interconnects.
The conventional solution in current integrated cryogenic and quantum electronic systems
has been to install many individual coaxial cable segments into a radio frequency assembly;,
using standard microwave connectors [44, 45, 46, 47, 48]. Because of system limits such as
volume and thermal load, these rigid or hand-formable co-axial cables are bulky and typically
hinder the integration of high-density 1/0O signals into a cryogenic environment.

Polyimide thin films offer the advantages of lower thermal load, and faster cooling,
and provide high-density multi-signal transmission lines with very low dielectric crosstalk
[49, 50, 40]. Cryogenic interconnect issues have been addressed by several research groups
and multiple solutions have been developed regarding cryogenic interconnect challenges for
thin-film flexible cables [51, 52, 13, 53, 54, 14, 55, 56, 57|. However, there are still some
issues to be resolved, such as the density of the commercially available connectors used for
interfacing flexible thin films, impedance mismatch, and ground discontinuities.

Previous research studies on connectors [15, 58] showed promising results using a con-
nector to form a bridge connection between two superconducting flexible cables. In this work,
I implemented an interconnection scheme between two flexible cables by a direct face-to-face
connection of contact pads present on one of the ends of each cable. This cable-to-cable con-
nection approach for flexible superconducting cables shows great promise as an interconnect
scheme for future superconducting and cryogenic electronics systems, including supercon-

ducting quantum computing applications.

2.1 Design

This face-to-face connection approach consisted of two flexible superconducting stripline
cables, bottom, and top Mo pieces as shown in Fig. 2.1. Two different flexible stripline cable
designs were used in this work. The cables were designed to have a characteristic impedance

of 20 Q. Low-impedance transmission lines have several advantages for quantum circuits,
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Figure 2.1: (a) 3-D view of disassembled connector assembly showing the components and
assembly order. (b) Cross-section view in the connection region of the cables.

including reduced noise and thermal fluctuations, lower energy dissipation, and improved
coupling with other components [59, 60]. Each cable consisted of 86 pm wide 12 parallel
Nb signal lines with 300 m pitch and contact pads on one of the ends to accomplish a
direct face-to-face connection. The other end of signal lines on one of the cables denoted the
”connector tester” (CT) cable, were routed to a wider pitch (750 m) to be able to make the
connection to a flip-chip bonded commercially available PCBeam™ connector from Neoconix.
The other cable denoted the "loop-back (LB)” cable, had 12 signal lines, each looped back

to an adjacent signal line, making a total of 6 loop-backs. Fig. 2.2 shows the ADS layout of
the CT and LB cable.
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(b)

Figure 2.2: ADS layout design of (a) Connector tester cable (b) Loop-back cable.
2.2  Simulations

2.2.1 3D EM Simulations

Ansys HFSS electromagnetic simulations were performed to optimize the design and
to determine how to perform an efficient and reliable transfer of electrical signal through
the connector. The performance of these lines can be affected by various factors such as the
geometry, the materials used, and the environment they are installed in. HF'SS simulations
with stripline structures were performed by varying the signal width and pitch between
the signal lines to check the characteristic impedance and to look at the cross-talk values,
respectively. Based on the simulation results, 86 m of signal width and 300 m of the
pitch gave optimum results based on the initial goals, such as a characteristic impedance
of 20 €, an insertion loss of less than 1dB/cm, and crosstalk of less than -30 dB up to
60 GHz. The length of the stripline structure simulated in HFSS was 5 mm. S-parameters

from simulations of this shorter segment of the stripline structure were saved in the SNP
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Figure 2.3: Solution set-up parameters used in HF'SS. The solution setup parameters mainly
help in determining the meshing parameters at solution frequency.
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Figure 2.4: Simulation set-up to model the conductors as superconductors. $Temp is the
simulation temperature, $Tc is the critical temperature, $Nn_Ns_ratio is the ratio of classical
electrons to superconductive electrons, $Lambda is a function of |, $Tau is mean electron
collision time of classical conductor, $Re_Cond and $Im_Cond are real and imaginary part
of conductivity, respectively.
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Table 2.1: Project variables to model a conductor as a superconductor in ANSYS HFSS.

