UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Addressing Key Scaling Challenges in Fixed-Frequency Transmon Architectures

Permalink

bttgs:ééescholarshiQ.orgéucéitem46644g65\=/|

ISBN
9798276025643

Author
Chen, Larry

Publication Date
2025-12-06

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6644g65v
https://escholarship.org
http://www.cdlib.org/

Addressing Key Scaling Challenges in Fixed-Frequency Transmon Architectures

by

Larry Chen

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Physics
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Irfan Siddiqi, Chair
Professor K. Birgitta Whaley
Professor Harry Levine

Fall 2025



Addressing Key Scaling Challenges in Fixed-Frequency Transmon Architectures

Copyright 2025
by
Larry Chen



Abstract
Addressing Key Scaling Challenges in Fixed-Frequency Transmon Architectures
by
Larry Chen
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Irfan Siddiqi, Chair

A central discourse in the field of superconducting quantum computing surrounds the ques-
tion of whether the transmon qubit is the correct unit cell for scaling to fault-tolerant quan-
tum computation. Since the transmon was first introduced, there has been a rapid develop-
ment of more complex qubit designs that promise better noise protection and higher fidelity
control. Despite these innovations, all of the largest superconducting qubit processors that
exist today rely on the transmon qubit as the fundamental unit cell, and many use the flux-
tunable variant to manage many of the difficult scaling constraints. However, the simplicity
of the fixed-frequency, single-junction transmon remains highly appealing for building ro-
bust, large-scale systems. In this thesis, we address several key scaling challenges that have
historically limited fixed-frequency transmon architectures. First, we present an analysis of
the frequency-crowding problem for fixed-frequency architectures. We model the statistical
distribution of qubit frequencies resulting from fabrication variance and propose strategies
for mitigating spectral collisions. Next, we explore the use of parametrically modulated cou-
plers to engineer fast, high-fidelity entanglement between highly-detuned transmons, which
circumvents both frequency crowding and gate-speed limitations imposed by fixed-coupling
architectures. Finally, we address the challenge of system instability caused by interactions
with two-level system (TLS) defects. Since fixed-frequency transmons cannot be tuned away
from these parasitic resonances, we introduce a resource-efficient method to integrate electric-
field tuning of TLS defects into a scalable architecture. By addressing these key challenges,
this work provides a pathway for scaling fixed-frequency transmons toward fault-tolerant
quantum computation.



To my family and friends.



Contents

Contents

[List of Figures|

[List_of Tables
I__Introductionl
(1.1  Quantum Information| . . . . . . . . . .. .. ... ... ... ... ..
(1.2 Qubit Controll . . . . . . . . . . ..
[2 Classical and Quantum Circuits|
RI FElectrical Circuitsl . . . . . . . . . . . . .
[2.2  Lagrangian and Hamiltonian Analysis|. . . . . .. ... .. ... ... ....
2.3 Couplingl. . . . . . . . . .
[2.4  Voltage and Current Sources| . . . . . . . . . . .. . . ... ...
[2.5 Dissipation| . . . . .. ...
2.6 Quantum Circuits|. . . . . . . . . . . .
R7 Nonlinear Circuits . . . . . . . . ... ..
[3 Designer Microwave Circuits|
[3.1 Frequency Domain Analysis| . . . . . . . .. ... .. ... .. ...
B2 Microwave Networkd . . . . . . ... ... oo o
3.3 The CPW Transmission Linel . . . . . . . .. ... ... ... ... .....
[3.4 Coupled Line Models| . . . . . . .. ... ... . ... ... .. ... .. ...
[3.5 Modeling CPW Meanders| . . . . ... ... ... ... . ... ........
4 Qubit Control|
(4.1  Single Qubit Gates| . . . . . . . ...
(4.2 Two-Qubit Gates| . . . . . . . . . . ...
(4.3 Frequency Crowding| . . . . . . . . . . . . . ...
4.4 Architectural Tradeoffsl . . . . . . . . . . . .. ...

b Parametric Gates|

i

ii

iv

vi

RSy

12
13
14
20
31
36
39
43

49
49
52
o6
67
70

76
76
87
96
102

103



[>.4 Benchmarking and Error Budget| . . . . .. .. ... .. ... ... ... .

[5.5  Scaling and Outlook| . . . . . ... .. ... ... ... o 000

6 System Stability]|

[6.1 "Two-Level System Detects| . . . . . . ... ... ... ... ... ...,

[6.2  TLS Mitigation Strategies| . . . . . . . . . . . .. ... ...

[6.3  Implementation of Local Electric-Field Tuning| . . . . . . .. ... ... ...

[6.4 T'LS Spectroscopy|. . . . . . . . ..o

[6.5 Electric-Field Tuning of TLS|. . . . . . ... ... ... ... ... ... ...

[6.6 Stabilizing the TLS Environment| . . . . . . ... ... ... ... .. ... .

[6.7 Local Tuning vs Global Tuning| . . . . . . .. ... ... ... ... .....

(6.8  Multi-Qubit Stabilization|. . . . . . . . ... .. o

[Bibliography|

[A.2  Coupling|

iii

103
105
108
110
114

117
118
119
121
124
128
130
133
133
135

138



v

List of Figures

2.1 LC Oscillatorl . . . . . . .. .. 15
2.2  Floating LC Oscillator| . . . . . .. .. ... ... .. ... ... ... ... 18
[2.3 Capacitively coupled LC oscillators| . . . . .. ... ... ... ... ... .. 20
2.4 Normal mode frequencies| . . . . . . ... ... ... ..., 23
2.5 Coupling geometries|. . . . . . . . . . ... 26
2.6 Mutual inductance coupling . . . . . . ... ... ... 0000 29
[2.7  Coupling efficiencies for grounded and floating LC oscillators|. . . . . . 30
[2.8  Voltage and current driving of LC oscillators| . . . . . . .. ... .. ... 32
[2.9 Indirect driving of LC oscillators|. . . . . . .. ... ... .. ... .. ... 34
2.10 Driven and damped RLC circuit| . . . . . . .. ... ... ... ... .... 37
2.11 Flux quantization with Josephson junctions|. . . . . . . . ... ... ... 44
2.12 Transmon as a nonlinear oscillator|. . . . . . . . ... ... ... ...... 47
(3.1 Equivalent circuits for calculating effective resistance/ . . . . . . . . . .. 50
(3.2 Two-port networkl . . . . . . . .. ... 53
3.3 Transmission line modell . . . . . . . ... ... ... .. ... .. ... .. 56
[3.4 Transmission line as an impedance transformer{. . . . . . . . .. ... .. 59
3.5 Transmission line resonators| . .. . ... ... ... ... ....... ... 60
[3.6 Capacitive loading of a CPW resonator| . . .. ... ... ... ...... 62
(3.7 CPW admittance as a function of coupling location|. . . . . . . . . . .. 63
[3.8 Purcell loss for lumped and distributed resonators| . . .. ... ... .. 66
[3.9 Coupled transmission line model|. . . . . . .. ... ... ... ... ... 67
[3.10 Modeling CPW Meanders| . . . . . .. ... ... .. ... ... ....... 70
[3.11 Frequency shift due to CPW meander| . . . . . . ... ... ... ..... 72
[3.12 Experimental validation of meander simulations| . . . . . .. . . ... .. 74
(4.1 Generalized rabi driving of a two-level system| . . . . . ... .. ... .. 78
4.2  Non-RWA effects on a driven two-level system| . . . . . . ... ... ... 83
4.3  Fermionic simulation gates|. . . . . . . . ... ... ... L. 90
4.4 Frequency optimization for an eight-qubit ring| . . . . . . . ... ... .. 100
4.5 Scaling frequency optimization to different lattice geometries|. . . . . . 101

5.1 Flux-tunable coupling between two transmon qubits| . . . . .. ... .. 106




5.2 Parametric coupling between two transmons| . . . . . . ... ... .. .. 107
5.3 Calibration of a parametric ViSWAP gate| . . . . . . ... ... ...... 108
5.4 Benchmarking a ViSWAP gatel . . . . . . .. ... ... ... ... .. ... 112
[5.5 Driven decoherence with parametric driving| . . . . . . .. ... ... .. 113
[b.6 Cycle benchmarking fidelity over time| . . . . . . . .. ... ... .. ... 114
6.1 Two-level systems in superconducting qubit devices|. . . . . .. .. . .. 118
[6.2 Circuit model for the TIC-TAQ control line/. . . . . . . .. ... ... .. 122
6.3 Control line parameters for TLS tuning| . . . . . ... ... ... .. ... 125
6.4 Multi-level corrections to the AC Stark shaftl . . . ... ... ... .. .. 126
6.5 Experimental validation of the multi-level AC Stark shift model . . . . 127
6.6 Characterization of a qubit and its TLS environment for a varying |
| voltage bias| . . . . . . .. 129
6.7 Stabilizing qubit performance with TIC-TAQ|. . . . . . . ... ... ... 131
6.8 Benchmarking TIC-TAQ across a multi-qubit device, . . . . . . . . . .. 134
6.9 Offset-charge dependence of MIS'T| . . . .. .. ... ... ... .. .... 136




vi

List of Tables

2.1 Coupling efficiencies for II- and 7-circuits| . . . . . . . .. ... ... ... 28

4.1 Frequency constraints for a fixed-frequency, fixed-coupling gate archi- |

[ Tectured . . . . . . . . . 98
[b.1 Coherent errors extracted from cross-entropy benchmarking| . . . . . . 111
[>.2  Simultaneous and isolated two-qubit gate errors| . . . . . ... ... ... 114
[>.3  Qubit parameters for the 6-qubit parametric device|. . . . . . . . . . .. 115

[>.4 Coupler parameters for the 6-qubit parametric device| . . . . . . . . .. 115




vil

Acknowledgments

This thesis marks the completion of the long road to a PhD, which would not have been
possible without the many brilliant and wonderful people that I have had the pleasure of
working with. First and foremost I have to thank my advisor, Irfan Siddiqi, for his thoughtful
leadership of QNL and his willingness to let us explore the science that interests us. I've
learned a great deal from Irfan over the years beyond physics, from cryogenics and plumbing
to making slides and choosing the correct font (i.e., never Calibri). I am continually amazed
by his ability to bring so many resources and talented people together in the pursuit of
incredible science, and it is this group of people that has made my time at Berkeley so great.

Ravi Naik was the very first person I worked with in QNL, the one who proposed the
parametric gates project, and the one who taught me much of what I know about circuit
QED. Many of the ideas in this thesis came out of our discussions over the years. I'd like
to thank Alexis Morvan for his mentorship and guidance, and for teaching me to focus
on the right problems and not get lost in the noise. His enthusiasm for new ideas was
always motivating and contagious. I am indebted to John Mark Kreikebaum for teaching me
everything I know about fabrication, and for spending many long days in the cleanroom with
me during the height of the pandemic to get a working parametric device. His methodical
approach to problem solving, dedication to note taking, and meticulous work ethic have left
a lasting impact, and are characteristics I still try to emulate in my own work. I also thank
Will Livingston for teaching me to think outside the box with his clever ideas and unique
insights. He taught me many things about qubit measurement, calibration, as well as how
to write a group theory based sequencer.

After John Mark left, the responsibilities of managing the QNL cleanroom fell onto me
and Christian Jinger. While I would be lying if I said I enjoyed all the cleanroom time,
having Christian as my cleanroom buddy made it all the more bearable. He was also a
great climbing partner and yoga buddy, helping me stay flexible after spending so many
hours sitting tight in the lab. Kan-Heng Lee joined QNL two years later, just after the
Great Flood of Plassys, and was immediately handed the difficult task of rebuilding our
junction process, installing three new tools, and taking over cleanroom management. His
hard work and dedication to improving all of our fabrication processes is commendable. I
am immensely grateful to Kan-Heng for keeping me out of the cleanroom, and making all
of my qubit devices come to life. None of the work in this thesis would have been possible
without him.

Brian Marinelli deserves many thanks. As the other graduate student in my cohort,
Brian and I endured almost every challenge in lab together, apart from my fridge-induced
concussion. These included all-nighter’s soldering bias tees, many late nights closing the
fridge, a pandemic, multiple floods, and even a ransomware attack. Although we worked on
separate projects, it always felt like we were working together, because Brian would be a
sounding board for every one of my ridiculous ideas, and was always thinking of solutions to
my experimental problems. I also need to thank Brian for filling the LN2 traps every week
and helping me through all my problem sets.



viii

Thank you also to Linus Kim, whose questions about seemingly simple concepts often
uncovered my surface-level understanding and forced me to think more deeply about physics.
Thank you to Noah Goss, whose optimism and enthusiasm for science was always inspiring.
Thank you also for convincing me to go to many conferences together. Thanks to Chuanhong
Liu and Ke Wang for many insightful discussions over lunch and for always accommodating
my unwillingness to eat at the Berkeley dining halls. T am also grateful to them for keeping
me up to date with all the newest Bay Area Chinese restaurants. Thanks to Brad Mitchell,
whose selfless dedication to improving lab resources inspired me to do the same. Thanks
to Gerwin Koolstra for his help with many of the early measurements with the parametric
experiment, and Long Nguyen for teaching me the importance of selling your work. Thank
you to everyone else in QNL for the great conversations and many lunch trains.

Thanks to the entire Qubic team (Gang Huang, Yilun Xu, Neelay Fruitwala, Abhi Ra-
jagopala, and Neel Vora), and in particular Neelay, for their dedication to open-source control
hardware and for supporting all of my feature requests and gateware builds.

Thank you to all the people in the Physics department who supported our research and
kept the lab spaces running: Carlos Bustamante, Anthony Vitan, Espe Munoz-Riddle, and
Stephen Pride Raffel. Thanks also to Chris Spitzer for keeping QNL running smoothly.

Thank you to Birgitta Whaley and Harry Levine for taking the time to be on my thesis
committee, and Hartmut Haeffner and Joel Moore for serving on my qual committee.

I also want to thank Dave Schuster for taking a chance on me when I was just a first
year in undergrad, and introducing me to the wonderful field of circuit QED. Many of the
people T have worked with since coming to Berkeley (Ravi, Gerwin, Kan-Heng) have also
come through SchusterLab, and their kindness and passion are a reflection of their time spent
with Dave. Thank you also to Andrew Oriani, who was my first research mentor and taught
me much about electronics, machining, and junctions. His insistence on doing everything
the right way continues to influence my approach to research.

Finally, I’d like to thank all of my friends outside of lab who have made life in Berkeley so
enjoyable: Christina, Wes, Anlei, Lydia, Kristen, Lizzie, Bel, Akshay, Gloria, and Matthew.
Thank you also to my friends outside the Bay for their visits and support: Phillip, Jenny,
Kevin, Emily, John, Caitlin, and JZ. Thank you to all the people at ResOak for their support
and community. I'm also incredibly grateful for my family and their unconditional love and
support through this entire journey. Thank you to my parents, Ling and Xiuxian, for always
checking in on me and cheering me on. Thank you to my in-laws, Xianggong and Min, for
giving me a second home in the Bay. Thank you to my sister, Morissa, for always reminding
me that I'm still the least educated member of our family. I'm glad that I can now say it’s
her turn to reclaim that title. Most of all, I want to acknowledge my wife, Chelsea Hu, for
being my number one supporter, and for always inspiring me to do everything to the best of
my ability. Thank you for bringing me to Berkeley.



Chapter 1

Introduction

Information is physical, and the physical world is quantum; therefore, information must be
quantum. This key insight, embodied in Feynman’s famous quote [60], catalyzed a decades-
long effort to realize a system capable of performing universal quantum computation. At the
center of this new computational paradigm is the replacement of the classical bit with its
quantum counterpart: the qubit. Unlike a register of n-classical bits, describing an entangled
system of n-qubits requires storing and manipulating 2" complex numbers. This illustrates
two uniquely quantum phenomena — superposition and entanglement — that give rise to a
“quantum parallelism” responsible for the computational power of a quantum computer [46].
The potential of quantum information processing became more apparent with the discovery
of several key algorithms that demonstrated a theoretical speedup over their best known
classical counterparts. These include Shor’s algorithm [183], which offers an exponential
speedup for integer factorization, and Grover’s algorithm [75] [76], which provides a quadratic
speedup for searching unstructured databases.

While these developments demonstrate the potential power of quantum computation,
the non-local correlations that underpin this power are inherently fragile. Quantum states
are susceptible to decoherence, where unwanted interactions with the environment corrupt
the stored information stored within these delicate states, introducing computational er-
rors. This problem is compounded by a fundamental engineering dilemma: a qubit must be
coupled to the external world for control and measurement, but this same coupling opens
a channel for environmental noise to destroy the quantum correlations. Even if we could
engineer a perfectly isolated “neutrino qubit”[], our inability to manipulate it would render
the qubit quite useless. Beyond environmental decoherence, the analog nature of a qubit
state still makes it susceptible to control errors. Unlike a classical bit, which is digitized so
that small fluctuations in a transistor voltage can be ignored, a qubit state is described by
a continuous amplitude and phase. As a result, even small control errors can build up over
the course of a computation and corrupt the information.

To overcome these challenges, the theory of quantum error correction (QEC) provides

!This phrase should be attributed to John Martinis.
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a framework for realizing fault-tolerant computation from noisy and imperfect qubits. The
fundamental idea, first proposed by Peter Shor in 1996 [184], is to redundantly encode a
logical qubit within the quantum correlations of a larger number of noisy physical qubits,
so that errors on the constituent qubits can be detected and corrected. Shor’s discovery
laid the foundation for an active field of research and the development of many QEC codes
[5]. Among the most promising QEC schemes is the surface code, which requires only a
two-dimensional array of physical qubits with local connectivity [98] 63]. The viability of
all such codes is guaranteed by the threshold theorem, which proves that if the error rate
of the physical qubits is below a certain critical value (the threshold), increasing the system
size yields an exponential suppression of the logical error rate, enabling arbitrarily long
and accurate computations [104, |3]. Achieving fault tolerance is therefore fundamentally
a challenge of scald’l A useful quantum computer will require not only a large number of
logical qubits to operate on meaningful problem sizes, but also a large overhead of physical
qubits to suppress errors below a functional level. This challenge, coupled with the promise
of beyond-classical computation, has prompted billion{;] of dollars in investment across both
industry and academic research in an effort to realize a fault-tolerant quantum computer.

The pursuit of this goal is being carried out across an array of physical platforms, all of
which must satisfy a set of core requirements, known as DiVincenzo’s criteria [52]. These
include:

1. A quantum system in which a qubit can be encoded. This can be an electron spin, the
polarization of a photon, or two quantum states in an atom.

2. A method to initialize qubits to a known state.

3. Quantum coherence must be maintained over sufficiently long time scales to enable
both storage and processing of information.

4. The ability to apply unitary operations to manipulate the quantum state of one or
more qubits.

5. A way to measure the state of a qubit.

These criteria can be satisfied on a variety of physical systems and have given rise to many
quantum information processing platforms, each with their advantages and drawbacks. In
this thesis, we will focus entirely on superconducting circuits, which has emerged as a leading
platform for building a scalable quantum computer in the decades since Martinis, Devoret,
and Clarke’s first demonstrations of macroscopic quantum behavior in a Josephson tunnel
junction [122; 49]. These pioneering experiments paved the way for the first observations
of coherent quantum oscillations in a superconducting charge qubit in 1999 [146]. Rapid
progress ensued in the following years, when the remaining building blocks for quantum

2Qubit quality is of course important, but we will always need large numbers of high-quality qubits.
3In a panel with John Martinis at AQC 2025, Pedram Roushan recounted a funny story about how the
original proposed title of Ref. [63] was “How to make a quantum computer with ten million dollars”.
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computation were demonstrated, including longer coherence times in superconducting phase
qubits [125], the first two-qubit gates [159, [189], and the circuit quantum electrodynamics
(circuit QED) framework for qubit coupling and readout [202]. Despite these successes, the
performance of early charge- and phase-qubits was ultimately capped by their extreme sen-
sitivity to both charge and flux noise, which limited coherence times to the sub-microsecond
regime. This changed with the introduction of the transmon qubit in 2007 [105] and its
subsequent experimental realization [17§|, which demonstrated the promised exponential
charge noise suppression and brought superconducting qubits into the microsecond coher-
ence regime.

This breakthrough was a pivotal moment for the field, making the transmon qubit the
dominant platform for decades to come. In the years since, transmon coherence times have
improved by another three orders of magnitude [185], crossing into the millisecond regime
[19], and systems consisting of ~100 transmon qubits have demonstrated the first instances
of below-threshold error correction up to a distance-7 surface code [2]. While these suc-
cesses, coupled with the transmon’s simplicity, make a strong case for the transmon qubit’s
privileged position, many still question the practicality of a system that requires hundreds
of physical qubits to realize a single logical qubit. This raises an important question: is the
transmon qubit the quantum analog to the “transistor”, ready for the scale of fault-tolerant
computation, or are we still in the vacuum-tube era, in search of a better fundamental
building block?

This question has motivated a significant thrust of research into alternative qubit modal-
ities that offer better noise protection and higher-fidelity control at the cost of system com-
plexity. These include alternative noise-protected superconducting circuit designs [53, 79], as
well as a different paradigm of bosonically encoded qubits [195]. The former leverages sym-
metries in the circuit design to suppress the qubit’s susceptibility to bit-flip noise, phase-flip
noise, or both. These include single-mode circuits like the fluxonium [121} [149] or blochnium
[161], as well as multi-mode circuits such as the 0-m [98, |24} 78], cos(20) [54} 187], and bi-
fluxon qubits [14, |91]. In the latter approach, a single logical degree of freedom is encoded
redundantly within the large Hilbert space of a linear oscillator to yield a similar type of
noise protection. Some examples of such bosonic codes include the GKP qubit |73, 29|, cat
qubit [136, 155], and binomial codes [133, 86]. The central premise to all of these approaches
is that if the hardware unit cell can offer some intrinsic noise protection, we can engineer
logical qubits with significantly fewer unit cells. In fact, this was demonstrated recently with
a concatenated repetition code consisting of bosonically encoded cat qubits [166].

On the other hand, there is something to be said about the simplicity of the humble
transmon, and we continue to see ever larger systems with lower error rates being built.
In this thesis, we aim to strengthen the case for the transmon as a scalable unit cell. We
will focus in particular on the fixed-frequency variant, by addressing three key scaling chal-
lenges that have often led people to favor its flux-tunable counterpart. First, we analyze
the problem of frequency crowding inherent to fixed-frequency architectures, by modeling
the inherent fabrication variance and proposing optimization strategies to mitigate spectral
collisions. Motivated by these studies, we then explore the use of parametrically modulated
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couplers to engineer fast two-qubit gates between highly detuned qubits. Finally, we in-
troduce a resource-efficient method to integrate electric-field tuning of TLS defects into a
fixed-frequency transmon architecture.

Outline

We will begin in the remainder of this chapter with a brief overview of quantum information
theory. This is covered in more detail by many great references. We aim not to reproduce
these, but to provide an introduction focused on quantum control from an experimental per-
spective. In Chapter 2, we introduce the fundamentals of superconducting circuits through
a slightly unconventional approach. We introduce many of the techniques seen in the circuit
QED literature, and show that many important effects relevant to the design of a supercon-
ducting qubit device are fundamentally classical. We then introduce the Josephson junction
and discuss the implications of introducing nonlinearity and quantum behavior separately.
In Chapter 3, we bring this lumped circuit theory into the practical domain, by guiding the
reader through real design problems for the experimental devices used in the subsequent
chapters. We will discuss how distributed element models are needed to accurately design
superconducting qubit devices, and also propose more scalable approaches to device design
with modular simulation.

In Chapter 4, we begin with some extended background on quantum control and single-
and two-qubit gates with superconducting qubits. We discuss how the choice of two-qubit
gate imposes many system design constraints and is often a dominant influence on the
qubit architecture. We then focus on fixed-frequency and fixed-coupling architectures with
all-microwave gates, and show how this qubit architecture can lead to untenable frequency
allocation constraints as systems scale to larger sizes. In Chapter 5, we show how introducing
a tunable coupler can enable fast parametrically-activated two-qubit gates even between far-
detuned qubits. We explain the experimental implementation of a high-fidelity viSWAP
gate using this architecture, and discuss the relevant error mechanisms that could be further
improved to yield even lower error rates. Finally, in Chapter 6, we introduce a method for
local and in-situ control of TLS defects using integrated electric-field tuning. This allows
for control over the noise environment of each individual qubit, enhancing both performance
and stability at a system level.

1.1 Quantum Information

A qubit is the fundamental unit of quantum information. In its most abstract form, this can
be any two-level quantum system, with a Hilbert space that spans the states |0), |1). The
Hamiltonian for such a system is typically written as

hw, (1 0 hw
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where o, = [0)0| — |1)(1| and

m=(s) m=(3) (12

are the eigenstates of the Hamiltonian [} Unlike a classical bit, the quantum bit can be in a
superposition of the basis states. This can be expressed as an arbitrary quantum state

) = cosf]0) + e ?sind |1) (1.3)

where the state is both normalized ({¢)|¢)) = cos? § +sin? § = 1) and contains only a relative
phase ¢ between the two basis states (global phases are not experimentally measurable).
Here, we notice that the set of unique states can be spanned by 6 € [0, 7] and ¢ € [0, 27)
so that each unique state maps onto a point on the surface of a 3-dimensional unit sphere
where |0) and |1) map onto the “north” and “south” poles respectively. This is typically
referred to as the Bloch sphere.

Since the Hamiltonian is both time-independent and diagonal, the time evolution for the
system is easily computed as

U(t) = et/ = i3t |0)Y0] 4 =34t [1)(1] (1.4)

where each state gains a time-dependent phase that depends on its energyE] (or frequency).
In particular, the relative phase between the two states will evolve at a frequency w, corre-
sponding to their energy difference. Although the Hamiltonian is time-independent here, the
dynamics are not time-independent. This makes it inconvenient to use these basis states as-is
for encoding quantum information, since the logical state becomes time-dependent, rather
than stationary, even when no additional operations are applied.

Unitary Transformations

To address this, we introduce the notion of a “rotating frame” or, more generally, a unitary
transformation, which can simplify the system dynamics. In contrast, the original Hamil-
tonian, H is typically referred to as being in the “laboratory” frame. Given the lab frame
Hamiltonian, H, the Schrodinger equation describes the resulting time evolution:

.0
iho, [9(t) = H() [ (1) (1.5)

subject to some initial condition |¢)(t)) = [t)g). We now consider how we would move into a
frame defined by a unitary U. Suppose instead that we replace ) — [¢") = U |¢), we want

1We add a minus sign to the Hamiltonian so that the |1) state is the higher-energy state.
SWith superconducting qubits, frequencies are the experimental quantity that are measured directly, so
we will typically choose units such that 2 = 1 and drop the explicit A.
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to find the corresponding hamiltonian H’ that satisfies the Schrodinger equation. Making
the substitutions, we find

o) = H' ) (1.60)
0
o (U ) = HU ) (1.6b)
. 0
B |) + ihU - |0) = H'U |4) (1.6¢)

where we use the product rule in the second line. We multiply both sides by UT and rearrange,
which gives

0 :
i — —i— / s —I-
ihs: 1) <U H'U — ihU U) 1) (1.7)
Finally, we see that we will recover the original equations of motion if
H=U'HU —inU'U = H' = UHU' + ihUU! (1.8)

What this tells us is that even for the same Hamiltonian, the effective dynamics of a system
can look very different depending on the states that we choose as our basis states.

The Qubit Frame

We now apply this to our qubit Hamiltonian and make a unitary transformation U, = e
to move into the “rotating” frame. Since [H,,U| = 0, we see that this transforms the
Hamiltonian as

iHgt/h

H, = Ut HUL, + iU Uy = HUol UL — HUiot Uy = 0 (1.9)
and the basis states are modified as |0') = U,y |0) and |1’) = Uyet |1). In this rotating frame,
the dynamics are governed by the propagator

U'(t) = e Hat/h = 1 (1.10)

where I = ) |n)n| is the identity operator and the new basis states no longer have any
time-dependence.

We refer to this unitary transformation as moving into the rotating frame because in the
Bloch sphere picture, the time-evolution (in the lab frame) of any state not at the poles
looks like rotation around the z-axis at a frequency w,. Thus, in order for the time-evolution
to appear stationary, the dynamics must be observed from the perspective of a co-rotating
observer. Experimentally, this means that the frequency of the qubit must be known to a
high-degree of precision, since the logical rotating frame is actually defined by a external
frequency reference and not the qubit itself. We refer to this technique as frame tracking.
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1.2 Qubit Control

We now discuss the coherent control of a superconducting qubit. In order to manipulate
quantum information, we must be able to take a qubit from an initial state |¢;) to an
arbitrary final state |¢);). For a single qubit, this amounts to implementing rotations on the
Bloch sphere.

Single Qubit Rotations

To implement a rotation around the X-axis, we consider adding a drive Hamiltonian of the

form
Hy = Q(t) cos(wgt + ¢)o, (1.11)

where €(t) describes a time-dependent drive-envelope, w, is a driving frequency, and ¢ is a
drive phase. For simplicity, we assume that only the drive amplitude can be time-dependent
and keep the drive phase ¢ time-independent. This is equivalently written as
Q(t> t(wgt+o@) —i(wgt+e) L1y twqt O* —iwgt

H; = 5 [elwatt9) 4 gm0 (5, 40 ) = 5 [Q(t)e At QF(t)e } (04 +0-) (1.12)
where we have folded the phase ¢ into the now complex amplitude Q(¢) = Q(t)e’*. We now
move into the rotating frame that defines the logical qubit, defined by U = exp [—%iwqtaz}
as above. We can easily calculate the following the following terms:

UUt = —%z’wqazeéwqt"zeéi“qmz = —%iwqaz (1.13a)
Uo,Ut = (e*%iwqt 10)(0] 4 ezt y1><1|) o, (e%wqt 0)(0] 4 ¢~ 2t |1><1|) ~ 0. (1.13b)
Uo, Ut = (e—%iwqt 10)(0] + et |1><1|) o, (e%wt 10)(0] 4 ¢~ 2t |1><1|> — o et (1.13¢)
Uo U = (e—%w 0X0] + et |1><1|) o (e%wqt 10)(0] + e~ 3t |1><1|) — g_e it (1.13d)

so the transformed Hamiltonian is
H =U(H, + H)U' +iUU" = UH,U' +iUU" + UH,U! (1.14a)
= % [Q(t)ewdt + Q*(t)e’iwdt] (a+ei”qt + a,e’i“’qt) (1.14b)
- % [ﬁ(wem n ﬁ*(t)emt} oyt % [ﬁ(t)e—mt n ﬁ*(t)e_mt] o_ (1.14c)

where A = w,—wy and ¥ = w,+wy. If the drive is on resonance (wy = w,), we see that A =0
and ¥ = 2w, = 2wg, so that two of the four terms have a much slower time dependence than
the rest. In this limit, we can make the well-known rotating-wave approzimation (RWA),
where we drop the fast terms, to simplify the Hamiltonian to

H ~ % Q(t)'os + Q(t)a,} - % [Q(t) 10)(1] + % (£) [1X0] (1.15)
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so that the only time dependence that remains is in the drive amplitude. Since we assumed
earlier that the complex phase has no time dependence, the Hamiltonian will commute with
itself at all times ([H'(t), H'(t')] = 0) and the propagator is given by

t
1
Uq(t) = exp {—z/ H'(t) dt’] = exp [—52'9(15) (cos(¢p)o, — sin(¢)oy) (1.16a)
0
6(t) i i O)
cos 5 ie' sin =
- (—ie‘“’ﬁ sizn 8 s X i ) (1.16b)
~ Ry (0,0) (1.16¢)

where 0(t) = fot Q(t') dt’ is the total area under the drive envelope €2(t). We recognize this
as a rotation matrix on the Bloch sphere, with a rotation angle determined by 6(t) and axis
defined by the angle ¢ in the XY-plane. For ¢ = 0 this becomes a rotation about the X-axis
and for ¢ = 7 this becomes a rotation about the Y-axis.

What about Z-rotations? The rotation matrix for a Z-rotation looks like:

_i%s (6_12 0 )
Ru(¢) = 87 = ) (1.17)

which looks exactly like the time evolution of the qubit in the laboratory frame if we take
wyt — —¢ (see Eq. |1.4)). This suggests that we can implement a Z-rotation by simply
detuning the qubit from its frame tracking frequency for a short period of time. Suppose
the frequency of the qubit can be tuned such that the instantaneous frequency at a time ¢
is given by w(t) = w, + A(t). After moving into the qubit frame, we find

A
H =UHU' +iUU = ¥02 (1.18)

so that the time evolution under this detuning looks like

0 et

1 i 0
Ua(t) = exp {_Z§¢(t)0z] = ( ¢(t)) = R,(¢) (1.19)
where ¢(t) = fg A(t") dt’ is the integrated detuning.

Virtual-Z Gates

In the previous section we showed that a temporary qubit detuning could be used to realize
a 7 rotation. But since the detuning is symmetric between the qubit frequency and the
frame tracking frequency, this suggests that we could just as well detune the frame tracking
frequency to implement the same gate. This is equivalent to adding discrete phase updates
to the frame, which has the advantage of taking zero time. Physically, this involves updating
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the phases of the XY rotations that encode the qubit frame. To see how this works, we look
at how rotations R, commute across XY rotations R,,. Suppose we have a rotation R,(«)
before and a rotation R,(7) after a rotation Ry (6, ¢)f] The resulting rotation matrix looks
like

ez () cos ? —je " gin ¢ e 0
OB @R = (7 %) (L ") (50 %)

e —ie'sin § cos § e
(g e a0
—ieié—(a=/2) gip ¢ ¢ cos ¥ '
If we let v = —a, we can simplify this to
0 je—i(o=a) gin
B _ oS 5 ie sing\ _ _
Rz( Q)ny(ev ¢)R2(a) (_Z'ez(¢>—o¢) sing coS g ) ny(6.7 ¢ CY) (121)

and we see that this becomes equivalent to a rotation around a modified angle ¢’ = ¢ — a.
This implies that
R (0, 0)R, (o) = R,(0) Riy (0, ¢ — ) (1.22)

so we see that any Z-rotation R,(a) applied before Ry, (0, ¢) is equivalent to applying R,(«)
after Ryy(0,¢ — ). In this way, we can keep deferring Z gates without changing the total
effective unitary, by updating the phase of our rotation axis and pushing all Z rotations
to the very end of our circuit. Since the final measurement is always performed in the Z
basis, this final deferred Z-rotation before the measurement can simply be dropped with no
consequence.

Entanglement

With the ability to do X-, Y-, and Z-rotations, we gain the ability to implement arbitrary
rotations of a single-qubit state on the Bloch sphere. However, due to the measurement
postulate of quantum mechanics, a single qubit in isolation is no different from a probabilistic
classical bit. The true power of quantum information is unlocked when multiple qubits can
be brought together and allowed to interact in non-classical ways.

A particularly clean example of the power of entanglement is the idea of superdense
coding. To explain this we first introduce the two-qubit Bell states

1 1
V2 V2

which are maximally entangled. For any of these Bell states, if we measure only a single
qubit, we will obtain a 0 or 1 with 50% probability. However given the measurement result
of the first qubit, we always know with certainty what the state of the second qubit will be

|0+) = —= (100) +[11))  [¢x) = —=(|01) £ [10)) (1.23)

SNote that time goes from right to left with operators.
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upon measurement. Now suppose Alice and Bob share an entangled pair of qubits |¢, ). By
performing just a single-qubit operation on her qubit (I, o,,0,,0,), she can transform |¢,)
into any one of the 4 Bell states (up to a global phase):

Ipy) = |o4) (1.24a)
‘7;4 9+) = [v4) (1.24b)
oy lor) =e "2 |yo) (1.24c)
ol |oy) = l¢o-) (1.24d)

If she then sends her single qubit to Bob, he now has control over both qubits and can do a
Bell basis measurementﬂ to determine which one of the 4 Bell states he possesses. There are
4 possible Bell states, which means that Alice has managed to transmit 2 bits of classical
information by transmitting only a single quantum bit! Now one might object by saying that
Alice and Bob still had to transmit a single qubit in the beginning to share the entangled
resource (or maybe a third party entangled the pair and distributed one qubit to each of
them). However, this initial transmission contained no information—the information was
encoded into the two qubits only after Alice implements her single-qubit rotation.

