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SUMMARY

Quantum computers hold great potential to solve complex physics and chemistry problems
that are beyond the capabilities of classical computers. Unlike classical systems that use bits
represented as deterministic Os and 1s, quantum computers operate with quantum bits or
qubits, which can exist in a superposition of states. In addition to superposition, quantum com-
puters harness the power of entanglement and quantum interference that enable quantum
computers to encode and process information in ways that classical systems fundamentally
cannot. These properties allow quantum computers to explore vast solution spaces in paral-
lel, solving certain computational problems far more efficiently than classical systems. This
has numerous potential applications ranging from the factoring of large numbers, optimiz-
ing complex systems, computational chemistry, machine learning, cryptography, and artificial
intelligence.

Yet, current quantum processors are fragile, noisy and fairly limited in both quantity and
quality with tens of qubits and physical error rates of around 1073, To realize practical quan-
tum applications, however, error rates need to be below 10~ 1% across millions of qubits. To
bridge this gap and fully harness the potential of quantum computers, quantum error correction
(QEC) is essential. QEC codes are designed to protect quantum information by redundantly
encoding it onto multiple physical qubits. This encoding allows for the detection and correction
of local errors affecting individual qubits, e.g., through stabilizer measurements. Importantly, if
the physical error rates are below a specific threshold, QEC codes can exponentially suppress
logical error rates by increasing the number of physical qubits involved. This is essential for
achieving fault-tolerant computations, which are key to unlocking the full potential of quantum
computers.

The work presented in this thesis focuses on the implementation and optimization of
small-scale QEC experiments using the surface code and flux-tunable superconducting qubits
(Transmons). It addresses several key challenges: enhancing two-qubit gate fidelity in Surface-
4 (Chapter 2), implementing an error-detection code with Surface-7 (Chapter 3), automating
the calibration and benchmarking of the building blocks in Surface-17 (Chapter 4), reducing
leakage into higher excited states with leakage reduction units (Chapter 5), assessing and
enhancing the performance of logical qubits (Chapters 7 and 8).

Chapter 2 focuses on improving two-qubit gates, a major source of errors in many quantum
algorithms. This chapter introduces a diabatic two-qubit scheme known as Sudden Net-Zero
(SNZ) for implementing controlled-phase gates in a Surface-4. The SNZ approach achieves
outstanding performance, demonstrating two-qubit gate fidelity of 99.93% and minimal leak-
age of 0.1%. A key advantage of the SNZ approach is tuneup simplicity due to the regular
structure of gate landscapes as function of the SNZ pulse parameters.

Xl



Xii SUMMARY

Scaling to a distance-2 surface code (Surface-7) in Chapter 3, we successfully imple-
mented a quantum error detection code. Additionally, we demonstrate a comprehensive suite
of logical operations, including initialization, measurement, and arbitrary single-qubit gates.
Notably, the performance of fault-tolerant variants outperforms that of non-fault-tolerant vari-
ants.

In order to realize a logical-qubit in the surface-code architecture, we extend our quantum
device to Surface-17, a distance-3 surface code. Chapter 4 presents automatic calibration
strategies for maintaining high performance of single-qubit gates, two-qubit gates, and readout
on a 17-transmon device using a homebuilt framework known as Graph-Based Tuneup (GBT).
A significant experimental challenge that is addressed in this chapter is mitigating the impact
of two-level systems, which can severely compromise the operational fidelities of one- and
two-qubit gates as well as readout.

Leakage poses a significant threat to QEC codes due to its non-discretizable nature and
the potential spread of correlated errors over time. Chapter 5 details the implementation and
extension of a leakage reduction scheme that effectively reduces leakage by up to 99%, while
minimizing its impact on the qubit subspace. This approach has proven crucial for quickly
stabilizing the detection error probability in repeated stabilizers experiment at lower error
rates.

We assemble the QEC cycle from the individual building blocks calibrated as detailed
in Chapter 4. Constructing the QEC cycle merely from isolated calibrations can result in
suboptimal performance. To address this, Chapter 6 presents highly parallelized and orthogo-
nal calibration methods that are designed to optimally calibrate stabilizer measurements as
parallel block units. This approach significantly enhances performance by effectively absorb-
ing coherent phase errors caused by residual ZZ couplings and flux crosstalk. Additionally,
the chapter presents the benchmarking the performance of repeated weight-2 and weight-4
stabilizer measurements. This serves as a valuable testbed for exploring optimal decoding
strategies and for understanding the relationship between logical and physical qubit perfor-
mance.

Chapter 7 explores error decoding with soft information from analog readout signals. This
method stands in contrast to traditional binary decoding and is shown to reduce the logical
error rate. The chapter presents experimental results that highlight the advantages of using
soft information into the decoding process of a distance-3 bit-flip code.

Finally, Chapter 8 summarizes the findings from each chapter, reflecting on the key chal-
lenges and issues that must be addressed to advance the development of practical quantum
computers. This chapter offers personal interpretations of the work presented, identifies open
questions, and outlines future directions for research.



SAMENVATTING

Kwantumcomputers hebben de potentie om complexe problemen in de natuurkunde en schei-
kunde op te lossen die buiten de mogelijkheden van klassieke computers vallen. In tegen-
stelling tot klassieke computers die bits gebruiken die deterministisch worden voorgesteld als
0’en en 1’en, werken kwantumcomputers met kwantum bits of qubits, deze kunnen bestaan in
een superpositie van toestanden. Naast superpositie, maakt een kwantum computer gebruik
van de verstrengeling en kwantuminterferentie die het mogelijk maken om informatie te code-
ren en te verwerken op manieren die fundamenteel onmogelijk zijn voor klassieke computers.
Deze eigenschappen stellen kwantumcomputers in staat om enorme oplossingsruimtes pa-
rallel te verkennen, bepaalde computationele problemen veel efficiénter op te lossen dan
klassieke computers. Dit heeft talloze potentiéle toepassingen, variérend van het factorise-
ren van grote getallen, het optimaliseren van complexe systemen, computationele chemie,
machine learning, cryptografie en kunstmatige intelligentie.