Variable name Value
$Temp 4.2
$Tc 9.3
$Nn_Ns_ratio ($Temp/$Tc)*
$LP_depth 1.1e-07
$Lambda u0*$LP_depth?
$Tau le-12

$Re_Cond $Nn_Ns_ratio*$Tau/$Lambda*
(1/(14(2*pi*Freq*$Tau)?))
$Im_Cond 1/($Lambda*2*pi*Freq)*
(14+$Nn_Ns_ratio *
(2*pi*Freq*$Tau)?=(1 + (2 pi
Freq $Tau)?))

file format. The saved files were imported into ADS schematic simulations to concatenate
and obtain the S-parameters of longer structures. Fig. 2.3 shows the solution set-up for
the HF'SS simulations. The solution frequency is used by HFSS to determine the maximum
initial tetrahedra size and is the frequency at which HF'SS explicitly solves the given model.
The solution setup parameters mainly help in determining the mesh size. Fig. 2.4 shows
the parameters used to model the conductors as superconductors in Ansys HFSS based on
equations 1.3 and the same parameters has been reported in table 2.1. Fig. 2.5 and Fig.
2.6 show the return loss and insertion loss vs. frequency for the simulated 5mm long HFSS
stripline structure. The return loss shows a good match to a 20 €2 characteristic impedance
and the insertion loss is less than 1 dB/cm. Fig. 2.7 and Fig. 2.8 show the nearest neighbor
crosstalk and Fig. 2.9 and Fig. 2.10 show the next-to-next neighbor crosstalk. The crosstalk
plots show very minimal to no crosstalk between the signal lines with a pitch of 300 m up
to 60 GHz. Note that these crosstalk values are exceptionally low crosstalk due to the short

length of the simulated stripline structure (5 mm).
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Figure 2.5: Return loss vs. frequency of 5 mm long stripline structure simulated in Ansys
HFSS, which indicates a good match to 20 2 characteristic impedance.
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Figure 2.6: Insertion loss vs. frequency of 5 mm long stripline structure simulated in Ansys
HFSS. The insertion loss is less than 1 dB/cm.
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Figure 2.7: Nearest neighbor near-end crosstalk vs. frequency of 5 mm long stripline structure
simulated in Ansys HFSS. Note: This is exceptionally low crosstalk due to the short length
of the simulated stripline structure (5 mm).
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Figure 2.8: Nearest neighbor far-end crosstalk vs. frequency of 5 mm long stripline structure
simulated in Ansys HFSS. Note: This is exceptionally low crosstalk due to the short length
of the simulated stripline structure (5 mm).
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Figure 2.9: Next-to-next neighbor near-end crosstalk vs. frequency of 5 mm long stripline
structure simulated in Ansys HFSS. Note: This is exceptionally low crosstalk due to the
short length of the simulated stripline structure (5 mm).
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Figure 2.10: Next-to-next neighbor far-end crosstalk vs. frequency of 5 mm long stripline
structure simulated in Ansys HFSS. Note: This is exceptionally low crosstalk due to the
short length of the simulated stripline structure (5 mm).
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Figure 2.11: HF'SS design of a single cable with connector region. (a) isometric view (b) top
view with the central signal line selected.

3D EM simulations for the connector region were also performed using HFSS. Various
design parameters were parameterized to be able to optimize the transition to have a better
impedance match and less lossy. Fig. 2.11 shows the isometric view of the HFSS design
of a single stripline used in simulations and the top view with the central signal line. Fig.
2.12 shows the simulated structure in HF'SS. Various iterations of simulations showed that
the transition is sensitive to a few parameters. These parameters are shown in Fig. 2.13.
Parameter 1 is the signal pad width on the top ground layer and parameter 2 is the signal

pad width on the contact layer.
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Figure 2.13: Signal transition region of the connector configuration showing the critical pa-
rameters in the design.
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Figure 2.14: Return loss vs. frequency of the connector region simulated in Ansys HFSS.
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Figure 2.15: Insertion loss vs. frequency of the connector region simulated in Ansys HFSS.
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Figure 2.16: Nearest neighbor near-end crosstalk vs. frequency of the connector region sim-
ulated in Ansys HFSS.
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Figure 2.17: Next-to-next neighbor near-end crosstalk vs. frequency of the connector region
simulated in Ansys HFSS.
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Figure 2.18: Next-to-next neighbor crosstalk vs. frequency of the connector region simulated
in Ansys HFSS.
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Figure 2.19: Next-to-next neighbor far-end crosstalk vs. frequency of the connector region
simulated in Ansys HFSS.
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Figure 2.20: ADS Schematic of the concatenated SNP blocks for frequency domain simula-
tions. The schematic consists of two 55 mm long striplines connected to each other with a
connector region.