Having seen that entanglement is useful, we now consider how to generate it. Building
on our single-qubit example, we consider adding a drive Hamiltonian of the form

Hy = Q(t) cos(wqt + @)oo (1.25)
11~ . ~ .
=3 [Q(t)e’wdt + QF (t)e_“"dt] (0405 + 040" +0%0" +0%0") (1.26)

where (t) again describes some time-dependent drive envelope. If we move into the rotating
frame of the two qubits, defined by U = exp [—%z (waag + wbalz’) t], the drive Hamiltonian
becomes

Hy =UHU! (1.27a)
:% [ﬁ(t)eiwdt i ﬁ*(t)e—iwdt} x (0%0% et 4 g% gb et 4 ¢ ) (1.27h)
:%ﬁ(t) (eflent¥ant p emHlea)t) ot (1.27¢)
—|—%§*(t) (ez’(wd+Aab)t + e—i(wd—Aab)t) aiag L. (1.27d)

where we now define A, = w, —wyp and X, = w,+wy,. Here, we see that if the drive frequency
is wqg = Ay or wg = X4, we obtain a time-independent term in the drive Hamiltonian in
the rotating frame, in which case we can make the RWA again and drop all remaining terms.
Suppose we choose wy = Ay. Then we are left with

e %Q*(t)aiab + %ﬁ(t)aaai = % [3(2) 10110] + € (2) [10Y01] (1.28)

"To be precise, he can apply a CNOT followed by a Hadamard gate, to map the Bell basis onto the
two-qubit Z basis.
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which looks a lot like Eq. [1.15, except for the eigenstates involved. Now suppose we start in
state [01). For a drive envelope Q(t) = Q(t)e’** where 0 = [ Q(t) dt = 5 with drive phase
¢q = 5, we will end up in a state

U [10) = e~ 5 Hadt 1) — % (01) + 10) (1.29)

which is precisely the maximally entangled Bell state |¢,)! More generally, we can show
that the entire space of two-qubit entangling operations can be written in the form

N
U = exp [—@5 (tzolol + tyO'ZO'z + tzagag)} (1.30)

for t,,t,,t, € [—1, 1], up to single-qubit rotations [42]. This sometimes called the “canonical”
gate or the “KAK” gate, and the coefficients ¢,,%,,t. are often constrained to a subset

1 1
<0§tzgty§t$§§)u(ogtzgtygl—%gé) (1.31)

which defines the Weyl chamber [215]. Each coordinate (t,,t,,t.) within the Weyl chamber
defines a unique two-qubit unitary, that cannot be mapped to a different point in the Weyl
chamber with only single-qubit operations.
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Chapter 2

Classical and Quantum Circuits

The field of circuit QED is built upon a foundation of nonlinear quantum circuits. The
quantum regime is required to enable the manipulation of quantum information in discrete
energy levels and maintain coherence between them. And although not strictly required
to exhibit quantum effects, it is typically necessary to introduce nonlinear behavior to gain
universal control over the discrete energy levels in a quantum circuitE]. As a result, we require
a quantum description of these circuits to gain a complete understanding of their behavior
There are many excellent reviews of circuit quantization and quantum-mechanical circuit
analysis, and we encourage the interested reader to check out the following references:

e Introduction to quantum electromagnetic circuits Vool and Devoret [201]: This
is a short review of many foundational concepts in quantum circuit theory, consolidated
from a set of Les Houches lecture notes.

e Lecture Notes on Quantum Electrical Circuits Ciani, DiVincenzo, and Terhal
[39]: A textbook, complete with exercises, that covers a range of introductory to
advanced topics including circuit quantization, black-box quantization, non-reciprocal
circuits, and noise.

e A review of design concerns in superconducting quantum circuits Levenson-
Falk and Shanto: A modern review of design concerns for superconducting quantum
circuits. The review contains an excellent reference list, making it a good launching
point to explore a particular design topic in more depth.

A common trend in much of the circuit QED literature is a heavy emphasis on the
machinery required to give a complete quantum-mechanical description of the circuit, which
can often obscure the underlying simplicity and classical origin of a given effect. In many
situations, a classical and linear description of the circuit is sufficient for understanding the
salient properties of a circuit QED system. This is especially true of much of the supporting

1Since the Josephson junction typically introduces both quantum-ness and nonlinearity, the two are often
conflated.
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circuitry (readout resonators, filters, control lines, etc.) involved in controlling and measuring
a superconducting qubit. From a design perspective, understanding whether a given circuit
behavior or effect is quantum, nonlinear, or both, is important, since effects that are both
linear and classical can generally be computed or simulated much more efficiently.

In this chapter, we will introduce and review some foundational concepts in circuit QED,
but from the perspective of linear and classical circuits. We will then discuss the Josephson
junction, which introduces both quantum and nonlinear behavior. This will build the foun-
dation for the subsequent chapter, where we work work through several practical examples
of superconducting quantum device design.

2.1 Electrical Circuits

Electrical circuits are networks consisting of discrete components, or circuit elements, that
describe the collective behavior of electrons in matter and their interaction with electro-
magnetic fields. These circuit elements can be either lumped or distributed, and describe
the relationship between the voltages and currents at each port. While circuit elements are
commonly specified in terms of voltage (V') and current (), they can also be described with
respect to their time integrals, flux (®) and charge (Q) respectively.

O / Cviyd o) = / ey ar 2.1)

When circuit elements are connected together at their ports to form a network, the
voltages and currents are further constrained by Kirchhoft’s laws:

> I,=0 (2.2)
>y V=0, (2.3)

which state that sum of all currents flowing into a node v is always zero and that the sum
of all voltage differences around a closed loop is also zero.

These equations can be seen as a consequence of Maxwell’s equations. For Kirchhoff’s
current law, we start with Ampere’s law and integrate this over a surface S enclosing the

node. ) -
O:]{—(VXB)-ﬁdS:]{(J—i—eo—)-flds (2.4)
s Mo S ot

Here, the left-hand side is zero from the divergence theorem and the fact that the divergence
of a curl is always zero. We then use Gauss’s law, which tells us that the integral of electric
flux over the closed surface is equal to the total enclosed charge.

. 0 . :
O—éJ-ndS%—a{eoﬁE-ndS‘}—;IU—FQ (2.5)
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If the total charge on each node is conserved (no time-varying voltage), then Q =0, and we
have recovered Kirchhoft’s current law.

Similarly, for Kirchhoft’s voltage law, we start with Faraday’s law and integrate over the
open surface S enclosed by a loop C. The first term can then be expressed as a line integral
using Stokes’ theorem, and the second term is simply the magnetic flux threaded through

the loop.
s ot c o - ‘ .

Again, if the external flux enclosed by the loop is conserved (no time-varying magnetic field),
then ® = 0, and we have recovered Kirchhoft’s voltage law.
Finally we note that we can also integrate these constraints to express them in terms of

charge and flux.
Z Q’v = QT Z (De = q)ext (27)

From the above analysis, we see that Kirchhoft’s laws can be interpreted as a discretiza-
tion of Maxwell’s equations. Rather than solving for the electric and magnetic fields over 3D
space, the circuit represents a reduced basis over which the voltages/currents or flux/charge
can be solved.

Circuit elements relate these quantities to one another, giving us the following relation-
ships for a resistor (R), inductor (L), capacitor (C):

V=Rl ®=LI Q=CV (2.8)

that are typically seen in the circuit QED literaturd} Given a network of such elements,
we could analyze the behavior of the circuit directly using these circuit relationships and
Kirchhoft’s laws as constraints. However, it is often useful to introduce a circuit Lagrangian
or Hamiltonian, which we will briefly explain in the following section.

2.2 Lagrangian and Hamiltonian Analysis

Circuit Lagrangians and Hamiltonians are a foundational tool for analyzing circuits, and
have been covered extensively in the circuit QED literature. For a comprehensive treatment
of the subject, we will refer the reader to Ref. [201] and Ref. [39]. Nonetheless, we will
briefly discuss the Lagrangian and Hamiltonian formulations here, using the canonical LC
oscillator as an example, to emphasize several points that are often overlooked.

The LC oscillator consists of a single degree of freedom that is typically expressed in
terms of the node flux’| ¢. To construct the Lagrangian, we need to consider the total energy

2The structure of these relationships also implies the existence of another type of component relating
the flux to the charge directly. This is known as a memristor |38], which we will not discuss in this thesis.

3We can relate the node fluxes ¢;, ¢; at either end of a circuit to the branch flux ® across the circuit as
® = ¢; — ¢;, which chooses a sign convention for the current. The ground node is typically assigned ¢, = 0.
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Figure 2.1: LC Oscillator. (a) A circuit diagram showing a parallel LC oscillator, consisting
of a capacitance C' and inductance L in parallel. (b) The circuit variables ¢ and @ can also
be expressed as a mode amplitude a. The equations of motion for a trace out a circle in the
complex plane at a frequency wy.

stored in the lossless inductor and capacitor, which can be expressed as

_ _ 1 9
EL_/Ith_ z/wdt_ oF (2.9)
Ec = /]th: C/gb'q'adt: %(ng;? (2.10)

where we assume that the inductor and capacitor are linear so L and C' are constants. Here,
we see that F¢ looks like a kinetic energy where ¢ is the position, V = qb is the velocity, and
the effective mass is C'. The potential energy is given by F and is a quadratic potential, so
we can write the circuit Lagrangian as

1

—¢? (2.11)

1 .
— By — B, = ~C¢ —
L c L 20¢ 5T

From here, we determine the equations of motion using the Euler-Lagrange equations and

find d (oL o 1 1
Bl (R RS e = p=—— 2.12
dt(a¢> b Eelo wdm—po (2.12)
which matches the second order differential equation for a harmonic oscillator with a resonant
frequency wy = \/ﬁ If we recall that C¢ = CV = Q = I and —¢/L = —1I, we see that this
equation of motion is simply enforcing Kirchhoff’s current law between the two branches.
Once we have the Lagrangian, we can also define the conjugate momentum of ¢ as

oL
8¢_c¢ CV =Q (2.13)
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and we can then express the Hamiltonian as

- Q ¢
H = — L =" i 2.14
Q¢ 20 2L (2.14)
From Hamilton’s equations, we now obtain two first order differential equations governing
the behavior of the circuit
_0H 1 : 0H

. 1
¢_%_5 Q:_8_¢:_Z¢ (2.15)

These equations can be expressed as a matrix equation

afeY 1 (o EY[e\__ [0 z) (¢ 216)
dfo)y_ L . |
#\Q) VIC\-/¢ o )\e -+ 0)\@

M

where we define the impedance of the oscillator as Z, = \/L/C. The eigenvalues of M are
A = =i, so the solutions are

1 . 1 .
S e L I (2.17)
Q1) - —5

where ¢ are constants (in units of flux) that are determined by the initial conditions. The
factor of 4 in the eigenvectors tells us that the oscillations of the charge ) lag behind ¢ by
a phase of 90°.

While the coupled first-order differential equations are straightforward to solve, we can
also express the Hamiltonian in a more natural way by defining a new variable a, which
represents a mode amplitude, in terms of ¢ and () as

1 |2,

We can easily check here that a has units of square root photon number. We can now express
the Hamiltonian in terms of the mode amplitude a, which highlights the fact that there is
only a single degree of freedom involved. The Hamiltonian can be written in terms of the
mode amplitude and its complex conjugate a* as

1 ¢* @

2 2

w2, Q" = — + — 2.19
0"+ w2 Q= o + o5 (2.19)
Now that we have the Hamiltonian expressed in terms of a,a*, can we rewrite Hamilton’s
equations in terms of a and a*. To do so, we first note that

1(,4.)0

H = hwoa*a = hwola|* = A

hZz h
2r(a+a*) Q=1 7

o= (a* —a) (2.20)
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SO We Call express a as

¢ n 2\/762 (2.21a)

1 Z,0H
' 2.21b
\/—2712 aQ ~"Vanoo (2.21b)
hZ
5 Z (2.21¢)
i [OH 0® O0H 0Q
=——|=— — 2.21d
h[@@ 8a*+8Q0a*] (2.21d)
1 0H
= —— 2.21
h da* ( °)
We can do the same for a* to show that
1 OH
= —— 2.22
“ h Oa ( )
For the harmonic oscillator hamiltonian above, these equations of motion become
) 1 OH .
@ =—o = ~iwa (2.23)
.. 1OH
e L (2.24)

and we see that as promised, we now have two decoupled first order differential equations.

At this point it is worth emphasizing that although we have introduced some factors of
h, this Hamiltonian is entirely classical — we have not yet promoted ® and () to operators,
nor have we enforced a non-trivial commutation relation between them. As a result, there
is no zero-point energy or vacuum fluctuations in the ground state and both ¢ and @ are
simultaneously well-defined, with classical equations of motion that can be derived from
Hamilton’s equations. Thus, while the Lagrangian and Hamiltonian methods of analyzing a
circuit are most commonly seen in the circuit QED literature, it is equally valid for analyzing
classical circuits.

Another point worth mentioning is that while it is common to choose the node flux ¢
as the “position” variable, ¢ is not privileged here and it is equally valid to select @) as the
“position” variable in this context. To see that this is true, we first express the inductive
and capacitive energies in terms of () and Q:

Ep = /Ith = L/QQ dt = 1LQ2 (2.25)

EC_/Ith —/Qth ;2; (2.26)
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Figure 2.2: Floating LC Oscillator. (a) The circuit for a floating LC oscillator which
consists of two nodes with an inductance L and capacitance C' between them. The two
nodes are connected to ground via capacitances C,. (b) A change of basis defined by U
allows us to find a basis where the two degrees of freedom are decoupled.

)
— C+%Cg L

N~
@)
Q

Here we see that the role of £, and E¢ have been swapped and Ej, now looks like a kinetic
energy where () is the position, I = @) is the velocity, and the effective mass is L. The circuit
Lagrangian for the system is equivalently expressed as

_ Ll 1
£= By~ Ec=5LQ" - 35Q (2.27)

and the conjugate momentum to () is now

oL
0Q
It is straightforward to check from here that this Lagrangian yields an equivalent equation
of motion for ), and we recover the same dynamics.

We have shown above that Ej, and E¢ can equivalently be chosen to represent either the
kinetic or potential energies in a Harmonic oscillator. So why is ¢ most commonly chosen
to be the “position” variable so that Ej represents the potential energy in the circuit QED
literature? The answer lies in the fact that the primary way to introduce a dissipationless
nonlinearity is with a Josephson junction that acts as a nonlinear inductance. Since it is
more straightforward and common to consider a non-quadratic potential, it is preferential
to make ¢ our “position” variable.

LQ=LI=¢ (2.28)

Floating LC Oscillator

Now that we have introduced the classical circuit Lagrangian and Hamiltonian, we analyze
a more complex single-mode circuit with multiple nodes. In the circuit above, we see that



CHAPTER 2. CLASSICAL AND QUANTUM CIRCUITS 19

there are two nodes, with fluxes ¢, 9o and charges )1,Q>. The capacitive energy is given

by
1 . 1 . 1 . .
Eo = §Cg¢§ + §Cg¢§ + §C(gb1 — ¢y)? (2.29)

while the inductive energy is given by

Ep = %(th — o)’ (2.30)

It is often easier to write these energies in matrix form, and we can express the Lagrangian
with respect to the capacitance matrix C and inverse inductance matrix L~ as

L= %@Tcé — %@th (2.31)

where ®7 = ((bl ¢2) and

c,+C -C _ i1
C:( g ) L 1:(L1 L (2.32)

-C  Cy+C -7 I
If we inspect the circuit, we find that although it consists of two loops, there is only one
non-trivial loop that contains both an inductance and a capacitance. As a result, there

is only one non-trivial degree of freedom. To make this more clear, we consider changing
variables to a symmetric and anti-symmetric combination of the node variables

oy =1+ @2 o— =1 — P2 (2.33)
and the relationship between the two bases can be written in matrix form
o4\ _ (1 1 ¢1
( o) =1 21) \s, (2.34)
——
P U

Applying this change of variables to the circuit Lagrangian yields
1.~ 1. ~
L= 5@10% — §<I>iL*1<I>i (2.35)

where the capacitance and inductance matrices in this basis are (remembering that U~ is
also symmetric since U is symmetric):

~ 1) 0 ~ 0 0
C=U"'CU'= <2 g ) L'=U"'L'U"'= ( ) (2.36)
0 C+3C, 0 1

In this new basis, we see that ¢, does not appear in the inductive term of the Lagrangian
so the Euler-Lagrange equation implies that

d (0L oL
7 (M) - M -0 (2.37)
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Figure 2.3: Capacitively coupled LC oscillators.

so that Q4 = 25 is a constant. In other words, the total charge @ is conserved and the

0d
corresponding flux ¢, is often referred to as a cyclic coordinate or a “free” variable [36],

and we can set Q1 = 0 without loss of generality. We also notice that ¢, and ¢_ are now
decoupled, since there are no terms in the Lagrangian that contain both ¢, and ¢_ (L
and C are both diagonal), and this allows us to analyze the remaining degree of freedom
¢_ in isolation. From the Lagrangian, we see that the ¢_ terms in the Lagrangian are
equivalent to the previously analyzed LC oscillator, with just a modified effective capacitance
Cc_.=0C+ %Cg. We note that this is the same effective capacitance across the two nodes
that we would have obtained by adding the parallel and series capacitors.

This circuit is often referred to as a “floating” LC oscillator in contrast to the previously
analyzed “grounded” LC oscillator. While the two are often treated interchangeably in
the literature, they are only exactly equivalent in isolation, and there are subtle differences
involved when coupling these two circuits to external circuitry. These differences will be
discussed in more depth in the subsequent sections.

2.3 Coupling

The circuits analyzed so far have been single-mode circuits with a single degree of freedom.
In practice, most circuits that we deal with consist of multiple degrees of freedom, and
when their equations of motion are interdependent, these degrees of freedom are said to be
“coupled”. Ome of the simplest such circuits consists of two LC oscillators coupled via a
capacitance C.. To analyze such a circuit, it is often useful to express the relevant equations
of motion in matrix form. The (classical) Hamiltonian for this system is given by

1 1
H= 5QTC—lQ + 5<I>TL—1<I> (2.38)



CHAPTER 2. CLASSICAL AND QUANTUM CIRCUITS 21

d = (j;) Q= (g;) (2.39)

where ¢;, ); are the node fluxes and charges, the capacitance and inductance matrices are

given by
. Cl + Cc _Cc . Ll 0
C= < . Oyt Cc> L= < 0 L2> (2.40)

From the Hamiltonian, we can determine the equations of motion

In the basis defined by

Q=C® &=-LQ (2.41)

where we choose ® to be the “position” variable. We recall again that V = ¢ and I = Q.

In this basis, the diagonal terms of the Hamiltonian describe the “self” energy terms,
while the off-diagonal terms describe how energy is exchanged or “coupled” between the two
degrees of freedom. If we isolate the diagonal terms, we see that the coupling capacitance
C. renormalizes the effective mode capacitance

1 B C; +C. N 1
C, TG0+ CiC+ CC. T G+ C,

(2.42)

where j =i+1 (mod 2). Then, we can define an effective renormalized mode frequency and

impedance
- C!
0 =/L;'C;;t Zi= “ (2.43)
[ 1) L..l

To better understand the energy-exchange terms, we move into the mode amplitude basis
by defining the mode amplitudes

1 | Z;
\/2hZ;

Expressing the Hamiltonian in Eq. in terms of a; and a}, we obtain the expression

H/h = wiajay + yasas — ge(a] — ay)(as — ag) (2.45)

where the coupling energy g. is given by

Ce N (2.46)

1 1
2 leg N 2 \/(Cl + Cc) (02 + Cc)
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The equations of motion for the system are then given by Eq. for each of the a;, and
we now obtain a set of coupled differential equations:

a1 wl e 0 —Yc ai
d Qo .1 g wg —3g 0 a9
- = — ¢ s 2.47
dt | ai 0 g —wr —gc| |a] (247)
Cg Ge 0 —Ye _an GS
M

We can solve this differential equation by diagonalizing M which “decouples” the differ-
ential equations. We will solve for the specific case where w; = wo, but first we will make a
short aside to discuss the important concept of coupling efficiency.

Coupling Efficiency

It is often useful to express the coupling as a fraction of the geometric mean of the mode
frequencies g, = %K V/W1Ws, in which case we define a dimensionless coupling efficiency [148],

K = Ce (2.48)

V(C1+C)(Cy+ Co)

that quantifies how much of the total capacitance in each LC oscillator is shared between
the two. The form of the coupling efficiency depends on the specific coupling geometry.
When the two modes have the same impedance and frequency so that L = L; = Ly and
C = C; = Cy, we can express Eq. 2.42] as

C_lzc_lzll—i_n%l 1
1 2 C142n Cl+n—1n?

(2.49)

and the renormalized mode frequency and impedance as

-~ 1 1+n 1+n = L [1+n 1+n
VeV 1+2np  “V1i+2y VeV ity V1+2, (2:50)

Here, we define n = % In this case, the coupling efficiency becomes

_ G
CC+C. 147

~n— 772 + 773 (2.51)

We see that the coupling efficiency asymptotes to 1 as C. — oo, which points to the fact that
the shared energy between the two modes cannot exceed the self energy. In the limit of small
1, we can approximate K = 7, which is equivalent to saying that the coupling capacitance
does not renormalize the total mode capacitance.
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Figure 2.4: Normal mode frequencies. (a) The normalized mode splitting as a function of
coupling efficiency for the full equations of motion, and the equations of motion under RWA.
The relative error between the RWA mode splitting and the full mode splitting is shown in
green. (b) The mode frequencies wy for two values of g., when wy is swept across w;. This

leads to an avoided crossing where the minimum gap scales with the coupling strength g¢..
w; is fixed at 5 GHz.

Normal Modes

We now return to the coupled differential equations in Eq. for the specific case where
@ = W) = Wy. In this case, g. = $ K. The eigenvalues for the matrix M in Eq. are
+w_ and *w, where

_ S 29 -
vt =Rt 2gm =1+ L —GVTER (2.52)
w

This leads to a mode splitting given by

Wy —w_ =3 [\/1+K—\/1—K} (2.53a)
1 1 1 1 1 1
~w|(1+=K--K*+—-K*)-(1--K—--K*- —K3 2.
“ [( L S T: ) ( 2" T8 16 (2.53b)
1
= Ko+ gK% (2.53c)
1
= 2, (1 + §K2> (2.53d)

and we see that the frequency difference between the normal modes is approximately 2g. to
second order in K. Here, we see that while it is commonly stated that the mode splitting is
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2g., this is in fact only an approximation. This approximation is equivalent to making the
rotating wave approximation (RWA), where the terms proportional to a;as and aja} in the
coupling Hamiltonian are dropped. Then, the Hamiltonian in Eq. becomes

H/h = @m’{al + @2(13@2 + gc(alaz + CLTG/Q) (254)

which amounts to dropping the terms on along the anti-diagonal of M [174]. In this case,

M becomes ~
W1 Ge 0 0

_ 9e (:32 0 0
M = 0 0 —& —gq (2.55)
0 0 —Jc _&2
and the eigenvalues of M now have a simple form for all w;, ws. They are given by
1 AN
+w A = ¢ SEE o2+ <5> (2.56)

where ¥ = w1 + w9 and A = W7 — w9 are the sum and difference frequencies. Now, the mode
splitting is given by

AN 2
wgrRWA) _EWA) g g2+ <5> (2.57)

so that the mode splitting is exactly 2g. when A = 0. In Fig. we plot the mode splitting
as a function of K with for both the exact solution and the RWA solution, as well as the
relative error between the two solutions. We also show the mode frequencies w, and w_
as we sweep wq, while keeping w; fixed. This illustrates the avoided crossing that occurs
between the eigenmodes when there exists a finite coupling. Note that the avoided crossing
is purely a classical effect arising from the mode hybridization.

Alternatively, we could have solved for the system in the ® basis by solving the second
order differential equation that arises from Eq. 2.41}

¢ =—(LC)'® (2.58)

In the case where L = L; = L, and C = C} = (5, diagonalizing (LC)™! also results in
the same eigenbasis defined by symmetric and antisymmetric linear combinations of &, ®,.

The eigenvalues are
1 1
Wy = — W = ——— 2.59
T VIO L(C +2C.) (2:59)
Here we see that wy is constant as a function of C,, while in Eq. [2.52 w, also has a depen-
dence on K. This is because as C, increases, the renormalized frequency w also decreases at

a rate equal to half the mode splitting. In terms of the renormalized frequencies, we find
142 ~ - 1 ~
Wy =w i T Vit K wo=wy/——=wVl-K (2.60)
1+mn L+n

where we recall that K = ﬁ, and we see that these solutions are equivalent.
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Coupling Geometries

As mentioned in the previous section, the coupling efficiency K depends on the precise
coupling geometry and whether the coupling is mediated by an inductance or capacitance.
In this section, we will discuss several different coupling geometries, and show how the
coupling efficiency changes.

In contrast to the circuit shown in Fig. where the capacitors form a Il-circuit, we
can also consider an alternative two mode-circuit where the capacitors form a T-circuit (see
Fig. [2.5(b)). In this case, there is an additional node in the middle, to which we assign a
node flux ¢.. The capacitance and inverse inductance matrix for this circuit can be written
down as

Cy —C 0 7z 0.0
C=|-C Ci+C.+Cy —Cy L*'=[0 0 0 (2.61)
0 —Cy Cy 0 0 £

The potential energy term in the Lagrangian is %@TL_hP, so we see that once again we have
free variable ¢. that does not appear in the Lagrangian. To eliminate the free variable, we
apply the constraint from the Euler-Lagrange equations, which tells us that

% — (O + Co + Co)e — Crohy — Cadhy = Q. (2.62)

C

where Q. is the conserved conjugate charge to ¢.. From here, we can express ¢, in terms of
the remaining node variables to eliminate it from the Lagrangian:

1

be = s (C1¢1 + Cay + Qc> (2.63)

For brevity, we will just show the resulting Lagrangian}, which looks like

12T < Q2
=-& CoP ¢
£=3 T ocy

1~ ~
- 5<1>TL—1q> (2.64)
with the new capacitance and inverse inductance matrices

s i C,C. + C1Cs —-CC,y =5 L% 0
C= Ck, ( —C1Cy CyC. + 0102) L <[) L% (2.65)

where the center node flux ¢. has been eliminated (:I;T = (gbl qbg)). If we compare this to
our previous result for the Il-circuit, we see that the Lagrangian is equivalent to a Il-circuit
with the modified capacitances

Cl Cc
Cs
4See Appendix for the full derivation.

[ ! o 0102
Cl = G="4r  Ci=—f (2.66)
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Figure 2.5: Coupling geometries.

and the astute reader may notice that we have just derived the Y — A transform for a
capacitive network. From here, we can use our previous results to write the renormalized
mode frequencies and impedances as

_ [ Cy =~  [LCs

and the coupling efficiency is

K.r= G = G (2.68)
(G0 £ CiCy)(CoCe + C1Cy) | (CL+Co)(Ca+ C) '

If we compare the two coupling configurations, we find that the role of C. is flipped. In
the Il-circuit, the coupling capacitance serves as a link between the two resonant modes,
so a larger capacitance (lower impedance) leads to stronger coupling. On the other hand,
in the T-circuit, the coupling capacitance acts as a voltage divider to ground, so a larger
capacitance (lower impedance) becomes more like a short to ground, leading to a weaker
coupling.

In comparison to capacitive coupling, the inductive coupling case is analyzed less fre-
quently in the literature. Furthermore, there are some more subtleties involved in imple-
menting an inductive coupling in practice, so we will work through several examples here.
We start by considering what looks like a direct analogy to the capacitive coupling case,
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where we have an inductor L. between the two nodes of ¢, ¢o, as shown in Fig. (c)
Intuitively, we expect the two modes to have stronger coupling when L. is small, since the
impedance of the connection decreases with smaller L..

In this case, the capacitance and inductance matrices are given by

0 PR g WOVIR S
= L= (5 "k Le 2.
¢ (o 02) (—L% L (2:69)

From here it is relatively straightforward to read off the renormalized frequencies and

impedances
_ 1 Li+L. =~ L, L;L,
= _ [ e R Bl i 2.70
“ o L.L.C; Ve N\ @+ LG (2:70)

Since the coupling term is now inductive, we can express it as

— ___\/ 1Z2 _——— \/ LlLQV Cdltdg __KEH V (JJlW? (271)

where the inductive coupling efficiency is now

1 [~ LiLs
Kyn= Ly L 2.72
LI — 2 — \/ Ll +L LQ"’LC) ( )

We make two important observations from the above equations. First, the sign of the cou-
pling g, is now negative, in contrast to the capacitive coupling g.. Second, the expression
for K,y looks strikingly similar to the expression for K., but with the role of the capaci-
tances and inductances flipped. This highlights the duality between inductive and capacitive
coupling. From here, we would expect the inductive T-coupling to match the form of the
capacitive II-coupling, which we will proceed to show.

As in the capacitive circuit, we now have an extra node with flux ¢.. The capacitance
and inductance matrices are

C, 0 0 Lt —Lt 0
C=(0 0 0 Lt'=|-Li" L'+ L+ Lyt —Ly! (2.73)
0 0 Cy 0 —L;! Lt

and we see that this time it is the kinetic energy E¢ that does not depend on be, SO we refer
to ¢. as a “frozen” variable. In this case, the Euler-Lagrange equations enforce the condition

d
or = — {%} = (2.74)
oL O,
so we can write ¢, in terms of the other variables as
LyL. LyL.
b = by + o (2.75)

Ly Ly
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[I-coupled T'-coupled
.- _ Ce - /__CiCy
Capacitive | K.y = N RN Ker =/ @soniGares
. o LiLo — Le
Inductive | K;;1 = ((EESIPE ] Kir = N(ZES A2

Table 2.1: Coupling efficiencies for II- and T-circuits.

where Ly = Ly + Ly + L.. We again make the relevant substitutions, from which we can
derive the effective capacitance and inverse inductance matrix

= Cl 0 -1 1 L2 + Lc _Lc
C= L = 2.76
( 0 02) LyLy+ LiLe+ Ly L. ( —L, Li+ Lc> (2.76)

Here, we are working again in the reduced basis defined by ®7 = (gbl qbg). Then, we can
check that the inductance matrix is

. Ll + Lc Lc
L_< L M+L) (2.77)

which, as expected, is the inductive analog of the capacitance matrix for the T-circuit. One
difference, however, is that the off-diagonal term again has the opposite sign compared to
its capacitive counterpart. We can now read off the renormalized mode capacitances and
inductances from Eq. to get the coupling rate

1 LC ~ ~
Ge = \/ L1L2 Wiy = Vi,  (2.78)

Finally, we note that we can again compare the inductance matrices for the inductive 1I-
and T-circuits to derive the equivalent Y-A transform for a set of 3 inductors.

We summarize the coupling efficiencies in Table for the four coupling geometries
shown in Fig. [2.5]

Mutual Inductance

The circuits analyzed thus far have involved direct inductive connections between two nodes;
however, circuits can also be coupled via a mutual inductance. The two port inductance
matrix for a mutual inductance is defined by ® = LI, where

L (5\3} g) (2.79)
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Figure 2.6: Mutual inductance coupling. A mutual inductance between two inductors
(a) can equivalently represented as an inductive T-coupler (b).

Here we see that the diagonal terms L, Ly define the voltage induced by a current at their
corresponding nodes, while the off-diagonal terms M define the voltage induced at the oppo-
site node due to a change in the current at the corresponding node. Unlike the previous cases
involving a direct inductance, M can either positive or negative depending on the direction
of the induced current in the second loop relative to the current in the first loop, but the
magnitude of M is constrained by 0 < |M]| < 1.

The inverse inductance matrix is now given by

L!= L _M) (2.80)

1
LyLo — M? (—M Ly
from which we can read off the renormalized mode inductance as
1 L;
— Ll 2.81
Li X L1L2 — M2 ( )
This again leads to a renormalized mode frequency and impedance as given by Eq. [2.43]
and we can then write the coupling energy as

gan = ;\/m\/ W1WQ —%K &1(::}2 (282)
where K = - is the same as the commonly defined “coupling coefficient” for a trans-
former. At this point, we may also recognize that the inductance matrix for the mutual
inductance coupling looks exactly like the inductance matrix for the T-circuit, where we
take L. — M and L; — L; — M. This yields another common circuit identity for replacing
a mutual inductance with a directly shared inductance.

Floating vs. Grounded Oscillators

Earlier, we introduced the floating LC oscillator, and showed how it is equivalent to the
grounded LC oscillator with a renormalized capacitance C' — C'+ %C’g in isolation. However,
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Figure 2.7: Coupling efficiencies for grounded and floating LC oscillators. (a)
Circuit diagram for a floating LC oscillator coupled to a grounded LC oscillator. (b) Circuit
diagram for two capacitively coupled floating LC oscillators. (c¢) Coupling efficiencies for
the different oscillator configurations: grounded-floating (G-F), floating-floating (F-F) and
grounded-grounded (G-G). The lower plot shows K s as a function of the ground capacitance
ratio 1 — C,/(2C). The dotted gray line shows the coupling efficiency K, as a comparison.

when we couple a floating LC oscillator to another circuit element, the difference in circuit
structure can have a meaningful effect on the coupling. To illustrate this, we can compare
the effective capacitive coupling efficiencies between a grounded and floating LC oscillator
K¢, and two floating LC oscillators K¢¢. The full derivation of K,y and K¢ can be found in
Appendix [A.2] but we will quote the results here. For a grounded and floating LC oscillator,
we have

~C_

K. =
T (Ca+ 3C, + 29CH) (Cy +29C)
where we define v = Y% _ and Cy = (Cy £ C3)/2. On the other hand, for two floating

(2.83)

Cy+C
oscillators, we have
22
1 Ca— CC;+%CC€9
Hosr = 2 (Ca+Cp)? (Ca—Cp)>? (284)
1 1 o 1 1 a—
V o+ s0s - 1G5 (O + 30 - 1G58

where we define Cy, = (C1 4+ Cog + Cia + C2) /2, Ca = (C1y + Cog — C1a — C1)/2, C, =
(C11—C4%)/2, and Cg = (C12—Cs;)/2. The renormalized self-capacitances are C!, = C’a—i-%Cg
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and C} = Cy + 1C,,.
To understand these expressions better, we compare them to the coupling efficiency we
derived earlier for the case of two grounded LC oscillators in a II-coupled geometry (see Eq.

2.48)
K, — Ce (2.85)
\/<Ca + Oc)<cb + Oc)
Here, we notice that the Ky shares a very similar form to K, up to some additional
constants, while K,y depends strongly on the ratio v o< Cj;. This is because the coupling
between the differential mode of the floating oscillator and the common mode of the grounded
oscillator is mediated via the ground capacitance Cj.

In Fig. (c), we plot the coupling efficiencies for these three configurations as a function
the coupling capacitance C.. Here, we set C} = C,. and Cy = 0 for the grounded-floating
circuit, and C; = Cy = C, and Ci5 = Cy; = 0 for the floating—floating circuit. For the
floating oscillators, we keep the total mode capacitance C' = C; + %C’g constant, but we can
vary the ratio between the ground capacitance C,; and differential capacitance C;. We find
that for small n = C./C, the grounded-floating and floating-floating circuits yield similar
coupling efficiencies that approach K,,/2. However for large 7, K, saturates, while K¢

approaches K ;. In the lower plot, we also show K ; as a function of C;/C =1 — 20—5 Here,
we see that the coupling efficiency K,y depends strongly on the relative contribution of the
ground capacitance to the total mode capacitance. This shows that we cannot always assume
that the grounded and floating oscillators are effectively interchangeable, and that we must
be careful when analyzing how the two configurations couple to external circuitry.

2.4 Voltage and Current Sources

So far we have analyzed the behavior of circuits in isolation, but in order to manipulate these
circuits, we must connect them to voltage or current sources. In this section, we will discuss
how to analyze such circuits.

We first consider driving a series LC oscillator with an ideal voltage source, as shown in
Fig. [2.8(a). The Lagrangian for the system is

1 1
L=5C(¢- ¢a)” — ﬁ¢2 (2.86)

where gﬁd_ = V4(t) is constrained by the voltage source. The conjugate charge to ¢ is @ =
g—g = C(¢ — Vy), so the Hamiltonian is

— O _ L L,
H=Q¢— L= QCQ + 2L¢ + QVa (2.87)
and the resulting equations of motion are
. O0H 1 . OH 1
0] 30 C’Q + Vi Q 96 Lgb (2.88)
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Figure 2.8: Voltage and current driving of LC oscillators (a) A voltage source in
parallel with a series LC circuit. (b) The response amplitude of ¢ and @ as a function of
the drive frequency wy. On resonance (wg = w;), both ¢ and @ diverge. At DC, the charge
becomes an offset charge @Q = C'V, where Vj is the voltage amplitude. (¢) A current source
driving a parallel LC circuit. (d) The response amplitude of ¢ and (). Here, we see that
the behavior of ¢ and @ are flipped compared to the voltage driving case in (b). The DC
response of the flux becomes ¢ = LIy, where I is the current amplitude.

From here, we can obtain two second order differential equations for ¢ and Q:

p=—wo+Vy Q=-wQ+ % (2.89)

where w, = \/%70 is the resonance frequency. The second equation can be interpreted as

Kirchhoff’s voltage law if we recognize that V; = LQ = LI is the voltage across the inductor,
while V., = Q/C is the voltage across the capacitor, so the equations motion become V;+V, =
Vy. To obtain the time-dependent behavior of ¢(t) and Q(t), we recognize that Eq. can
be mapped to the equations of motion for a driven harmonic oscillator. For V; = Vj cos(wt),
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the solutiond| are:

w .
o(t) = _Vowz — sin wt (2.90)
1% 1
Q(t) = fouﬂ — coswt = o coswt (2.91)

In Fig. [2.8(b), we plot the amplitude of ¢ and @ as a function of the drive frequency w.
We see that the amplitude is suppressed away from w, and diverges as w — w,. This is
the resonance condition. For a DC voltage (w — 0), the equations of motion are exactly
the same as the equations for a parallel LC oscillator, except that the charge Q(t) gains a
constant offset Qg = CVj.