Toch zijn huidige kwantumprocessors beperkt in zowel kwantiteit als kwaliteit met tientallen
qubits en fysieke foutpercentages van ongeveer 1073. 0m praktische kwantumtoepassingen
te realiseren, moeten deze foutpercentages echter onder 10715 liggen voor miljoenen van
deze qubits. Om deze kloof te overbruggen en de volledige potentie van kwantumcompu-
ters te benutten, is QEC essentieel. QEC-codes zijn ontworpen om kwantuminformatie te
beschermen door deze meervoudig te coderen over meerdere qubits. Deze codering maakt
het mogelijk om lokale fouten die individuele qubits beinvioeden te detecteren en te corrige-
ren, bijvoorbeeld door stabilisatiemetingen. Wanneer de fysieke foutpercentages onder een
specifieke niveau worden gehouden, dan kunnen QEC-codes de logische foutpercentages
exponentieel onderdrukken door het aantal betrokken fysieke qubits te verhogen. Dit is es-
sentieel voor het bereiken van fouttolerante berekeningen. Dit is cruciaal om het volledige
potentieel van kwantumcomputers te ontsluiten.

Het werk dat in deze scriptie wordt gepresenteerd, richt zich op de implementatie en
optimalisatie van kleinschalige QEC-experimenten met de surface-code en fluxafstembaar
supergeleidende qubits (Transmons). We bespreken de volgende belangrijke punten: het
verbeteren van de betrouwbaarheid van twee-qubit operaties in Surface-4 (Chapter 2), het
implementeren van een foutdetectiecode met Surface-7 (Chapter 3), het automatiseren van
de kalibratie en benchmarking van de bouwstenen in Surface-17 (Chapter 4), het verminderen
van lekkage naar hoger energie toestanden met lekkagereductie-eenheden (Chapter 5), en
het beoordelen en verbeteren van de prestaties van logische qubits (Hoofdstukken 7 en 8).

Chapter 2 richt zich op het verbeteren van twee-qubit operaties, een belangrijke bron van
fouten in veel kwantumalgoritmes. Dit hoofdstuk introduceert een diabatisch twee-qubitschema,
bekend als Sudden Net-Zero (SNZ), voor het implementeren van gecontroleerde-fase ope-
raties in een Surface-4. De SNZ-aanpak bereikt uitstekende prestaties, met een twee-qubit
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poortbetrouwbaarheid van 99.93% en minimale lekkage van 0.1%. Een belangrijk voordeel
van de SNZ-aanpak is de eenvoud in het kalibreren vanwege een hoge hoeveelheid structuur
in de operatie eigenschappen als functie van de SNZ pulse parameters.

Door op te schalen naar een afstand-twee surface code (Surface-7) in Chapter 3, im-
plementeren we met success kwantumfoutdetectie. Daarnaast demonstreren we een uitge-
breide reeks logische operaties, waaronder initialisatie, meting en willekeurige enkele-qubit
operaties. Opmerkelijk is dat de prestaties van fouttolerante varianten beter zijn dan die van
niet-fouttolerante varianten.

Om een logische qubit in de surface code-architectuur te realiseren, moeten we uiteindelijk
ons kwantumapparaat uitbreiden naar Surface-17, een afstand-drie surface code. Chapter 4
presenteert automatische kalibratiestrategieén voor het behouden van hoge resultaten van
enkele-qubit operaties, twee-qubit operaties en uitlezing op een 17-transmon apparaat met
een zelfgebouwd systeem dat bekend staat als Graph-Based Tuneup (GBT). Een belangrijke
experimentele uitdaging die GBT adresseert, is het verminderen van twee-staten systeem
invloeden, die de operationele betrouwbaarheid van een- en twee-qubit operaties ernstig
kunnen aantasten, evenals uitlezing.

Lekkage vormt een aanzienlijke bedreiging voor QEC-codes vanwege de niet-discretiseerbare
aard en de potentiéle verspreiding van gecorreleerde fouten over tijd. Chapter 5 beschrijft de
implementatie en uitbreiding van een lekkagereductieschema dat de lekkage effectief redu-
ceert tot 99%), terwijl de impact op de qubit-subruimte wordt geminimaliseerd. Deze aanpak
is cruciaal gebleken voor het snel stabiliseren van de foutdetectiewaarschijnlijkheid bij lagere
foutpercentages.

We bouwen de QEC-cyclus uit de individueel gekalibreerde bouwstenen zoals gedetail-
leerd beschreven in Chapter 4. Het opbouwen van de QEC-cyclus van uit geisoleerde kalibra-
ties kan resulteren in suboptimale resultaten. Om dit aan te pakken, presenteert Chapter 6
geparalleliseerde en orthogonale kalibratiemethoden die zijn ontworpen om stabilisatormetin-
gen als parallelle blokeenheden optimaal te kalibreren. Deze aanpak verbetert de prestaties
aanzienlijk door coherentefasefouten die worden veroorzaakt door residuale ZZ-koppelingen
en fluxcrosstalk effectief te absorberen. Daarnaast benchmark ik de resultaten van herhaalde
gewicht-2 en gewicht-4 stabilisatormetingen. Deze analyse dient als een waardevol testbed
voor het verkennen van optimale decoderingsstrategieén en voor het begrijpen van de relatie
tussen logische en fysieke qubitprestaties.

Chapter 7 verkent foutdecodering met zachte informatie van analoge uitleessignalen.
Deze methode staat in contrast met traditionele binaire decodering en is aangetoond dat
het de logische foutenratio vermindert. Het hoofdstuk presenteert experimentele resultaten
die de voordelen van het gebruik van zachte informatie in het decoderingsproces van een
afstand-drie bit-flip code benadrukken.