Fig. 2.14 and Fig. 2.15 show the return loss and insertion loss vs. frequency for the
connector region simulated in HFSS. The return loss shows a good match to a 20 2 charac-
teristic impedance and the insertion loss is less than 1 dB/cm. Fig. 2.16 and Fig. 2.17 show
the nearest neighbor crosstalk and Fig. 2.18 and Fig. 2.19 show the next-to-next neighbor

crosstalk.

2.2.2 ADS Schematic Simulations

The SNP files saved from the HFSS simulations were imported into ADS and schematic
simulations were performed on the concatenated S-parameter blocks. Fig. 2.20 shows the
concatenated SNP blocks in the ADS schematic. The schematic consists of two 55 mm long
stripline connected to each other with a connector region. The concatenated SNP blocks
were simulated from 0.1 GHz to 60.1 GHz with a step size of 1 GHz. Fig. 2.21 and Fig. 2.22
show the return loss and insertion loss vs. frequency of the whole assembly. Fig. 2.23 and Fig.
2.24 show the nearest neighbor crosstalk and Fig. 2.25 and Fig. 2.26 show the next-to-next
neighbor crosstalk. Fig. 2.27 through Fig. 2.32 show the consolidated S-parameters of the

stripline (5 mm), connector, and assembly.
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Figure 2.21: Return loss vs. frequency of the assembly. S-parameters saved from HFSS were
concatenated in ADS schematic simulations.

Figure 2.22: Insertion loss vs. frequency of the assembly. S-parameters saved from HFSS were
concatenated in ADS schematic simulations.
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Figure 2.23: Nearest neighbor near-end crosstalk vs. frequency of the assembly. S-parameters
saved from HFSS were concatenated in ADS schematic simulations.

Figure 2.24: Next-to-next neighbor near-end crosstalk vs. frequency of the assembly. S-
parameters saved from HFSS were concatenated in ADS schematic simulations.
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Figure 2.25: Next-to-next neighbor crosstalk vs. frequency of the assembly. S-parameters
saved from HFSS were concatenated in ADS schematic simulations.

Figure 2.26: Next-to-next neighbor far-end crosstalk vs. frequency of the assembly. S-
parameters saved from HFSS were concatenated in ADS schematic simulations.
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Figure 2.27: Consolidated plot showing return loss vs. frequency of 11 cm long stripline,
connector, and assembly from ADS schematic simulations.

Figure 2.28: Consolidated plot showing insertion loss vs. frequency of 11 cm long stripline,
connector, and assembly from ADS schematic simulations.
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Figure 2.29: Consolidated plot showing nearest neighbor near-end crosstalk vs. frequency of
11 cm long stripline, connector, and assembly from ADS schematic simulations.

Figure 2.30: Consolidated plot showing nearest neighbor far-end crosstalk vs. frequency of
11 cm long stripline, connector, and assembly from ADS schematic simulations.
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Figure 2.31: Consolidated plot showing next-to-next neighbor near-end crosstalk vs. fre-
quency of 11 cm long stripline, connector, and assembly from ADS schematic simulations.

Figure 2.32: Consolidated plot showing next-to-next neighbor far-end crosstalk vs. frequency
of 11 cm long stripline, connector, and assembly from ADS schematic simulations.
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Figure 2.33: ADS Schematic of the concatenated SNP blocks for time domain simulations.

Time domain simulations are essential for signal integrity measurements as they provide
a comprehensive view of the behavior of the transmission line, which helps to optimize the
layout and termination of the line and identify and locate faults. Time domain simulations
were performed on the assembly link to look at the eye diagrams and various parameters of
it. Eye diagrams are an important tool for analyzing signal integrity in modern electronic
systems. They provide a visual representation of the signal quality and help to identify and
diagnose issues that can a ect the performance of the system. They can help determine
important signal characteristics such as signal rise time, fall time, and jitter. They can also
identify issues such as noise, distortion, and crosstalk that can degrade signal quality and
cause timing errors. Fig. 2.33 shows the set-up for time domain simulations. A large number
of bits are run through the link and eye diagrams are investigated to look at the impact of

the crosstalk. VtPRBS, a multi-functional time domain voltage source for Signal Integrity
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Figure 2.34: Eye diagram at the input and output of the link containing 11 cm long stripline
structure. The rise/fall time of the signal was 12.5 psec. The eye height at the input and
output were 9.76E-4 V and 8.83E-4 V, respectively.
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Figure 2.35: Eye diagram at the input and output of the link containing the connector region.
The rise/fall time of the signal was 12.5 psec. The eye height at the input and output were
9.76E-4 V and 8.57E-4 V, respectively.
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Figure 2.36: Eye diagram at the input and output of the link containing the whole assembly
(11 cm stripline structure and connector region). The rise/fall time of the signal was 12.5
psec. The eye height at the input and output were 9.76E-4 V and 7.95E-4 V, respectively.
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Figure 2.37: Eye height, a vertical opening of an eye diagram, in each of the cases when a
stream of 1000 bits was sent at a data rate of 60 GBPS.