Next we look at the corresponding case where a parallel LC oscillator is driven with an
ideal current source, shown in Fig. [2.8(c). To account for the current branch, we must
include the potential energy of the branch that includes the current source. This is given by

U= / t dt' IV (t') = 1(t)® — / t dt' 1(t")o(t) (2.92)

so we see that we must add a term [;® to the potential energy to represent the potential
energy supplied by the current source. Here ® is the branch flux across the current source,
which for the circuit shown in Fig. [2.8[(c) is equal to the node flux ¢. The full Lagrangian
is given by

1o Lo
L=350F — 526" — Lug (2.93)

and the conjugate charge to ¢ is simply Q = C'¢. The Hamiltonian is

: 1 1
H=Q¢—L=—Q*+ —=¢*+1 2.94
Qo 5e@ T op® 1 (2.94)
and Hamilton’s equations give:

oH 1 . OH 1
-3%6-¢C Q:_%:_qu—ld (2.95)

From here we can obtain two second order differential equations for ¢ and Q:

¢

b= —wo— =1, O=-w2Q- I, (2.96)

C
This time we multiply the first equation by ', and we identify the terms as I, = Cd=CV =
@, the current flowing through the capacitor, and I, = %qﬁ, the current flowing through the
inductor. Thus we can rewrite Eq. as I.+ I, + I; = 0, which we recognize as Kirchhoff’s

5See Appendix for a derivation of the classical driven and damped harmonic oscillator.
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Figure 2.9: Indirect driving of LC oscillators. (a) A capacitor C. is placed in between
the voltage source and the LC oscillator, which acts as a voltage divider. (b) A mutual
inductance M couples a current source to the LC oscillator. Here, the inductive circuit acts
as an effective current divider.

current law. Again, we invoke our result from Appendix to obtain the inhomogenous
solutions for a current drive I; = I cos(wt):

1 1 LI
o(t) = —Eoﬁ coswt = 0 coswt (2.97)
Wi —w — %
Qt) = ]Oa;? — sin wt (2.98)

As expected, the behavior of ¢(t) and Q(t) look similar to the voltage driving case with their
behavior flipped; however, we point out that both ¢(¢) and Q(t) are 7/2 out of phase for a
current drive compared to a voltage drive. While this is simply a negligible reference phase
when only a single type of driving is present, this should not be overlooked when considering
a system with both voltage and current driving.

While the direct voltage and current driving cases are instructive, this typically results
in a coupling to the environment that is too strong for a realistic circuit QED system. In
practice, we will usually couple an external voltage (current) drive with a small capacitance
(mutual inductance), as shown in Fig. 2.9} In the voltage driving case, we have the following
Lagrangian

_1 D l ._.Q_LQ
L= 508 +5Cd—ba)* = 576 (2.99)

where V; = q'ﬁd' is the driving voltage due to the source. Here, the conjugate charge to ¢ is
Q= (C+C.)¢p— C.Vy, so the Hamiltonian is

_ '_ _ 2 LQ_E 2
H=Qd—L= (Q+ CoVa)? + 5=6° = 50V, (2.100)

(C+C)
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so we see that () = C.V; acts as an offset charge. From the Hamiltonian, we derive the new
equations of motion

oH 1 . oH 1

d¢
and we see that the these are equivalent to the equations of motion in the direct driving
case, except with Vg — 7% +C The capacitors act as a voltage divider and renormalize the
effective drive seen by the oscillator.
We get a similar effect with a current drive coupled via a small mutual inductance. Here
the inductance matrix is given by

Li M - 1 Li —M
L= L l=— 2.102
<M Ll) " LyL, — M2 (—M Ld> (2.102)

so the Lagrangian is

b=

1 Ld 1 Ll
—S o7 + ¢1¢d
2L T L 2L

We note that the sign of I; is flipped from the previous example because the convention
for the inductance matrix L is to have both currents pointing into the transformer section.
We can use the Euler-Lagrange equations to eliminate ¢4 since the absence of $q in the
Lagrangian implies that

SO 04+ L (2108)

oL 1

—=—(M¢y — L I;,=0 2.104

8¢d |L|( le 1¢d) + 1 ( )
We can also obtain the same constraint Ly¢g = Mo +|L|I, by taking the inductance matrix
L, which relates the currents and node fluxes:

o1 = L[ + My

2.105
¢a = MI + Lqlg ( )

and eliminating [; to solve for ¢4 in terms of the remaining variables. We then eliminate ¢4
from the Lagrangian to get

LIL|

2.106
5L, (2.106)

1.
L= §Cl¢% ¢2 t7 ¢1[d +3

which looks like Eq. up to a constant, where we take I; — LMIId. Thus we see that the
mutual inductance acts as a current divider in conjunction with the self inductance L; that
suppresses the current driving.

Before we move on, we make one final point about an inductively driven circuit. The
non-zero mutual inductance M implies that the circuit in question will also have some back-
action on the driving circuit. In most cases, however, we can assume that this back-action
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is negligible, so we work in the limit where M = L; — 0, but & = M I, is non-zero such
that it still has an impact on the circuit. Then, Eq. [2.105| reduces to

01 = L[ + MIg— L1 + eyt

(2.107)
¢d = MIl + Ld]d — (I)ext

and we are left with a single constraint ¢; — ® = LI;. Then, the potential energy for this
circuit branch is given by

! I . 1
B, = / a1V () = - / (61— Bo)d1 = (1 — D)’ (2.108)
> Ly ) o 2L,
Thus, we see that we can equivalently model the effect of such a drive on the circuit in this
limit by taking ¢; — ¢1 — eyt [39).

2.5 Dissipation

The Lagrangian and Hamiltonian formalism deals with conservative forces and is generally
unable to handle dissipation in a straightforward manner. For classical circuits, this is
generally fine as we can derive the equations of motion directly by enforcing Kirchhoft’s
voltage and current laws.

As an example, we can consider the case of a driven parallel LCR circuit, where we add
a resistor to the driven parallel LC oscillator discussed previously. Kirchhoff’s current law
states that the sum of the currents through the three branches must equal the total current
introduced by the current source. This yields the equation:

) 1 V.
Iy=1.+1,+1,=CV,+ ZCDZ + 7 (2.109)

while Kirchhoft’s voltage law tells us that qﬁ =V =V,=V,=V,. As aresult, we can write

the Eq. [2.109| as

1. 1 1y

4+ —p=2 2.110
¢t et %= ( )
This is exactly the equations of motion for a driven damped harmonic oscillator, where the
“position” variable is now the node flux ¢, the driving “force” is the current I,(t), and
the effective “mass” is the capacitance Cﬁ We then identify the resonance frequency as
Wy = \/% and the decay rate v = k, = %. The transient solutions of the system are given

by ¢(t) = ¢e*t, where

2
5= _%i (%) _wg:_%i@-wmﬂ_(g@ﬁ. (2.111)

This leads to an oscillatory component at a frequency Qg = wgy/1 — (2Q)~2 and a decay at
a rate k,/2 when the system is underdamped (Q > 1).

6See Appendix for a derivation of the classical driven and damped harmonic oscillator.
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Figure 2.10: Driven and damped RLC circuit. (a) A current source driving a parallel
RLC circuit. (b) The frequency response functions of ¢ and @ for various values of Q =
wy /Ky The dissipative term shifts the resonance frequency and broadens the peak.

Here, we have introduced the quality factor, defined as @) = wy/k,. Writing this in terms
of the circuit parameters, we find that the quality factor can also be expressed as a ratio of
the resistance to the characteristic impedance of the resonant circuit

Q=0 _ BC _ I
Ky VLC  Z.

It is worth noting that since () > 1 in order to observe quantum mechanical effects, the shift
in the resonance frequency due to the damping term is for the most part negligible (typically
we have Q > 10%).

The driven solutions of the system are now ¢(t) = Re [¢p(w)e™!] where

(2.112)

L 1
T C (w? — w?) +iyw

(w) (2.113)

which is now a Lorentzian with a FWHM approximately 2r,. The damping rate x, = (RC)™*
has the effect of broadening the response function of the L.C oscillator, which we see in Fig.
2.10(b).

We can similarly consider a series RLC circuit driven by a voltage source. In this case
the Kirchhoft’s voltage law yields

Vd:VC+Vg+VT,:%+LL+m (2.114)

while Kirchhoff’s current law enforces the condition Q =1=1,=1.=1I.. This yields a
similar equation of motion

. R. 1V
O+7Q+--Q=" (2.115)
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Here, the “position” variable is now the charge @, the driving “force” is now the voltage V (),
and the effective “mass“ is now the inductance L. While the intrinsic resonance frequency
is still wy = \/%70’ the decay rate is now v = k4 = %, and the quality factor is

Q_(.Uo_ L _Zr
ks RVLC R

While these equations of motion are valid in the classical limit, we cannot easily generalize
this to a quantum circuit. An alternative method of introducing dissipation into the Hamil-
tonian formalism is known as the Caldeira-Leggett model [27]. We refer the reader to Ref.
[201] or Ref. [40]|Z| for a proper derivation, but we will roughly explain the central ideas. The
model involves replacing the resistor (or any dissipative real-valued impedance/admittance)
with an infinite array of LC oscillators each at a different frequency w,, = 1/v/L;,Cy,. The
admittance y,,, = \/Cy,/ Ly, of the oscillator is matched to the real component of the admit-
tance Re[Y (wy,)], which characterizes the effective dissipation of the elemeniﬁ We can then
write down a Hamiltonian for the system of oscillators coupled to the circuit variable ¢:

(2.116)

1

Hy =3 | 5@t 57— (om0 2.117)

This Hamiltonian Hy can be added to the system Hamiltonian, and subsequently quantized.
In the limit of an infinite bath, information in the circuit of interest can be irreversibly lost
into bath, leading to an effective dissipation.

The Caldeira-Leggett model also leads to an important result known as the fluctuation-
dissipation theorem. The idea here is that if the bath is thermalized to a finite temperature
T, we can replace each of the terms in the Hamiltonian above with the average energy %kBT ,
according to the equipartition theorem. This allows us to obtain the correlation function of
the current fluctuations in each oscillator and sum these contributions over the entire bath
of oscillators to derive their spectral density [201]:

S[](w) = QkBTRe[Y(w)] (2118)

The spectral density of voltage fluctuations due to a dissipative element is similarly given
by:
Syv(w) = 2kpTRe[Z(w)] (2.119)

These fluctuations are known as Johnson-Nyquist noise [153]. The fluctuation-dissipation
theorem is important in that it explains the equivalence between noise and dissipation, both
of which give rise to irreversible dynamics. There is also a quantum analog of the fluctuation-
dissipation theorem that exhibits some notable differences from its classical counterpart, and
we recommend the reader consult Ref. [40] for a complete review of the subject.

"The classical version of Caldeira-Leggett is discussed in Appendix C.
8For a resistor, Y (w) = R~! is uniform over all frequencies, however, this model is capable of handling
an arbitrary dissipative element.
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2.6 Quantum Circuits

So far we have discussed electrical circuits entirely in the classical limit, although much of
the circuit analysis we have worked through is equally applicable to quantum circuits. So
what makes an electrical circuit quantum? The quantum-to-classical transition is largely
characterized by dissipation, which leads to irreversible dynamics. Closed quantum systems,
on the other hand, are described by unitary time evolution which is by definition reversible.
The reality, however, is that no experimental quantum system that we can interact with is
truly closed. The circuit typically interacts with an environment that is uncontrolled and
consists of a large number of degrees of freedom, leading to noise or equivalently dissipation.
This ultimately leads to a loss of quantum coherence [219], which suppresses the quantum
computational power that we would like to leverage.

Practically, for quantum effects to be relevant, we require our circuits to have low dissi-
pation so that the quality factor @ of the circuit modes interest are large (Q > 1). We also
require kg1 < hw, where w is the frequency of the circuit modes, since thermal noise can
also lead to excess decoherence.

Canonical Quantization

In the quantum limit of low dissipation, the superconducting charge and phase can be pro-
moted to operators Q, qb with the commutator

[gﬁ, Q} — if (2.120)

Then, the mode amplitudes a and ax for the quantum harmonic oscillator become

1 [ Z,
a—a= —gb—l—i —’"Q (2.121)
*sal = 2.122
@ 0=t T W 70 (2.122)

with the commutation relation

=
[a.a) = 2hZ 9] -3 [‘b’ Q)+ Qh[
Then, the Hamiltonian in Eq. becomes

Q.| +feel==[0el=1 @)

- 1
H = hwy (aTa + 5) (2.124)

and now includes the zero-point energy hwgy/2. Here we find the first two consequences of
quantum mechanics: in the quantization of the discrete energy levels of the quantum LC
oscillator and the vacuum fluctuations that stem from the non-commuting observables ¢ and

Q.
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Superconductivity

What is perhaps most remarkable about circuit QED is that quantum coherence can exist
macroscopically within the reduced degrees of freedom in a superconducting circuit [123].
According to Ginzburg—Landau theory, the Cooper pairs in a superconductor can be de-
scribed by a single wavefunction

U(r,t) = \/ng(r, t)e?™H (2.125)

where ng(r,t) is the Cooper pair density at a given point, and é(r,t) is the phase of the
wavefunction. Here, the wavefunction is normalized so that [ d®r |U(r,?)|> = [ d®rng(r,t) =
Ny is the total number of Cooper pairs. This wavefunction should obey the Schrodinger
equation for charged particles:

_0V(r,t) 1

ih— _2ms[ ihV — qsA(r, 1)]" V(r,t) + ¢,V (r, 1) ¥(r, ) (2.126)

where, V(r,t) and A(r,t) are the scalar and vector potentials, and ms and g; = —2e are the
mass and charge of the Cooper pairs. From this Schrodinger equation, we can derive the
probability current for the wave function, which becomes a physical current of Cooper pairs
when multiplied by their charge ¢q; = —2e.

th q>
= U'VVU — UVU*) — =-JU*A 2.12
3= g (U VY - 9V - L (2.1272)
1

= gsns(r, t)ﬁ [AVO(r,t) — qsA(r,t)] (2.127b)
2

_ ggns(r,t) b ds

=t [ vee ) + hA(r,t)] (2.127¢)
1 ®g

= ——— 2.127d
Ao (2.127d)

where we introduce the superconducting flux quantum ®, = 2e/h and the London coefficient
A= %;2, and the gauge-invariant phase gradient . To understand why + is gauge-invariant,
we recall from classical E&M that Maxwell’s equations are invariant under a gauge transfor-
mation

Ix

A—A+Vyxy=A V%V—EEV' (2.128)

Now suppose we write the current J, in terms of the transformed vector potential A’:
1
However, since currents are physically observable quantities, this must also be gauge invari-

ant, so we must have AV — ¢,V xy = AV and 6 must transform as

\ 2 s
9':9+%X=9— aﬁxﬁllll(r,t) = U(r, t)e BN (2.130)
0
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which leads to an unmeasurable phase shift on the superconducting wavefunction.
Finally, we note that for the wave function ¥(r,t) = /n,e, the Schrodinger equation
(Eq. [2.126]) yields the relationship

00(r,t) N 1 Ong(r,t)
ot 2n,(r,t) Ot 2n,

—h

S+ g5V (r,t) (2.131)

Generally, we can assume that the charge density is constant and the same within all the
superconductors comprising a circuit, so the second term on the LHS becomes zero. Then,
given a general two-terminal superconducting circuit element, we obtain the expression

Odp 00, 00y 2e 2m

R D Vi, — V. —AV 2.132

o "o o niT = (2.132)
As a result, we see that the superconducting wavefunction phase ¢ is proportional to the
branch flux ® across the circuit element, and that the circuit variables () and ® are now
encoded in the amplitude and phase of the macroscopic wavefunction of the superconducting
wavefunction?]

Flux Quantization

An important consequence of superconductivity is that the magnetic flux threaded through
a superconducting loop must be quantized in units of the superconducting flux quantum
®y = 2-. To see why, we consider the supercurrent J, and integrate it around a closed loop

C. Weﬁnd
h
A%Jémdl dl V9 %A dl
c

:—j{dl (V) — /B-dS

We note that the first term on the right hand side can be evaluated for a path starting
at x; and ending at x; as

(2.133)

/ (V0 - dl = 050, 1) — 031, 1) (2.134)

1

Since the phase 6(x,t) must be singled-valued modulo 27, we conclude that around a closed
contour C'; we must have
lim [0(x2,t) — 0(x1,t)] = 2mn (2.135)

X1—X2

90ne should be careful to identify whether the phase operator ¢ is periodic or extended, which depends
on the context. We refer the reader to Ref. [48] for a discussion on the compactness of ¢.
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Since the current inside a superconductor is zero, the left hand side must also vanish, and
we are left with b
¢ = / B-dS =2mn— =nd, (2.136)
S ds
For discrete superconducting circuits, flux quantization manifests as an additional con-
straint on the sum of the branch fluxes making up a loop

Y By= > (¢ — b)) = Pext (2.137)

(3,7)EE (3,7)EE

where E is the set of edges (7, j) making up the circuit loop. We then ask what implications
this has on the quantization on a linear circuit. Suppose we have a circuit consisting of two
inductors L; and Ly that form a loop. The total current across the two inductors will be

given by
1 1
I=5L+I=—®&;,+— 2.138
1+ 1y = I 1+ I 2 ( )

where ®; and ®, are the branch fluxes across the two inductors. The flux quantization
condition is given by ®; — &y = CIDQXB, and we can choose to define the node flux ¢ as

(I)l = ¢ (I)Q = ¢ - (bext (2139)
so the total potential energy is given by
. 1
Ep= [ I¢pdt=—¢"+ —(¢ — Pext)’ 2.140

L / ¢ 2L1¢ +2L2(¢ t) ( a)

1/1 1 Ly 11
== — - P2 2.140b
2 (Ll L2> {qﬁ Ly + Ly t} T L, e ( )

where in the second line we complete the square. The first term is the just the potential
energy for a inductor with inductance L, where L™ = L;* + L;' and a translated node flux
¢ =¢p— L1 55 Pext, while the second term is a constant offset energy. Since the node flux does
not have perlodlc boundary conditions here, this results in just a gauge transformation that
does not change the system dynamics. Note that we could have also assigned the external
flux such that

D = ¢+ Doy Dy = ¢ (2.141)
in which case the potential energy is given by
1/1 Ly 11
E, — = D, —— P? 2.142
L 2<L1 Lg) [¢+L1+L2 t} +2L1+L oxt ( )

The two are equivalent up to a definition of ¢’, and we note that we can translate between
the two Hamiltonians via the unitary transformation [212]:

U = ¢ #9%ex (2.143)

10We choose to define both branch fluxes ®; and ®, in the same direction, so the sign of ®, in the
flux-quantization condition is flipped.
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2.7 Nonlinear Circuits

Although we can describe a linear circuit quantum-mechanically, it is quite difficult to lever-
age the quantum properties of circuit to do very much without a source of nonlinearity. The
quantum LC oscillator without any nonlinearity will be in the correspondence limit, and any
attempt to drive the system on resonance will result in a coherent state since the energy
levels are evenly spaced. Flux quantization in the presence of external flux leads only to a
gauge transformation that cannot be measured. This is not to say that we cannot observe
quantum-mechanical effects, as the vacuum fluctuations and flux quantization can still be
observed. However, in order to construct a device capable of processing quantum informa-
tion, we need universal control over some set of basis states encoded in the circuit, which
requires the circuit to be nonlinear. Since dissipation will suppress quantum coherence, we
also need the source of nonlinearity to be dissipationless.

Josephson Junctions

The Josephson junction provides exactly the dissipationless nonlinearity that we need, and
is consequently the foundation upon which modern superconducting qubit devices are built.
Josephson junctions are formed when a potential barrier is created between two superconduc-
tors so that quantum tunneling of the supercurrent can occur. While there are many ways to
create such a barrier, we will focus on superconductor-insulator-superconductor (SIS) junc-
tions, since these are most commonly seen in superconducting qubit devices. The Josephson
junction is characterized by the two Josephson relations:

I(t) = I.sin(p(t)) (2.144)
B = SV = 5 VD) (2.145)

where ¢ is the superconducting phase difference across the junction, and ¢ = %“Ogo is the
circuit branch flux across the junction. The critical current I. is a property of the junction
itself, and typically depends exponentially on the junction barrier thickness and linearly in
the junction area. These equations lead to many surprising consequences, the first being
that the junction can sustain a non-zero current even when V' = 0 across the junction, which
is known as the DC' Josephson effect. On the other hand, for a non-zero constant voltage
V', the phase will grow linearly in time and we obtain an oscillating current with frequency
27tV /®q. This is known as the AC Josephson effect.

As a circuit element, the Josephson junction behaves like a nonlinear inductor. In par-
ticular, we can see that

~ 2nl.
=3,

I(t) (2.147)

f(t) = ¢l cos(i(t)) V(1) cos(p(t)) (2.146)
1

B Ly cos(p(t))

V(t)
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Figure 2.11: Flux quantization with Josephson junctions. (a) A circuit diagram
showing two Josephson junctions enclosing a superconducting loop. A magnetic flux Py
threads the loop. (b) The normalized I, of(Pext) for different values of the SQUID asymmetry
parameter d. As d increases and the SQUID becomes more asymmetric, the effective range
over which the total critical current can be tuned is reduced.

where we define L; = 23(1’ as the Josephson inductance. Surprisingly, this inductance can

even be negative. We can also compute the stored energy within the junction as

t P [C t
/ IV () dt = 20 / psinpdt’ = —Ejcos (2.148)
m

—0o0 —00

where we define the Josepshon energy E; as F; = %. If we express E; in terms of L; and
Taylor expand the cosine term, we find that the total energy can be written as

1 (I)() 2 1 CI)0 2 1 2 1 4
L (D SR (- T e apay 2.149
Ly (27> cosle) ~ — 7 <27r) 27 T (2.149)

As a result, we see that to second order in ¢, and ignoring the constant factor, the energy

stored in the junction looks like the inductive energy 57-®.

Flux Quantization with Josephson Junctions

Now that we have introduced the Josephson junction, we return to the problem of flux
quantization. We suppose now that we have two junctions that form a superconducting
loop, a structure known as the DC SQUIDE|. The net current flowing through the SQUID
is given by the sum of the currents through each junction:

Is = ]cl sin ¥1 + ICQ sin P2, (2150)

1SQUID stands for superconducting quantum interference device.
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where ; and @9 are the phase differences across the SQUID. We then redefine the phases

in terms of the sum and difference phases

1
0 =1 — P2 80:§(<P1+902)

and we can express @1, @9 in terms of §, ¢ as

1 1
— =5 —p—=§
p1r=9+ 5 P2 =@ 5

Using the sum and difference trigonometric identities, we can write
: . o . ) _
sin ¢ = sin 90—1-5 :smgpcos§+cosgosm§

. . 0 : J .0
Sin g = SIn g0—§ :sm<pcos§—|—cos<psm—

At this point, we also enforce the flux quantization condition

27chext
20

(2.151)

(2.152)

(2.153a)

(2.153b)

(2.154)

where @ is the total flux threaded through the loop. Then, we can write the total current

as
TP TP
I, = (Iq + Ig) cos —2 sin o + (Iy — I5) sin
Mot . TP
= Iy |cos —= sin ¢ + d sin —=* cos ¢
0 0
where we define s s
Iy =14+ 1 d==- "
) cl c2 [cl + ICQ
We then define a new angle ¢ such that
_ d sin —“fgext
SIN Yo =
2 Thex 2 i 2 TPex
\/ CcOS ”q)—ot + d? sin ”q)—ot
cos —’r%"t
COS Py = = o =
2 TPex 2 ainl TDex
\/ cos? Tt 4 % sin” gt

ext

Q)

= tan py = dtan

(2.155a)

(2.155b)

(2.156)

(2.157a)

(2.157b)

(2.157¢)
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Substituting this into the equation for I, we conclude that

Dy TPy
I, = Iy \/COS2 W(I) + d2 sin? . * sin(¢ 4 @) (2.158)
0 0

which leads to an effective critical current

Dex Dex
Ioei(Pext) = Iy \/0052 T Lt @2 sin? T ext (2.159)
0 0
In the simple case where I, = I.o = I., we see that d = 0 and this reduces to
Dy
Loeif(®ex) = 21, |cos ch t (2.160)
0

From the above analysis, we see that the nonlinearity of the current phase relationship
leads to non-trivial behavior, unlike the case with two linear inductors. The SQUID now
acts like a Josephson junction, but with a flux-tunable critical current. This allows us to use
the SQUID as tunable nonlinear inductor to modify the properties of a circuit in-situ with
an applied magnetic flux. Finally, we note that while this analysis is valid in the DC limit,
one must be careful when the magnetic flux ®..(¢) has a time dependence. We refer the
reader to Ref. [212] and Ref. [168] for a proper treatment of this case.

Transmon as a Nonlinear Oscillator

As our final circuit, we consider what happens when we replace the linear inductor in the
quantum LC oscillator with a nonlinear Josephson junction [105]. The Lagrangian for the
system is given by

L= —C<I> + Ej cos (2£¢> (2.161)
0

which leads to a classical equation of motion for the system
. 2
C + Isin (-”@) =0 (2.162)
i
This looks like the equations of motion for a pendulum in a gravitational field, where we let
210 /Py be the angle of the pendulum and we let
2rl. 1 1
—_— = 2.163
o C L,;C ( )

be the effective inverse length g/I.
The quantum Hamiltonian for this system is given by

. 21
H= —Q — Ejcos ( ; > — 4B — Eycos ¢ (2.164)
0
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®

Figure 2.12: Transmon as a nonlinear oscillator. (a) The circuit for a transmon, which
consists of a capacitance shunting a Josephson junction. (b) The nonlinear potential due to
the Josephson junction can be mapped to the gravitational potential for a rigid pendulum.
For small angles the pendulum is approximately a harmonic oscillator, but nonlinear effects
appear at larger angles. (c¢) The anharmonic potential and energy levels for a transmon (solid)
with Ec and FEj, plotted against the harmonic potential and its energy levels (dashed) for
an oscillator with L = ELJ (%?)2 and C' = 2";0. The energy levels of the harmonic oscillator
are evenly spaced, while the spacing between the energy levels in the transmon decrease for

higher energies. The wp; transition of the transmon is also reduced by approximately F¢.

where we have replaced the charge Q and flux ® with normalized operators n = Q /(2e) and
P = 27r(f>/ ®). We also define the charging energy F¢ as Eo = % The behavior of this
system depends heavily on the ratio of the charging energy E¢ to the Josephson energy E.
In the low E;/E¢ limit, the system is typically referred to as a Cooper pair box and acts as
a charge qubit, while in the extremely high E;/FE¢ limit (E;/Ec ~ 10*) the system acts as
a phase qubit. For the last two decades, however, this system has primarily been operated in
the transmon regime, where E;/Ec ~50-150 [105]. In this limit, the charge dispersion of the
eigenstates is exponentially suppressed while still maintaining sufficient intrinsic nonlinearity
in the system.

While the energy levels of the Hamiltonian in Eq. can be solved exactly in terms
of Mathieu functions [47], the weak nonlinearity of the transmon allows us to perturbatively
solve for the energy levels and eigenstates of the system by expanding the cosine potential.
Then, the frequency and anharmonicity of the Transmon can be expressed as [51]:

1 21
wor = V/8EE, — E. |1+ -n+ —n*+ O (1*) (2.165)
4 128
a=uwp—wy=—F 1—|—277+£772+O(n3) (2.166)
12 — Wo1 c 16 123 :

Here, we include the terms up to second order in the parameter n = Zg—JC, since the more
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commonly seen zero-th order expressions are only accurate to a few percent in the Transmon
regime.

The simplicity of the transmon, its sufficient nonlinearity, and its relative insensitivity
to both charge and flux noise, all combine to make it an ideal candidate for implementing
a superconducting qubit. Furthermore, the weak nonlinearity of the transmon also makes
it straightforward to design the supporting circuitry for qubit control and readout. In most
transmon-based systems, we can analyze the circuits in the harmonic oscillator basis, treating
the nonlinearity of the Josephson junctions perturbatively. This makes the circuit analysis
discussed in this chapter readily applicable, and greatly simplifies the design process for such
systems. In the following chapter, we will discuss some additional techniques for designing
practical superconducting qubit systems in the microwave regime.
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Chapter 3

Designer Microwave Circuits

In the previous chapter, we introduced the basic principles of circuit analysis using lumped-
element models. However, at microwave frequencies, lumped circuits may not always be good
approximations to physical structures. In this chapter we will introduce better models for
common superconducting qubit structures with distributed-elements, and show how these
models can lead to more accurate predictions of device parameters.

3.1 Frequency Domain Analysis

Thus far we have primarily been analyzing circuits in the time-domain; however with mi-
crowave circuits it is often useful to analyze circuits in the frequency domain instead. In
general, the linearity of the circuit elements discussed so far allows these circuits to be treated
as linear time-invariant (LTT) networks. For a more in-depth treatment on such systems,
we refer the reader to Chapter 5 of Ref. [39], but in the following sections we will briefly
introduce the important concepts. For the typical two-terminal elements that we use, we
have the following current voltage relationships:

. 1 [t
V(t) = RI(t) V(t) = LI(t) V(t) = 5/ I(t) (3.1)
and we can perform a Fourier transform to obtain

Viw) = \/% /_ T et dt = RIw) (3.2a)

Viw) = \% / T iet dt = — _Z\/;"_L T e dt = iw LI (w) (3.2b)
V(w) = é /_ ) Q(t)e ™" dt = —_Z.i} z /_ N I(t)e ™ dt = %I(w) (3.2¢)

Here, we perform an integration by parts for the inductor and capacitor. It is also common
to analyze these circuits in the Laplace domain where we take 1w — s.
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Figure 3.1: Equivalent circuits for calculating effective resistance.

As an example of how the impedances can be useful, we go back to the example of the
RLC oscillator. We can express the admittance of the parallel circuit in terms of s = iw as

1 1 $* 4 =5+ 7 2 4 kps 4 Wi
V)= 26) =sC+ 4 =0 (TR Lo (SRt} gy

Here, we see that the complex zeros of the admittance (poles of the impedance) are simply
the transient solutions to the differential equation given in Eq. 2.110] allowing us to easily
identify the resonance frequency and decay rate.

Similarly, we can consider a series RLC circuit. In this case, the impedance of the series
circuit is

1 L R 1 2 s 2
Z@:;5+%+R:§(§+ZH7E):Lcifgiﬂ) (3.4)

and we see that the complex zeros of the impedance (poles of the admittance) yield the
resonance frequency and decay rate of the circuit.

Equivalent Circuits

This type of impedance analysis is also useful for simplifying more complex circuits. In
general, if we know the impedance response of a system, we can construct a simpler equivalent
circuit that has the same impedance, and thus the same behavior. A typical use case involves
calculating decay rates or loaded quality factors of a resonant mode that is coupled indirectly
to an external port. If we coupled the port directly to the a parallel LC circuit, the total
parallel resistance of the circuit would be Reny || Rint & Reny for a typical high-Q circuit
coupled to a 50 €2 port, leading to strong damping. Thus, we will typically couple the
resonator circuit to the transmission line via a small capacitance or mutual inductance.

In the case of a capacitance, we can write the total admittance of the coupling capacitance
C, and environmental impedance Z; at the resonator frequency w, as

Yoo () L, - w2C2Z, L C,.
env\Wr) = : = Wy .
iw,C,  ° 1+ w2C272 1+ w2C2Z2

(3.5)



CHAPTER 3. DESIGNER MICROWAVE CIRCUITS o1

This leads to an additional loading capacitance

2 2
o — 052 -~ Oy |1- (?) <%) (3.6)
1+ (%) (%) T
and an external resistance
Z\* (O
Rext = ZO 1 + (Z) (O_) (37)
The external decay rate due to the Ry is given by
ot = o (3.80)
T Rew(C + C%) '
1 2\ (C.\? C.  (Z\ O\
“ae(z) (&) e (2) (6) o0
Zow2C? [ o (Z0\?(C\P|
e g e (7) (?) (3.50)
Zuw?C2 [ Co  (CN® [ Z0\ [C:\

We can consider a similar case of a resonator coupled via a mutual inductance M to the
resonator. Here, the total admittance of the resistive and inductive elements is given by
Z()M2 1 ZgL‘i‘(U?,Lo(LLO—Mz)

Yenv(wr) = T 3.9
) = e A (Ll — P T 7w, 2212 T w2 (LLy — M2V (3:9)

Again, we see can extract an effective resistance and inductance from the expression for the
admittance. We can write the external resistance as

L2 ZN\% (Lo M2\?
=7— |1 — S 1
Rext 0M2 + (ZO) (L L2> (3 0)
and the modified inductance as
2
2 2 (Lo _ M?

- Z; i ZTL b M>2 (3.11)

Zy + ZETO (TO - _2)

We can then express the external decay rate due to the R.y as

-1
1 1 Ww2M? Z\% (L, M?\?

— = —=r T+ (2) (222 12

fet = p 0= 70 L [+(ZO> <L L2) (3.12)
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3.2 Microwave Networks

For more complex circuits, it is often useful to break up the circuit into a set of smaller
circuits that can be connected together at ports to form a larger network. In this case, each
subsystem can be described completely by the voltage/current relationships at each port
of the network, making it possible to construct equivalent circuits that exhibit the same
behavior for simplified modeling. The simplest such network is a 1-port network, which in
our context typically consists of some two-terminal element. This element is described by
an impedance Z(w) or admittance Y (w) = Z~!(w), which relates the voltage V(w) across
the two terminals to the current I(w) through the element, via Ohm’s law:

V(w) = Z(w)I(w) I(w) =Y(w)V(w) (3.13)

Here we are explicit about the frequency dependence of the relevant quantities, to remind
ourselves that we are analyzing the network in the frequency domain, but we will keep the
frequency dependence implicit for the remainder of the chapter.

For an N-port network, we now need N? parameters to fully specify the current and
voltage relationship between each port, the network is now described by a N x N impedance
matrix Z(w) or admittance matrix Y(w) = Z7!(w), where the inverse is the full matrix
inverse. The basis for these matrices, is usually taken to be the same as the ports, such that

Vi L
v=| - | (3.14)
VN In

where V; is the voltage across the ith port and I; is the current going intoE] the ith port.
Then we have a system of N linear equations given by V.= ZI or I = YV defining the
behavior of the network. Each element Z;; of the impedance matrix is defined as

Vi

J

(3.15)

I,=0 for k+#j

which is the impedance between port ¢ and port 7 when all other ports are an open circuit.

Similarly, we can define Y;; as

I,
Yy = o

v (3.16)

V=0 for k+j
which is equivalent to the admittance between port ¢ and port j when all other ports are
short-circuited.

The utility of the network analysis formalism is that given a set of several independent
networks, we can connect them at their ports and easily compute the network parameters for

!This determines the sign convention, which is usually taken to be +1 for a current flowing into the port.
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Figure 3.2: Two-port network. The voltage at each port is defined with respect to the
two terminals at each port, and the current is defined as going into the port.

the combined system by enforcing the relevant boundary conditions. For example, suppose
we have a two-port network with impedance matrix

Z1u Zia
7 = 3.17
{Zzl Zgz] ( )

and a one-port network with impedance Z;. We can connect the one-port network, or load
impedance, to port 2 to create an effective one-port network looking into port 1. To determine
the resulting port impedance Z{,, we must enforce the additional constraints V5 = V}, and
I;, = —I,, which implies that Vo = —Z Llﬂ With this additional constraint, we can write I
as a function of I

Vo = Zotly + Zaol (3.18)

— 21l = Zonly + Za Iy (3.19)
Zn

Iy = ——"T"—F7-1 3.20

’ Zy+ Zoy ' (3.20)

and then eliminate I5, so that the voltage-current relation for port 1 becomes

ALY/
Vi = Zuly + Zisly = Zn 1) — ﬁh =701 (3.21)
More generally, we can reduce an N-port network to an (N — 1)-port network by con-
necting a load impedance Zj, across port . In this case, the impedance matrix Z defines a
system of N linear equations

Vi=> Zil (3.22)
k

where Z;;, is the entry in the j-th row and k-th column of the impedance matrix. We can
eliminate V; and I; from these equations, as in the two-port example. We add the additional

2The minus sign here accounts for the different directions of the currents, which are both defined as
going into their respective ports.
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constraint
Vi=—ZIi =) Zuyl (3.23)
k
where we can pull I; out of the sum so that it is expressed as

1
[ =——— Zal 3.24
Gz L 321

Now that we have an expression for I;, we can substitute this into each equation for V; so
that

Vi =Y Zpli + Zjil; (3.25)
ki
7.
= Zjply — 2N Zyl 3.26
R =
#1 k#i
ZjiZik )
= Zijp— 222 ) 3.27
k;éi(]k Zy+2Zi) " (3:27)

and we have an expression for the voltage-current relationship between the remaining ports.
We can apply a similar analysis when connecting two multi-port networks together at one
or more of their ports. The general prescription is that each connection adds two additional
constraint equations that can be used to eliminate the voltage/current variables at those
ports. In the case of cascaded two-port networks, there is a particular simple way to derive
the resulting network parameters using the so-called ABCD matrices [164], which can also be
generalized to cascaded 2N-port networks. However, analyzing the resulting parameters for
arbitrary connections between multi-port networks is most easily done with computer-aided
RF design software such as scikit-rf [§] or JosephsonCircuits.jl [162].

This type of microwave network analysis can be a valuable tool for simplifying the design
and simulation of superconducting quantum circuits in a modular way. Smaller subsystems
can be simulated in isolation with more expensive FEM methods and the resulting network
parameters can then be connected together to yield the behavior of the full system. As long
as all interactions between the subsystems occur at the well-defined port boundaries, the
behavior of the overall system will be well-described using such a method. Second, many
of the distributed microwave structures present on superconducting qubit devices do not
have exact lumped circuit representations, and require a full impedance matrix to properly
describe their behavior over a wide range of frequencies.