Ten slotte vat Chapter 8 de bevindingen van elk hoofdstuk samen, reflecteert op de
belangrijkste uitdagingen en kwesties die moeten worden aangepakt om de ontwikkeling van
praktische kwantumcomputers te bevorderen. Dit hoofdstuk biedt persoonlijke interpretaties
van het gepresenteerde werk, identificeert open vragen en schetst toekomstige richtingen
voor onderzoek.



INTRODUCTION & BACKGROUND

1.1 The power of a quantum computer

I would like to start this introduction with a question: what is a quantum computer? A quantum
computer is a physical system engineered to leverage the principles of quantum mechanics
to process and manipulate information. Unlike classical computers, which operate with bits
represented as deterministic Os and 1s, quantum computers use qubits, which can exist in
a superposition of states. This means a qubit can simultaneously represent a combination
of 0 and 1 and can be visualized using a Bloch sphere for a single qubit [1]. Superposition
allows quantum systems to encode and process information in ways that classical systems
fundamentally cannot.

In addition to superposition, quantum computers harness the power of entanglement—a
phenomenon where qubits become correlated in such a way that the state of one qubit
cannot be described independently of the state of another, even if they are separated by large
distances. Together with quantum interference, these properties enable quantum computers
to explore vast solution spaces in parallel, solving certain computational problems far more
efficiently than classical systems.

This brings us to the question: why will guantum computing be useful? The field of quantum
computing emerged in the late 20th century, inspired by the groundbreaking success of quan-
tum mechanics in explaining the physical world. Physicists in the 1980s and 1990s, including
Richard Feynman and David Deutsch, recognized that classical computers face fundamen-
tal limitations when addressing certain class of problems. While classical algorithms have
achieved extraordinary success, they have significant challenges in solving problems that
scale exponentially with size. Examples include factoring large integers, simulating quantum
systems, and optimizing complex problems. In these cases, the computational resources re-
quired by classical systems—memory, processing power, and time—grow prohibitively large,
rendering many problems effectively unsolvable.

Quantum computers, by contrast, promise exponential or quadratic speedups for solving
specific problems [2]. One of the first major breakthroughs in quantum computing was Shor’s
algorithm, developed by Peter Shor in 1994 [3]. This algorithm efficiently solves the integer
factorization problem, which is computationally infeasible for classical systems at large scale.
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The best classical algorithm for this task has a heuristic runtime of exp(O((log N)/3 .
(log log N)2/3)), requiring exponential resources as /N grows larger. In comparison, Shor’s
algorithm solves the problem in polynomial time, specifically O((log N)?) [4].

The implications of Shor’s algorithm extend far beyond mathematics. Factoring large num-
bers is the foundation of widely used cryptographic protocols, such as RSA encryption [5],
which secures modern digital communication and commerce. A sufficiently large quantum
computer running Shor’s algorithm could break RSA encryption, exposing secure communica-
tions to significant risks. Although current quantum hardware is not yet capable of performing
such large-scale computations, as will be explained in the next section, the potential impact
on global security has driven intense research into quantum computing and post-quantum
cryptography.

An early application of quantum computing is quantum simulation—proposed by Richard
Feynman in the 1980s [6]. Quantum simulation typically involves calculating the dynamical
properties of a system by evolving its state under a given Hamiltonian H, as described by the
Schradinger equation, where the evolved state is [1;) = e~*t|¢)) for a given time t. The
exponential complexity of describing general quantum states makes such tasks intractable
for classical computers, as no efficient algorithms exist for most cases. Quantum computers,
by contrast, can naturally mimic the dynamics of quantum systems that obey the Schrédinger
equation, defined by continuous variables, termed "analog quantum simulation". They can
also simulate physical quantum systems by executing tailored algorithms using a discrete set
of quantum operations, termed "digital quantum simulation”. This ability to precisely simulate
chemical reactions, molecular properties, and quantum phenomena opens up new frontiers
in drug discovery, material science, and energy solutions—areas that remain active fields of
research in quantum computing.

Another significant application of quantum computing is the search over unsorted databases,
which achieves a quadratic speedup through Grover’s algorithm [7]. This algorithm efficiently
identifies a solution 2 such that f(2) = 1 with O(v/N) evaluations of f, compared to
the O(IV) evaluations required by classical exhaustive search. Beyond unstructured search,
Grover’s algorithm has potential applications across a wide range of search tasks and complex
optimization problems [8].

To sum up, there exist numerous quantum algorithms demonstrating the potential benefits of
quantum computation [8—10]. These algorithms can be applied across various fields, including
computational chemistry, machine learning, cryptography, and artificial intelligence.

1.2 Building a quantum computer at a scale

Large-scale quantum computing is essential to unlock the full potential of quantum algorithms.
For example, factoring a 2000-bit prime number using Shor’s algorithm would approximately
require a billion physical qubit operations operating over a full day, assuming reasonable
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estimates of gate time and underlying physical performance [11]. This is far beyond the
capabilities of today’s quantum processors.

Current quantum computers are categorized as noisy intermediate-scale quantum (NISQ)
devices [12]. These devices feature tens to a few hundred noisy qubits with high error rates,
1072 to 10~3 per quantum operation. Over the past few years, NISQ devices have demon-
strated significant progress, including the notable realization of quantum advantage [13] and
active exploration of a wide range of potential applications, from optimization problems to
guantum chemistry [14]. However, these systems remain constrained by noise and errors that
limit their ability to outperform classical computers in most practical applications.

| devote this section to the following question: how to experimentally realize a scalable quan-
tum computer? A key guideline for answering this question comes from David DiVincenzo,
who outlined five essential criteria for realizing a universal quantum computer [15]. The first
requirement is a physical platform that provides a well-defined quantum two-level system. This
typically represents the ground, |0), and excited, |1), states of a qubit. These states must
be sufficiently isolated from environmental noise to prevent energy decay, i.e. losing stored
information, and their energy splitting must remain stable to preserve coherence. If a qubit
has additional energy levels, we need to keep those higher levels mostly unoccupied during
computation. Another key aspect is ensuring that qubits can couple to external fields and to
each other for controlled operations. However, this requires a careful balance between making
qubits accessible for control and protecting them from noise for preserving coherence.