applications in ADS schematic was used as a source. Random bit sequences generated using
Matlab were used as the input to these instances. The Matlab code used for generating the
random bits is given in Appendix A. A bit sequence of Ox1x1x1x1x1x1x... where x represents
padded 59 bits ('0") was given as input to all the instances. Padding 59 bits of ‘0’ gives us
desired bits for every 1 nsec when the data rate is set to 60 GBPS. To emulate the SFQ
pulses usually used in quantum circuitry, an error function transition edge-shaped pulse with
a speci c rise and fall time was given as the input. For every '1' bit stream, the voltage source
instance sends the pulse through the link. Eye measurement probes were placed at the input
and output of the central line to display eye diagrams and to extract statistical eye diagram
metrics such as width and height. Fig. 2.34 through Fig. 2.36 show the eye diagrams at input
and output of di erent structures through the link.

Fig. 2.37 shows the eye height when a stream of random 1000 bits was sent through
di erent structures. The high-quality eye diagrams indicate that the transmission line has

good signal quality, with minimal distortion and noise. This suggests that the transmission
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Figure 2.38: Consolidated transient analysis of a single pulse at the input and at the end
of 11 cm long stripline cables, connector region, and the whole assembly. The peak of the
signal at the output of an 11 cm long stripline cable is 0.956, the connector region is 0.947,
and the whole assembly is 0.916. Results show low attenuation of the input signal indicating
minimal signal re ections and crosstalk.

line is well-designed and properly terminated, with minimal signal re ections and crosstalk.
The rise and fall times of the signals are within the acceptable range, indicating that the
transmission line is capable of transmitting high-speed digital signals with minimal timing
errors. Overall, the eye diagram results suggest that the transmission line is well-suited for
its intended application and meets the required speci cations for signal integrity. Fig. 2.38

shows the consolidated transient analysis output of a single pulse in each of the cases with

respect to an input pulse.
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2.3 Fabrication

2.3.1 Superconducting Flexible Cables

The cables were made up of alternating layers of patterned Nb and spin-on polyimide
P1-2611. The total thickness of the fabricated stripline ex cable was 60 m. Ti(50
nm)/Au(250 nm) was deposited for contact pad metallization to ensure low contact re-
sistance such that a small normal force could be used to make good electrical contact. Based
on our tolerances from the mechanical assembly, | estimate the contact area between two

signal pads on the cables to be a maximum of 3.3E-&rand a minimum of 1.3E-8 m.

2.3.2 Alignment Structures

Bottom and top alignment pieces were built using molybdenum. Mo, being more ductile
than Si which was used in our prior work, increases the robustness of the assembly and pack-
aging processes and lowers the risk of breakage during handling and machining. Moreover,
Mo has a close dimensional match to the polyimide P1-2611 when cooled from room temper-
ature to 4.2 K, so that the connector components stay aligned. The top Mo piece contained
high aspect ratio (HAR) SU-8, a commonly used epoxy-based negative photoresist, pillars
to apply uniform pressure on the signal and ground contact pad areas of the stripline cables.
SU-8 pillars on the top Mo piece were 250m tall and had a diameter of 37.5 m with a
pitch of 75 m. A 4 m thick partially cured (225 C) HD-4100 polyimide layer was used
as an interfacial layer to improve the adhesion of SU-8 pillars with the substrate. This is an
important step for cryogenic applications, and test structures with this interfacial layer were
found to survive multiple thermal cycles to 4 K.

The bottom alignment Mo piece contained 250 m tall SU-8 features, which were de-
signed to be used as mechanical self-alignment structures for the stripline ribbon cables. SU-8
features on bottom alignment pieces were larger in area and thus, had a lower aspect ratio

compared to SU-8 pillars on the top alignment piece. For SU-8 features on the bottom Mo
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