However, circuit quantization is most easily done with lumped circuits. In order to get
around this and account for the nonlinearity of the Josephson junction, we typically turn
to black-box quantization (BBQ) [151] or the related energy-participation ratio (EPR) [135]
methods. Here, the idea is to treat the linear portion of the circuit as a N-port network where
each port is connected to one of the N Josephson junctions in the system. The behavior of
the network can then be obtained from full-wave FEM simulation or circuit analysis, and
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the resulting linear network can be synthesized into a equivalent lumped circuit model that
is amenable to quantization.

This network synthesis is an important but often misunderstood portion of these proce-
dures, and different approaches have been taken to implement this step over the years. A
modified version of Foster’s synthesis |62} [16], valid for small dissipation, was initially used
in Ref. [151] to synthesize an equivalent circuit for subsequent quantization. Here, each
pole of an arbitrary impedance function Z(s) is approximated as a parallel RLC circuit with
resonance frequency w, ~ (LpC’p)_% and decay rate k, = (R,C,)~", so that we have

M

_ 1 1
26 = 26() = K67 Blo) = kst (3.28)
For s near a pole s, = —% =+ iw,, the term Y;(s)~' dominates and we can approximate

Zp(s) ~ Y,(s)™! or equivalently Yz(s) = Y, (s). Then, we see that

: o » 1] LCa] ..
and also that 1
Re [Yr(w,)] = Re [V, (w,)] = = (3.30)

This implies that we can determine the effective resistance and capacitance of the equivalent
RLC circuit corresponding to a given pole of the impedance function as

1

™ R (@]

G~ s [VE(w)] (3.31)
which gives us a very straightforward method to determine the effective lumped circuit
parameters corresponding to the resonance directly from the admittance function Y (w). We
now make several comments about this method.

First, it is important for Q = R, /Z, to be large since w, will differ from (LnC’n)_% at
order 1/ QQﬂ. Second, it is important to ensure that the resulting equivalent circuit yields an
impedance Zr(s) that is a good approximation of the true impedance Z(s), at least near the
poles. Otherwise, the extracted parameters will not be accurate. In these cases, we can resort
to other network synthesis methods that have been developed, such as Brune’s synthesis [25],
which was used by Ref. [18§| to implement black-box quantization. Finally, we stress that
these circuit synthesis methods do not require one to obtain the original impedance function
via expensive full-wave simulations, and are equally applicable to impedances derived via
circuit analysiﬂ This common misconception is likely due to its use in many early papers to

3See Eq. [2.111} This is generally fine, since even for k/27 = 50 MHz on a resonator with frequency
w/2m =5 GHz yields an error of just 62 kHz.
4For example, this is used in the superconducting circuit analysis package QuCAT [70].
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Figure 3.3: Transmission line model. (a) Lumped-element approximation for a 1D trans-
mission line. The full transmission line model is derived by taking the continuum limit
Az — 0 for a fixed total length NAz = d. (b) Given the parameters Z, and v (or equiva-
lently ¢ and c), the behavior of a transmission line segment of length d can be modeled as a
two-port network. (c¢) A 2D cross-section of a coplanar-waveguide (CPW) transmission line,
parameterized by a width w and a gap g. The dark gray denotes the substrate, and the dark
blue denotes the superconducting metal. The transmission line parameters ¢ and ¢ can be
simulated from the 2D structure using tools like Ansys Q2D.

derive equivalent circuit models and perform black-box quantization of 3D cavity structures
[151], (188, |135] that do require such simulations.

Once we have an equivalent circuit model representing a best fit (or exact synthesis)
to the original impedance response of the network, we can proceed to quantize the circuit
with any Josephson junctions included. We will not explain the process in detail here, but
we encourage the reader to consult Chapter 5 of Ref. [39] for a review of the subject.
Instead, we will spend the remainder of this chapter explaining how we can more accurately
and quickly obtain the impedance response of a complex distributed element circuit for
subsequent quantization.

3.3 The CPW Transmission Line

The coplanar waveguide (CPW) transmission line is ubiquitous in superconducting qubit
devices—used to deliver signals across a chip, to construct filters, and to form resonators for
both readout and storage of quantum information. In this section, we describe how to model
such structures in a realistic system that may include connections to other circuit elements.
We consider a 1D transmission line, which can be modeled as an infinite chain of series
inductors L = Az and parallel capacitances C' = cAz with inductance per unit length /¢
and capacitance per unit length c¢. We can write the circuit Lagrangian for this system as
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1y 1 (B — 0\’

If we take the continuum limit (Ax — 0), we obtain the continuous version of the
Lagrangian,

1 . 1

c 1
= [ dz |=(0,®)* — —(0.9)?] . :
e[ w{2<at P (0, )} (3.33)
Using the Euler-Lagrange equations to solve for the equations of motions:
oL oL
% [—] _ ok (3:34)
a0t -5
we then obtain a 1-D wave equation
1 1
cOF® — —02® = 07® — — 9 = 0. (3.35)
14 le
The solutions to this equation are of the form
B(z,t) = PyelEhe—wh (3.36)

where + indicates a rightward traveling wave and — indicates a leftward traveling wave.
Plugging this into the wave equation, we find that

1

gckQ =0—w=tkv (3.37)

—w? +
where v = —— is the phase velocity. The conjugate momentum to the flux variable ®(z,t)
can also be derived from the Lagrangian as

oL
Qz,t) = 20,9) = /c@tédx: /cV(x,t) dx = /q(a:,t) dx (3.38)
where we define the charge density as
q(z,t) = c0®(z,t) = —iwed e Fre=wt) (3.39)

Then, we can integrate this over the length of the transmission line to find the total charge
as a function of position:

wc 3 —w 7 rT—w
Q(x,t) = /q(az’,t) dr’ = :F?qﬁie’(ik” = QellFhe—wt) (3.40)

The voltage and current along the transmission line can also be derived from the flux and
charge by simply taking a time derivative.
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The impedance of wave is defined by the ratio of the voltage to the current (or equivalently
flux to charge) such that

Zo=164/Qs| =~ = L\ JE (3.41)

we  wve c
and we see that this give us the standard definition of the characteristic impedance Z; for
the transmission line.

Transmission lines are an incredibly useful tool for designing microwave resonators and
filters, because they are quasi-1D structures. We can describe the behavior of an arbitrary
length transmission line very well with only two parameters, Z, and v (or equivalently ¢ and
¢), that can be simulated very accurately using 2D simulators like Ansys Q2D. This is not
only faster than simulating a transmission with a full-wave FEM simulator, but also more
accurate.

Transmission Line as a Two-Port Network

Once the transmission line parameters Z, and v are known, we can model a transmission
line section of length d as a two-port network with an impedance matrix Z(d). Since the
transmission line is both symmetric and reciprocal, we must have Zy; = Zy, and Z15 = Zo1,
so there are two parameters to compute. To do so, we consider the voltage and current
profiles along the transmission line, which are given by

V() =V,e* + Ve ™ (3.42)
Vi ik _ Vo ik

I(z) = —e"* — —e™ ¥ 3.43

(@)= Fe" ~ (3.43)

where port 1 is at x = —d and port 2 is at « = 0. By definition, Zy; = V(—d)/I(—d) when
port 2 is an open circuit, so we enforce the boundary condition 7(0) = 0, and we find

1

Vi—V]=0 = V.=V (3.44)

and the reflection coefficient is I' = V_/V, = 1. The impedance at port 1 is given by
Z11(d) =V (=d)/1(—d), so we have

V(-d) 7 ehd emtkd 2 cos(kd)
I(—d) ~ “Petkd — ¢=ikd — 709 sin(kd)

Z(d) = = —iZy cot(kd) (3.45)

Similarly, we consider the voltage-current relation for Zy;. Here the boundary conditions is
still 7(0) = 0, and we find

Vv (0) 141 Z |
= 7\— = = 17 kd .46
T—d) ~ 20chd —otd ~ smka) ~ 2o eselkd) (3:46)

Zo(d) =
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Figure 3.4: Transmission line as an impedance transformer. A transmission line
section transforms a (possibly frequency dependent) load impedance Z;, to a load impedance
Z1(w) given by Eq. [3.49, For wy = 77 (d = A\/4), the transmission line section acts as an
impedance inverter, taking Z; = oo — Z} (wp) = 0 and vice versa.

and we can write the full impedance matrix as

20) - iz (0 i) s

where we define § = kd. The admittance matrix can be found by inverting this matrix, and
is given by
(3.48)

gl cotf) —csch
Y(0) =27(0) = —1% (—csc@ cot¢9>

where Y, = Z; ! is the characteristic admittance.

Transmission Line as an Impedance Transformer

Using our previous result from Eq. we can now analyze the effective input impedance
of a transmission line terminated by an arbitrary load impedance Z. This is given by

ZlQZ21 o ZHZL + Z11222 - 212221

7100) — 710 — _ 3.49a
L( ) 11 ZL n 222 ZL +ZQQ ( )
 —iZyZy cot b — Z§ cot? 0 + Z csc? 0 (3.49D)
- Zy, — iZgcotf .
Zy — 12y, cot 6

_ 5 Loy cott 3.49
07, —iZycotl (4%
_, Zp+iZytand (3.494)

N OZ() —|—iZLtan0
It is instructive to look at the two cases where d = A\/4 = 0 =7/2 and d = \/2 = 0 = 7.
In the first case, we have

7, (n/2) = 2

2
0
3.50

7, ( )
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Figure 3.5: Transmission line resonators. (a,c) A circuit diagram depicting a A\/2 (a)
and \/4 (c) resonator. The voltage and current profiles for the first 4 modes of the resonator
are shown above and below the transmission line. The open boundary condition (Z; = o0)
at © = d enforces I(d) = 0, while the shorted boundary condition (Z; = 0) at « = d enforces
V(d) = 0 (b,d) The imaginary component of the admittance Im[Y (w)] as seen through the
port at x = 0. The zeros correspond to the resonance frequencies. The admittance function
can be fit to a lossy Foster circuit to extract equivalent lumped circuit parameters for each
mode.

so the A\/4 section transforms a short (Z;, = 0) to an open circuit (Z;, = oo) and vice versa
at a frequency w = 75. This is why a quarter-wave transmission line section is often referred
to as an quarter-wave impedance transformer. On the other hand, we find that Z} (7) — Z,
so the load impedance is unchanged at w = .

Boundary Conditions and Transmission Line Resonators

When both ends of a transmission line section are terminated with a load impedance, the
transmission line section can no longer support a continuous spectrum of modes. Instead, the
spectrum is modified such that there exists only a countable number of discrete of resonances.
We start by considering a transmission line segment of length 6 = kd, terminated in an open
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circuit on both ends. Looking in from one port, the impedance and admittance are given by
Zin(0) = —iZy cot 6 Yin(0) = Yy tan (3.51)

The imaginary zeros of the admittance occur at 6,, = k,,d = nm for n € Z and we can fit these
zeros to the lossy Foster circuit described in the previous section. This yields the following
lumped circuit parameters for the equivalent LC circuit [179):

Wy = vk, = — (3.52a)
1 d wpd 1 d 1
= —~Im[Y” = 2= )=c2—== 52
Cy 5 m[Y' (wy)] 507, sec ( ” > 7 20d (3.52b)
L 1 27 2Zyd _ 20d (3.52)

= o T 12,0 2.2 2.2
wiC,  k2vd vnim n2m

L 472 27y 27,
Zon =] A =] s = = 52d
’ C, k2d®>  k,d nm (3.52d)

Importantly, we see that since the equivalent capacitance is constant for each resonance, the
impedance of each resonance scales inversely with the mode number. Finally, we note that
because the fundamental resonance (n = 1) occurs for a length d = = %, this is typically
referred to as a A\/2 or a half-wave resonator.

We can also consider a transmission line segment that is terminated by a short circuit on
one end. From Eq. [3.49, we find that for Z;, = 0, the input impedance for the transmission
line section is:

Zin(0) =iZptand Y, (0) = —iY,cot 6 (3.53)
and the imaginary zeros of the admittance now occur at 6, = k,d = (n + %) . Since the
fundamental resonance (n = 0) now occurs for a length d = ﬁ = %, this is typically referred

to as a A/4 or a quarter-wave resonance. For this resonance, we can derive the following
equivalent circuit parameters:

(2n + 1)mv
Y R 54

n = Vhn 2d (3.54a)
1 d wad 1d 1

Cp = SIm[Y'(w,)] = 2 (@) _ 2 4 2y 3.54b
Sy ()] = 5 osc ( ) L (3.54b)
220 8Zd 80d

b= - = 54
Bvd  v2nt 122 @nt 1) (3.54c)
27, 47,

T = 5d = Gt (3.54d)

kpd (204 D7

Having derived the equivalent circuit models for the modes in both a A/4 and a \/2
transmission line resonator, we now make several comments. A common mistake when con-
structing an equivalent lumped circuit for a transmission line resonator is to assume that the
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Figure 3.6: Capacitive loading of a CPW resonator. (a) A A/4 CPW resonator, with
a capacitance Cp, loading the open end of the CPW. (b) The mode frequencies, denoted by
the white squres, are shifted down by the capacitance. Here we show the mode frequencies
for d, = Cr/c = 0.1. In the limit C, — oo, the resonator becomes a \/2 resonator with
shorted boundary conditions. (c¢) The voltage profile of the fundamental mode as a function
of the capacitance Cf, = cdy. The capacitance adds an effective length to the CPW, denoted
by the dotted lines.

impedance of the resonance is the same as the characteristic impedance of the transmission
line. However, we have shown that this is in fact incorrect. Rather, the impedance of the
resonance is scaled by 2/6,, and scales inversely with the mode number. Moreover, we find
that for the same frequency w, the fundamental mode of the quarter-wave resonance has an
impedance that is twice that of the effective impedance of the half-wave resonance. Since
the capacitive coupling between two resonators scales with the impedance of the modes, this
implies that the coupling between two quarter-wave resonators will be twice as high for the
same coupling capacitance C.. Finally, we note that a \/2 resonator can also be constructed
by shorting both ends of the transmission line segment.

While the transmission line resonances discussed above have simple solutions, they are
often not good approximations for realistic circuit structures. In practice, most transmission
line resonators are loaded by additional lumped capacitances at the points where they are
coupled to the rest of the circuit. To illustrate the loading effect of this capacitance, we
consider adding a capacitor Cf, in parallel to the open end of a A/4 resonator. The total
input admittance for the loaded transmission line is now

d
Yin(0) = iwCp — iYycot 6 = z’YOQEL — Yy cot 0 (3.55)

where we define d;, = C,/c to be the effective length of transmission line needed to yield
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Figure 3.7: CPW admittance as a function of coupling location. (a) The admittance
response of a CPW resonator changes depending on the coupling location along the CPW
length. (b) The admittance for two different values of x. We see that when the admittance
is viewed from the midpoint of the half-wave x = 0.5 (green), there are no zeros in the
admittance Y (w) at nm for odd n, because these modes have zero voltage at this location.
Similarly, for = 0.25 (blue), the mode at § = 27 is decoupled from the port. The slope of
the admittance at each zero also changes depending on the coupling point x.

the same capacitance. The mode frequencies are given by Yi,(6,,) = 0, which is now a
transcendental equation, and can no longer be solved analytically. However, as we can see
from Fig. [3.6] the solutions for each mode are now shifted down in frequency. This is
expected since capacitances add in parallel, and the effective lumped capacitance of each
mode is now

) = %Imm;(wn)] _ %(OL + cd) (3.56)

It is worth noting that this type of an analysis is not restricted to just capacitive loading.
The impedance Y, = iwC', could be the admittance of any one-port network that is added
in parallel with the \/4 CPW resonantor.

As another illustrative example, we now examine another consequence of the transmission
line. Because the voltage and current profiles of a CPW resonator have a spatially varying
envelope, both the effective coupling strength and the loaded quality factor now depend on
both the precise location and form of the coupling (capacitive or inductive). Because the
capacitive energy is proportional to C'V; V5, the coupling will be scaled with the magnitude
of the voltage profile at a given location, and will become zero at a voltage node. Similarly,
the inductive energy is proportional to LI;15, so the coupling will scale with the magnitude
of the current profile. For example, we can consider coupling to a A\/2 resonator with open
boundary conditions, but exactly at the midpoint. Here, we can model the system as two
transmission line sections in parallel, each with length d/2, so the total admittance looking
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in through the coupling point is

Yin(0) = iYp tan g + 1Y tan g = 21Y, tan g (3.57)
and we see that the zeros now occur at 6,, = 2rm instead of 7n. The fundamental mode
of the CPW resonator has not changed and is still at w, = %r; however, the odd-n modes
are all uncoupled from the perspective of a port at the midpoint! More generally, we could
consider coupling to a port at a distance zd from one end (0 < x < 1). Then, the total
admittance from the perspective of the coupling point is

. . 1Ypsin 6
Yin(0) =Yyt 0 Yot 1—x)0) = 3.58
(6) = i¥o tan(zf) +i¥o tan (1 - 2)9) cos(z8) cos ((1 — z)0) (3:58)
Then we see that the zeros of Yj, remain at 6, = nm, except when cos(zf,) = 0 or
cos((1 —x)6,,) = 0, in which case the mode is completely decoupled. The effective ca-

pacitance of the n-th mode is given by

1 1 x l1—x 1 «cd
— “Im[Y! (w,)] = = — - .
Cn(2) 2 m{¥iy (wn) 2Cd cos?(z0,) * cos?((1 — x)6,) 2 cos?(x0,,) (3:59)

where in the last equality we use the fact that 6,, = nm = cos((1 — z)6,,) = £ cos(z6,,). This
tells us that the effective capacitive coupling to the mode as a function of the coupling point
scales as 1
g(x) x ——= o< | cos(znm)]| (3.60)
Cn(z)
which is simply the shape of the voltage profile for the n-th mode.

Here, we stress that the effective capacitance and inductance of the equivalent circuit
models in Eq. and Eq. are only well-defined up to a specified port location. The
values of these lumped equivalent models are selected to yield an impedance or admittance
response that is a best-fit model to the true impedance or admittance response. Since
changing the location of the port changes the admittance response, this also changes the
equivalent lumped circuit as viewed from the port. As a result, we must be careful when
replacing distributed elements with lumped equivalent models, as doing so improperly can
drastically change the derived circuit or Hamiltonian parameters for a given design.

Analyzing Purcell Loss

Now that we understand how to analyze and fit transmission line models to effective lumped
models, we will work through another example that illustrates how interference effects in a
transmission line can be leveraged to our benefit. In most superconducting qubit systems,
qubits are dispersively coupled to a resonator in order to measure a qubit state. These read-
out resonators are typically strongly coupled to the environment to enable fast measurement;
however, this can cause excess qubit relaxation mediated by the resonator’s coupling to the
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environment. This Purcell effect [165], as it is typically referred to, is really a classical effect
and can be modeled using the network analysis methods we have discussed so far [85].

In the simplest model, we have a qubit capacitively coupled to a lumped parallel LC'
resonator. The resonator decay rate is mediated by a capacitive coupling to a Z = 50 ()
semi-infinite transmission line, which we replace with a R = 50 () resistance. In this case,
the effective decay rate of the qubit has been shown to be [211, |111]:

g° A 2w
Wg — Wy Wy Wq + Wy

However, it is also straightforward to numerically compute the decay rate I'p = (R,C,)! by
fitting the pole of the impedance Z(w) from the perspective of the qubit node to its Foster
equivalent circuit. This is given by

1 n 1
wlL, wC,

—1

Y (w) =iwCy + - + ZT(w)} (3.62)
i

and enables a simple comparison of different readout resonator circuitry by simply changing

the resonator impedance response Z,.(w)ﬂ. To illustrate this, we compare the normalized

Purcell loss I, /k, = 1/(k,T7) for both the simple lumped element resonator as well as a A/2

CPW resonator. For the two systems, we have

1

Zr umpe = - 3.63
() = (363)
() = Z Z(w) + iZy tan (£4) (3.64)

ey " Zo + iZy(w) tan (£2) '
1 1
Ly = = Zeony 3.65
W=y T we " (3:65)

where we use the expression from Eq. to derive the impedance of the loaded CPW
transmission line.

In Fig. @, we show I',/k, as a function of the qubit frequency. We see that the decay
rate of the qubit is much higher for the CPW resonator at frequencies above the fundamental
mode, where the qubit can couple to higher modes of the CPW resonator. This was first
studied in Ref. [85]. However, we recall from the last section that the admittance response
of the CPW resonator can vary significantly depending on where the coupling ports are. In
Fig. [3.8] we show an alternative coupling geometry, where the resonator couples to the 50
environment at a point d, away from the open boundary. From the perspective of the qubit
port, we now have a open stub of length d, in parallel with the environmental impedance that

°In practice we also drop the ﬁ term since it does not contribute the Re[Y (w)]. In this case, the total

effective capacitance of the qubit mode is modified to C; = Im[Y’(w)], since the inductive term no longer
contributes.
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Figure 3.8: Purcell loss for lumped and distributed resonators. We simulated two
circuits representing a w,/(27) ~ 6 GHz resonator capacitively coupled to a qubit port via
a coupling capacitance C, = 10 {fF, which results in a coupling ¢g/27 ~ 96 MHz at w, = w,.
The qubit capacitance is C;, = 100 fF, and the lumped resonator parameters were chosen to
approximate the fundamental mode of the CPW resonator. The resonator is coupled to a a
50 Q environment via a capacitance C,, = 12.5 fF, which results in an effective decay rate
Ky/(2m) &~ 2 MHz. The simulated circuits are shown for the (a) lumped resonator and (b)
CPW resonator. (c) The Purcell enhancement/suppression factor I',/k, is plotted for both
the lumped and CPW resonators.

is introducing a resistive loss. Since a A/4 open stub looks like a short circuit at w, = 77,

this effectively hides the environment from the rest of the circuit and acts as a notch filter
near ws. This circuit was first introduced in Ref. [191], and is referred to as an intrinsic
Purecell filter, since the filter relies on interference effects within the resonator itself and does
not introduce any additional structures. Fig. [3.8also shows the resulting Purcell suppression
factor for the intrinsic Purcell filter compared to both the lumped resonator and the \/2
CPW resonator that is coupled to the environment at its voltage antinode. We see that
this substantially improves the Purcell loss at frequencies near the resonator frequency, at
the cost of worse Purcell suppression at lower frequencieﬁ. This type of A/4 stub filter can

5The other drawback with this design is that it requires a much larger C,; to achieve the same resonator
decay rate k., since the coupling capacitor is now closer to the voltage node of the \/2 resonator.
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Figure 3.9: Coupled transmission line model. (a) Lumped-element approximation for
two coupled 1D transmission lines. The full model is derived by taking the continuum limit
Az — 0 for a fixed total length NAz = d. (b) The coupled lines are most easily described by
the impedance Z; and phase velocity v; in the eigenbasis of the lines. Given the parameters
20,0, Vo and Z ., Ve, the behavior of a transmission line segment of length d can be modeled
as a two-port network. These parameters can be derived from the bare circuit parameters
¢, e, bym. (¢) A 2D cross-section of two CPW transmission lines in close proximity. The
individual lines are separated by a center-to-center distance s. In general, the two lines do
not need to have the same CPW width w and gap g. The transmission line parameters can
again be simulated from the 2D structure using tools like Ansys Q2D.

also be engineered into the resonator feedline to add a second notch, and this strategy was
employed in the “Everglades” design that was used for the experiments in Chapter 6.

3.4 Coupled Line Models

While distributed transmission lines structures can be coupled to other circuits via lumped
capacitances and inductances, it is often more natural to use a distributed form of coupling
where two transmission lines are brought into close proximity, leading to a mutual capaci-
tance inductance per unit length that couples the two lines. For an exhaustive treatment on
coupled-line analysis, see Ref. [160]; however, we will walk through a derivation for a simple
case where we have only two coupled transmission lines.

We model the coupled lines in the same as we do for the single transmission line in Sec.
[3.3] but with an additional mutual inductance M = mAuz cross capacitance C, = c¢.Ax. The
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Lagrangian in the continuum limit can be written as
lepng 1 Ty -1
L= [dx §<I> Cod — 5896(1) L 0,9, (3.66)
where the node fluxes, capacitance matrix, and inductance matrix are given by
. ¢1 . c1 + C. —Ce o L1 M
(I)_(¢2 €= —Cc  C2tCe L= M Ly

We once again derive the equations of motion from the Euler-Lagrange equation, which
now yields a pair of coupled differential equations,

Co®-L'0,®=0®— (LC)'9,2=0 (3.67)

We then look at solutions of the form

b, = (¢1,i> éz'(:l:k:z—wt)7 (368)
P2+

which results in the eigenvalue equation
[—w’I+ k*(LC) ] (z;i) = [(LC)™ — 1] (g;) =0 (3.69)

We can interpret the eigenvectors as the ratio of the flux amplitudes on each transmission
line for the two normal modes, and the eigenvalues v as the corresponding phase velocities for
the normal modes. In the case of identical transmission lines (¢ = ¢; = {5 and ¢ = ¢; = ¢9),
the matrix (LC)™! reduces to

-1 _ 1 l(c+c.) —me, Le.—m(ce+ c)
(LC)™ = (2 —m?)(c? + 2cc.) (ECC —m(ce+c¢) lc+c)— mcc> (3.70)

From the symmetry of the matrix (LC™'), we see that there should be an even (symmetric)
or odd (anti-symmetric) eigenmode, with eigenvalues

B (¢ —m)(c+ 2c.) B 1
e = \/(€ +m)(l —m)(c+2c)c /(0 +m)e (871)

_ (0 +m)c B 1
Vo = \/(€+m)(€—m)(c+2c0)c T J—m)(c+ 2¢,) (3.72)

If we take the limit where m,c. — 0, we see that v. = v, = \/Le? and we just have two
identical and uncoupled transmission lines.
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Now we look at the impedances for the two modes. To do this, we first write out the two
charge fields as

Q:Vwﬂhi/@C@@:$%C@ (3.73)
and similarly to the single transmission line case, we find
Z=vv'C! (3.74)

For the case of two symmetrically coupled lines, we can write the inverse capacitance matrix
C~! in the eigenbasis

C'=u'C'u (3.75)

e T2 G _11) (C Jcrccc HC_CCC) G _11) (3.76)

2
10
c+2ce

+m

~ =n 0

7V e :(%@ 0) (3.78)
0 [/ £—m

c+2ce

Coupled Lines as a 4-Port Network

and we see that

Given a segment consisting of two coupled lines, we can treat the ends of each individual
transmission line as a port and the coupled-line segment forms a 4-port network (see Fig.
3.9(b)). In the even/odd mode basis, the two “lines” are decoupled, so we can take our result
from the single-transmission line and apply it to each mode. Then, the impedance matrix

should be block diagonal
7— (% 9 (3.79)
0 7,

where the even and odd mode impedance matrices are

7 _ (—iZoicot(l) —iZo;csc(6;)
Zz - (_Z.ZO,i CSC<9’L') —7/-2072- Cot(el) (380)

for i = e, o0, where ; = k;d is the electrical length for each mode (these are generally not
the same). Here, the rows/columns correspond to €, €out, Oin, Oout, SO We can perform a
basis_transformation to express the impedance matrix in the physical port basis shown in

Fig. (b) as Z = uZu”, where

1 0 1 0
1 0 1 1
01 0 -1
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Figure 3.10: Modeling CPW Meanders. (a) A meandered CPW transmission line. The
center-to-center spacing is denoted by s. The tight spacing relative to the CPW dimensions
leads to cross-coupling between different sections of the line and modifies the impedance
response compared to an ideal transmission line. (b) We model the meandered transmission
line by connecting adjacent ports of a set of N coupled transmission lines.

and we obtain the following terms for Z;;:

Ty = Ty = Ty — Zs — —%i(zo,e cot(8) + Zo, cot(6,)) (3.82)
T = Zoy = Ty = gy — —%i(zo,e esc(6.) + Zo g csc(6,)) (3.83)
Iy = Zg) = Zoy = Zyo = —%z’(Zg,e cot(6e) — Zp, cot(6,)) (3.84)
Tan = 7t = Ty — Zsp — —%i(zo,e esc(8.) — Zo, csc(6,)) (3.85)

3.5 Modeling CPW Meanders

Another particularly useful application of coupled-line theory is for understanding the effect
of tightly meandered segments on the frequency of a CPW resonator. As shown in Fig. [3.10]
long CPW segments are typically meandered tightly to reduce the overall circuit footprint
in a device. However, when there are no airbridges and vias between the neighboring trans-
mission line segments, this leads to cross-coupling that changes the impedance response of
the transmission line. To first order, we consider the simplest case where we have 2 coupled
lines, and ports 2 and 4 are directly connected. Making this connection enforces the two
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constraints Vo, =V, and I, = —I4. Then, the voltage current relations can be written as
Vi =Zuh + (Zho — Z1a) Lo + Zy315 (3.86a)
Vi = Zas11h + (Zsg — Zsyg) I + Zs31;3 (3.86b)
‘/2 = 221[1 + (ZQQ — 224)[2 + 223[3 (3860)
=Znh + (Zyg — Zya) o + Zy3l3 =V, (3.86d)

From here, we can write I5 in terms of I; and I3 as

Ja1 — Zo )1 Tas — Zoz )1
I = (Zs1 1) 11 + (Zy3 23) 13 (3.87)
Loy + Lag — Loy — Zy

Now all that remains is to substitute this expression for I, to obtain the new two port
impedances Z;; for i,j € {1,3}. Since the network is completely symmetric and reciprocal,
we must have 2}, = Zj; and Z]; = Z},. We then find

(Zl2 - Zl4)(Z41 - ZQI)

7 =T =711 + 3.88a
M 5 H oy + Zyy — Loy — Zao ( )

Zhg — Z14)(Zag — Za3)
Zo=0" =7 +( 3.88b
1 3 ' oo + Ly — Loy — Zyo ( )

and we compute each of the terms below:

Z22 + Z44 - Z24 — Z42 = 2(222 — Z24) = —2Z'Z070 cot 90 (389&)
Zlg — Zl4 = —’L.ng CSC QO (38913)
Z41 — ZQl = —(Zu — Zl4) = iZO,o CSC 00 (389C)
Z43 — Z23 = —Z.Z[),O CSC 90 (389d)

Substituting this into the Eqgs. [3.88 above, we find:

1.Zy,cs¢?6,

. =La=17 — 3.90
11 33 11+ 2" oot 0 (3.90a)
1. csc? b,
= —52 (ZO,e cot 93 + ZO,O cot 90 - Z0,0m> (390b)
1
= —52' (Zo.ecotb — Zy,tanb,) (3.90¢)
1. Zy,csc? 0
20 =20 = Zyg — —j—2— 2 3.91
13 31 13 22 cot 6, ( a)
1. csc? b,
= —57, (ZO#E cot 96 — ZO,O cot 90 + Z0,0m> (391b)

1
= —52' (Zo.ecot b + Zy, tanb,) (3.91¢)
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Figure 3.11: Frequency shift due to CPW meander. (a) Normalized resonance fre-
quencies for the first 4 modes of a short-circuit A\/4 (dotted lines) and an open-circuit A/2
(solid lines) CPW resonator as a function of the CPW meander spacing s. We normalize
the spacing by the total CPW width w + 2g, where w is the trace width and ¢ is the gap
width. We plot the results for a varying number N of meander segments. (b) Normalized
resonance frequencies as a function of the number of meander segments N. We see that the
resonance frequencies corresponding to 6, = mn/2 do not shift when m is a multiple of N.

To check these equations, we can examine the limit in which the two lines are completely
decoupled (m = ¢, = 0), in which case Zy, = Zy, = Zy and 6. = 0, = 0. Then, the
expressions above simplify to:

1
71 = Z4 = —Ez'Zo(cot 6 — tan @) = —iZ, cot(20) (3.92)
1
Zig = Zy = —éiZo(cot 0 + tan6) = —iZ, csc(260) (3.93)
which matches our impedance matrix for a standard transmission line with electrical length
20 = 2kd.

In practice, we often meander a CPW section with many turns, in which case it is simpler
to analyze the circuit numerically. To do so, we simulate a 2D cross section of N CPW traces
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using Ansys Q2D, allowing us to compute the N x N inductance and capacitance matrices
for a given CPW width w, CPW gap g, and center-to-center separation s. For this study, we
swept s between 40 pm and 150 pm for the fixed CPW dimensions w = 17.1 pm and g = 10
pnm, which yields a characteristic impedance of approximately 50 €2. We then diagonalize the
system and construct the 2N port network corresponding to length d section of N coupled
lines, similar to the N = 2 case from the previous sectionﬂ Finally, we perform a port
reduction to reduce the 2N-port network to a 2-port network by enforcing the boundary
conditions V; = V5 and I; = —I;,5, as shown in Fig. In Fig. [3.11] we show the
impedance response for the resulting meandered transmission line terminated by either a
short or open circuit on one end. We then sweep the CPW spacing s for a varying number
of turns, and we see that the frequency of the poles will shift as the spacing s decreases.
Notably, we find that resonances corresponding to 6,, = mm/2, where m is a multiple of N,
do not shift at all, and that the sign of the frequency shift alternates each time we cross a
multiple of N.

Another subtlety involved with modeling the meandering CPW is that the adjacent
CPW traces are connected with a bend of finite length (Fig. [3.12|(a)). Within the bend,
the spacing between the two lines is no longer constant and the lines are no longer parallel,
making it difficult to exactly model the behavior of this section without falling back to a full
3D simulation. To address this, we introduce a bend ratio rpenq that divides the length of the
bend (lhena = 7s) between the coupled line segments and an uncoupled line that connects the
adjacent ports. Specifically, we increase the length of the coupled line segments by penams/2
at each connection point, and connect adjacent ports via an uncoupled transmission line
section with length (1 — 7pena)7s, as shown in Fig. [3.12(b). For rpeq = 1, the adjacent
ports are directly connected. Fig. [3.12|(c) shows the frequency shift for a d = 5250 pm A\ /4
resonator with N = 10 for both 7,e,q = 0 and 7peng = 1 as function of the separation s.
Here we see that for a typical resonator frequency w, ~ 6 GHz, the frequency can shift by
over 20% depending on the meander spacing s, making it critical that we properly model
this effect.

To validate our analysis, we designed a device with 8 A\/4 CPW resonators, all with a total
length of exactly d = 5250 pm, shown in Fig. [3.12{d). Rather than adjusting the length of
the resonator, we evenly spaced the resonator frequencies by adjusting the meander spacing
s, aiming for a target spacing of approximately 100 MHz. Measurements of the fabricated
device (Fig. |3.12(e)) demonstrated remarkably accurate resonator frequencies, with a mean
resonator detuning of 89 + 3 MHz. In order to determine the value of 7,e,q that most
accurately reflects the true behavior of the system, we fit the measured resonator frequencies
fmeas t0 @ model where we both vary rpe,q and include a correction factor « to the simulated
frequencies fy,. We minimize the quantity

2

8
D i = (14 ) FS (ena) (3.94
=1

"See Chapter 7 of Ref. [160] for more details on the exact procedure.
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Figure 3.12: Experimental validation of meander simulations. (a) A meandered
section of a CPW transmission line. The dotted line separates the bend section, with a
total length ws. (b) A circuit model of the bend. The horizontal transmission line sections
represent the coupled sections, while the vertical section represents an uncoupled section.
We divide the bend length s between the coupled and uncoupled sections specified by a
ratio rpenq between 0 and 1. (¢) The simulated frequency of the fundamental mode of a /4
resonator with a total length d = 5250 pm, for rpeng = 0 and rpeng = 1. The dashed gray
line represents the ideal mode frequency w/2m = v/(4d). We determine nu = 0.404¢, where
¢ is the speed of light in vacuum for a CPW with w = 17.1 pm and g = 10 pm on a silicon
substrate using Ansys Q2D. (d) A rendering of the resonator design, which consists of 8 \/4
resonators all with d = 5250 pm. The resonator frequencies were targeted by adjusting the
meander spacing using the simulated curve for r,e,q = 1 from (c). (e) The phase response
of the microwave reflectometry measurement of the experimental device. (f) A CDF of
the frequency deviations, specified in the sum Eq. The deviations are minimized for
Tvend = 0.3 and a = —0.0072.
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across the 8 resonators, and find a best fit value of @« = —0.0072 and rpeng = 0.3. We
believe that the correction is primarily due to a combination of the kinetic inductance of the
niobium thin film, as well as the silicon overetch of approximately 120 nm, both of which
were not accounted for when constructing the network model used to simulate the resonator
frequencies. Subsequent 2D cross-sectional simulations of a trenched CPW showed that
the phase velocity increases by ~1%, which would result in a corresponding increase in the
frequency.

The remarkable uniformity of the resonator detunings validates this method of modeling
tightly meandered CPW traces, enabling drastic speedups in the simulation of more complex
microwave structures. With only 2d cross-sectional simulations (which can in principle be
run once and saved to a database) coupled with microwave network analysis, we were able
to simulate resonator frequencies to a high degree of accuracy in only a fraction of the
time compared to a full 3D-simulation of the 8 resonator system. The remaining sources of
potential deviation (kinetic inductance, silicon overetch etc.), are also typically not accounted
for when performing 3D FEM simulations, but are straightforward to model with the network
analysis method.