The second requirement emphasizes the ability to initialize the qubit in a well-defined state,
often the ground state, prior to computations. Initialization is part for any quantum algorithm
and can sometimes be time-intensive, particularly as coherence times improve. For applica-
tions requiring mid-circuit resets, active initialization using projective measurement or external
driving becomes essential [16—20].

The third requirement is long coherence and faster gate times. Coherence time refers to the
duration a qubit retains its quantum state before decoherence sets in, disrupting the infor-
mation it encodes. Coherence is characterized by two key timescales: T is the time that a
qubit takes to decay from the excited state |1) to the ground state |0), driven by unwanted
coupling with the surrounding environment. T’ is the time that a generic superposition state
(«r|0) + /|1)) remains coherent before becoming a mixed state, typically caused by fluctua-
tions in the qubit’s energy levels or frequency. Short coherence times directly limit the number
of computational steps a quantum computer can perform. This is one of the main bottlenecks
in quantum computation, as decoherence errors are almost inevitable during computation.

To mitigate decoherence errors, Peter Shor proposed a quantum error correction (QEC)
scheme in 1995 [21]. This employs redundancy to encode quantum information across
multiple physical qubits, forming a protected state known as a logical qubit. This protected
state can tolerate certain types of errors without compromising the integrity of the compu-
tation [4, 11, 22—24]. Assuming errors are small, local, and stable, QEC exponentially sup-
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presses logical qubit errors [25—27]. This makes fault-tolerant quantum computation (FTQC)
achievable, unlocking the full potential of quantum systems. Further details on QEC will be
discussed in Chapter 6.

While long coherence times are essential, they must be complemented by fast gate operations
to optimize the clock speed of a quantum computer. Ideally, the ratio of coherence time to
gate time should be high, typically 10* — 10°. This ensures that a quantum computer can
perform a significant number of gate operations within the coherence time. Without faster
gates, long coherence times alone are more suited to applications like quantum memory
rather than computation. However, faster gates come with a trade-off: they require stronger
coupling between qubits or between qubits and external control fields. This increased cou-
pling introduces additional channels for decoherence, creating stringent requirements for the
physical implementation of quantum computers.

The fourth requirement is a universal set of quantum gates, comprising single-qubit and two-
qubit gates. Together, these gates can approximate any unitary transformation for implement-
ing a certain quantum algorithm, enabling a quantum computer to perform any theoretically
possible computation with a specific level of accuracy. Achieving high-fidelity gates is challeng-
ing and involves addressing bottlenecks ranging from precise gate calibration to mitigating
crosstalk for improving simultaneous operations. Further discussion and techniques can be
found in Section 1.4 and Chapter 4.

Finally, the system must provide a reliable readout mechanism to accurately measure qubit
states after computation. Measurement causes the qubit state to collapse from a superposi-
tion into one of its basis states, |0) or |1). A reliable readout mechanism must ensure that
this collapse reflects the true probability distribution of the qubit state at the time of measure-
ment. Readout performance is typically quantified by readout fidelity, which measures the
probability of correctly identifying the prepared state. However, fidelity alone does not fully
capture readout performance, as measurement can also disturb the qubit state. To address
this, readout should ideally be quantum non-demolition (QND), meaning the measurement
does not alter or disturb the qubit state being measured. QND readout is particularly crucial
for applications requiring mid-circuit measurements, such as QEC schemes. Further details
on readout mechanism, calibration, and benchmarking are provided in Chapters 4 and 7.

A wide variety of physical platforms have been proposed to meet these requirements, each
with distinct advantages and challenges. Early quantum computing demonstrations used
nuclear magnetic resonance (NMR) on complex molecules [28, 29], followed by neutral
atoms [30], trapped ions [31], nitrogen-vacancy centers in diamond [32], photonic systems [33],
and spin qubits [34]. Another significant avenue for quantum hardware is the family of super-
conducting qubits [35-38]. In this thesis, the focus is on one specific member of that family:
the transmon qubit [36]. Transmons offer reduced sensitivity to charge noise, straightforward
scalability through established fabrication techniques, and can achieve large electrical dipole
moments due to their relatively large size [36, 39]. This larger dipole moment enhances the
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interaction between the qubit and external fields, enabling stronger coupling and thus faster
gate operations. These features make transmon qubits one of the leading platforms for large-
scale quantum computing. In Section 1.4, | discuss how superconducting transmons operate
within the circuit quantum electrodynamics framework and how they can be engineered to
satisfy DiVincenzo’s criteria.

1.3 Full-stack superconducting-based quantum computers

Building a full-stack quantum computer is a deeply interdisciplinary effort, requiring exper-
tise from diverse fields to design, fabricate, characterize and optimize both the hardware
and software layers needed to realize a scalable, reliable, and high-performance quantum
computer. Each layer of the stack provides critical functionality, ranging from device layout
to high-level quantum applications. An overview of these layers, which together constitute a
full-stack superconducting quantum computer, is presented in Figure 1.1. This figure, inspired
by [40], also highlights the challenges associated with each layer. Furthermore, | also choose
to mention the Delft quantum startups that are actively addressing the engineering and inno-
vation challenges at each layer of this stack. These include Qblox, Orange Quantum Systems,
and QuantWare, all co-founded by graduates from the DiCarlo lab, while Delft Circuits was
founded by Sal Jua Bosman, a former graduate of the Steele lab.