This study highlights just one example of how circuit models can be refined to more
accurately reflect the true device structure, while still retaining computational efficiency.
We expect this type of model refinement and modular simulation to become increasingly
important as superconducting qubit devices scale with respect to both size and complexity
[134]. On the flip side, we can also design individual unit cells with better shielding and
isolation—leveraging fabrication processes like through-silicon vias [82] and superconducting
bump bonding [171} 64| —to ensure that electromagnetic interactions between different unit
cells occur only at well-defined ports that can be accurately modeled with microwave network
analysis. Together, these parallel efforts in model refinement and modular design can make
microwave network analysis a viable alternative to full-wave 3D FEM simulation, enabling
faster iteration cycles and more scalable design workflows.
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Chapter 4

Qubit Control

In Chapter 1, we introduced the basic concepts of qubit control in an abstract setting. In this
chapter, we discuss the practical implementation of both single- and two-qubit gates, aided
by a better understanding of quantum circuits. This will provide the theoretical background
for the work presented in Chapter 5 on parametric gates. While engineering high-fidelity
quantum gates is full of complex subtleties, what we find is that much of this behavior
can be understood by extrapolating the behavior of a driven two-level system. Resonant
coupling leads to population swaps, and off-resonant coupling leads to frequency shifts. We
then discuss the architectural implications of different two-qubit gate schemes and analyze
some of the drawbacks of all-microwave gates with both fixed-frequency transmons and static
coupling.

4.1 Single Qubit Gates

Charge and Flux Drives

To drive a quantum circuit with Hamiltonian H,, we can either charge couple (Q) or flux

A

couple (®) to the system, in which case the driven hamiltonian looks like
H=H,+Hy=H, — I({t)®,1(a+a") +iV()Qup(a’ — a) (4.1)

where I(t) and V(t) are classical drive currents and voltages that couple via the flux or
charge degrees of freedom. Here we note that /(t) and V (t) are defined at the circuit node
and are typically rescaled by a coupling quality factor /@, with respect to the drive current
or voltage at the control line. If we define

Eé(t) = (I)zpfj(t) <’50(15) = szfv(t) (42)

as the effective inductive and capacitive drives with units of energy, we see that the total
effective drive is

Hy = —[eo(t) +ic.(t)]a — [go(t) —ice(t)]a’ = —e(t)a — &*(t)a’ (4.3)
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where e(t) = g,(t) + ie.(t) is the combined drive amplitude. Here we see that current and
voltage driving act out of phase with respect to each other, which reflects their status as
canonically conjugate variables. In most cases, we drive the system with a periodic drive, so
we consider e(t) and e.(¢) of the form

eo(t) = Qu(t) cos(wat + de) = % [ﬁg(t)eiwdt + ﬁ;;(t)e—w} (4.4)
eu(t) = Qu(t) cos(wqt + 6) — % [Gu(r)eest + 3z (t)e o] (4.5)

where §(t) (§2.) represents a real-valued envelope amplitude for the flux (charge) drive, wy
is the drive frequency, and ¢, (¢.) is the phase of the flux (charge) drive. In the second
equality we fold the phase of the drive into a complex amplitude €, Je(t) = Q(t)e e,

At this point we can apply a unitary transformation Us = exp [iH t] to move into the
rotating frame of the system, and the interaction Hamiltonian becomes:

H = UHU! +iUU! = H, + UHU! — HUU! = U,HyU! (4.6)

At this point, we must pick a basis to evaluate the Hamiltonian in. Since we are primarily
concerned with the dynamics between the different eigenstates of the system hamiltonian
Hy, it makes the most sense to work in the basis where Hy, = ) w,|n)(n| and U; =
>, e“nt|n)n| are both diagonal. Then we have

UsaU] = Z Apme” "t In)(m| (4.7)
mn
where a,,, = (ns|a|ms) are the matrix elements a in the system eigenbasis and wy,, =

Wm — Wy is the transition frequency between |m) and |ng). This results in the full drive
Hamiltonian:

H} = U,HyU} (4.8a)
= —% [Qg(t> + zﬁc(t)] Z A Bt I Ny (4.8b)
_ % 5(1) + i05(5)] 3 e o (4.8¢)
+ c.c. (4.8d)

where A, = Wpm — wq and X, = Wpm + wy are the sum and difference frequencies between
the drive and each transition.

While this is a rather complex Hamiltonian, it can generally be simplified in practice with
proper system engineering. For the transmon and other weakly anharmonic systems, the
eigenstates are approximately the Fock states |n), so a,, = \/ﬁénjq,mﬂ and is fairly sparse.

IHere, 6, is the Kronecker delta function
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Figure 4.1: Generalized rabi driving of a two-level system (a) The bloch sphere tra-
jectories of a driven two-level system starting in |0), for several different detunings A. We
see that as the detuning increases, the axis of rotation tilts closer toward the poles. (b)
Level diagram of a two-level system showing the detuned drives. (c¢) A 2-D plot showing the
population transfer between the |0) and |1) states as a function of both drive detuning and
time (both are normalized to the drive rate 4). This results in the well-known “chevron”
pattern. The oscillation rate increases, and the contrast decreases, as we go to higher de-
tunings. (d) The expectation values along o,, 0, and o, for different drive detunings.

For highly anharmonic systems such as a fluxonium qubit, this is no longer true and the
drive operator a can contain additional non-zero matrix elements in the system eigenbasis.
However, the symmetries in the Hamiltonian will typically suppress many of the possible
matrix elements. Furthermore, we can typically truncate the drive Hamiltonian and isolate
a particular transition |i)-|7), provided that the other allowed transition frequencies involving
i) and |j) are sufficiently detuned from w;;. This justifies the importance of studying gates
using the two-level approximation, since the dominant effects of flux or charge driving can be
captured with a truncated Hamiltonian involving only two levels, with additional corrections
added back in perturbatively. In the following sections, we will also study these corrections.

Two Level Approximation

We start by reviewing the two-level approximation, and we can choose m = 1, n = 0 without
loss of generality. We drop all other terms by arguing either that the matrix element is
sufficiently small, the term does not involve either |05) or |15), or the transition frequency is
sufficiently detuned from wp;. If we let ap; = aj, = ¢ be the scaling factor due to the matrix
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element (g = 1 for the lowest transition in the fock basis), the resulting drive Hamiltonian
in the system frame looks like:

H, = _g Qa(t)e ™ + ﬁg(t)e_izt] 10,)(1,] + c.c. (4.9)
where Q (t) = Qu(t)+i€,(t) is the co-rotating (or beamsplitter) drive amplitude and Qg (t) =
Qy(t) + 1Q:(t) is the counter-rotating (or squeezing) drive amplitude. We can write Qa =
Qae?s and Qs = Qxe™, where

. Qysin ¢y + Q. cos @,
Qa = /2 + Q2 +20.0 — Pe ¢ - 0
A \/ 792+ esin(de — ¢c) WON = o pr — Qesin ¢, (410
. Q. cos ¢, — Sy sin ¢y
Oe = J2 402 —20.0 _ - 411
2 \/ ¢ 4% S sin(gr — @) tan ¢x Q. sin ¢, + €2y cos ¢y ( )

and we see that the co-rotating and counter-rotating terms may have different amplitudes
and phases. For now, we will drop the counter-rotating terms and consider a resonant drive
with constant amplitude. The drive Hamiltonian simplifies to

Hy = = |9 [0X1| + 24 104 (4.12)

and the resulting unitary evolution becomes

S . cos (£Qat) —ie'®2 sin (4Qa1)
Ualt) = exp [-iHqt] = (—z‘e’ld’A sin (£Qat) cos (£Qat) (4.13)
Given an initial state |0,), the population Py in the state will be
/ 2 2 (9 1 1
Py =1 (0| Uj(t) |0s) | = cos (EQAt) =3 + 5 cos (gQ2at) (4.14)

and we see that this leads to oscillations at a rate g€la between the two states.

Detuned Driving: AC Stark Effect

Now, we relax the first assumption that the drive is resonant, and consider what happens
when the detuning Ay, = wg; — wy is non-zero. Then the drive Hamiltonian becomes

Hy = =2 [Qae 7 o)1, + B4 1,0, (4.15)

where we continue to ignore the counter-rotating terms. To solve for the dynamics exactly,
we can remove the time-dependence by transforming into the frame of the drive, keeping
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in mind that we are now leaving the system frame. We apply the unitary transformation
Udrive = exp [i2 At (|0,)0,] — [15)(15])] to obtain a new effective Hamiltonian H};:

975 S A
Hy = =5 [8a 10)L] + 4 1LXO] = 5 10.)0] = [L)L] (4.162)
1 A gaeioa
1 1
= —§gQA (cos pao, — sinpaoy) — §AUZ (4.16¢)
= —%ﬁ x4 (4.16d)

Here, we see that the new Hamiltonian H] looks like a rotation operator along an axis

n = (gQa cos da, —gQasin da, A) /A, where A = /g?Q4 + A2. The rotation axis is now
tilted such that its angle  from the Z-axis is

o 9€2a
tan § = X (4.17)

and the precession frequency is modified as A. In the limit A — 0, § — 7/2, A — ¢Qa
and we recover the resonant case where the drive leads to a rotation around an axis in the
XY-plane. In the other far-detuned limit (A > ¢€;), 5 — 0 and we see that the drive now
leads to a Z-rotation. The time evolution under this Hamiltonian is given by

Uj(t) = exp [—iH]}t] (4.18a)

B At 1 . (At A gQpei®a
_cos<2)I—Xsm< ) (gQAe i _A (4.18Db)

However, we recall that this propagator is acting on the modified states Ugyive |¢> so the time
evolution operator acting on the original basis states is given by U}(t) = Ul UY(t)Usive
and we have

(1) = ( cos (%) — zﬁ sin (/;t) —z'g?\A sin ( . ) i(¢pa— ))) (4.19)

(998 gin (A1) e70a=AD o5 (A1) 4 2 sin (4

Following the previous section, we can once again look at the population P as a function of
time given an initial state |Og):

Py = | (04 U4(£) |04) 2 = cos (At> +i—§sin (%) (4.20a)
_ %(1+008(At)) QA; (1 - cos(AD)) (4.20b)
1 (1 4 i—j) 41 (1 _ i—;) cos(At) (4.20¢)

o (1) [0 o
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From the above equation, we see that the off-resonant driving leads to faster oscillations in
Py but with a reduced amplitude that scales as Q4 /A% In the limit where gQa < A, these
oscillations become negligible and we can write the propagator U/(t) as

—it(A-A) 0
e '3
Uy(t) = ( 0 6¢§(A—A)t>

(4.21)

where we approximate A/A ~ 1 and gQ2a/A ~ 0. This now looks like a Z-rotation with an
angle 0(t) = (A — A)t, which is equivalently interpreted as a drive-induced detuning

202
A—A= /PO +A2—Ar g;iﬁ (4.22)

Since A = wg; — wy, we see that this leads to a positive frequency shift when wy < wp; and a
negative frequency shift when wy > wpy. This frequency shift is known as the AC stark shift.

The above derivation relied on the fact that ¢gQa < A. In the following, we will show
that the AC stark shift is still present in the strong-driving limit, depending on the choice of
basis. To do so, we return to the drive Hamiltonian H in the frame of the drive (Eq. [4.16).
We then diagonalize this Hamiltonian to find the new eigenenergies, A, and eigenstates under

the driven Hamiltonian: ]
AL = i§\/g2QQA + A2 =4A (4.23)

o B B
_ — Sin bl . _ COS bl
[+)a (e"'m cos ﬁ) =)a (e""f’A sin ﬁ) (4.24)

2 2

where cot § = QQAA defines the mixing angle 3. We choose to define the angle with respect to
cot ﬂﬂ so that we can restrict 3 to the domain [0, 7]. Here, we see that for A > 0, f < /2
and |+), will have more overlap with |0s). For A < 0 this is flipped. Thus the effective
detuning from the drive in this eigenbasis is

For — wy = wy —w_=A  (A>0) (4.25)
’ w.o—wy=—-A (A<0) ’

We then find the effective frequency shift relative to the original transition frequency as

Wo1 — wq = sgn(A)A (4.26a)
(:)01 — Wo1 = SgIl(A)A — Wo1 + Wy (426b)
Wo1 — wo1 = sgn(A)A — A (4.26¢)

Here, we once again see that the transition frequency wy; is shifted down for A < 0 = wg; <
wg, and it is shifted up for A > 0 = wg; > wy, which agrees with our previous derivation of
the AC stark shift in the far-detuned limit.

2Note that 8 ends up being the same as the previous section modulo 7.
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Here, we have shown how the same system, an off-resonantly driven two-level system,
can exhibit two types of behavior. In the small detuning limit, which one is relevant depends
on the the eigenbasis. If our computational states are the dressed eigenstates |+),, we will
observe an effective frequency shift. If our computational states are the original system
eigenstates |0s), |15), we will observe small off-resonant oscillations. However, we can map
between these sets of eigenstates if the drive envelope Qa(t) is varied slowly. According to
the adiabatic theorem, the system will follow the instantaneous eigenstates up to a phase
provided that

(—=alHa) < wy —w_]| (4.27)
Here, we observe that ‘+> A= —%B |—) 5, so the adiabatic condition becomes
1. 1d A

Bl === TR — 4.2
= o ()| 4
|l 924 — g2 A (4.28b)

2\ ¢20% + A? g>0% '
1[gQaA — gQaA

_ LlgfaA — gl (4.28¢)

2 A?

For a fixed detuning A, this means that we cannot ramp 2 too fast relative to the detuning
if we want to adiabatically realize a stronger AC stark shift.

Beyond RWA

Now that we understand the dynamics well under the RWA, we consider the effect of the
counter-rotating terms. For a resonant drive, the Hamiltonian in the system frame looks like

Hy= =2 [Qa®) 10)L] +c.c| = [ Qe + c.c| = Ha + Hs(t) (4.29)

where we treat the time dependent terms Hy(t) as a perturbation on top of the time-
independent RWA hamiltonian Hx. When the drive strength 2y, is no longer small compared
to 3, this leads to a secondary oscillation at a frequency ¥ = 2w, with amplitude Qy /3.
Fig. shows the simulated trajectories of a driven two-level system for different values
of Qx/%. We see that as (y approaches X, the amplitude of the secondary oscillations
increases and can cause a meaningful deviation from the desired trajectory of the system.
The Fourier transforms of the expectation value (o,), shown in Fig. |4.2(c) and Fig. [4.2(f),
reveal additional peaks at ¥+ 2y, which validates the frequency of the secondary oscillation.
Finally, we note that in the adiabatic limit, we can also treat the counter-rotating drive as
an off-resonant drive that leads to an effective frequency shift dw ~ % This frequency shift
is known as the Bloch-Siegert shift [20].
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Figure 4.2: Non-RWA effects on a driven two-level system. The counter-rotating
terms in the driven Rabi model affect the system dynamics when {2y is no longer small
compared to ¥. (a) The Bloch sphere trajectory of a driven two-level system starting in
the |0) state when ¥ = 10Q2x. We see an additional oscillation on top of the trajectory
that occurs at a frequency X. (b) The projected o, oy, and o, expectation values of the
trajectory. We see beating in the dominant Rabi oscillation dynamics. (c¢) The FET of the o,
trajectory shows peaks at Qa, 2, and ¥ £ Q5. This confirms the frequency of the secondary
oscillation. (d)-(f) The same as (a)-(c), but for ¥ = 50Qs.

Drive Polarization

One important point that we have overlooked so far is that the effective drive amplitudes
of the co-rotating and counter-rotating terms depend on the relative amplitudes and phases
of the inductive and capacitive drive strengths. From Eq. we see that when the drive
strengths are the same, Q. = Q, = Q, and ¢y — ¢. = 7/2

Op = Q4/2 + 2sin (g) =20 Qg =04/2 - 2sin (g) ~0 (4.30)

and the counter-rotating terms completely vanish. Here, the flux-driving field leads the
charge-driving field by a phase 7/2, which is reminiscent of the phase relationship between the
magnetic and electric fields in left-hand circularly polarized lightﬂ Under these conditions,

3Similarly, the co-rotating terms cancel if ¢, — ¢. = —7/2, corresponding to right-hand circularly polar-
ized light.
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RWA is no longer an approximation, but becomes exact. This can be useful in cases where
the drive strengths are no longer small compared to the drive frequency (€2 ~ wy). This type
of circularly polarized driving was first demonstrated in NV centers [118], and more recently
in superconducting circuits with a fluxonium qubit [173]. It was also discussed in Ref. [174]
under the name balanced driving.

While circularly polarized driving can be a clever method to eliminate error contributions
from the counter-rotating terms, it comes with the hardware overhead of an additional control
lindﬂ. Moreover, it is not strictly necessary to fully remove the counter-rotating terms at all
times. What matters is that the final integrated unitary is correct — the exact trajectory
of the qubit state is typically irrelevant, since dynamical phases from the trajectory can be
easily corrected. This enables for alternative solutions such as commensurate pulses, where
the pulse start and end times are set to integer multiples of (2wg;)™! [173], or pulse-shaping
techniques such as DRAG, which can suppress such non-adiabatic drive terms [141].

Multi-level Systems

While we try our best to engineer non-linear circuits with pairs of states that can be well
approximated by two-level systems, it is important to account for errors in the target unitary
due to these neighboring and off-resonant levels. We will address most of these potential
errors in the context of the transmon, which typically has a weak nonlinearity |«| ~ 0.05wq;,
but the analysis applies to arbitrary systems. In analyzing these systems, we will find that
many of the corrections can be understood to lowest order as resulting from off-resonant driv-
ing of another two-level system. For simplicity, we will also assume that we are capacitively
driving so that €2, = 0 and QA = i), = Q and Qy = —iQ2. = —€.

We begin by looking at the presence of the |2) state in a transmon, where the anharmonic-
ity is negative (o < 0) and defined as o = w3 — wpy. For the transmon, we have non-zero
Unm = V/NOpi1,m, SO when we drive the system at a frequency wpi, the |1)-|2) transition
will experience an off-resonant drive with detuning . From our previous analysis, we know
that off-resonant driving in the diabatic limit will lead to unintended population transfer
at the level of Peakage ¢ 22/A? ~ Q?/a?. For typical transmon qubits, where /(27) < 10
MHz and a/(27) ~ —250 MHz, this amounts to a leakage error on the order of 0.1%, which
might seem small until we remember that we are trying to achieve gate errors below 1074
While this is a coherent process, any population in the |2) state will gain a phase at a rate «
relative to the |1) state, which can prevent its return to the |1) state and cause a buildup of
population in the leakage state. This can be seen in experiments where a variable time delay
between consecutive gates is swept, and coherent constructive or destructive interference
appears at time delays that multiples of 1/af] [120].

41t is possible, in principle, to implement circular driving with a single control line and a quarter-wave
delay, as noted in Ref. [174], but this imposes a narrow and fixed band of operation that can be difficult to
target for a fixed-frequency qubit.

5The ramsey error filter (REF) discussed in Ref. [120] becomes a convenient way to amplify leakage for
calibration.
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The off-resonant driving of a neighboring state will also cause an AC stark shift that
changes the frequency of the target transition, leading to rotation errors [129]. Again, we
can approximate the Stark shift using our two-level system derivations above and we find that
the Stark shift will be approximately Ag; = —A9/2 &~ —0? /oﬁ For the typical transmon
parameters quoted above, this represents a frequency shift of &01 ~ 4400 kHz, leading to a
tilt in the rotation axis of ~ 3° and a corresponding phase error.

As mentioned in the previous section, whether the off-resonant driving of the neighboring
transition leads to phase errors or leakage errors depends on whether the pulse shape (t)
allows for the adiabatic tracking of the driven eigenstates. From Eq. (.28 we know that
this non-adiabatic correction is of order QA/A% ~ Q/A. To overcome this error, a wide
variety of pulse-shaping techniques have been developed over the years under a framework
known as shortcuts to adiabaticity (STA), which all endeavor to minimize the non-adiabatic
terms in the time evolution with clever pulse shaping. The first of these techniques and most
commonly used of these techniques is DRAG [142, |66], in which an out of phase component
proportional to iQ(t)/A is added to the control pulse to cancel the non-adiabatic terms.

Once the non-adiabatic terms have been canceled to the desired order, the remaining
effect of the neighboring levels are phase errors and detuning errors from the stark shift or
a DRAG correction. One way to compensate for such errors is to add an equal detuning to
the drive frequency, so that the effective rotations are no longer tilted [35]. The downside of
this approach, however, is that the optimal pulse frequency now depends on the amplitude
|| of the drive. This makes it more difficult to decouple the pulse parameters for sequential
calibration. A better approach is to leverage Z gates before and after a rotation to compen-
sate for the axis tilt, which are conveniently zero-cost with virtual-Z gates [129]. We will
analyze the conditions under which this is possible below.

If we look at the diagonal elements of the unitary in Eq. [£.19] we see that these can be

expressed as
At A At 0 ,
cos (?> + ZX sin (7) = cos (5) e*ia (4.31)
where the angles # and « are defined by
6 At A? At
Z = 2 [ 22 — gp2 (=
COSQ_\/COS <2>+A28m (2) (4.32)

A At At
tana = X tan (?) = cos  tan (7) (4.33)

Using some basic trigonometric identities, we can show also that

0 0  9Qa . (Al o (AT
_ = — 2 _ — —_ —= —_—
sin o 1 — cos 5 A sin ( 5 ) sin 3 sin < 5 ) (4.34)

6Since it is the |1)-|2) transition that is Stark-shifted, only half of this shift will contribute to the |0)-|1)
shift, and the sign will be flipped.
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allowing us to rewrite the unitary in Eq. as

1e" [ _iot(pa—AL) qiy @
m@:( €., 02 T F%>:&@mﬂa%—Amu@ (4.35)

—je~{Pa—A) gipy 4 ' cos §

The result is that detuned driving is equivalent to a rotation of # about an axis in the XY-
plane sandwiched by two Z-rotations. One caveat, however, is that the range of accessible
rotation angles ¢ is reduced such that |¢| < 23. For a resonant drive, # = 7, so there is no
such restriction. The geometric picture for this limitation is that the tilted rotation must
cross through the plane defined by 2z = cosf in order for us to reach the target state with
only Z-rotations. However, as long as this condition is met, we can always correct for the
effect of the detuning by applying two Z-rotations R,(—a) before and after the detuned drive
and adjusting the phase ¢a to compensate for the detuning:

Ry (0, ¢a) = Ra(—a)Uy(t) Ry(—cv) (4.36)

While this may seem like good news, it comes at the cost of a longer gate times for a fixed
drive strength €. For a given rotation angle 6, we can implement the rotation resonantly
A =0 in a time 7, = 6/Q. Then, the time it would take to implement the same rotation
with a detuned drive (74) is given by

2 0 A
= — in |sin —— 4.37
Tq = arcsin [sm 5 Q] (4.37)
While it is not straightforward to simplify this any further, we can prove a bound on 7, for
the range 0 < 6 < m. In this range, we know that sin(6/2) is monotonically increasing. We
also now that A/ > 1, where the bound is saturated for zero detuning. Since the derivative
of arcsin(x) is strictly greater than 1, this implies that

9A}>9A__WA (438

arcsin {sm sal23g= 3
and we conclude that 7, > 7. This bound is clearly saturated for A = 0, where A = € and
the above equation becomes an equality. But as the detuning increases, 7; must also increase
relative to 7. To see how much this increases, consider a common situation where we want
to do a m/2 rotation. On resonance, this will take a time 7, = 7/(2€2). The largest detuning
that still allows us to implement such a rotation occurs for A = €, which implies that
A = V29Q. Then, we find 75 = v/27/(2Q) = /27,, which is approximately 41% longer than
the resonant case. The above analysis reinforces the notion that resonant interactions are
always faster for a fixed interaction strength. However, in most cases, the effective detuning
caused by neighboring transitions is sufficiently small so that the increase in gate time is
negligible. In these instances, the simplicity of correcting phase errors with virtual-Z gates
significantly outweighs the minor increase in gate time.
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4.2 Two-Qubit Gates

Capacitive and Inductive Coupling

In order to engineer entanglement between two qubit modes, these modes must be coupled
so that they can share energy. In analogy to the microwave flux and charge drives that allow
us to drive single-qubit gates, this coupling can be either inductive or capacitive in nature.
Here, one can think of the quantum field of one qubit mode as driving the other mode, with
the main difference being that this also leads to backaction on the first qubit.

Given two system Hamiltonians H;, Hs, a general form of the coupling Hamiltonian via
a capacitance or mutual inductance is of the form

H=H,+ Hy — go(a+a)(b+b") — g.(a —a")(b— 1) (4.39)

where ¢, and g. are the inductive and capacitive coupling strengths derived in Section [2.3]
Again, we can group into energy conserving terms ab’, a'b and two mode squeezing terms
ab and a'b', so that the coupling Hamiltonian is

H, = —ga(ab’ + a'b) — gs(ab + a'd") (4.40)

where ga = g¢ — g. is the beam splitter coupling strength and gs, = gs + g. is the squeezing
coupling strength. Like in the driving case, this can lead to an addition or cancellation of
the two effective coupling strengths depending on the signs and strengths of the physical
coupling strengths. As a result, “balanced” coupling can be achieved when g. = —g, [174].

Again, we can move into our effective computation frame by making a unitary trans-
formation that cancels the bare system dynamics. We let H, = H, + H, and we work in
full system eigenbasis where both H, and U, = /st are diagonal. If H, and H, are fully
decoupled such that [H,, Hy] = 0, we can write U, = U,U, = UpU,, where U; = ¢fi* and
the interaction Hamiltonian will contain terms that look like

Uy(a @ b)U! = (U,aUl) @ (U,bU}) (4.41a)
= Z Uy Dy € CramatOmumo) g m, Mimgmmy| (4.41b)

Na ,Np,Ma,Mp
Uy(a @ bUT = (UaU)) @ (UbTU)) (4.41c)
= Z anamab;bnbe’i(”"‘lma —wnymy,) [Ty (M| (4.41d)

Na,,Tp,Ma,Mp

Here, the matrix elements a,,m, = (na|a|mq) and by, = (np|b|mys) are defined in their
respective eigenbases, which may or may not be the Fock basis. This results in an effective
coupling Hamiltonian that looks reminiscent of the drive hamiltonian we saw in the single
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qubit case:

H; =U,H.U; (4.42a)
= — gA Z anamab* @_i(wnama _Wnbmb)t |nanb><mamb| (442b)

mpnp

Na Ny, Ma,Mp

—gn Z iy Dy € Cramatomm)t in nNomamy| + c.c. (4.42¢)

Na,,Np,Ma,Mp

where we have sum and difference frequencies between energy levels that are connected via
a non-zero matrix element.

Resonant Coupling

For a transmon qubit, the system eigenstates are approximately the fock states, allowing us
to simplify the interaction Hamiltonian to

0 0 0 gse 0 0
0 0  gae 8 0 0 0
0 gaett 0 0 0 0
H = — gzezEt 0 0 0 \/igAei(Afab)t ﬁgAe*i(AJraa)t
0 0 0 V2gae iAot 0 0
0 0 0 V2gaelAtaalt 0 0

(4.43)
where A = w((ﬁ) — wéﬁ) and ¥ = w[(ﬁ) + w[(ﬁ) are the difference and sum frequencies between
the two transmons, and «; are their anharmonicities. Here, we notice that due to the
nonlinearity of the transmon, the matrix elements connecting each pair of levels evolve at a
different frequency, which allows us to select for a transition. If the qubits are tunable, we can
engineer time dependent detuning A(¢) that allows us to selectively turn on an interaction.
Suppose we bring the two transmons into resonance such that w, = w, = A = 0. Then, the
matrix elements (01| H. |10) and (10| H.|01) will lose their time dependence and be the only
“slow” terms in the Hamiltonian. The resulting Hamiltonian will then be

H' ~ ga [J0110] + |10)01]] (4.44)

which looks exactly like the Hamiltonian for a driven single qubit (see Eq. [4.12). The
resulting unitary will also look similar, and if we embed this back into the full two qubit
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Hilbert space, we obtain

1 0 0
) — e litgl = |0 coslaat)  —isin(ga
Uy(t) = exp [—iHt] = 0 —isin(gat) cos(gat)
0 0 0

(4.45)

_— o O O

This again looks like a rotation, but with a rate 2ga and about a fixed rotation, since there
is no phase associated with the coupling. However, since it spans a non-local subspace of
the two-qubit Hilbert space, it leads to swapping of population between the two qubits, and
can be used to generate entanglement. In particular, we obtain the unitary for an iSWAP
(VISWAP) if we set gaT = 7/2 (gat = 7/4).

Due to the frequency selectivity of these transitions, we could also choose to do a rotation
in the |11)-|02) (set w, = wp+ay) or [11)-]20) (set w,+a, = wy) subspaces. Here, the resulting
rotation leads to an excursion outside the computational subspace, but if a full 27 rotation
is performed, both the |11) and |02)(|20)) states gain a phase cos(m) = —1, and the resulting
unitary in the computational subspace looks like a CZ gate. This geometric phase arises
from the total solid angle area enclosed under the closed trajectoryﬂ On the other hand,
suppose we do a full rotation such that ga7™ = 7. Then we find that although U)(t) leads
to a phase €™ = —1 on both |01) and |10), this is equivalent to a R,(w) rotation on each
individual qubit and no entanglement is generatedﬂ

Given that we can generate 3 different classes of maximally entangling two qubit gates
with these resonant subspace rotations, a natural question to ask is which one is better. From
the perspective of gate speed, it would seem that the vViSWAP is the clear winner, since it the
smallest rotation, it can be implemented theoretically in the shortest time gaT = 7/4. For
a fixed coupling rate, the iSWAP gate takes twice as long as the v/iSWAP and the CZ takes
V2x longer than the iSWAPﬂ On the other hand, the iISWAP-like gates generally suffer
from more control error, due to off-resonant interactions in the two-photon subspace. Just
as with single qubit gates, this off-resonant coupling can lead to either population transfer
to leakage states or a frequency shift in the relevant transition, depending on whether it is
adiabatic. In the two photon subspace, the Hamiltonian looks like

0 \/i% \/égA
Hyp = | V29a —ap + A 0 (4.46)
\/EQA 0 —Qq — A

"The fact that a 27 rotation leads to a phase -1 is related to the double-covering of SU(2) over SO(3).
It takes a 47 rotation to obtain a true identity operation.

81t is often said that the |11)-|20) rotation can generate entanglement because it involves an intermediate
state that is outside the computational subspace. However, this cannot be correct since the |11)-|20) is still
entangling for a system of two qutrits, despite the trajectory being contained within the two qutrit Hilbert
space.

9We gain a factor of v/2 since the coupling rate in the subspace is v/2ga, but we need to do a full 27
rotation instead of a m rotation for the iISWAP.
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Figure 4.3: Fermionic simulation gates. The phase space of the fSim or fermionic simula-
tion gates, which are parameterized by a swap angle  and a conditional phase ¢. Many differ-
ent canonical two-qubit gates lie within this space of gates, including the iSWAP, v/iSWAP,
CZ/CNOT gate and the Berkeley gate [216].

where we remove the time dependence in the Hamiltonian by making a unitary transfor-
mation U(t) = @~ |02)(02] + ¢(@a+2)t20%(20(]. In general, this is difficult to analyze
analytically, but when the two qubits are on resonance (A = 0) and their anharmonicities
are equal a = a, = oy, we can block diagonalize the Hamiltonian by moving into the basis
defined by [11), |B) = (]02) + [20)) /v/2 and |D) = (|02) — |20)) /+/2. In this basis, Hy, is
transformed to

0 29a O
Hyy =129 —a 0 (4.47)
0 0 —«

and we see that the state |D) decoupleﬂ completely from the computational state |11).
The remainder of the system looks like the off-resonantly driven system, so this will lead to
off-resonant population swapping between |11) and |B) at rate A with a maximum leakage
population Pleakage = (49a/A)?, where A = /1693 + o according to Eq. If the
gate is non-adiabatic and the coupling ga is also tunabldﬂ, this leakage population can be
minimized by carefully matching ga to a such that A = 4ng for n € Z [12]. Otherwise, A(t)
must be ramped slowly enough and ga must be small enough such that the eigenstates in
the two-photon manifold follow an adiabatic trajectory where there is no population transfer
and the states only gain a phase.

Even if leakage is suppressed for the iISWAP-like gates, the remaining phase accumulation
due to the off-resonant coupling can still be problematic. Unlike with single-qubit gates,

0The states |B) and |B) are often referred to as “bright” and “dark” states, since the dark state |D)
decouples from the rest of the system.

"Even if ga is not tunable in the traditional sense, it typically scales linearly with frequency (g o< w).
Then, the “fixed” value of g can be fine-tuned by selecting the interaction frequency w = w, = wp
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the frequency shift on the |11) state leads to an entangling phase, which cannot be easily
corrected with virtual phase updates. This leads a modified unitary

1 0 0 0
0 cos(f) —isin(f) O
0 —isin(f) cos(fd) O
0 0 0 el

— {Sim(6, ) (4.48)

where ¢ is the extra entangling phase, and this unitary is often referred to as the fermionic
simulation gate [99, 65]. Generally speaking, an extra conditional phase on an iSWAP gate
will reduce the entangling power of the gate. In fact, if ¢ = m, the unitary becomes locally
equivalent to a SWAP gate, which is fully classical. Small values of ¢, however, can generally
be tolerated by adapting compilation algorithms to account for the “non-standard” gate in
many NISQ experiments. In fact, Google Quantum AI’s 2019 supremacy experiment used a
“Sycamore gate” (fSim(0 = 7/2,¢ = 7/6)) as their primary entangling gate for the random
circuit sampling [4]. In other cases, when a true iSWAP is needed, the ga can be lowered
at the cost of a longer gate time, since the phase ¢ o< ga /a.. Then, any residual conditional
phase can be “balanced” with single qubit rotations to redistribute the phase with virtual Z
gates to the |01) and |10) states, which lowers the effective coherent error on the gate [56,
132).

The CZ gate by construction does not suffer from these conditional phase errors, and as
a result, it is often preferred to the iSWAP-like gates. This is especially true in the context
of QEC circuits, which up until recently were thought to be efficiently implemented only
with CNOT/CZ-like gates |126]. However, the diabatic CZ gate naturally suffers from more
leakage, since the |20) (or |02)) state is explicitly fully populated during the gate. One
solution to this leakage problem is to engineer an adiabatic trajectory such that the |20)
(]02)) state is never explicitly populated.

Off-Resonant Coupling

While the resonant coupling discussed so far is a simple and straightforward way to imple-
ment fast two qubit interactions, we can still obtain an entangling in the detuned limit, just
as with off-resonant driving. This was alluded to when discussing conditional phase errors in
the context of the iISWAP-like gates, and it is often called a ZZ-interaction, since o, ® o, is
the generator of a conditional phase rotation. We can alternatively think of the conditional
phase or ZZ-interaction as state dependent frequency shift, since the state of one qubit will
add a +o, term to the Hamiltonian, which is proportional to the qubits frequency, and we
define the ZZ rate ( as

¢ = (w11 — wio) — (Wor — woo) (4.49a)
= (w11 — wo1) — (w10 — woo) (4.49Db)

= Woo + W11 — Wo1 — W10 (449C)
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which is the frequency difference between the target qubit when it’s spectator qubit is in the
|1) state versus the |0) state. It is worth noting that the definition is symmetric with respect
to which qubit is designated the spectator and which is the target. This is problematic
for single qubit gates, since a resonant drive on one qubit that was calibrated when the
neighboring qubits were in the ground state will now be off-resonant if the neighboring
qubits are in the excited state. As a result, we typically want to keep ( < T'y, since the
dephasing time I'y sets a limit on the frequency precision of the qubit.

We now calculate the ZZ rate ( as a function of the coupling strengths ga, gs. While this is
often calculated in the literature using a Schrieffer-Wolff transformation, we believe that this
effect is more clearly understood through the lens of perturbation theory. Suppose we have
two transmons with fixed fundamental frequencies w,, w, such that their detuning A = w,—w
is also fixed. If we also have a non-zero coupling term, like in Eq. [4.40] that is always
present, the computational states become the eigenstates of the joint Hamiltonian, with
shifted eigenfrequencies. We can calculate the perturbed eigenfrequencies with perturbation
theory, treating H,. as a perturbation on top of H, and H,. Since (nm| H.|nm) = 0 for all
states |[nm) (H. is zero along the diagonal), the first order frequency correction vanishes and
we must go to second order in perturbation theory. If we only consider the lowest two states
of each transmon, the second order corrections to the energies are

(2) g% 2) gi 2) QQA (2) 9%
Woo = S Wo1 = Wh — N Wiy = We T+ N wyy =X+ 5l (4.50)
so the total ZZ rate ( is given by
2 2 2 2
95 9% gA 9ga
(=45 -5 @t W) (4.51)

Surprisingly, although both qubit frequencies are shifted by the perturbation, there is no
conditional frequency shift if both systems are true two-level systems.
If we take into account the higher levels of the system, we find the additional corrections

2 2 2
2 g 2g 2 g
w(()l) = wp — KA > +qu, wéo) = _KE (4.52a)
2 2 2 2 2
2) _ ga 293 @ _y, 9 _ 297 _ 207 4.52b
1o wa+A Y+ a, Y1 +Z a, +FA oy — A (4.52b)
and the ZZ rate is now
1 1 1 1
= —2¢> 24> 4.53
¢ =294 aa+A+@b—A]+gz[E+aa+Z+ab (4:53)

The second term is typically dropped@, since ¥ = w, + wp is usually 10-100x larger than
A = w, — wy, making it small with respect to the first term. It is instructive now to examine

12 Although some recent works, such as Ref. [113], argue for retaining this term.
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the various limits of the first term in Eq. [.53] As ay,a; become very large compared
to A and ga the systems involved will closer approximate at true two-level system and
we see that ¢ — 0 in agreement with our previous analysis. This tells us that the ZZ
interaction is completely a higher-level effect. In the opposite limit, where a,,a;, — 0 the
level shifts cancel out as well, so the ZZ-interaction is also a nonlinear effect. For practical
systems that are only weakly anharmonic, the simplest way to minimize the ZZ-rate is to
reduce the coupling rate ga or increase the detuning A, both of which suppress the off-
resonant interaction. However, if neither of these is possible due to other constraints, we can
also employ more exotic strategies to suppress the interaction. One such method involves
coupling a transmon to a capacitively shunted flux qubit, which has a frequency tunable
anharmonicity that can be made positive in contrast to the negative anharmonicity of the
transmon [109, 218]. If the anharmonicities a,, oy are equal magnitude but opposite in sign
(g = —ayp), we see from Eq. that ¢ = 0.