The foundational layer of a superconducting quantum computer is the quantum processor,
which houses the quantum hardware and serves as the core for qubit measurement and
control. This layer involves two main goals: design and fabrication. The design phase focuses
on creating the qubit layout and architecture tailored to a target Hamiltonian, ensuring scal-
ability, long coherence times, and high-fidelity operations. The fabrication phase translates
these designs into physical devices using micro- and nano-fabrication techniques. QuantWare
specializes in designing and fabricating scalable and high-performance quantum processors
(QPs). They envision to scale QPs using vertical interconnect (VIO) technology to route all
input/output (1/0) connections to a single quantum plane [41]. This allows quantum proces-
sors of any size to be constructed by duplicating unit cells and adjusting at the boundaries as
needed. However, realizing this ambitious vision introduces numerous engineering challenges,
some of which are discussed below.

Unfortunately, superconducting qubit devices require cooling to millikelvin temperatures for
characterization, as they cannot be measured at room temperature. The need to wait and
measure at cryogenic temperatures introduces time-intensive feedback cycles for design
iterations and fabrication optimization. Design inaccuracies and fabrication variations further
exacerbate these issues by causing targeting errors in qubit and resonator frequencies, which
can lead to significant crosstalk errors (discussed in Chapter 4). Such errors are a substantial
obstacle to scaling quantum processors.
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Figure 1.1: A full-stack quantum computer consists of multiple layers that must work to-

gether to implement a superconducting quantum computer. Various startups within the Delft

quantum ecosystem contribute to different layers of this stack. The figure also highlights the

goals, tasks, and challenges associated with each layer. A detailed discussion of these layers

is provided in the main text. This thesis focuses on calibration and optimization of quantum

operations for the implementation of small-scale QEC experiments.
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Another critical issue is device yield, which is already a big issue for devices with just a few
tens of qubits, as discussed in Section 4.1.2. Superconducting device yield can be affected
by frequency crowding, material defects, wafer-scale variations, and other fabrication incon-
sistencies [42]. In particular, material defects and unintended dielectrics near the qubit or
at surface interfaces can behave like two-level system (TLS) [43]. These TLSs can strongly
couple to the qubit, reducing coherence times and posing significant challenges for coherent
qubit control [44]. Additionally, the device is not shielded from high-energy particles, such as
cosmic rays, which can generate quasiparticles that tunnel through the Josephson junctions,

induce TLS defects, and reduce coherence globally, leading to correlated errors [45, 46]. Ad-
dressing each of these challenges requires independent studies and innovative approaches,
as outlined in relevant reviews and references [47-49].

The second layer of the stack focuses on cryogenics and interconnects [Figure 1.1], both of
which are essential for the operation of superconducting qubits. The cryogenic setup, typically
a dilution refrigerator, ensures that the quantum device operates at millikelvin temperatures
to maintain coherence and suppress thermal noise. Interconnects provide signal routing be-
tween room-temperature control electronics and the quantum chip at cryogenic temperatures.
The cryogenic system incorporates multi-layered shielding and packaging to thermally isolate
the device and shield it from environmental noise. Signal routing involves a combination of
coaxial cables, attenuators, and filters distributed across various temperature stages, which
are necessary for reducing thermal loads and suppressing noise before it reaches the quan-
tum chip. This substantial attenuation weakens the signals, requiring amplification at different
cryogenic stages—especially at the output lines—to improve the signal-to-noise ratio.

Delft Circuits, a startup in the Delft quantum ecosystem, has developed flexible stripline tech-
nology that integrates filtering and attenuation components directly into cryogenic cabling [50].
This technology provides miniaturized and scalable interconnect solutions. A comparative
study with semi-rigid coaxial cables at microwave frequencies showed that flexible striplines
do not degrade device coherence [51].

As the qubit count increases, realizing scalable interconnects becomes a significant challenge.
Each additional qubit requires dedicated control and readout lines, which introduces substan-
tial passive heat loads. This issue is further exacerbated by active heat loads generated by
control signals passing through cables and attenuators at different stages. Together, these
loads place stringent requirements on the cryogenic system’s cooling capacity and thermal
management. Krinner et al. nicely reported a thermally optimized, robust cabling scheme and
cryogenic setup capable of operating 50 qubits at 14 mK, demonstrating a practical approach
for 100-qubit scale devices [52]. However, scaling this approach to systems with hundreds or
thousands of qubits is not straightforward, as heat loads and dissipation become increasingly
significant.

Another critical challenge in scaling interconnects is maintaining signal integrity while avoiding
performance degradation. High-density interconnects increase the risk of crosstalk, where
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unintended interactions between signal lines lead to noise, reduced qubit fidelity, and errors
during operations. This challenge is especially pronounced for integrated components, where
compactness comes often at the price of isolation and thermal management. Developing scal-
able interconnect solutions that balance thermal management, low noise, and high microwave
isolation is essential for enabling large-scale superconducting quantum computers.

The third layer of the stack is classical control electronics, responsible for generating, pro-
cessing, and acquiring signals for qubit control and readout. Control electronics are generally
composed of two main modules. First, signal control units generate microwave signals for ar-
bitrary single-qubit gates, provide DC offsets for static biasing, e.g. for flux-tunable transmons,
and produce baseband flux pulses for two-qubit gates. Microwave signals are typically syn-
thesized through 1Q mixing with local oscillators (LOs), while baseband signals are produced
using arbitrary waveform generators (AWGs) [53]. Second, signal acquisition units handle
qubit readout by generating baseband signals for readout pulse envelopes, performing 1Q
modulation and demodulation, and integrating signals to extract qubit state information.