Finally, we note that even when both systems are transmons such that a,,a; < 0, all
hope is not lost. Under these circumstances, we can still cancel ¢ when ga /A is not small if
the two qubits are in the “straddling regime” (|A| < |a|), and are coupled via an intermediate
higher-frequency mode. This was demonstrated in Refs. [145] (193] with frequency tunable
qubits/couplers, and later in Ref. [92] with a fully fixed-frequency system. We will not show
the full calculation here, since it requires going to 4th order in perturbation theory, but the
key insight is that when the two transmons are in the straddling regime, the sign of their
contribution to ¢ is positive. In other words, the [200) and |002) states now push the |101)
states up in frequency (the middle index now refers to the coupler state). Since the coupler
frequency is above both qubits, the [110) and |011) states will push the |101) state down in
frequency, and these contributions can be tuned to cancel the total ZZ rate (, even when
ga/A is not small. This example helps to illustrate the utility of viewing the ZZ-interaction
through the lens of energy level repulsion.

Finally, we point out that although the ZZ-interaction is often viewed as a parasitic and
unwanted interaction in the context of many gate architectures, we can also leverage the
¢ to implement a CZ gate between far-detuned qubits if we have control over the coupling
ga. This involves simply increasing the coupling ga(t) adiabatically to increase ((t) for a
period of time [190]. The acquired conditional phase is then given by ¢1; = [ ¢(t) dt. The
advantage of doing an adiabatic CZ gate like this is that the larger detuning make it easier
to maintain an adiabatic trajectory. However, this comes at a cost of slower interaction rate.

Microwave-Activated Coupling

Although flux-tunable qubit frequencies and coupling rates enable strong interaction rates,
this typically adds both more control complexity and additional decoherence channels. As a
result, there was a strong focus through most of the 2010’s to develop and optimize two-qubit
gates based on microwave driving in a fixed coupling architecture. Because single qubit gates
already require a microwave drive on each qubit, this adds no extra overhead. The most
common of these gate schemes is known as the cross-resonance gate, which involves driving
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a “control” qubit at the frequency a dispersively coupled “target” qubit [167] 37]. We will
not derive the effective unitary here, but it can be shown that this leads to an effective
Hamiltonian in the interaction frame

where £y(t) (€1(t)) is the effective drive strength on the target qubit when the control qubit is
in the |0) (]1)) state [198]. Here, the overline on the states reminds us that the computational
states are “dressed”, or hybridized, by a static coupling strength ga, as discussed in the
previous section. This leads to both a state-dependent Rabi rate, u(t) = (Eo(t) — £1(¢))/2,
in addition to a state-independent Rabi rate, v(t) = (o(t) + £1(t))/2, on the target qubit.
As a result, Eq. is often expressed as

Heg = p(t)ol® @ 6l +v(t) 19 @ ¢ (4.55)

The effective drive strengths, including the effect of the higher levels of the transmon, are
given by

Bt =2y H5@) = ii fgig( ) (4.56)
S u(t) = go(t) ; alt) _ Aijfz)g( 9 (4.57)

where £(t) is the bare drive strength on the control qubit, ga is the coupling strength between
the qubits, and A = w. — wy is the frequency difference between the control and target qubits
[198]. If this drive is turned on for a duration 7, such that [ yu(t) dt = I, we can realize an
effective unitary that is locally equlvalenﬁ to

1 —i 0 0

_ mitePe0 e _ L | =11 00
Ur=c¢e 0 = \/5 0 0 1 i (458)

0 0 ¢ 1

and this can be made to look like a CNOT gate by adding an additional R,(—m/2) rotation
on the control qubit and Ry(—7/2) rotation on the target qubit:

1 2 00 1 — 0 0
1 0 0 -1 0 0
(R(=7/2) @ Bu(-/2)Ucx = | 0 0 1 51 | o o - 1 (4.59a)
00 ¢ 1 0o 0 1 —
1 000
01 00
=1y o o 1| =CNOT (4.59D)
0010
13We drop the exp [—wg o) ® Jg(f) wu(t) dt} term, since this commutes with entangling ZX term and can

easily be canceled with a single qublt drive on the target qubit.
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While this generates a convenient unitary, the CR gate has many drawbacks, the biggest
of which is a tension between minimizing idle ZZ errors and maximizing the gate speed. The
effective CR interaction is maximized when the two transmons are in the straddling regime
(A between o/2 and «), and reaches a maximum ratd™] u < 1.5g, in this regime [198]. For
typical parameters of a/(27) ~ 300 MHz, ga/(27) ~ 4 MHz, and A/(27) ~ 200 MHz, this
leads to a ZZ-rate ¢ ~ 400 kHz and a theoretical minimum CNOT gate time of 7, ~ 80
ns [181]. Since the coupling is fixed, this ¢ is always present and will cause not only single-
qubit gate errors, but also errors in the two-qubit gate, since the Z X-interaction engineered
by the cross-resonance effect does not commute with the ZZ-interaction. Moreover, even
for the theoretically maximum gate rate, these parameters achieve an effective on/off ratio
of u/¢ =~ 10, and practical gate speeds are usually further limited by other issues such as
leakage or crosstalk. More recently, this on/off ratio has been improved by leveraging the
multipath coupler discussed in the previous section, and on-off ratios of /¢ ~ 130 have been
achieved [92]. However, this still falls short of the on/off ratios achievable with flux-tunable
couplers.

These challenges led to the development of a related off-resonant version of the cross-
resonance gate, in which both transmons are driven at a detuned frequency to create a
conditional Stark shift [138, 206]. Since this interaction commutes with the static ZZ in-
teraction, this can be used to either enhance or suppress the static ZZ rate (5. The total
driven ZZ rate, (4, as a function of the drive strength is approximately

QQAOéaOéanQb COS(¢CL - ¢b)
ANgalpa(Dgg+ ag)(Dpag+ ap)

Ca =G+ (4.60)

to first order in ga [206]. Here, A;; = w; — w;, where w,, w, are the frequencies of the
two qubits and wy is the frequency of the drives on both qubits. We see also that the sign
of the interaction depends on the relative phase ¢, — ¢, between the drives on each qubit.
By turning on this interaction for a time (47, = m, a CZ gate can be implemented up to
local phases. While the driven ZZ rate, (4, is comparable to the effective o, ® o, rate p
for the same coupling strength, it is possible to achieve much larger on-off ratios with the
conditional Stark shift, since the static ZZ rate (s can be actively nulled during single-
qubit operations. This also allows larger static coupling rates to be used, which can further
increase the entanglement rate. While these properties make the conditional Stark shift
gate favorable compared to the cross-resonance interaction, it is still necessary for the two
transmons to be in the straddling regime to achieve a reasonable ZZ rate. Unfortunately,
this restricts qubit-qubit detunings to |A| < 300 MHz, which imposes challenging frequency
targeting requirements for fixed-frequency transmons [139).

1Eq. 4.56|is valid only for small (t).
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4.3 Frequency Crowding

When choosing between the various two-qubit gate schemes discussed so far, it is important
to not only consider the achievable gate fidelities in isolation, but also how well the ar-
chitecture scales with many simultaneously executed gates. Crosstalk and imperfect signal
isolation can lead to increased gate errors under parallel operation even in current state-of-
the-art systems. While it is possible to mitigate classical crosstalk with active cancellation
protocols [138], it is typically still necessary to ensure that targeted transitions in nearby
qubits are spectrally detuned for sufficient addressability of individual transitions. Further-
more, smaller detunings can cause elevated ZZ-interactions between coupled qubits. With
flux-tunable qubits, qubit frequencies can be dynamically tuned over a large range (O(1)
GHz) and optimized in-situ to mitigate these error sources and ensure addressability [102,
101]. Fixed-frequency architectures, on the other hand, are not afforded this luxury, and
even have stricter frequency targeting requirements for optimal gates. This, coupled with
large, fabrication-limited, uncertainties in manufactured qubit frequencies, make it extremely
challenging to determine practical target frequencies for fixed-frequency devices at scale. In
this section, we analyze how these fabrication limits in frequency targeting affect the scaling
properties of fixed-frequency, all-microwave, gate architectures. The work in the subsequent
sections was first reported in Ref. [139], and was performed jointly with Alexis Morvan and
Jeff Larson.

Critical Current Dispersion in Josephson Junctions

The frequency and anharmonicity of a transmon qubit are determined by the Josephson
energy F; (or equivalently the critical current I, = E;/(27®y)), of the junction and the total
capacitive charging energy E¢ across the junction. The total capacitance for most transmon
qubits is dominated by capacitor pads at the scale of tens to hundreds of microns, and
can typically reproducibly defined with submicron precision. The junction critical current,
however, is defined by the area of a small (~100 x 100 nm) Al/AlOx junction and even state-
of-the-art fabrication processes struggle to achieve a relative precision below 2% at wafer-scale
[107], 156|, 199, [140]. This makes the relative spread in junction critical currents oy, /(I.)
the dominant contribution to the frequency dispersion. In particular, we have o;/(f) =~
%U]C/<[c>, since fo, o< v/E;. For a typical transmon with fy; ~ 5 GHz, this represents a
best case spread of oy ~ 50 MHz, which may only be 4-6x smaller than the transmon
anharmonicity.

The junction critical current can be estimated from room-temperature probing of the
junction normal state resistance R,,, which is related to I. via the Ambegoakar-Baratoff
relation [7]:

TA(T)

1. = 4.61
2eR, (4.61)
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where A(T) is the BCS superconducting gapE]. As a result, devices can be pre-screened prior
to device packaging to determine the best candidates. Recently, several groups have also
demonstrated post-fabrication trimming protocols, based on either local heating via lasers
[84, 95, 213] or voltage annealing [158, 204, to adjust junction critical currents at room
temperature. These techniques can further improve the frequency targeting precision down
to 15-20 MHz (~15%), which becomes primarily limited by the correlation between R,, and
empirically measured frequencies at cryogenic temperatures [84, [204]. While this represents
a significant improvement, scaling to devices with more than a few hundred qubits still poses
a challenge due to the low expected yield of frequency-optimal devices.

Frequency Constraints

Frequencies collisions occur when an unwanted degeneracy leads to a degradation in control
fidelity, typically due to unwanted couplings or crosstalk within the device. For example,
when two nearby[' qubits have a similar [0)—|1) transition frequencies, driving one qubit will
induce a frequency shift on the neighboring qubit that elevates the gate error. To avoid such
a situation, we can establish a lower bound, ¢, on the minimum detuning between fy; for
neighboring qubits. The bound § can be estimated by simulating the relevant gate dynamics
with an measured or estimated crosstalk coefficient, and enforcing a minimum tolerable gate
error. These frequency requirements lead to linear constraints of the form

[fa— fil = 6, (4.62)

where f; is the frequency of a drive frequency, and f; is the target frequency to avoid.
Since the connectivity or lattice structure of the qubit device will determine the number
of constraints, we formalize this by defining a directed graph G, where each vertex v € V
represents a qubit and each edge (v;,v;) € E represents a possible entangling interaction
between two qubits. The orientation of the edge is necessary to account for interactions such
as the CR gate that are not symmetric with respect to the two qubits. Table lists the
set of constraints that we consider in this thesis, which we explain below.

Addressability

The first category of constraints that we consider involve single-qubit drives, and are thus
widely applicable to almost all superconducting qubit architectures. To avoid unwanted
Stark shifts on qubit j when applying a pulse at the |0)-|1) frequency of qubit i, we must
ensure that f; is sufficiently detuned from both f; and f; +«;. These constraints are referred
to as type A in Table |4.3|

15Well below T, we can approximate A(T) ~ A(0). We typically use a value of A(0) ~ 170 peV [108].
16Crosstalk, unfortunately may not always be local. See Ref. |2] for an example of device-wide crosstalk.
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Definition Participants Bounds
Addressability Al |fi — fil > 0a1 (i,7) € E 17 MHz
A2 \fi—fi—aj|>042  (i,j)€E 30 MHz
Entanglement C1 it < fi<fi (i,§) € E -
El [fa— fil = 0m (i,j)€e E 17 MHz
E2 fi—fi— | >0m  (i,j)€E 30 MHz
D1 |fa — fi — /2] > 6pa (,7) cE 2 MHz
Spectators S1 [fa— fel > 051 (i,j,k) € N 17 MHz
52 \fa— fr—ax| >0s2  (i,5,k) € N 25 MHz
T1| |fa+ fo—2fi—ou| =6 (i,j,k) €N 17 MHz

Table 4.1: Frequency constraints for a fixed-frequency, fixed-coupling gate ar-
chitecture. We group these constraints into three categories (described in the main text).
The index refers to the participants and is defined by the system graph. E represents the
set of oriented graph edges, and E represents the corresponding unoriented edges, meaning
that each edge is taken into account twice in each direction. The spectator constraints have
different participants for the CR and CZ cases. In the CR case, the pulse is applied only
to the control qubit, whereas in the CZ case, the pulse is applied to both entangled qubits.
The variable f; represents the frequency of the applied microwave drive. For the CZ case,
the drive frequency is no longer fixed. The bounds are taken from Ref. [84].

Entangling Gates

The constraints for entangling gates depends on the choice of two-qubit gate. For this study,
we chose to focus on the cross-resonance (CR) gate and the conditional Stark shift (CZ) gate,
since these had demonstrated the highest gate fidelities at the time for a fixed-frequency and
fixed-coupling architecture. However, this analysis can easily be extended for other gate
schemes. Both CR and CZ gates perform optimally when the qubits involved are in the
straddling regime (|A;;| < |, |e;|), which enforces a constraint on the frequency difference
of each edge (C1). In addition, the drive frequency for the two qubit gate must avoid both
the |0)-|1) (E1) and |1)-|2) (E2) transitions of both qubits involved. In the case of the CR
gate, the drive frequency will be at the frequency of the target qubit, so this leads to a
redundant constraint with the single-qubit constraints; however, the drive frequency for the
CZ gate can be freely varied. In addition, since the two-qubit drive strengths are typically
larger than for single-qubit drives, we also include the two-photon transition at fo; + a/2
as another frequency to avoid (D1). Finally, we must also consider the effect of a drive on
neighboring qubits not involved in the entangling operation, which we refer to as spectators
of the entangling gate [192]. These constraints are listed as S1, S2 (single-photon spectator
collisions) and T1 (two-photon spectator collision) in Table
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Optimization Procedure

The goal of our optimization procedure is to find a set of frequencies for a given connectivity
graph. In particular, we use the set of constraints shown in Table [£.3] Since the set of
parameters in this case is disjoint, we use mixed-integer programming with the Gurobi solver
[77] and the Python package PYOMO [80].

Initially, we found that a naive objective function yielded solutions that are on the edges of the
collision-free regions, meaning that small perturbations in frequencies would result in a considerable
number of collisions. As a result, this naive optimization yields a design that is not robust against
the frequency dispersion introduced by the fabrication process. To circumvent this, we developed
a three-step approach that serves as a proxy for the yield. In particular, we seek to maximize the
distance between the target frequency and the collision regions, since this reduces the likelihood of
collisions.

To move the solution frequencies away from the boundaries of the collision regions, we introduce
a new variable for each set of constraints that corresponds to the distance of the left-hand side of
the constraint definitions in Table We then add this to the threshold ¢ for each constraint, and
introduce an additional constraint that forces these distances to be equal for each constraint type
and edge. This finds the largest hypersphere of radius R that can fit inside the zero-collision region.
In the second step, we relax the requirement that the threshold of each type (rows in Table be
equal, but we still require that they be equal for each edge. We also enforce a constraint specifying
that all of these distances are larger than the radius R calculated in the previous step. This amounts
to allowing for a hyperellipse with radius R; < R per constraint type. Finally, in the last step, we
allow each edge to differ. In addition, for the CZ gate architecture, we add an additional variable
to each edge that corresponds to the now continuous drive frequency, and optimize this for each
edge. See Ref. [139] for more details on the optimization procedure.

Given a solution set, we evaluate it by estimating the expected yield as a function of the
frequency dispersion. We model the yield of zero-collision devices with Monte Carlo simulations,
following the methods in Ref. [84]. We assume that the fabricated junction frequencies follow a
normal distribution with a mean around the target frequency and a variable standard deviation o.
Then, for each lattice geometry and target frequency map, we sample 1000 frequency configurations
to determine the estimated yield as a function of . The yield is computed by counting the number
of sample configurations that have zero-collisions based on the specified constraints.

Small-Scale Systems

To build some intuition about the results of frequency optimization, we first applied the procedure
to an eight-transmon ring [21]. This linear topology is the minimal connectivity possible for a
quantum processor and sets the upper limit on the fabrication yield that one can expect. In Fig.
[4.4] we present the frequency pattern obtained with optimization described in the preceding section,
along with the allowed regions for the frequencies for each transmon. We also present the yield as
a function of the frequency dispersion, with state-of-the-art fabrication spreads with and without
post-processing denoted to give a sense of achievable yields [107}, |84].

For the qubit CR-based architecture, we find that even a linear topology with state-of-the-art
dispersions of 50 MHz leads to a low yield of ~10%. This yield can be increased substantially
with post-processing enabled dispersion of ~14 MHz, which highlights the need to integrate such
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Figure 4.4: Frequency optimization for an eight-qubit ring. (a) The optimized fre-
quencies for an eight-qubit ring with CR constraints. The collision regions for the |0)-|1)
transition are marked by the shaded gray regions. The solid black line denotes the |0)—|1)
transition, the dashed black line the |1)—|2) transition, and the dotted black line the two-
photon transition |0)—|2). The colored distributions indicate normal distributions centered
around the target frequency for the state-of-the-art frequency dispersions in Refs. [107]
(dashed) and [84] (solid). (b) The yield of zero-collision devices for the two different gate
architectures as a function of the average frequency dispersion. (c¢) The frequency of each
collision type — single qubit (1Q), entangling (Ent.), and spectator (Spec.) — for the two
different gate architectures given optimized qubit frequencies.

techniques to minimize the frequency dispersion. In Fig. , we see the distribution of errors
among the different types of collisions. The majority of the collisions come from the entanglement
constraints associated with the CR gate — these significantly reduce the overall yield.

This motivated us to also consider the yield for a CZ-based architecture, which has the added
flexibility of a variable drive frequency. As a result, the yield is higher and we see a larger plateau
region where the yield is approximately unity. To calculate the yield for this specific architecture,
we sampled random frequencies around the target layout frequency, and for each random sample,
we used the optimizer to find a set of optimal driving frequencies for the entangling gate. For this
architecture, dispersions of 50 MHz are already sufficient to reach a high yield of ~90%, and an
almost perfect yield can be attained with additional post-processing. Compared with the CR-based
architecture, the collision rates decrease for both single- and two-qubit gates due to the relaxation
of the drive frequency constraints for entangling operations.

Scaling to Lattices

As the number of transmons on a processor increases, so does the number of collisions. For large
systems, individual optimization of all the frequencies across an entire chip becomes intractable.
Instead, we must optimize a smaller unit cell of frequencies, which can then be tiled to generate a
larger lattice. To construct such a solution, we start by defining the unit cell. To ensure that tiling
is possible, we optimize the frequency layout with periodic boundary conditions, so that the solution
will also be valid for the tiled construction. Since calculating the yield is quick for the CR case,
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Figure 4.5: Scaling frequency optimization to different lattice geometries. Com-
mon lattice geometries for superconducting qubit systems are shown in (a)-(d). Each circle
represents a qubit, and the links between them represent a possible entangling interaction
between the two qubits. To estimate the yield up to large system sizes, we simulate each
geometry with periodic boundary conditions. (a) We simulate the linear chain with a unit
cell of 8 sites. (b) A square lattice with 16 sites. (¢) A hexagonal lattice with 20 sites. (d)
A heavy-hexagonal lattice with 15 sites. (e) We show the minimum frequency dispersion
necessary to achieve a 10% yield for each lattice type and gate architecture. The dashed line
indicates the best frequency spread achieved with post-fabrication trimming .

we can directly compute the zero-collision yield for these large lattices. However, for the CZ case,
the additional optimization on each instance of the sampled frequencies make it computationally
intractable to directly calculate the yield. Instead, we use a scaling argument to estimate a yield
for the total system up to boundary effects. In particular, we compute

y = yn/mm =y (4.63)

where y is the yield of the larger system, y,, is the yield of the unit cell subject to periodic boundary
conditions, N is the total number of sites in the system, and n,, is the number of sites in the unit
cell. Since the boundary effects will only reduce the number of potential collisions, this provides
a lower bound on the yield, even for small system sizes. This method allows us to compare the
scalability of different lattice geometries for both the CR and CZ gate architectures. Fig.
shows the different lattices with varying connectivity: a square lattice for the surface code, a heavy
hexagonal lattice used by IBM, and a hexagonal lattice for comparison with its heavy counterpart.
We show the frequency dispersion required to achieve a 10% yield for a 1000-qubit lattice for each
geometry. Unsurprisingly, the more densely connected lattice has a lower yield. We note that,
given the thresholds listed in Table for a CR-based qubit architecture, none of these lattices can
be fabricated with a 10% yield given even the best-demonstrated frequency dispersions with post-
fabrication trimming. This shows that a collision-free 1000-qubit device is likely unachievable for
the CR-based architecture without significant improvements in fabrication precision or a relaxation
of the constraints. In contrast, the conditional Stark shift-based qubit architecture is able to scale
to 1000 qubits for two of the four lattices with an already attainable frequency dispersion.

While we did not analyze other gate architectures beyond the CR- and CZ-based architectures,
the methods described here can be readily applied to other architectures and qubit modalities.
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However, we expect yields to be similarly low for the other fixed-frequency and fixed-coupling gate
schemes, since they share the most restrictive requirement that qubit-qubit detunings fall within
the straddling regime. This points to a need for alternative gate schemes for fixed-frequency qubits.
Finally, we note that this yield problem can also be addressed by moving from monolithic chips
to a more modular architecture where smaller chips with fewer qubits can be individually selected
and connected to form a larger processor. This has become an increasing area of focus in recent
years [72, 61, [152], and will likely be necessary for realizing a large-scale quantum processor.

4.4 Architectural Tradeoffs

What we have seen so far is that although single qubit gates are almost universally implemented
with microwave driving, there is a large spectrum of possible two-qubit gate implementations with
different architectural requirements. As a result, the desired two-qubit gate scheme typically has
the strongest influence on the architecture of a large multi-qubit device. In this section, we will
briefly discuss some of the tradeoffs involved in selecting a particular two-qubit gate scheme.

From the perspective of hardware requirements, we can divide the space of two qubit gates
along two axis based on whether or not they require flux-tunable qubits and flux-tunable coupling.
Generally speaking, we can engineer faster gates with more tunability. Since this allows us to
selectively reduce the qubit-qubit detuning and increase the coupling rate only during the gate, we
are less constrained by a need to mitigate parasitic ZZ-coupling. However, this comes at a cost of
extra hardware overhead to support stable flux biases and additional dephasing and decoherence
channels. Moreover, the baseband flux pulses used to implement these gates suffer from substantial
pulse distortion and require complex pulse pre-compensation filters to suppress non-markovian
errors [13, 169]. In contrast, the microwave-activated coupling schemes require no flux-tunability
of either frequency or qubit-qubit coupling rates, generally leading to lower dephasing and decay
rates. The tradeoff, however, is lower on/off ratios for the entangling interaction rate, which limits
the maximum speed of a two-qubit gate.

In the following chapter, we describe an experimental implementation of an alternative gate
architecture that aims to address all of these concerns. By adding a limited amount of flux-
tunability only in the coupler, we can not only activate strong two-qubit interactions between
far-detuned transmons, but also suppress stray entanglement while idling or during single-qubit
gates. Restricting the tunability to the coupler also helps to minimize excess decoherence from the
additional control channel, and activating interactions with parametric modulation avoids baseband
pulse distortion. While these advantages come at the cost of lower entanglement rates compared
to resonant coupling, we will show that this can be a worthwhile compromise for a more scalable
architecture.
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Chapter 5

Parametric Gates

In the previous chapter, we discussed various gate architectures and their advantages and draw-
backs. In this chapter, we will advocate for an alternative gate architecture that involves parametric
modulation of a tunable coupler to engineer two-qubit gates between fixed-frequency qubits. This
approach to two-qubit gates resolves the most stringent frequency constraints of a static coupling
architecture, by enabling fast-entanglement generating between far-detuned transmons.

5.1 Parametric Modulation

Parametric gates are somewhat of a hybrid between the flux-tunable gates and microwave-activated
gates discussed in the previous chapter. Like the flux-tunable gates, these involve parametrized
terms that already exist in the system Hamiltonian, typically frequencies (w) or coupling rates
(g), rather than adding additional terms with an external classical drive. However, they work by
modulating the system parameters at microwave frequencies, rather than slowly tuning them at
near DC.

Frequency Modulation

Given a flux-tunable qubit, we can ask what happens if we modulate the qubit frequency wy(t) at
a drive frequency wq so that
wq(t) = wo + egsin(wqgt + ¢q) (5.1)

where wy is the average frequency and €4 and ¢4 are the drive amplitude and phase. The resulting
time dependent Hamiltonian for the qubit becomes:
wql(t W €
q2( )az = ?OO'Z + Ed cos(wgt + ¢q)o (5.2)
~——
Hy Hy

H(t) =
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We can then express the time-dependent propagator as
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(5.3)

where we have used the Jacobi-Anger identity to rewrite the propagator as an infinite sum, J,(z)
is the n-th Bessel function of the first kind [119]. Here, we find that the the qubit is effectively
“split” across an infinite but discrete spectrum of sidebands spaced wy apart, where the weight in

each sideband is given by J, ( )

&d
Wd

Coupling Modulation

Now suppose we could directly modulate the coupling between two qubits so that

ga(t) = ga,0 + Aa cos(wqt + ¢q) (5.4)
g5(t) = gs,0 + As cos(wat + ¢a) (5.5)

where we assign an independent mean coupling rate and modulation amplitude, but keep the same
frequency and phase, for the two coupling rates. This is because a modulation of the underlying
coupling mechanism typically will affect both terms. Then, the effective Hamiltonian for the system
becomes

1 a a a a
H=——w,ol® — iwbagb) —gn(t) [US_)U@ + U(_)O'Ef)} —gx(t) |:O'S_)0'_(£) + U(_)ag))} (5.6)

If we make the standard unitary transformation to obtain the effective Hamiltonian in the system
frame, we obtain

H = —ga(t) Jf)a@emt + agl)agf)e_iAt} — gs(t) [O.Ef)agf)emt + O_(f)g@e—izt] (5.7)

where A = w, — wp and ¥ = w, + wp, and we notice that this looks exactly like Eq. except
for the time dependent coupling rates. Here, we see that if the time-dependence of the coupling
term matches one of the frequencies £A or £¥, we obtain a resonant coupling term even if A (3)
is non-zero. In particular, we see that if wy = A, the Hamiltonian becomes

1 _— 1 . : ,
H — _ fAAefde'g_)O'g)) o iAAewbdo__(i_)o.g))eQzAt - gA,ooi)ag’)elAt

(5.8)
1 ) a P 1 ) @ ) a )
N §AZ€_Z¢dU-(|- )J_(f)ez(E Ay 514261%03_ )U_(f)ez(z-&-A)t - gZ,OUg- )U_(f)ezEt +c.c.

where we see that only the af)a@ and O'(_a) agf) terms are time independent. Assuming Ag, go.an <

A and Ay, gox < X, we can drop the remaining oscillating terms to obtain an effective time-
independent Hamiltonian

1 - -
H ~ —§AA ¢4 |10)(01] + €% [01)(10] (5.9)
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that looks like the resonant coupling Hamiltonian in Eq. but with a phase ¢4 that is deter-
mined by the drive. As a result, we find that not only do we get a rotation in the |01)-|10) subspace,
but also a phase that allows us to control the axis of rotation. This is a crucial insight — we gain
control over the phase ¢4 of the coupling term because the interaction is occurring in the rotating
frame, in contrast to the lab frame interaction that occurs when we bring two qubits directly into
resonance. This additional control knob allows us to natively integrate virtual-Z rotations within
entangling operations [1] and break time-reversal symmetry to engineer synthetic magnetic fields
[172, |170] and non-reciprocal coupling [112].

The interaction Hamiltonian in Eq. gives rise to a family of iISWAP-like gates. However,
we could also choose to let wgy = X, in which case we obtain the two-photon coupling terms:

1 ; ;
H ~ _iAE [efqud 111)(00| + ei¢d |00)(11]| (5.10)

In the case of two coupled transmons, we could also set the modulation frequency to A + «, or
A — ap to engineer interactions within the two-photon subspace, and more generally, we can bring
any two levels into effective resonance as long as there is a non-zero matrix element connecting them.
This highlights the relative versatility of parametric coupling, compared to resonant coupling in
the laboratory frame, which is unable to generate a swapping interaction that is not excitation
preserving.

Finally, we note that when modulating the coupling, the modulation frequency wy does not enter
directly into the effective coupling strength %Ad. In contrast, the effective coupling is suppressed by

Jn (f}—i) in the case of direct frequency modulation of the qubit. This allows us to maintain large

detunings between qubits while still allowing for high interaction rates, which significantly relaxes
constraints on frequency targeting and helps to suppress contextual errors. However, for a tunable
coupler with the finite coupling range (gmin, gmax), parametric coupling will still yield interaction
rates that are approximately 4x smaller than direct resonance. In particular, we lose a factor of
two because the peak-to-peak coupling amplitude gmax — gmin = 244 corresponds to a modulation
amplitude Ay = (gmax — 9min)/2, and another factor of two from dropping the counter-rotating
terms which do not participate meaningfully in the interaction. However, despite this reduction
in gate speed, parametric coupling modulation retains other advantages over resonant coupling
that make it a worthwhile pursuit. While this approach to two-qubit gates has been demonstrated
before [130} 68, 90|, most prior implementations of parametric gates have been slow, with gate
times > 100 ns, or use a coupler design that does not easily scale to a 2D lattice of qubits. In the
following sections, we will the discuss the design and implementation of a multi-transmon device
that addresses both of these shortcomings to demonstrate high-fidelity parametric entangling gates.

5.2 Tunable Coupler Design

The device we designed for this implementation consists of 6 fixed-frequency transmons in a line,
with flux-tunable couplers between each pair of adjacent transmons. Here the qubits are floating,
while the couplers are grounded SQUIDs (Fig. [5.1f(a)). While the coupler design is very similar to
tunable couplers used for resonant coupling [148| 210], parametric driving imposes more stringent
constraints on the coupler parameters. In particular, we want the effective coupling g(¢), between
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Figure 5.1: Flux-tunable coupling between two transmon qubits. (a) The flux-
tunable coupling circuit used in this experiment. The coupler circuit was first proposed in
[148], and consists of a grounded SQUID that can be used to change the effective impedance
between the two qubits. The additional direct capacitance between the two qubits helps
cancel the residual coupling between the qubits when the SQUID is near the ., = 0 state.
(b) Qubit-qubit static coupling between a representative pair of qubits on the device. The
coupling ga is inferred from measurements of the static ZZ-rate ( between the two qubits.

the two transmons to be effectively a classical parameter. This means that the intermediate coupler
mode must remain in its ground state at all times, and adiabatically follow the instantaneous
ground state despite the fast modulation of the coupler frequency. This requires a large detuning
A; = w; — w. between each qubit and the coupler, so our goal was to minimize the parasitic
self-capacitance of the coupler mode.

Fig. [5.1(b) shows the measured static coupling rate ga for a representative pair, showing that
the tunable coupler design is capable of reaching a minimum coupling gmin/27 = 2 MHz and a
maximum coupling gmax/2m = 100 MHz. Since the qubits are detuned by a frequency A = 511
MHz, we cannot measure the static coupling directly. Instead, we measure the ZZ rate  using the
JAZZ (joint amplification of ZZ) protocol , , which uses a conditional Ramsey interferometry
experiment to extract the ZZ rate while simultaneously canceling the local frequency drifts. We
then compute ga from Eq. [£.53] where we drop the gy contribution.

Finally, we demonstrate the parametric interaction in the |01)—|10) subspace of the two trans-
mons, by modulating the coupler at a frequency near (wp—wi)/2 to activate a swapping interaction.
The resulting chevron pattern is shown in Fig. [5.2(a)—(b). Here, we modulate at A/2 rather than
A, because ga(Pext) is an even function about ®ey = 0. As a result, when we modulate ey (t)
symmetrically about the zero flux point at a frequency wy, we introduce a frequency doubling such
that ga(Pext(t)) is at a frequency QwCﬂ Alternatively, we could choose to modulate the coupler
near the detuning frequency, by modulating ®ey (f) only on the positive or negative side. However,
this would result in a DC offset in the voltage/current that increases the overall pulse bandwidth
and leads to more pulse distortion.

14cos 20

'This is equivalent to the trigonometric identity cos? § = 1<
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Figure 5.2: Parametric coupling between two transmons. (a),(b) A parametrically-
activated interaction between [10) and |01) within the single-photon subspace for a rep-
resentative pair of qubits on the device (Q3-Q4). The population in each state exhibits
the same dynamics as the driven two-level system in Fig. (¢) The drive frequency
wg = (wo1 — wip)/2 that results in maximum population contrast as a function of the drive
amplitude. The frequency of the transition shifts down with larger amplitude, due to the DC
flux offset, which leads to a lower average frequency of the coupler mode under modulation.
This shifts the |0)—|1) transition of the higher frequency qubit more than the lower frequency
qubit and reduces their relative detuning. (d) The parametric coupling rate g as a function
of the drive amplitude. This is approximately 4x lower than the static coupling g, due to
both the counter-rotating terms and the maximum modulation amplitude.
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Figure 5.3: Calibration of a parametric vViSWAP gate. (a) The pulse parametrization
used to implement the gate. We use a flattop pulse envelope with cosine ramps. We fix
the total gate time 7, and the ramp time 7,. The remaining parameters — amplitude A,
frequency wy, and phases 3, (,, (;, — are calibrated to engineer the proper unitary. Pulse
sequences for each calibration step are shown in (b)-(f). The parameters at the center denote
the primary sweep parameters.

5.3 Gate Calibration

Having demonstrate the parametric interaction, we now want to calibrate a specific entangling gate
instance. With only low frequency drives (< 1 GHz), our choices for a maximally entangling two-
qubit gate include the CZ, iSWAP, and viSWAP gates. In order to implement the bSWAP-like
family of gates, we would need a drive at the sum or average frequencyEl (3 or ¥/2). For the
following, demonstration, we chose to implement the viSWAP gate. This has the advantage of
being the fastest of the three, and it was also demonstrated recently that the viSWAP is more
efficient than both the iSWAP and CZ gates for compiling arbitrary Haar-random unitaries .
In addition, the control we gain over the rotation phase in the single-photon subspace makes the
parametric viSWAP fully compatible with virtual-Z gates, which eliminates one of the typical
drawbacks of using this gate. Finally, although the viSWAP gate is not a Clifford gate and is
thus not well suited for most stabilizer-based QEC circuits, it is straightforward to implement an
iISWAP gate with just two repeated applications of the viSWAP.

Because the parametric vViSWAP gate is essentially just a 90° rotation in the |01)—|10) subspace,
the calibration protocol for the gate is effectively identical to the procedure for tuning up a single-
qubit X90 gate. The pulse parametrization for the viSWAP gate is shown in Fig. (a). We
choose a cosine ramp with a flat top to maximize the total interaction area, while still ensuring
sufficient adiabaticity to minimize leakage to the |20) and |02) states. We chose the total gate
time of 7, = 30 ns by first finding the largest parametric coupling strength, gmax that could be
achieved across all pairs without inducing spurious transitions. We then choose 74 2 4/gmax to

~

account for the lower coupling during the ramp up and ramp down. Keeping the gate time 7, fixed

2Flux drives at these frequencies are possible, however our filtering scheme included a 1 GHz low-pass
filter.
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two-qubit gate instances across all pairs simplifies the compilation for multi-qubit circuits with
parallel two-qubit gates.

Next, we must calibrate the amplitude A and frequency wy for the gate. In the case of single-
qubit gates, the transition frequency is only weakly dependent on the drive amplitude, so we choose
to correct for detunings with just Z gates before and after the gate. However, as we saw in the
previous section, the |01)—|10) transition frequency has a much stronger dependence on the drive
amplitude. As a result, we must perform a joint optimization of the two parameters. To obtain an
initial starting point, we prepare the system in the |10) state followed by two applications of the
coupler pulse. We then perform a 2D sweep of the amplitude and frequency of the coupler pulse
to find the set of parameters (A,w,) that maximizes the population transfer to |01). Once we have
an initial set of parameters, we proceed to an error amplification step using floquet calibration.

Floquet Calibration

To amplify coherent errors and obtain a more accurate calibration, we use a variant of the floquet
calibration in Ref. [147]. There are two insights that make this method effective. The first is that
errors can be amplified with repeated applications of the gate. Second, oscillation frequencies are
more robust to decoherence and we can accurately determine these frequencies with a sensitivity
limited only by the total circuit depth.