As the quantum device scales, control electronics face major challenges. Signal integrity,
noise and signal stability are critical for minimizing phase noise and ensuring high-fidelity
operations. Heat dissipation from room-temperature electronics, including DACs, AWGs, and
amplifiers, becomes a growing concern as the superconducting device scales. Additionally,
real-time feedback and error correction demand ultra-low-latency processing (on the order of
hundreds of nanoseconds) to support fault-tolerant architectures.

Qblox, a Delft-based quantum startup, is developing modular, scalable control electronics that
integrate microwave signal synthesis, RF modules, DC biasing, and acquisition in a single clus-
ter [54]. Their FPGA-based solutions improve phase coherence and synchronization across
multiple modules, offering practical solutions for scaling superconducting qubit control. As
quantum processors continue to advance, innovations in control electronics will be essential
for addressing these scalability and performance challenges.

The next layer of the stack focuses on calibrating and controlling quantum operations to enable
the execution of specific quantum circuits, which is the main topic of this thesis. This involves
tuning and optimizing the building blocks of quantum algorithms—such as single-qubit gates,
two-qubit gates, and quantum measurement—to achieve high-fidelity operations. Calibration
relies on software that sweeps system parameters, acquires data, and analyzes key perfor-
mance metrics to control quantum hardware. It requires prior characterization of fundamental
Hamiltonian parameters, including qubit transition frequencies, resonator frequencies, anhar-
monicities, coherence times, and coupling strengths. Calibration procedures often incorporate
pulse shaping techniques to minimize leakage into higher energy states and reduce crosstalk
between qubits or readout resonators.

As the qubit number scales, calibration and control present increasing challenges. For exam-
ple, frequency crowding, where qubits or resonator frequencies overlap, can induce signifi-
cant crosstalk errors [55]. Moreover, calibration times grow with system size, necessitating
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efficient, automated routines to reduce downtime and manual intervention. Maintaining mi-
crowave hygiene and mitigating crosstalk are also crucial for preserving high performance
during simultaneous operations. Further details on these challenges in a 17-qubit device are
discussed in Chapter 4.

The Delft quantum ecosystem is actively tackling these challenges. For example, Orange
Quantum Systems (OQS) develops scalable calibration protocols that automate tuning pro-
cesses for large quantum processors. These automated systems not only save time but also
improve the consistency and reliability of calibration. Such advancements, combined with
modular control software, are essential for realizing fault-tolerant quantum computation and
scaling quantum hardware to hundreds or thousands of qubits.

The final layer of the stack is quantum applications, as discussed in Section 1.1. Current
quantum computers remain far from executing these applications, which require fault-tolerant
quantum computation and large-scale QEC to realize quantum advantage—i.e., exponential
speedups. At the DiCarlo Lab, we develop and optimize small-scale QEC experiments using
surface code architectures and flux-tunable transmons. These efforts provide proof-of-concept
demonstrations, assess error sensitivity, identify limiting error mechanisms, and guide the de-
velopment of large-scale quantum computers. | think Delft has a unique quantum ecosystem
that together can build a full-stack quantum computer. The OpenSuperQPlus initiative is a
perfect example of this effort, aimed at building a full-stack 100-qubit system [56].

1.4 Introduction to circuit quantum electrodynamics

Circuit quantum electrodynamics (cQED) studies the interaction of quantized electromagnetic
fields in the microwave frequency domain and superconducting circuits [39]. Inspired by
advancements in cavity QED, cQED has emerged as a foundational framework for studying
light-matter interactions for quantum information and quantum computing [57]. Perhaps, the
most simple superconducting circuit is a quantum LC resonator, composed of an inductor with
an inductance L, and a capacitor with a capacitance C [Figure 1.2. a]. The resonator angular
frequency is given by w, = 1/@ and its characteristics impedance is Z, = /L/C.
The total energy of this circuit is described by the following Hamiltonian:

~ 1 ~
H = 4Ech? + 5EL<;S2, (1.1)

where Ec = 62/(20) is the charging energy for adding one electron with charge e on
the capacitor islands, and Ey, = (®o/27)?/L is the inductive energy with ®( being the
superconducting magnetic flux quantum. The operators 1 = Q/Qe (reduced charge) and
qAS = 27?@/@0 (reduced flux) are conjugate observables, satisfying the commutation relation
(72, gZA)] = —4. This Hamiltonian is formally equivalent to that of a particle in a one-dimensional
quadratic potential, characteristic of a quantum harmonic oscillator (QHO). It is often conve-
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nient to rewrite Equation (1.1) in a more compact form using creation dT, and annihilation a
operators:

) 1
Hquo = hwr (aTa + 2) , (1.2)

The eigenstates of Equation (1.2) are plotted as a function of the superconducting phase, ¢
[Figure 1.2. b]. The energy spectrum exhibits an evenly spaced ladder of eigenvalues, with a
frequency spacing given by w,. = /8B, Ec/h = 1/+/LC. This equidistant spacing implies
that a QHO cannot function as a qubit, as it lacks a well-defined computational subspace (|0)
and |1)), thereby failing to satisfy the first DiVincenzo’s criteria. However, an LC resonator can
be used as a quantum bus and to perform quantum measurements via dispersive readout, as
discussed below.