To calibrate the amplitude, we prep the qubit in the |01) state and measure the resulting
population in [10) after m applications of the coupler pulse. This results in a periodic signal as a
function of m, whose frequency can be extracted easily with a FFT or by fitting to a sinusoidal
function. Because this signal frequency depends linearly on the pulse amplitude (up to aliasing),
we can easily determine the optimal pulse amplitude corresponding to a period m = 4 with an
amplitude sweep consisting of only a few points. The linear dependence also enables more accurate
extrapolation, so the calibration relatively insensitive to the sweep range.

The frequency calibration is similar, and is based on a similar calibration protocol used in Ref.
[35] to calibrate a single-qubit pulse detuning. Here, we repeat a circuit unit that consists of two
back to back applications of the coupler pulse, with a 90° phase offseﬂ to echo the trajectory back
to the original state. When there is no detuning, the population in the prep state |01) should
remain constant as a function of m. However, any detuning between the pulse frequency and the
transition frequency will lead to an oscillation in the |01) population, whose frequency increases
linearly with the detuning. Once again, we can fit this signal frequency and fit to an absolute value
function to determine the target transition frequency.

Finally, we iterate between the amplitude and frequency calibration protocols to account for
their co-dependence. A typical calibration run requires only 2-3 iterations to converge provided
that the initial starting parameters are within 10% of the correct values. Once these values have
converged, we move on to calibrating the three phases By, (., and (.

3The phase offset on the AWG pulse is also doubled by modulating symmetrically about ®ey; = 0, so a
90° phase offset is equivalent to reversing the rotation direction.
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Two-Qubit Frame Tracking

We first make a quick digression to explain frame tracking with parametric modulation [1]. The
ideal unitary resulting from the interaction Hamiltonian in Eq. is given by

1 0 0 0
0 cos ieBsin? 0

Rxvy(0,5) = 0 de sizng cos § i 0 (5.11)
0 0 0 1

where we have replaced the phase ¢4 in Eq. with £, and the rotation angle is given by
0 = AaTy. Given two qubits, we can show that individual Z-rotations on the qubits act on the two
qubit Hilbert space like

et (vat+7)/2 0 0 0
0 e~ (va—)/2 0 0
R,(va) ® Ro() = 0 0 a2 0 (5.12)
0 0 0 et(vatb)/2

and we see that this looks like a Z-rotation of y1 —~2 (1 +72) in the |01)—|10) (]00)—|11)) subspace.
Then, we can show that

RXY(ea ﬁ)Rz('Ya) & RZ(’Yb) = Rz(’)’a) & RZ('}/b)RxY(Q, ﬁ + Ya — ’Yb) (513)

and we see that we can again commute the Z gates across the coupler pulse by simply updating
the drive phase. In addition, this tells us that the coupler phase 3 is not independent, but must be
referenced to the initial phases ¢,, ¢; that define the reference frames for the two qubits involved.

Phase Calibration

The phases (, and (, are included primarily to compensate for the effective frequency shift of
the two qubits during the coupler modulation. We can measure the resulting phase shift with
a Ramsey interferometry-like experiment, by preparing the target qubit in a superposition |X) =
Ry (7/2)]0) = % (|0y 4 ¢ |1)), applying the coupler pulse, and measuring in the X-basis. We prepare
|X0) to measure (, and [0X) to measure (. By sweeping the relevant Z-correction, we can fit the
resulting signal to a sinusoidal function that allows us to determine the correct phase.

Finally, we can measure By, which is the relative phase difference between the reference frames
for the two qubits. We do this by preparing the qubit in the |0X) = % (|00) 4 |01)) state followed
by two applications of the coupler pulse to transfer any population in |01) fully to [10). The
resulting state will be % ( |00) 4 €8 |10>), allowing us to measure phase § by measuring the first
qubit in the X-basis.

5.4 Benchmarking and Error Budget

After calibrating the gate, we use a suite of benchmarking techniques to characterize the gate
error. We will not go into the theory behind these techniques here, but the interested reader can
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Parameter 0 ) I}
Target 45° 0° 0°
Measured 46.07° —0.83° 0.75°

Error 1.07° —0.83° 0.75°

Table 5.1: Coherent errors extracted from cross-entropy benchmarking.

consult Ref. [81] for a comprehensive review. To characterize the overall gate error, we use both
cycle benchmarking (CB) [57] and cross-entropy benchmarking (XEB) [22, |4, 12], which involve
interleaving the gate of interest with cycles of random single qubit unitaries. In CB, these random
unitaries are restricted to the Pauli group, while for XEB, the unitaries are sampled from a Haar
random distribution. In either case, the random single-qubit unitaries effectively average the gate
errors into a single-depolarizing channel, and result in a exponentially decaying signal that can be
measured to extract an error-per-cycle. This is commonly referred to a as “dressed” error, that
includes errors from the twirling gates. We can then compare this error-per cycle to a “reference”
experiment where we replace the two-qubit gate of interest with the identity gate to extract the
error of the twirling gates. Then, the interleaved gate error can be estimated as [81} [12]:

1—¢4

g=1- (5.14)

1—e,

Fig. shows the benchmarking results for a representative pair on the sample. From fitting
the CB decay curves, we find a dressed Pauli error ¢; = 7.3(1) x 1073 and a reference Pauli error
€ = 3.2(1) x 1073, This results in a Pauli error for the ViSWAP gate of ¢, = 4.1(1) x 1075.
With XEB, we find a total Pauli error of exgp = 7.5(3) x 1073, which agrees with our result from
CB. XEB also allows us to estimate the purity decay error [12], and we find an error-per-cycle of
€p.d = 6.4(3) x 1073 for the dressed cycle and a reference purity decay error of €,, = 2.6(1) x 1073
for the single qubit twirling gates. This results in a estimated purity error of €, ; = 3.7(3) x 1073
for the two-qubit gate alone.

The remaining error should be accounted for by coherent control errors, which we can also verify
with our XEB data. Because the calculating the cross-entropy fidelity of the sampled bitstrings
involves simulating the target unitary, we can parametrize our target unitary and optimize for the
gate parameters that yield the highest XEB fidelity. Following Ref. [12], we use a Nelder-Mead
optimizer and parametrize the rotation angles 8, 3, and ¢, where ¢ is the CPhase angle. The fit
parameters are shown in Table which yields an optimized XEB error of exgp opt = 6.7(7) x 1075.
We can calculate the resulting coherent contribution to the Pauli error by computing the Pauli
Transfer Matrix (PTM) representation of the fitted unitary to the target unitary:

1
€eoh = 1 — ﬁTr [AcA;] (5.15)

where Ag is the PTM for the fitted unitary [81]. Using the above equation, we find an error of
€coh = 0.26 x 1073, which agrees within error bars to the purity contribution and the total gate
error.
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Figure 5.4: Benchmarking a vViSWAP gate. (a) Cycle benchmarking results for the
reference and dressed (interleaved viSWAP) cycles. The extracted Pauli error for the two
qubit gate is estimated to be ¢, = 4.1(1) x 1073, (b) Cross-entropy benchmarking results
using the viSWAP gate. The optimized fidelity was obtained by parameterizing the target
unitary and choosing the gate parameters 6, 5, and ¢ that yielded the highest XEB fidelity.
(c) The total leakage population as a function of cycle depth during an XEB experiment.
We find a total leakage error of ¢, = 1.2(3) x 1073, (d) The error contributions from
decoherence, leakage, and unitary control error.

Finally, since leakage and decoherence both contribute to a loss of purity, we attempt to separate
the two by employing a leakage benchmarking technique where we monitor the |2) state population
in both qubits during a randomized benchmarking (RB) or XEB circuit , , . The resulting
decay curves can be fit to a rate equation |137]:

p2=C(1-T)"+ peo (5.16)

where I' = 44 + v is the total leakage rate (74 is the rate of leakage into |2) and ~ is the
rate of seepage back into the computational subspace), and pos = 4/I" is the steady-state |2)-
state population. We find a total leakage error of €4 = 2.9(4) x 1073 and a combined reference
leakage error of ¢, = 1.6(3) x 1073. This results in an estimated 2Q leakage contribution of
€, =1.2(3) x 1073

The remaining purity error should be accounted for by decoherence. We can estimate the
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Figure 5.5: Driven decoherence with parametric driving. (a) The effective 77 decay
of the photon in the single-photon subspace as a function of parametric drive amplitude.
The dashed horizontal lines indicate the idle T} times for Q3 (blue) and Q4 (yellow). We
see a lower driven 7} time at low amplitudes that trends down sharply as we approach the
®oyy = Po/2 point, which we hypothesize is due to the stronger participation of the qubit
mode in the coupler SQUID. The smaller fluctuations in 7} are likely due to changes in the
TLS distribution at the different amplitude-dependent average frequencies. (b) A T} trace
in the single-photon subspace at Ay ~ 0.56 (AWG units), corresponding to the amplitude
used for the ViSWAP gate. We fit the total decay of the Py + o) signal to obtain an
exponential decay in the single-photon subspace of T} = 22.7 ps.

expected decoherence error from the 71 and 75 ¢cho times for each qubit as

1
€decoh = 1-—- ﬁ H |:2 + 2\/1 - 7§q) \/1 - Pyéq) - 7§Q):| (517)
q=a,b
where d is again the Hilbert space dimension, 7 = 1 — e 117 and v = 1 — e 2127 are the

estimated relaxation and dephasing contributions for a gate time 7,, and I'y = 1 /Ty and Ty =
1/T5echo — 1/2T7 are the relaxation and pure dephasing rates respectively [96, [44]. Using our
estimated idle coherence times from Table we estimate a decoherence contribution of only
€decoh = 1.3 x 1072, which does not seem to account for the remaining purity decay error. Instead,
we must use the relevant coherence times under the action of the parametric drive. Fig. shows
an effective T7 measurement where we measure the decay of the total population in the single-
photon subspace under a parametric drive with the same amplitude as the vViSWAP, where we
find an effective driven 77 = 22.7 ps. In general, we find that the 7T} trends down as we increase
the drive amplitude, likely to do greater hybridization between the qubit and bare coupler modes.
We expect the coupler mode to have a lower 17, since the coupler SQUIDs have junctions that
are ~25x larger than the qubit junctions, leading to a greater density of two-level systems (TLS).
We can do a similar measurement for the driven 75, the primary difference being that we apply
a 90° phase shift on the drive halfway through the idle time to reverse the trajectory and return
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Pair Q2-Q3 Q4-Q5
Isolated 12.1(4) x 107%  12.5(4) x 1073
Simultaneous 15.3(4) x 1072 12.3(4) x 1073

Table 5.2: Simultaneous and isolated two-qubit gate errors. Pauli errors for both
isolated and simultaneous benchmarking of a viSWAP on qubit pairs Q2-Q3 and Q4-Q5.
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Figure 5.6: Cycle benchmarking fidelity over time. We show the Pauli errors for
ViISWAP gate, measured via CB over a total span of ~38 hours. The gate was calibrated
only once at the beginning of this time period. We see no significant degradation in gate
fidelity, which suggests that the calibration parameters are stable. Small fluctuations in
fidelity are likely due to transient TLS effects.

the photon to the initial starting state [130]. With this measurement, we find a driven T time of
Ty = 17.2 ps, leading to an effective decoherence error €qecon = 2.4 x 1073 that agrees more closely
with the expected value.

5.5 Scaling and Outlook

Having demonstrated a high-fidelity vViSWAP gate between two detuned fixed-frequency qubits
and a thorough understanding of the primary error mechanisms, we now turn to some scaling
considerations. One such concern that was discussed earlier in Chapter 4 is crosstalk between the
microwave-flux drives. In Table we show the isolated and simultaneous CB decay errors for
the vViSWAP gate performed on Q2-Q3 and Q4-Q5. Interestingly, we find that the change in gate
error is relatively small, especially compared to similar experiments with single qubit gates. This
indicates that the microwave flux-crosstalk is much smaller than the microwave charge-crosstalk,
likely due to the much smaller magnetic dipole moment of the coupler SQUID compared to the
electric dipole moment of the much larger qubit pads.

We also monitor the two-qubit error rate over an extended period of approximately 38 hours
to understand the calibration stability of the parametric gate. In Fig. we show the dressed,
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Qubit | w1 /27 (GHz) | /27 (GHz) | Ty (ps) | Toy (ns) | Toe (ps)

QO 4.859 -0.186 37.2 9.9 24.3
Q1 5.370 -0.176 32.0 37.9 40.6
Q2 5.845 -0.175 32.1 6.7 31.0
Q3 5.396 -0.176 29.1 31.8 33.6
Q4 2.033 -0.176 31.2 39.8 42.6
Q5 2.635 -0.181 36.3 25.6 46.3

Table 5.3: Qubit parameters for the 6-qubit parametric device. The anharmonicities
for Q0 and Q5 are lower due to extra ground capacitance on the boundary qubits. Coherence
times were averaged over a period of 1 hour.

Pair | A/2r (MHz) | (/27 (kHz) | ¢, (x1073)

Q0-Q1 510 18 3.2
Q1-Q2 524 16 12.7
Q2-Q3 551 16 7.1
Q3-Q4 363 52 4.2
Q4-Q5 602 31 8.1

Table 5.4: Coupler parameters for the 6-qubit parametric device.

reference, and entangling for the vViSWAP gate over this time period. Here, we see that the overall
trend is flat, with fluctuations that are most likely due to coherence fluctuations from the spectral
diffusion of TLS defects |[L00]. While this measurement demonstrates the stability of the system
calibration for a single pair of qubits, the stability of the overall system across 6 qubits was less
impressive. At any given moment in time, we typically saw a strongly coupled TLS affecting the
relaxation rate of least one of the 6 qubits, making it difficult to simultaneously calibrate the
entire system to a high fidelity. This directly motivated our subsequent studies, in Chapter 6, on
mitigating TLS-induced dropouts to improve multi-qubit system stability.

Beyond overall system stability, we also see room for continued improvement on the two qubit
gates themselves. From the error analysis, we know that the dominant error mechanism for the gate
stems from a loss of purity. Leakage is responsible for approximately one-third of this error, and
should be well suppressed by simple counterdiabatic pulse-shaping techniques like DRAG [196]. The
remaining gate error is incoherent error, much of which is due to driven decoherence. We believe
this is predominantly limited by the large ~1 pm x 1 pm SQUID junctions, which are likely to
host more defects in both the oxide barrier [124] as well as the surfaces of the shadow evaporated
aluminum [67],|116]. While the size disparity between the coupler junctions and the qubit junctions
make it difficult to fabricate them in a single step, preliminary studies show that we can successfully
realize a 3x reduction in the coupler junction area fabricating them in a separate step with a 3x
increase in the critical current density (~2 pA/pm?). Furthermore, the coherence times observed
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in this device are approximately an order of magnitude below the current state-of-the-art. As a
result, we expect continued improvements in fabrication to bring these two-qubit gate errors into
the O(107%) regime.

Ultimately, we have demonstrated that parametrically modulated couplers are capable of im-
plementing fast two-qubit gates between highly-detuned fixed-frequency transmons, and we do so
using a design that can easily scale to a large, multi-qubit system. Compared to all-microwave ar-
chitectures with static coupling, parametric gates enable significantly higher on-off ratios and allow
neighboring qubits to be well-outside the straddling regime. They are also simpler to calibrate than
baseband flux pulses, require no complex pulse pre-compensation filters [169], and allow for simple
two-qubit frame tracking protocols. Finally, parametric coupling modulation removes the need for
DC flux lines on each qubit, and new proposals for gradiometric flux-locking may also remove the
need for local flux on the couplers [15], which opens the door to multiplexed all-microwave control
in the future. Taken together, these features establish parametric coupling as a compelling gate
architecture for building a scalable quantum processor.
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Chapter 6

System Stability

State-of-the-art superconducting qubit systems currently contain up to a few hundred qubits, and
although these system sizes are not yet large enough to reach 1075 logical error rates, the calibration
requirements for operating a system at this scale already poses a daunting challenge. In current
transmon-based architectures, each qubit may have over 100 independent parameters that must
be calibrated to ensure high-fidelity operation [4], and although many of these calibrations can be
parallelized, it may take up to 30 minutes to fully calibrate a device at the scale required to imple-
ment a logical qubit [101]. Furthermore, complex experiments and calculations may take hundreds
of hours of wall clock time to execute [106, |71], despite the fast clock speeds of superconducting
qubits. Thus, it is critical to not only optimize the performance of individual qubit operations, but
to also maintain such performance over a sufficiently long duration.

The two primary sources of uncontrolled system instability in superconducting qubit systems
are quasiparticle bursts [200, 208, [128] and fluctuating two-level system (TLS) defects [100], and a
significant amount of effort has been devoted to addressing both of these problems [83, 89, 30, 102].
Quasiparticle bursts can cause simultaneous decay events across a large number of qubits, breaking a
fundamental assumption of quantum error correction that errors are uncorrelated. However, passive
strategies such as gap-engineering have been successful at mitigating the primary detrimental effects
of such quasiparticle bursts [127]. Resonant TLS defects similarly enhance T} decay on individual
qubits, and although localized, these elevated decay rates can persist for minutes to days. These
temporarily impaired qubits are an important class of qubit “dropouts”, which decrease the effective
error-correcting code distance, despite improved protocols for handling unusable qubits or couplers
[45].

In this chapter, we introduce in-situ electric-field tuning of TLS defects as an effective mitigation
strategy for TLS-induced dropouts in superconducting qubit devices. We will start by giving a brief
overview of TLS defects and their effect on superconducting qubit devicesﬂ followed by a survey
of existing mitigation strategies for coping with TLS defects. We will then make a case for local-
electric field tuning as the preferred method for addressing this problem. We show how clever
design can enable the resource efficient integration of TLS control into the same control line used
for single qubit gates. Using this control architecture, we demonstrate dynamic manipulation of
the each qubit’s local TLS spectrum to engineer robustness against excess decoherence and reduce

"'We highly recommend Ref. [143], which provides a comprehensive review of the subject.
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Figure 6.1: Two-level systems in superconducting qubit devices. (a) Illustrations
of some proposed physical mechanisms for TLS in superconducting qubit devices, including
(left to right): adsorbed molecules on the surface [110], defects in the silicon substrate [214],
and defects in amorphous oxides [114, 9]. (b) The double well potential for a TLS according
to the Standard Tunneling Model [157, |163] |143]. The potential is characterized by an
asymmetry energy ¢, and a tunneling energy A, that depends on the barrier height. (c)
The dependence of the TLS frequency on the applied electric field, E , and the TLS electric
dipole moment, p'is shown. The minimum frequency is set by the tunneling energy Ay.

fluctuations in both qubit lifetimes and single qubit gate errors. Much of the work discussed in this
chapter was first reported in Ref. [33] and was performed jointly with Kan-Heng Lee.

6.1 Two-Level System Defects

Two-level systems were first introduced as a way to explain the low-temperature behavior of amor-
phous glassy materials [157, 163]. Under the proposed standard tunneling model (STM), individual
defects are modeled as an effective particle in a double-well potential that can occupy one of two
low-lying energy states. The Hamiltonian for such a system is

_ 1 3 A(] _1
Hrrs = 5 <A0 _€> = 2(5Uz + A()Ug;) (6.1)

where e characterizes the well asymmetry and Ag o e~ is the tunneling rate between the two wells,
which depends exponentially on a physical tunneling parameter. At sufficiently low temperatures
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(kpT < Ayp), thermal activation is exponentially suppressed and quantum tunneling dominates in
the behavior of this system. Given an ensemble of such defects, we expect € and A to be independent
and uniformly distributed. This leads to a constant density of states with respect to the TLS energy
and explains several key properties of amorphous materials at low-temperature.

The TLS potential is not static, but can be modified by environmental coupling to both a
strain- and electric-field via the well asymmetry ¢ [143]:

e=2v-S+2p-E+¢o. (6.2)

In the context of superconducting qubits, this electric dipole coupling mediates interactions with
a qubit or resonator’s electric field, while the phonon coupling describes the interaction between
the TLS and a surrounding phonon bath, which is their primary source of dissipation. TLS’s
may also interact with one another, leading to the phenomenon of spectral diffusion |[100]. The
prevailing model for this process involves a dispersive coupling between the high-frequency TLS’s
with hw > kT, and a bath of low-frequency, thermally-activated fluctuators (hw < kgT') [58,
144]. This leads to both a diffusive random walk as well as discrete telegraphic jumps in the TLS
frequency over time. In either case, the unstable time dynamics of the TLS bath make the stable
operation of a superconducting quantum processor a challenging task.

6.2 TLS Mitigation Strategies

Given how problematic TLS defects are for superconducting qubit systems, a variety of strategies
have emerged in the effort to mitigate their detrimental effects. The first and arguably most
difficult approach involves materials engineering to develop higher-quality fabrication processes.
The amorphous oxides at the surfaces and interfaces of the superconducting electrodes host a
large number of TLS defects that exchange energy with the qubit via an electric dipole-dipole
coupling. Since this is the dominant source of dielectric loss for superconducting qubits [124], it
is of the utmost importance to minimize unwanted oxides as much as possible at every step of
the fabrication process. At protected interfaces between the substrate and superconducting metal,
oxides can be minimized with proper substrate cleaning [6]. However, oxides on the exposed surfaces
are harder to mitigate, since any exposure to ambient oxygen will cause immediate oxidation of
the superconducting metal [ﬂ This has motivated efforts to passivate or cap surfaces with lower-
loss materials 9, |32] as well as hermetically seal device packaging [131]. Recent experiments have
also pointed to defects in the bulk silicon substrate as a possible source of TLS defects [214],
which suggests that higher purity silicon wafers may also be a necessary. However, fabrication
improvements primarily aim to reduce the average defect density, and dropouts induced by strongly-
coupled defects continue to affect superconducting qubits despite these improvements.

For a given fabrication stack and resulting TLS density, the next line of defense is to minimize
the coupling strength between the TLS defects and the qubit with proper design. This strategy aims
to reduce the electric field participation at material surfaces, a goal typically achieved by designing
larger circuit components and minimizing their area-to-perimeter ratios [207, 203, |50]. Fabrication
techniques such as etching deeper trenches into CPW gaps have also been shown to reduce the

2There have been efforts to use less reactive superconductors such as TiN or NbN, but these alternative
materials have not yielded meaningfully better results.
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effective TLS density [207, 28]. Finally, it is worth mentioning recent works that attempt to improve
the coherence times of the TLS defects themselves, by fabricating qubit or resonator structures on
a phononic bandgap structure 34, [154]. However, this increases the non-markovianity of the TLS
bath, and can complicate noise mitigation techniques that typically rely on short correlation times
of the environment.

The strategies discussed so far are primarily concerned with reducing average defect density and
the likelihood of encountering strongly-coupled defects. But despite our best efforts, TLS defects
will continue to be an unavoidable presence in the foreseeable future, so we must consider in-situ
control strategies to actively suppress the impact of excess TLS noise during qubit operation. This
is typically done in most state-of-the-art processors by carefully orchestrating the operating frequen-
cies of individual qubits to avoid relaxation hot-spots caused by strongly-coupled TLS defects [102,
101}, 217|. However, qubit operating frequencies must account for a variety of frequency-dependent
error sources beyond the TLS spectrum. Crosstalk and stray coupling between neighboring qubits
require their operating and idle frequencies to be sufficiently detuned. Two qubit gates often require
the qubits involved to interact at the same frequency. Readout errors are often high-sensitive to
the qubit-resonator detuning. All of these factors combine to make orchestrating qubit frequency
trajectories a highly-constrained and non-local optimization problem. Furthermore, updates to the
qubit frequency due to drifting TLS lead to additional calibration or modeling overhead to minimize
coherent control errors, since qubit control parameters are also sensitive to the operating frequency
[169, [88].

The success of qubit frequency orchestration begs the question of whether it is possible to
instead tune the TLS frequency. Thankfully, the coupling of the TLS to an external strain- or
electric-field, as seen in Eq. [6.2] provides a mechanism to do so. In fact, experiments dating
back to 2012 have demonstrated such tuning of TLS defects, first with piezo-electric actuators
to apply mechanical strain to the substrate |74, 117] and later with DC electrodes to apply a
global electric field [115]. These experiments showed that the frequencies of individual TLS defects
could be precisely controlled, and this technique was later used to optimize qubit 77 times |114].
The biggest advantage with TLS frequency tuning compared to qubit frequency tuning is that
optimal TLS frequencies are far less constrained from the perspective of device performance. The
TLS environment for each qubit is physically localized to a small region where the electric field
of the qubit mode is sufficiently strong to mediate coupling, so every qubit will be sensitive to a
different set of defects. Furthermore, the precise frequencies of the strongly coupled defects are no
longer important — we only need to detune them suﬂicientlyﬁ from the relevant qubit transition
frequencies. As a result, we expect TLS frequency tuning to be a simpler and more scalable
approach to addressing the TLS problem.

Having recognized the potential benefits of TLS frequency tuning over qubit frequency orches-
tration, we now turn to its practical implementation in a multi-qubit device. First, there is the
choice of either electric-field tuning or strain-tuning to as the control parameter for the TLS fre-
quency. There is an argument to be made for strain tuning, as several experiments have shown
that TLS residing in the junction tunnel barrier do not respond to a DC electric field |115] |18}, [17].
While there are a number of TLS defects reported in these experiments that do not respond to an

3Sufficiently, here, means that A = wg — wWTLS > ¢, where g is the coupling strength between the qubit
2
and the TLS. The effective interaction scales as %-.
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applied electric ﬁeldE]7 it is worth pointing out that the reported devices intentionally contain large
nm?-scale parasitic junctions that are typically shorted out in real processors. In practice, most
qubit tunnel junctions are ~300x smaller. This, coupled with estimates of the TLS density in the
AlOx tunnel junction to be ~0.3-2 defects/pm?/GHz [124} 11} 205], suggest that the number of
TLS’s that will be shielded from an electric field is relatively small for most current devices. Fur-
thermore, recent work has suggested that a large number of the problematic defects are actually
present at the surfaces of the shadow evaporated leads near the junction,

Electric field tuning is also much simpler to integrate locally into a superconducting quantum
processor, which is an important requirement for scalability. The fact that each qubit couples to a
separate and independent bath of TLS defects makes it unlikely that a single degree of freedom will
be sufficient to maintain an optimal TLS spectrum for multiple qubits at once. For a large-scale
processor with hundreds or thousands of qubits, it is almost certainly impossible. This rules out
the large piezoelectric actuators used in prior experiments to strain the entire chip, and would
likely require unconventional fab processes to integrate on-chip MEMs actuators for applying local
strain. In contrast, a local electric-field bias can be implemented for each qubit in essentially the
same way as the existing control lines used for single-qubit control. In the following section, we
describe in detail the design of a multiplexed control line for simultaneous qubit and TLS control,
which is the primary contribution of this chapter.

6.3 Implementation of Local Electric-Field Tuning

One of our main goals when designing an architecture with integrated local TLS control was to do
so with no additional wiring overhead, unlike prior proposals for local electric TLS tuning [114].
Superconducting qubit systems already have a scaling problem when it comes to wire count, and
introducing an extra wire for each qubit does not help the cause. The natural step then, is to
think about whether we can use the existing qubit control lines, which typically deliver microwave
signals to the qubit, to also apply a DC electric field bias to the qubit’s TLS bath. There are two
potential challenges to this approach. First, since a qubit control line necessarily couples an AC
voltage across the junction, a DC voltage applied to the same line will induce a charge offset across
the junction. However, this charge offset does not affect the qubit operation, because the transmon
is charge—insensitiveﬂ The second challenge is that qubit control lines are typically engineered to
be weakly coupled to the qubit to limit radiative decay through the port, which makes it difficult
to apply a sufficiently large electric field near the junction where the majority of TLS defects are
present. To overcome this problem, we leverage symmetries in the circuit structure to decouple the
electric field that tunes the TLS defects from the electric field that drives qubit transitions.

As mentioned in Section the transmon can be constructed as either a floating or grounded
oscillator. While these circuits are effectively equivalent in isolation, some important differences
are highlighted when we couple them to external circuitry. For a floating transmon, the qubit is
encoded in a differential mode, so it is sensitive only to a differential voltage bias and decoupled

4Below the critical current I, cooper pairs will tunnel across the junction to compensate for an applied
voltage bias.

5This is not quite true, as we will see later. It is typically only the lowest transitions that are charge
insensitive.
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Figure 6.2: Circuit model for the TIC-TAQ control line. (a) An effective circuit
diagram for the qubit/control-line system. The DC voltage bias for TLS control is combined
with the RF signal for qubit XY control with an off-chip bias tee. (b) A circuit model for
the reduced qubit-control line system showing the Y — A transform. When the capacitances
to the environmental impedance are balanced (§ = 0), there is no radiative loss through the
control line.

from a common-mode bias. Meanwhile, the TLS defects have much dipole moments that are many
orders of magnitude smaller and are scattered around the surfaces of the qubit electrodes. As a
result, they will be sensitive to electric fields induced by both a common-mode and differential
voltage bias. This allows us to engineer a very strong common-mode coupling the TLS defects
on the qubit pads, without inducing excess radiative decay on the qubit, by designing a nearly-
symmetric control line pad with similar capacitances to both qubit pads. Since this allows for the
targeted in-situ control of TLS and qubits, we call this architecture TIC-TAQ for short.

Fig. M(a) shows a lumped element circuit model of a floating qubit coupled to the control line
(a semi-infinite CPW transmission line). The control line is modeled as an effective impedance to
ground,

1

- - 6.3
Zit +iwCy, (6.3)

env
where Zy = 50 ) is the characteristic impedance of the CPW transmission line and Cj .. is the extra
capacitance to ground due to the coupling pad at the open end of the control line. We can make a
Y-A transform with the control-line circuitry (teal) to yield an equivalent circuit model, shown in
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Now we can use the standard rules for simplifying parallel and series impedances to obtain the
admittance Yeg(w) shunting the qubit capacitor and junction. This adds an effective capacitance
so that the total qubit capacitance Cs, becomes

Cs = Cg + Im [Yig(wq)] (6.5)

as well as an effective resistance R = 1/Re[Yeg(wy)], where wy is the qubit frequency. The analytic
expression for Cy is given by

Cs = Cy+

1 2 1 (C ,c+C R )(C ,c+C s )
1 (CI,CCQ,C + Cg,lc 72) 1+ 6 (Oé T 5(1 +a )mcl,lcCZcé;JFCz,lcg,géc) (6 6)

5 Cc Cg 1 +/32

where Cy = (Cy1 + Cy2)/2 and C, = (C1,c + Ca)/2 are the average ground and coupling capaci-
tances, and we define the following dimensionless factors:

o = CgﬁZ()w (67)
1 1 C.+C
= — 1 2 740 J *
B=a+5( +a)Zow c.c, (6.8)
The effective resistance is given by
1 1+ 2
Re — =70 | —-— 6.9
T RelYen(w)] 7 [6%1 + oﬂJ (09
where we define the asymmetry factor J as
C1.Cyo— Cy.C
§= et e (6.10)
(Cl,c + 02,0)(09,1 + Cg,2)
Finally, this leads to a qubit relaxation rate
2 2
r— 1 1+ 6.11)

ReiCs.  ZoCx(1+ B2)

To simplify these expressions, we first note that when the asymmetry factor ¢ is small (i.e. Cy1 ~
Cy2 and C¢1 = C¢2), the scaling factor in Eq. can be approximated as

1 1 c ¢ 1
a+ *(14—0(2) (CL —|—Cg71)(027 +Cg,2) ~a+ 7(1 —|—()é2)

1 Ce+Cy
2 Zow CLCCQ’CCQ +C ’10 ’QCC 2 Zow CCCg

=8 (6.12)
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and Cy can be simplified to

1
Cz%cq—i-(

(6.13)

- C1,Cop . Cy1C ,2) 7

C. Cy

which is the expression we would have found for Cy if the control line pad was just an isolated

node (Zeny — 00). Next, we can rewrite a as Cy Zowg = CCQECZZ 2. In the typical transmon regime,
’ q

Zg ~ 103 Q, and Cy./Cs ~ 15%, so o < 1% is a negligible contribution. Taking o &~ 0, we can

simplify 3 to
1 1 1
. 4= 14
B Zow <cc + cg> (6.14)

and if C. < C,, we can further simplify this to 8 ~ (ZowC.)™! gfigg > 1. Finally, putting all

this together, we find that

I~ Zowg (500)2
Cx

which looks like the expression we derived previously for a grounded qubitﬁ] with a coupling capac-
itance C, — dC, that is rescaled by the asymmetry factor.

This expression confirms our intuition about the nearly-symmetric control line. In most cases,
Cy1 =~ Cy2,s0 6C, =~ %(C’LC — C3.), and the perfectly symmetric case C.1 = Cc2 = § = 0 leads
to no radiative decay, but also no coupling. More generally, we can view the circuit as a capacitive
voltage divider that sets the voltages V1 and V5 on the qubit pads, relative to an applied voltage
on the control line. Thus, even when Cy 1 # Cy 2, we can compensate by adjusting Cy . and Cs . to
symmetrize the circuit and make Vi = V5. In practice, this gives us enough degrees of freedom to
make C1 ¢, (o arbitrarily large while independently controlling 6 < 1 to reach the desired level of
radiative decay and qubit-control line coupling.

Fig. (a) shows the simulated coupling quality factor for the control line design we use. At
a pad distance of 15 pm, we are able to achieve coupling capacitances C. ~ 0.5 fF, which is more
than an order of magnitude larger than the typical coupling capacitance of ~25 aF for a grounded
transmon, while maintaining a radiation-limited 77 time of well above 1 ms [10]. We also simulate
the electric field distribution on the surfaces of the qubit using Maxwell 3D, which shows that a
1V voltage bias applied to the control line can induce electric fields |[E| > 130 V/m even at the far
edge of the qubit pad. This corresponds to a tuning sensitivity, vz ~ 4 MHz/V for a typical dipole
moment prrs ~ 3 debye |176} 23].

(6.15)

6.4 TLS Spectroscopy

Before we continue, we will take a slight detour to explain in more detail how we characterize the
TLS spectral landscape for each qubit. In the early days, TLS defects were identified primarily
through avoided crossings in the qubit’s frequency spectrum, which occur due to hybridization
between the qubit and a TLS. However, identifying TLS through resonant enhancements of the
qubit relaxation rate offers a more sensitive probe for observing TLS defects with weaker coupling

6See Eq.
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Figure 6.3: Control line parameters for TLS tuning. (a) Simulated coupling quality
factors for the control line design as a function of the distance between the control line pad
and the qubit pads, and the pad asymmetry. The zero-coupling point (infinite coupling Q)
occurs at a non-zero asymmetry due to the capacitive loading from the readout resonator
pad (RR). This breaks the symmetry between the two effective ground capacitances. (b)
A rendering of a single qubit on the experimental device showing the qubit capacitor pads
(QB), the readout resonator coupling pad (RR), and the TIC-TAQ control line (CL). The
simulated electric field distribution on the surface of the device is shown for a 1 V DC bias
applied at the control line. The inset shows the dependence of the TLS frequency on the
applied electric field, E , and the TLS electric dipole moment, p.

to the qubit . This method, often referred to as swap spectroscopy or simply TLS spectroscopy,
is essentially a qubit T} measurement performed over a range of frequencies. The qubit is prepared
in the excited state, and the |1)-state population is measured as a function of the delay time, during
which the qubit frequency is swept. It relies on the fact that when a qubit is resonant with the
TLS, any excitations will swap into the TLS where they are quickly dissipated into a lossy phonon
bath. As a result, the qubit relaxation rate I'y gains a frequency difference :

2¢°T

I'N= 55—
L= A2

+T1, (6.16)
where I'1 4 is the intrinsic qubit relaxation rate, I' = I'o rr,g + I'9 4 is the sum of the qubit and
TLS decoherence rates, g is the qubit-TLS coupling strength, and A = w, — wrrg is the qubit-TLS
detuning. We see that this creates a Lorentzian peak in the frequency-dependent qubit relaxation
rate I'1(w), whose width scales with I' & 'y r.s and height scales with g?. Thus, given I';(w), we
can fit each peak to extract both the coupling rate and 75 for each TLS.

If we only need to identify the TLS frequency, we can simplify the procedure by measuring the
excited state population P; after only a single fixed-time delay, while sweeping the qubit frequency
. This speeds up the measurement by a factor n, where n is the number of time we would have
used to measure the qubit’s energy relaxation rate I'y, at the cost of reducing the bandwidth of
TLS coupling strengths that can be detected. Here, the time delay, 7, between the qubit excitation
pulse and the measurement must be chosen carefully, since the resulting spectrum will be most
sensitive to TLS defects with 2¢%/T" ~ 771 . We must also be careful that any SPAM errors are
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Figure 6.4: Multi-level corrections to the AC Stark shift. (a) A level diagram for the
lowest three-levels of a transmon qubit. A drive on the transmon will always couple to every
transition in the system, leading to corrections from the two-level system model for the AC
Stark shift. (b) A comparison of the numerical (solid) and analytical (solid) calculations for
the multi-level AC Stark shift as a function of drive frequency, on both the |0)—|1) and |1)-|2)
transitions of the transmon. The two methods agree up to the two-photon corrections, that
are ignored by the analytical model.

sufficiently frequency-independent, since we are now using the excited state population as a proxy
for the qubit decay rate.