(a) (c)
c— L C £ X4
* +
(b) QHO (d) Transmon
S0 AN $ | 201
15 413) \ / 15 A

10 A

(6]
1

Energy (GHz)
=
o o
S = N
|!
o (6,1
o

Qubit
Subspace

\_
- 0 n - 0 m
Superconducting phase, ¢ Superconducting phase, ¢

Figure 1.2: Energy levels of QHO and transmon as a function of the superconducting phase,
¢. (a) Circuit diagram of a QHO consisting of an inductor and a capacitor. (b) Energy potential
and eigenstates of the QHO, showing evenly spaced energy levels (hw,) characteristic of a
QHO. (c) Circuit diagram of a transmon qubit, composed of a Josephson Junction shunted
with a capacitance. (d) Energy potential and eigenstates of the transmon qubit, illustrating
an anharmonic energy spectrum with distinct energy spacings. The anharmonicity (« =
hw12 —hwo1) allows a well-defined computational subspace formed by the two lowest energy
states (|0) and |1)). This figure is adapted from reference [58].
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A transmon qubit replaces the linear inductor in the QHO with a Josephson junction (JJ)
[Figure 1.2. c]. A JJ is superconductor-insulator-superconductor junction that allows dissipa-
tionless current to tunnel through [59]. This introduces non-linearity into the potential energy
leading to the Hamiltonian:

I;[Transmon = 4EC(ﬁ - ng)2 - EJ COS((ZE), (1.3)

where E( is the charging energy as defined earlier, ng is the offset charge, and Ej =
¢ol./2m is the Josephson energy with I, as the critical current of the junction. The cosine
term in the Hamiltonian results in an anharmonic (non-linear) energy spectrum, breaking the
equidistant level spacing of the QHO energy spectrum [Figure 1.2. d]. This anharmonicity o
enables a well-defined computational subspace using the two lowest energy states, ensuring
that transition frequencies between levels are distinct: iw1a = hwgi + @, where wgp; =

(VSESEG — Ec)/h.

The transmon qubit operates in a regime where Ej/Ec > 1, significantly reducing charge
dispersion—the dependence of energy eigenvalues on the charge offset ngy. Charge dis-
persion decreases exponentially with increasing F'3/ Ec while the anharmonicity reduces
according to a weak power law. This provides a reasonable o =~ — E¢ (typically a few hun-
dred MHz) for addressing individual transitions during qubit control [58, 60]. In this regime,
ng can often be ignored during standard qubit operations, as its effect is minimal. However,
ng plays a critical role in scenarios involving leakage outside the computational subspace or
when measurement induces transitions [61, 62].

1.4.1 Dispersive readout

When an LC resonator is capacitively coupled to a transmon qubit, their interaction is de-
scribed by the Jaynes-Cummings Hamiltonian [39]. The total Hamiltonian of the system in-
cludes the individual Hamiltonian of the two circuit elements and their interaction term, under
the assumption that the transmon qubit can be approximated as a two-level system and within
the rotating-wave approximation (RWA). The Jaynes-Cummings Hamiltonian is given by:

Hyc = hwy(ala + %) + %&Z + hg (&T&_ - d&+) , (1.4)
where the first term describes the Hamiltonian of the LC resonator (Equation (1.2)), the
second term represents the transmon Hamiltonian (Equation (1.3)) truncated to its first two
levels, and the third term describes the interaction between the resonator and the qubit. Here,
6, = |e){e|—|g){g| is the Pauli-z operator, 6+ = |e){(g|, and 6_ = |g){e| are the raising
and lowering operators, respectively, that add or remove an excitation from the qubit. The
parameter g represents the coupling strength between the resonator and the transmon qubit.
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In the dispersive limit, where the detuning between the qubit and resonator frequencies A =
wq — wy is much larger than the coupling strength (|A|>> g), the interaction between the two
systems occur only via virtual photons, enabling non-destructive measurement of the qubit
state [63]. In this limit, the dispersive approximation can be applied, and the Hamiltonian of
the system can be rewritten as:

N a1 haog |
Hgisp = h(wr + X62) (aTa + 2) - Tqam (1.5)

where x = gQ/A is the qubit-state-dependent dispersive shift of the resonator frequency,
and Wg = wq + gz/A represents the slight renormalization of the qubit frequency due to
zero-point fluctuations of photons in the resonator (also known as the Lamb-shifted frequency
of the qubit). Higher energy levels of the transmon modify this dispersive shift. For example,
considering the second excited state of the transmon changes the dispersive shift to take this
form:

2
X12 g 1
_ _ - 1.
X =Xxo01+ 5 A <1 3/a>, (1.6)

The dispersive approximation remains valid as long as the photon number in the resonator
stays below the critical photon number:

A2
Nerit = @7 (1.7)

When the photon number approaches n.it, the approximation breaks down due to non-
linearities in the transmon-resonator interaction, causing measurement-induced transitions
(as discussed in Chapter 5).

1.4.2 Single-qubit gates

Single-qubit gates are implemented by driving the qubit transition frequency, wq using pre-
cisely controlled microwave pulses [58]. By truncating the energy spectrum to the lowest two
levels, the system Hamiltonian can be effectively represented using Pauli matrices o, oy,
and o,. In the RWA, the system Hamiltonian is expressed as:

H=—"25, 4+ hQVy(t)oy (1.8)

where € is the Rabi frequency, which defines the strength of the applied microwave drive, and
Vy(t) is the time-dependent drive applied to the qubit. After moving into the rotating frame at
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Figure 1.3: Single-qubit gates and DRAG pulses. (a) The transmon qubit approximated as
a two-level system, showing coherent qubit rotations on the Bloch sphere using microwave
drives at the transition frequency wy. An X gate excites the qubit from the ground state |0) to
the excited state |1). (b) Due to the weak anharmonicity of the transmon, pulse imperfections
can cause leakage to higher states, such as \2) and induce phase errors due to the residual
drive at the w2 transition. (c) The Derivative Removal by Adiabatic Gate (DRAG) pulse
envelopes, combining a Gaussian component with a derivative term, effectively minimize
these errors by correcting the qubit trajectory on the Bloch sphere and suppressing leakage
into non-computational states.

the qubit frequency, it becomes evident that this Hamiltonian describes coherent rotations of
the qubit state on the Bloch sphere [58]. Arbitrary rotations around X and Y can be achieved
by changing the amplitude and phase of the applied microwave pulse. When approximating
the transmon qubit as a two-level system, an X gate of a 180° rotation excites the qubit from
the ground state |0) to the excited state |1), as illustrated on the Bloch sphere [Figure 1.3. a].