Multi-level Corrections to the AC Stark Shift

During the delay time, we must tune the qubit frequency in order to sample the spectral landscape,
and there are generally two ways to do this. If the qubit is flux-tunable, like the split-junction
transmon or fluxonium, this is straightforward, but one of the primary goals of TLS tuning is to
alleviate the need for DC flux control of the qubit frequency. Instead, we rely on the AC stark
effect to gain spectral control over a single-junction or “fixed-frequency” transmon [31]. To do so,
we apply an off-resonant microwave drive to the qubit to adiabatically map the qubit onto a floquet
qubit with a shifted frequency [150].

However, since the transmon is a multi-level system, the formulas we derived in Sec. are
only valid in the weak driving limit. To accurately model the frequency shift over a sufficiently
wide bandwidth, we must now take into account the additional contributions from the higher-
levels [177]. While the exact frequency shift in this case is typically numerically calculated using
Floquet analysis [150], we can still construct an approximate analytical formula for each transition
by summing the contributions from the adjacent two-level subspaces.

We recall from Sec. [4.1] that the Stark shift due to an off-resonant tone for each two-level
subspace in isolation is given by

50 1 =Wp —wp =sgn(Ap)A, — A, (6.17)

where A, = \/nQ? + A2 and the superscript reminds us that this is the lowest order approximation.
Here, wy, is the frequency of the |n — 1)—|n) transition, and A,, = w, — wy is the detuning between
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Figure 6.5: Experimental validation of the multi-level AC Stark shift model. (a)
The experimental pulse sequence used to measure the effective qubit frequency under an
off-resonant drive. The Stark shift drive is sandwiched between a Ramsey interferometry
measurement. (b)-(c) Experimental measurements of the AC Stark shift as a function of
the drive amplitude at frequencies near the |0)—|1) (b) and |1)-|2) (c) transitions. The
experimental data points are plotted as circles, and overlaid on top of both the analytical
and numerical predictions.

the transition frequency and the drive frequency wy. Then, we can make the assumption that the
off-resonant drive acts on each level independently, so we divide the Stark shift on each transition
evenly between the two eigenstates involved. However, since the |n) state is involved in both the
|n —1)—|n) and |n)—|n + 1) transitions, we must add this contribution to the Stark shift for both
transitions. Thus, the corrected Stark shift is given by

nn—1 " 552 )1 n—2 557(331 n (618)
where the minus sign on the contributions from adjacent transitions indicates that they shift the
levels in the opposite direction. Fig. [6.4(b) compares the numerically calculated Stark shift with
the analytical formula in Eq. for the |0)-|1) transition of a transmon as a function of the
drive frequency. We see that the two are in good agreement except near wpz/2 and wiz/2, where
multi-photon effects come into play. We also validate this experimentally in Fig. where we
show the measured Stark shift on both the |0)-|1) and |1)-|2) transitions as a function of the
drive strength, plotted against both the numerical and analytical curves. While we see that this
analytical method gives good agreement up to much stronger drive strengths, we can also recover
the simpler expression given in Ref. [31] by taking the limit of small Q for the lowest energy level

of the transmon: 2 Q2 02
0 1 (O)N L L W S 0 1
01 ~ Oy 5 (A1 A2) 2A1(A1 + ) (6.19)

where a = wp; — wio is the transmon anharmonicity.
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Although this is a useful method to frequency tune a single-junction transmon, an often cited
drawback is that the AC Stark shift only offers a practical tuning range of ~100 MHz, compared to
the > 1 GHz tuning range with a flux-tunable transmon. For strong Stark drives, it also becomes
harder to maintain adiabaticity when mapping between the bare qubit and Floquet qubit frames,
and drive-induced heating can become an issue [150]. First, the accessible tuning range is more
than sufficient for the purpose of mitigating dropouts, since we are primarily trying to characterize
the TLS spectrum near the qubit transition. Second, we can use the higher levels of the transmon
to probe lower and lower frequency ranges, since the transmon anharmonicity is negativeﬂ Thus,
we see that we can avoid many of the downsides of flux-tuning at the cost of some added complexity
to the TLS spectroscopy protocol.

6.5 Electric-Field Tuning of TLS

We now discuss our experimental demonstrations of local electric-field tuning with the TIC-TAQ
architecture. The experimental device, shown in Fig. (au)7 consists of 16 uncoupled single-
junction transmons. This allows us to demonstrate the relevant physics of TLS tuning without the
additional complexity of operating a fully-coupled device. The qubits and resonators are separated
into two nominally identical groups (A and B), with each group sharing a multiplexed readout
bus. The readout circuitry and Purcell filtering were described earlier in Sec. Each qubit
also contains an individual control line, as described in Sec. The TLS control voltages were
generated with a Yokogawa GS200 voltage source{ﬂ7 and since the control line ends in an open circuit,
we were able to apply DC voltages as high as 30 V to the control line without any heating at the
sample. However, in order to avoid heating elsewhere in the fridge, we bypass the cryo-attenuators
by adding a Mini-Circuits ZX85-12G bias tee to each line at the MXC plate. This allows us to also
filter the DC and AC lines separately, in addition to maintaining a sufficiently large load impedance
for the DC voltage source so that there is no current draw.

We can now characterize the TLS spectrum for each qubit as a function of the applied voltage
bias. Fig. (b) shows the transition frequencies of TLS defects coupled to an example transmon
over a 30 V bias range, where we observe a range of tuning sensitivities yg between 9 MHz/V and
330 MHz/V. Here we measure P; at a fixed time delay of 20 ps. The horizontal dashed line denotes
the fundamental frequency, fo1, of the transmon qubit with no Stark shift, and the corresponding
line cut at constant frequency is shown in Fig. (c) Here, we see dips wherever the voltage bias
brings a TLS into resonance with the qubit. The vertical dashed lines mark two example voltage
biases: V3 = —0.15 V (yellow triangle) and V5 = 3.252 V (dark blue triangle). The corresponding
line cuts in Fig. [6.6](d) illustrate the drastic changes in the qubit’s dissipative environment under
the two bias conditions. We also notice an abrupt change in the TLS spectrum at V;, =9 V, which
we hypothesize is due to a charge scrambling event that occurred during the total acquisition time
of ~11 hours [197].

"When using the higher levels of the transition, we must remember that the energy relaxation rate scales
with n. However, the qubit-TLS coupling rate also scales y/n, so we recover the same sensitivity.

8Tt is not clear that such a low noise voltage source is strictly necessary for the TLS control, although it
certainly does not hurt.
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Figure 6.6: Characterization of a qubit and its TLS environment for a varying
voltage bias. (a) A schematic of the 16-qubit “Everglades” device used in the experiment.
(b) Ty Stark shift spectroscopy as a function of applied voltage. The qubit |1)-state pop-
ulation P; is measured at a fixed time of 20 ps. The horizontal dashed line denotes the
fundamental frequency, fo1, of the transmon qubit with no Stark shift. The vertical dashed
lines mark two example voltage biases: V; = —0.15 V (yellow triangle) and V, = 3.525 V
(dark blue triangle). Each acquisition of P; as a function of qubit frequency takes approx-
imately 1 minute for a total acquisition time of approximately 11 hours. At V, =9 V, we
see an abrupt change in the TLS spectrum, which may be due to a charge scrambling event
1197]. (c) Linecut of Py as a function of the bias voltage. At V; (yellow), we find a dip in
P, corresponding to a TLS that is resonant with the qubit. In contrast, there is no resonant
TLS at V4 (dark blue). (d) Linecuts of P as a function of frequency at V; (yellow) and V5
(dark blue). (e) The qubit frequency, fy1, measured via ramsey interferometry as a function
of the bias voltage. (f) Single qubit Clifford randomized benchmarking (RB) as a function
of the bias voltage. (g) Qubit T, T% echo, and RB error rates (ep) measured at V; = —0.15
V (yellow) and V5 = 3.525 V (dark blue).
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Next, we confirm that the target qubit is not directly affected by a DC voltage bias on its control
line. As mentioned earlier, the voltage bias will also induce an offset charge, ny, across the junction.
However, we expect the exponentially suppressed charge dispersion of the transmon to ensure that
the qubit frequency remains insensitive to the voltage bias |105]. To verify this, we interleave a
Ramsey interferometry experiment to measure the qubit frequency at each voltage bias. In Fig.
(e), we see that the qubit frequency remains largely unchanged at different voltage biases, apart
from avoided level crossings caused by resonantly coupled TLS defects. These observed frequency
shifts due to TLS represent an additional error mechanism for qubits in the presence, since any
gates performed under these conditions will be off-resonant and pick up additional phase errors.
However, this also provides an alternative method for extracting the qubit-TLS coupling rates from
different defects. Finally, we also interleave single qubit Clifford randomized benchmarking (RB)
[103) [81] measurements to verify that the qubit control is not adversely impacted by the applied DC
voltage. In Fig. [6.6(f), we see that the RB error spikes at voltage biases where a TLS is resonant
with the qubit, but otherwise does not show any coherent voltage dependence. Rather, the applied
voltage bias primarily impacts the qubit by coupling to and modifying its dissipative environment.

This independent control of the qubit’s noise environment with respect to its intrinsic properties
allows for the unconstrained optimization of important performance metrics, including the qubit
T time, 15 time, and single qubit gate fidelities. In Fig. g), we compare these metrics at the
two example voltage biases. At V3 = —0.15 V, where the qubit is approximately resonant with
a TLS, we see a 60% (35%) reduction in the qubit’s T} (Th.) time compared to Vo = 3.525 V,
where there is no resonant TLS. We also find a 35-fold increase in the single qubit RB error when
the TLS is on-resonance, from both the reduced coherence times and coherent errors caused by
the TLS-induced frequency shift. This highlights not only the mechanism by which TLS-induced
errors can cause dropout qubit, but also demonstrates how we can mitigate such errors with precise
control over the TLS defects.

6.6 Stabilizing the TLS Environment

Next, we use TIC-TAQ to address the instability of the TLS background over time, which is the
primary driver of performance instabilities for superconducting qubit systems [100} |26, |197]. As
mentioned earlier, the TLS landscape for given qubit can change drastically on a timescale of several
hours, due to either spectral diffusion [100] or charge scrambling events [197]. These changes can
bring a strongly coupled TLS into resonance with a qubit for a prolonged period of time, which
renders the qubit effectively inoperable and leads to a temporary dropout. To mitigate such errors,
we can periodically monitor the TLS environment for each qubit and apply a reactive voltage bias
in response to changes in the spectrum. This was first demonstrated in Ref. [114], where Lisenfeld
et. al. optimize a global electric field bias to tune the dominant strongly-coupled defects away
from the qubit frequency. We perform a similar two-step optimization procedure which we explain
below.

The general procedure for determining the optimal voltage biases, V;Opt, is outlined in Fig.
6.7(a). For each time step, t;, we first perform a coarse voltage scan (-10 V to 10 V) where we
do an TLS spectroscopy measurement to characterize the TLS landscape over a small frequency
window (fo1 £5 MHz). From these measurements, we obtain a |1)-state population Py ;(f, V) after
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Figure 6.7: Stabilizing qubit performance with TIC-TAQ. (a) A diagram illustrating
the optimization procedure applied on qubit B1. (b) The optimal voltages V" (blue) as
determined by the optimization algorithm as a function of time over a period of ~38 hours
(top panel). The static baseline voltage, V, = 0, (orange) is shown as a reference. The
RB error evaluated at V,*" (blue) and V, = 0 (orange) are shown in the bottom panel. (c)
Cumulative distributions of 500 repeated 77 measurements taken over a 22 hour time period.
The gray traces show the distributions measured at 51 static voltages, while the dark blue
trace shows the distribution measured at the optimal voltage V;°*" for each iteration. The
shaded gray region spans the minimum and maximum mean 77 time for all static voltage
configurations, and the vertical blue line denotes the mean 77 time for the dynamic voltage
configuration. The cumulative distributions of the (d) means (u) and (e) standard deviations
(o) for the static voltage biases are also plotted. The vertical line denotes the mean (standard
deviation) for the dynamic voltage configuration.
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a fixed time delay, which we use as a proxy for the frequency- and voltage-dependent T7. We
then average the traces over the sampled frequencies to compute an averaged signal Pl,i(V), which
effectively smooths the signal over voltageﬂ Next, we apply a weighted average over the ]5171-(‘/)
from prior iterations to compute the loss function as

PriV) = o SO Wt 1) Py (V), (6.20)
=0

where the normalization factor N is given by N = Zé'zo W (t;,t;). This reduces statistical noise
and accounts for historical context to bias the loss function toward more stable voltage regions. We
then compute V*, for each iteration as

V¥ = argmaxy, Py (V) (6.21)

from the coarse-grained loss function to determine an initial estimate for the optimal voltage.
Finally, we refine the initial estimate V;* by measuring the qubit 77 time in a small window around
V;* and selecting the voltage that yields the highest 77 as V;°P".

In Fig. (b), we show the optimal voltages V;Opt determined via this optimization procedure
as a function of time over a period of ~38 hours. For our choice of hyperparameters, the process
of determining prt takes approximately 200 seconds per iteration. Between these iterations, we
evaluate the single qubit gate errors at both V;” * and a baseline voltage, V4, = 0 V. Over the full
measurement period, we measure a mean gate error of 1.8 x 1073 for the baseline configuration,
which is 2.6x larger than the mean gate error of 6.8 x 10~ that we find for the optimized voltages.
Moreover, at V;, = 0, we see many time periods with elevated single qubit gate errors, which
we attribute to the presence of a TLS that intermittently moves into resonance with the qubit
frequency. In contrast, the single qubit gate errors are relatively stable for the optimized voltages.

To better quantify these dropout events, we define an outlier threshold, € p oytiier, based on the
distribution of gate errors for the optimized configuration,

€Poutlier = Q3 + 1.5 x (Q?) - Q1)7 (622)

where Q1 (Q3) is the first (third) quartile and Q3 — @1 is the interquartile range (IQR). For the
dataset shown in Fig. [6.7|(c), we calculate an outlier threshold of €pgyttier = 1.26 X 1073, Using
this threshold, we detect an outlier 36% of the time for the baseline configuration, compared to
only 1.3% of the time for the optimized configuration.

While the improvement with dynamic optimization is strikingly clear, one could argue that the
performance improvement here was just due to the particular choice of the baseline voltage. To
preempt this argument, we perform a separate experiment where the qubit 77 time is measured
at many static voltage biases (51 points between —10 V and 10 V) over a period of ~22 hours.
This allows us to simulate the effect of many independent cooldowns, which have been shown to
change the precise frequencies of TLS defects, but not their overall spectral densities [180, |41]. In
Fig. m(c), we show the resulting 7T distributions for each of the static bias configurations in grey.

9Since the dependence of TLS frequency on voltage is locally linear, measuring P (f, + Af, V) is equiv-
alent to measuring Pi(f,, V + AV), fo + A, where yg = Af/AV is the tuning sensitivity of the TLS in
question. This allows us to sample intermediate voltages more quickly.
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The corresponding 77 distribution for the optimized voltage biases is shown in dark blue. Here,
we find that the optimized voltage biases resulted in a mean T; of 52.5 ps, which represents a 14%
(38%) improvement over the best (worst) mean 77 across all static biases for the same time period.
Moreover, the standard deviation ogynamic = 8.4 ps for the optimized voltages is smaller than most
of the standard deviations ogatic for the static biases (ogtatic € [7.7,14.4] ps). This highlights the
improvement, in both the absolute coherence times and also their relative stability, enabled by
dynamic TLS mitigation. However, this is to be expected, since a qubit is almost guaranteed to
suffer from a resonant TLS defect given sufficient time.

6.7 Local Tuning vs Global Tuning

While we have already discussed the importance of local TLS control, we now present some data to
validate our reasoning. To do this, we perform an experiment similar to the previous section, where
we compare the 77 distributions using both global and local TLS control on a set of 12 qubits. To
simulate a single global control knob, we fix the voltage bias for every qubit to the same value and
scan over many different voltage values. For the local configuration, we select the optimal voltage
bias for each qubit, using the same optimization procedure as before. We continuously monitor
each qubit for ~26 minutes, and select the V;Opt from the final iteration to benchmark the local
TLS control.

Fig. [6.8(b) shows the distributions of the average T} times (over ~105 minutes) for 12 qubits.
We compare the distributions for 51 global bias values between —10 V and 10 V (grey) to the
distribution of average 77 times for the locally optimized voltage biases (dark blue). The local
configuration had a mean T3 of 44.3 us across the 12 qubits, compared to a best (worst) mean T}
of 41.6 s (34.1 ps) for the global configurations, representing a 6.5 — 30% improvement in mean
T7 compared to all global configurations.

However, while we find that the average T across the qubits is always better with local control,
this does not always strictly improve the 77 for each individual qubit. This can be explained in part
by TLS drift post-optimization, but we found that it was mainly the result of some DC crosstalk
between a subset of the qubit control lines. Crosstalk can be detrimental because it breaks the
assumption that each control line independently controls only a single qubit’s TLS environment,
and this is not accounted for in our parallelized optimization. We confirm this by measuring a
DC crosstalk matrix, where we use sweep the voltage bias on one control line at a time while
performing TLS spectroscopy on every qubit. Surprisingly, of the 132 potential qubit-control pairs
that we measured, only 7 pairs exhibited detectable levels of crosstalk. Closer inspection reveals
that this primarily occurs when a control line passes directly by a neighboring qubit. Since the
control line is shielded above by airbridge crossovers, this suggests that the coupling is mediated
primarily through the silicon substrate, and could be suppressed easily with the integration of
superconducting through-silicon vias in future devices [82].

6.8 Multi-Qubit Stabilization

As a final benchmark of local and dynamic TLS control, we repeat the experiment discussed in
Section simultaneously on 6 qubits (selected to minimize crosstalk) for a total duration of ~40



CHAPTER 6. SYSTEM STABILITY 134

a CL 1072 f 102
TIC-TAQ e
w 103 . l
g = 1 N g B I ? 1
o
107 e | % o i 0 s
d w1073 4 l ll l T I N
om A A —a
=50 o 2 pd A I I I T
Global o T H I
TLS Control TLS Control =
I . | 0 107 T T T : : T
-10 0 10 QA1 QA2 QA5 QA6 QB1 QB7
Bias Voltage (V) Qubit
b 1.0 TTo— e 34 oV g 80
- N D24
o6l 2 50 |l 2 - l li li ] i
w 0.01 H « 0 A A N
5 ) e —— TR 3| I il
041 o Global 87| TCTAQ s I [T b
TIIS : | E 2] 20 }
0.2 i E oca EN ®
0.0 T — T 04 : : : . 0 T T T T : —
0 20 40 60 80 0 10 20 30 40 QA1 QA2 QA5 QA6 QB1 QB7
Ty (us) Hours Qubit

Figure 6.8: Benchmarking TIC-TAQ across a multi-qubit device. (a) A schematic
illustrating the locally optimized (left) and global (right) voltage bias configurations. The 4
hatched squares represent qubits that were not measured. (b) A comparison of the cumula-
tive distributions of T} times across 12 qubits with local optimization (dark blue) compared
to global optimization (gray). The yellow trace highlights the global configuration where
Vi, = 0 for all qubits. The dotted lines denote the means of the corresponding distributions,
and the grey shaded region spans the minimum and maximum mean 7} times for all global
configurations. The inset shows the distribution of mean T; times across the chip, with the
mean for the V,, = 0 V (yellow) and locally optimized (dark blue) configurations marked by
vertical lines. (c), (d) Repeated measurements of single qubit gate error (77) on qubit A5,
measured at V3, = 0 V (orange) and V;°® (blue). The black dashed line in (c) denotes the
outlier threshold for this qubit, defined in Sec. . (e) The number of outlier qubits across
the 6 qubit subset over 40 hours. (f), (g) The distributions of single qubit gate errors (7}
times) for each qubit. The circles denote outliers in the distribution and the horizontal lines
denote the mean RB error (77 times) across all 6 qubits.
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hours. Between each iteration, we measure the qubit 77 and perform isolated single qubit RB on
each qubit at both the periodically optimized voltages Vi?; t (where ¢ represents the qubit index)
and V, = 0 V. Fig. [6.8(c)((d)) shows the time-series of RB errors (T} times) for a representative
qubit (QA5). For the static configuration, V, = 0 V (orange), we find a sudden drop in the qubit T}
and a corresponding spike in the single qubit gate error beginning at approximately ¢ = 21 hours.
In contrast, the qubit performance remains stable and unaffected by changes in the TLS spectrum
when the voltage bias is periodically optimized (blue).

For each qubit, we again calculate an outlier thresholdE to screen for TLS-induced outlier
events. Fig. e) shows the number of outlier qubits over time for both voltage configurations.
Over a period of ~40 hours, we detect one or more outlier qubits only 8.2% of the time with
periodic optimization, compared to 67% of the time at a static voltage. Moreover, we detect no
iterations with two or more simultaneous outliers with voltage optimization, compared to 18% of
the time at V, = 0. Finally, we compare the distributions of both average gate error (Fig. [6.8]f))
and average T (Fig. (g)) for each of the 6 qubits over the entire experiment. Here, we see a
36% improvement in the average gate error with local and dynamic optimization (£p = 7.6 x 10%)
compared to the static voltage V;, = 0 (p = 11.9 x 10~%). Similarly, we see a 17% improvement in
the average Ty time with periodic local optimization (T} = 43.3 ps) compared to the static baseline
voltage (Ty = 36.9 p1s).

These results demonstrate the advantage of using TIC-TAQ to locally optimize the noise en-
vironment across a multi-qubit device and confirm that the spectral diffusion of TLS defects is
a dominant contributor to fluctuations in qubit performance. Notably, there was no recalibra-
tion of single qubit gate parameters over the entire 40 hour time period, highlighting the qubit’s
insensitivity to the TLS control parameter.

6.9 Outlook

In this chapter, we have introduced a scalable quantum control architecture, TIC-TAQ, to address
the threat of TLS defects in a multi-qubit device. Our method enables local and independent
control over each qubit’s dissipative environment with no additional on-chip overhead, making it
simple to integrate into current superconducting quantum processor designs. Leveraging in-situ
spectral tuning of TLSs, we demonstrate improvements to qubit coherence times and single qubit
gate performance that remain robust to changes in the TLS landscape. We also demonstrate the
scalability of our method, showing that we can simultaneously stabilize single-qubit performance
across 6 qubits over a 40 hour time period, with an overhead that does not scale with device
size. This work represents a substantial step towards resolving spatial and temporal performance
instabilities in superconducting quantum processors, and also opens the door to several interesting
avenues of research.

While our approach to performance stabilization relied on periodic optimization, several recent
works have also demonstrated error stabilization by slowly modulating a TLS control field such that
the qubit sees a different instantaneous noise environment on a shot-by-shot basis over an extended
measurement [97), 43]. This has the effect of averaging different TLS configurations and the resulting
noise, trading some excess relaxation for a more stable noise environment. We believe that this
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Figure 6.9: Offset-charge dependence of MIST. (a) An FFT of Ramsey interferometry
measurements, on the |1)—|2) transition of a transmon qubit, as a function of the applied
bias voltage. The two sinusoidal signals correspond to the even and odd charge parity
states. We fit the periodic signal to extract a gate charge period of 13.9 mV. (b) Offset
charge dependence of measurement-induced state transitions. We prepare the qubit in the
|0) or |1) state, and sweep the power of a 1 ps readout tone to bring the readout resonator
to a steady state photon number n. The measured probability of the qubit remaining in the
same state is plotted as a function of both n and the offset charge.

can be a promising approach to complement the periodic optimization strategy discussed above
— characterization of the spectral landscape can help identify regions free from strongly-coupled
defects, and local averaging can be leveraged to stabilize the weakly coupled background. Another
approach is to simply keep up with the changing TLS background via real time characterization
and calibration. Notably, a recent experiment demonstrated the real-time calibration of a quantum
processor by training a reinforcement learning agent to directly leverage error detection events as a
learning signal for updating control parameters in-situ . It is easy to imagine integrating the
TLS bias voltage as another control parameter in such a calibration framework, that would enable
parameter updates without interrupting a long-running algorithm.

The TIC-TAQ architecture also enables control of the transmon’s offset charge, which has
interesting implications for measurement-induced state transitions or transmon ionization, which
have recently regained attention as a key limitation for high-fidelity dispersive readout
. Although the transmon is typically described as offset-charge insensitive, this is only
true for the lowest energy states. For a typical transmon with E;/FEc ~ 80 — 100, we find MHz
levels of charge dispersion by the time we reach the |5)-|6) transition. While this may not seem
like a problem at first glance, it can lead to offset-charge dependent readout errors, because these
unwanted state transitions are primarily mediated by the higher levels of the transmon . In
Fig. [6.9(a), we show a measurement of the offset-charge dispersion of the |1) — — |2) state as a
function of the applied voltage bias, where we see a gate charge period (2¢) of 13.9 mV. We find
the same periodic dependence in Fig. b), where we measure the state-transition probability as
a function of mean photon number starting in both the |0) and |1) state. Notably, we see a small
offset-charge period relative to the range of typical bias voltages we apply for TLS optimization,
making it possible to independently optimize the TLS noise environment and stabilize the offset
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charge to a value that allows for higher power readout.

A final direction of interest involves leveraging TLS control to better understand and character-
ize fabrication processes, in hopes of accelerating efforts to further reduce the overall defect density.
Spectral diffusion of TLS defects make individual coherence measurements—at a single qubit fre-
quency and single point in time—incredibly poor predictors of the long-term average coherence
times of a superconducting qubit [31]. However, by measuring coherence times over a range of
applied voltages, we can very quickly sample the average TLS background [43]. We expect this to
accelerate research on materials and fabrication processes by enabling faster screening and process
characterization of both test devices and full-scale processors. TLS control also allows us to deter-
mine the distribution of TLS dipole moments and tunneling energies Ag in a given material, which
can yield a more holistic picture of the dielectric loss in a particular material platform [115]. This
can be further extended by placing multiple control electrodes around the qubit, allowing one to
triangulate the precise location, and potentially the full vector dipole moment, of individual defects.
This technique has already yielded evidence that the defect density is predominantly concentrated
at the surfaces of the shadow-evaporated aluminum leads [116], making the case for lift-off free
junction fabrication even stronger. We also envision future work combining local TLS control with
fluxonium qubits to enable the characterization of TLS defects over a much wider bandwidth, from
MHz to GHz frequencies.

These future directions highlight the dual capacity of local TLS control: it is at once a cali-
bration tool for actively stabilizing the performance of a quantum processor, but also a diagnostic
probe for better understanding the sources of decoherence. These two functions can work in tandem
to continue advancing the platform of superconducting qubits.
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Appendix A

Circuits

A.1 Resonances

Damped and driven harmonic oscillators are found in many physical systems beyond electrical
circuits. To build some physical intuition for such a system, we can consider a 1-dimensional driven

damped harmonic oscillator with mass m, intrinsic resonance frequency wg = \/%, and damping
coefficient . The differential equation governing the motion of this system is given by
F(t
i 4yt +wir = Flt) (A.1)
m

For F(t) = 0, we can guess a solution of the form Ae®!, so we have

Aeft (52 + s+ w%) = 0. (A.2)

:——j:\/ Wi = ——j: 1/1— A.
wy = two 2000 ( 3)

In the limit of small damping (v < 2wp), z(t) is of the form

Solving for s, we find

z(t) = (z4 el 4 e mot) e 2t (A.4)

where the new resonance frequency is

2
Qo = wp I—LQ%LL)O |:1—|—172:| (A5)
w 8 wj
Here we see that the homogeneous solution leads to transient behavior, which will tend to x(t) — 0
in the limit ¢ > 1.

In the case of a periodic driving force, we define Re[z(¢)] = x(¢), and we can write the equation
of motion as

J
Fhyi+wi= Eoe““t (A.6)
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and guess a solution of the form z(t) = Ae™?. Plugging in this guess, we find
2 . 2\ iwt Fo iwt
A(—w® +iyw 4 wy) €' = —e (A.7)
m

from which we see that A is entirely fixed. We can solve for the amplitude and phase as

o 1

A=2"2 = x e A.
m (Wi — w?) + iyw ac (A.8)
B 1
d—
" \/(wg - w2>2 —+ 72(’02 (A 9)

Yw
= arctan | ———=
¢ <w3 “5)

What is worth noting is that the maximum amplitude response here occurs at a resonant driving

frequency
2 2
wd:\/wg—é:wowll—;wg (A.10)

A.2 Coupling

Capacitive T-Coupling

The Lagrangian for the system is

1. .1
L= §<I>TC<I> — 5<I>TL*1<I> (A.11)
where the capacitance and inverse inductance matrices are
Cy —C 0 = 0 0
C=|-C Ci+C.+C —Cy L7'=10 0 0 (A.12)
0 —Cs Co 0 0 £

Lo

From here, it is clear that ¢. does not appear in the Lagrangian so it is a free-variable that must
have a corresponding conjugate charge ). that is conserved. The Euler-Lagrange equations tell us
that

oL . . .
% = (Cl + Cc + 02)¢c - Cl¢1 - 02¢2 = Qc (A13)
SO, We can express q'ﬁc in terms of the remaining node variables to eliminate it from the Lagrangian:
e = 1 <01¢1 + Cogo + Qc) (A.14)
Cx

where Cy = C1 + (s 4+ C, is the sum of all capacitances at ¢.. We can multiply out the kinetic
energy term of the Lagrangian to get

1. . 1 . 1 . 1 . . .
Ec = 5®7TC® = S Cud? + SC16% + 5026 — Créndc — Cagade (A.15)
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Making the relevant substitutions, we find

Londz = cl L0t + i+ JCH Qb G| (A
Ci1e = C’i C21 + C1Codrds + Clél@c} (A.17)
Codode = Cl, C1Cadrda + C263 + C2¢52Qc} (A.18)

so that o @ 1 L
= §C1¢2 + §C2¢§ + 20; e [201%% + C1C29102 + 20224 (A.19)

We then group the corresponding terms and simplify the coeflicients

C% . C1Cy + C1C.

Ci——=
O Cs (A.20)
o Oy CiCy + CoC
T oy Oy
to get a final kinetic energy term
1 . 1 .
Fo = 70100 + C1Cy Qﬁ n 70200 + 0102¢ 0102 (251¢ + QC (A.21)
2 Cs, 2 Cx
This corresponds to a capacitance matrix
1 (CiC.+ C1Cy —C1Cs
C= A.22
Cs ( —C10y C2C. + C1Cy ( )
where the kinetic energy term is now Ego = %@TCQ + 2%22
Inductive T-Coupling
The Lagrangian for the system is
1. .1
L= 5<I>TC<I> ~ 5<I>TL*1<b (A.23)
where the capacitance and inverse inductance matrices are
Ci 0 0 Lt ~Lt 0
C=[0 0 0 Lt=|-ry! L'+ 7+ 0yt -1yt (A.24)
0 0 Cy 0 ~Ly* Ly?

Here we see that éc does not participate in the Lagrangian, so ¢. is a frozen variable that cannot
change in time. The Euler-Lagrange equations tell us that
oL 1
8(250 LE

1 1
be — fl¢1 - fQ¢2 =0 (A.25)
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so we conclude that ¢, is fixed in terms of the other two variables

¢c: 7¢1+

I Lj@ (A.26)

where Ly is now the reciprocal sum defined as Lil = Lfl + Ly Ly L;'. The potential energy term
of the Lagrangian can be multiplied out as

1 - IR 1
Ep=-¢"L'e=_"1 4 2 ¢ — —¢age A2
L7 2L, " 2L, 2Ly 7,92 (A.27)
Next, we group terms involving ¢. and make the relevant substitutions
c — A.28
oLy~ 2 |2 ¢ ¢1¢2 + 12 o5 (A.28)
1
—p1¢e = Ly | =02 A2
I ¢10 > [L% o1 + Tl ¢1¢2} (A.29)
1 1
— @20, =L — 3 A.30
I, 29 s [L T 192 + 3 %} (A.30)
and we find that
2 171 h
CH P ol = A.31
5Ly 2 |I P1Pc + <f>2¢> 2 ¢1 I L —— 0102 + iE) ¢2 (A.31)

We then substitute these terms into Eq. [A:27] which results in the potential energy

1 1 1Ly o, 1Ly , Ly,
¢1 ¢2 2 LQ ¢1 2 L2 ¢2 L1Ls ¢1¢2 (A32)

Finally, we group the corresponding terms and simplify the coefficients to find

1 Lg_lb_bﬂ

Ly L3 Li| Ly
_ i LiLo+ LyL.+ LoL. — LoL, (A33)
14 LLo+ L1L.+ LoL,.
. L2 + Lc
LiLy+L1Le+ LaL,
and similarly
Ly L2 LiLy+LiL.+ LyL, '
The resulting potential energy is
1 1
Erp = [(Ls + Le)¢t — 2Led1¢n + (L1 + Le) 3] (A.35)

2L1Ls+ LiL.+ LoL,

which corresponds to an inverse inductance matrix

_ 1 Lo+ L —L
L ! = ¢ ¢ A.36
LiLo+ L1L.+ LoL,. ( —L, L+ LC) ( )
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From here it is relatively straightforward to check that

_ Ll + Lc Lc
L= < PR Lc> (A.37)

and we notice that this looks very similar to the capacitance matrix C for the capacitive m-circuit,
except the off-diagonal terms have opposite sign.

Coupling Efficiency for a Floating and Grounded LC Oscillator

Here we will derive the coupling efficiency between a floating and grounded LC oscillator. In the
circuit (Fig. a)), we see that there are three nodes, with fluxes ¢4 1, ¢q,2, and ¢, which results
in the capacitance matrix

Cg + Cy + C —-C, -4
C= -C, Cg +C, + Cy ) (A.38)
-1 —Cy Cy+ C1+ Oy

To determine the effective coupling between the two modes, we must make a basis transformation,
defined by

(Z)a,—l— 1 1 0 (Z)a,l
da | =11 =1 0] [ dus (A.39)
®b 0 0 1 Pb
N————
U

so that the effective capacitance matrix becomes C=U"lcu. Then, the resulting capacitance
matrix becomes:

_ % (Ciq +Cy) %Cl_ —Cy
C == §C_ Ctll + 504_ —C_ (A40)
—-Cy —-C_ Cy+2C4
where we define Cy = (C] + C9)/2, and C), = C, + %Cg. The coupling efficiency is then given by
~—1
Ko = 22— (A1)
Cy, Cay
The matrix elements can be computed as
det(C)Cyy = %(Cg +00)(Cy+204) - C2 (A.42a)
1
=3 [Cp(Cy+ C4) +2C,C4] (A.42D)
~ ~ 1 1 1
det(C)ng1 = i(Cg +Cy) (C’fl + 2C+) — ZC_% (A.42¢)
1 1
- 5 |:C£L(Cg + C+) + 2CgC+:| (A42d)

~ ~ 1 1 1
det(C)Cof = —5C4+C- +5(Cy + C1)C- = 5C,C- (A.42¢)
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Finally, we can substitute these expressions into Eq. to obtain

Kgp = o (A.43a)
\/(c,,(cg + L) +20,04) (CU(Cy+ Cy) + 10,C4)
= ¢ (A.43b)
\/(C' +3704) (Cp +29C4)
where we define 7 = Cg(j_igcg

Coupling Efficiency for two Floating LC Oscillators

We will now derive the coupling efficiency between two floating LC oscillators. In the circuit (Fig.
2.7(b)), we see that there are now four nodes, with fluxes ¢ 1, ¢a,2, ¢p,1, and ¢p 2 which results in
the capacitance matrix:

Co+Cy+ Cr1 + Co2 -Cq -Cnp —Ch2
C_ —Cy Co+ Cy+ Co1 + Coo —Co1 —Ca2
—C11 —C91 Cyp+Cy+ Cii+Cx —Cy

—Ch2 -2 —Cy Cy+ Cy+ Cra + Cao

(A.44)
We again make a basis transformation to determine the effective coupling between the two modes,
which is now given by

Da+ 1 1 0 0 ba1
Ga,— 1 -10 0 Ga2
’ = ’ A .45
o |~ 1o 0 1 1| |an (A.45)
Pp,— 0 0 1 -1 b2

U

so that the effective capacitance matrix becomes C=U"lcu-l Now, the effective capacitance
matrix in the new basis is:

H(Cy+Cs)  3(Ca+Cp) —1Cs —1(Ca — Cp)

2
C = %(C 1+ Cﬁ) ?{lz + %C’z 12 (C + Cﬁ) . _%CA (A.46)
1_502 _i(cix"‘cﬂ) ?( g T Cs) E(Ical_cﬂ)
—5(Ca — Cp) —3Ca 7(Ca — Cp) Gy + 205l
Here we have defined the new variables:
1
Cy = 5(011 + Ca + Cr12 + Ca1) (A.47a)
1
Ca = 5(011 + Coy — C12 — Oy (A.47b)
1
C, = 5(011 — () (A.47c)
1
Cg = 5(012 — 021) (A.47d)

Ci=0C;+ %Cg (A.47¢)
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The coupling efficiency is now given by

and the matrix elements are now given by
det(C)C 9 = Cg 5 509 + CZ Cb + §C2 - Z(Ca — Cﬁ)
det(C)C44 = Cg § 509 + CZ Ca + 502 — Z(Coé ‘I— CB)

1

o 1
4@ = 16, [ea (3¢, + s ) - (€2 - 3)

We then substitute these expressions into Eq. to obtain the coupling efficiency

C2-C3
© Cst3G,

_ 1 Ca
2 \/<C’L’1 + %CE _ 1(0a+06)2> <C(/> n %CE _ l(Ca—Cﬁ)Q)

2 CE+%CQ 2 CE+%CQ

161

(A.48)

(A.49a)
(A.49Db)

(A.49c)

(A.50)
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