However, the transmon is not a true two-level system. Its weakly anharmonic nature can lead
to leakage into higher energy states, such as |2), due to pulse imperfections. The weak anhar-
monicity of the transmon, typically a few hundred MHz, has a non-zero probability of spectral
overlap between the applied microwave pulse and the leakage transition w12, resulting in
excitation outside the computational subspace. This undesired residual drive to the |2) state,
characterized by a coupling term A [Figure 1.3. b], also causes a repulsion between the
|1) and |2) states. Consequently, the drive at wp; is distorted, leading to phase errors on the
Bloch sphere.

To address these issues, pulse-shaping techniques such as the Derivative Removal by Adia-
batic Gate (DRAG) are employed [64, 65]. The DRAG approach modifies the control pulses
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by adding a derivative component to the Gaussian drive pulse [Figure 1.3. c]. This changes
the qubit trajectory during an X gate around the Bloch sphere, effectively minimizing leakage
and phase errors. More details about single-qubit gate calibration with DRAG pulses can be
found in Chapter 4.

1.4.3 Flux-tunable transmon and two-qubit gates

Flux-tunable transmons extend the standard transmon design by incorporating a supercon-
ducting quantum interference device (SQUID) instead of a single JJ. This SQUID consists
of two JJs in a loop, allowing the effective Josephson energy to be controlled by an external
magnetic flux threading through the loop [Figure 1.4. a]. The Hamiltonian for this system,

when the JJs are identical, is given by:
cos w%
i

E jetr

ﬁTransmon = 4EC(ﬁ - ng)2 —2E; COS qgv (1.9)

where (i)ext is the externally applied magnetic flux, and qAS is the average phase difference
across the the two junctions. By varying ®eyt, the effective Josephson energy E j.¢ becomes
tunable, thereby tuning the energy transition frequencies. An example of this tunability shows
the dependencies of the transition energies Eg1/h and Ega/h on ®gy [ Figure 1.4. b]. It
is important to note that the Josephson energies E j; and E jo might not be identical, due
either to unintentional fabrication variations or intentionally by targeting asymmetric junctions.
The latter has a profound effect on the qubit frequency sensitivity to the applied flux [58].

Although this tunability provides an extra degree of freedom essential for achieving fast quan-
tum gates, it comes with the downside of additional loss channel due to flux noise, which
leads to qubit dephasing. To minimize the impact of flux noise, it is preferable to operate the
qubit at the flux symmetry point—often referred to as the sweetspot—where the sensitivity
to flux noise is minimized to second order [Figure 1.4. b]. However, if a TLS defect strongly
couples to the qubit at this sweetspot, coherence can be significantly reduced. To mitigate
this, the qubit may be intentionally detuned from the sweetspot to retrieve good coherence,
as discussed in Chapter 4.

For achieving high-fidelity two-qubit gates, our group utilizes dynamic baseband flux pulses to
implement controlled-Z gates, harnessing the transverse coupling .J2 [Figure 1.4. d] between
a computational state |11) and a non-computational state such as |02) [66, 67]. Compared
to other approaches, baseband flux pulses achieve the fastest controlled-Z (a special case
of CPHASE), operating near or at the speed limit ¢};,, = 7/J2 [68]. This is evident from the
energy levels in the one- and two-excitation manifold, where the CPHASE avoided crossing
comes first as a function of external magnetic flux [Figure 1.4. c]. Further details on the
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Figure 1.4: Flux-tunable transmons and flux-based two-qubit gates (a) Circuit diagram
of a flux-tunable transmon featuring a SQUID loop shunted with a capacitor and controlled
by an external flux, ®ext. (b) Transition frequencies, Eg1/h and Ega/h, as a function of the
external flux, showing the sweetspot where sensitivity to flux noise is minimized. (c) Transition
frequencies from |00) to levels |i7) in the one- and two-excitation manifold for a two-qubit pair
as a function of magnetic flux through the SQUID loop of the high-frequency qubit, normalized
to the flux quantum ®. Two avoided crossings are highlighted, corresponding to operational
points for controlled-phase (CPHASE) and iSWAP interactions. (d) Zoom-in to the |11)-|02)
avoided crossing. The minimum frequency splitting corresponds to 1/ty;,, = Jo/7. The
dashed and dotted lines indicate the bare levels of the states |11) and |02), respectively.

gate Hamiltonian, our flux pulse strategy, and the gate tune-up procedures are discussed
in Chapter 2.

1.5 Thesis overview

This thesis focuses on the calibration and optimization of small-scale QEC experiments using
flux-tunable transmons embedded into the surface code layout. The work addresses essential
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challenges, ranging from the calibration of high-fidelity quantum operations to enhancing
logical qubit performance in a distance-3 surface code.

Chapter 1 introduces the fundamental concepts of quantum computation, cQED framework,
and the building blocks of a small-scale quantum processor based on superconducting trans-
mons. Quantum computers hold the promise of solving complex problems in physics and
chemistry that are beyond the capabilities of current classical computers. However, significant
challenges exist in building a full-stack quantum computer. In particular, the fragile nature of
qubits leads to the loss of quantum information after only a few cycles. To improve the integrity
of quantum computation and unlock the full potential of quantum computers, this chapter dis-
cusses the need for a QEC scheme, which provides a promising solution for fault-tolerant
quantum computations.

Chapter 2 focuses on improving two-qubit gates, a major source of errors in many quan-
tum algorithms. The chapter presents the Sudden Net-Zero (SNZ) variant of the Net Zero
scheme, enabling the realization of high-fidelity controlled-Z gates. A key advantage of the
SNZ approach is its simplicity, as it facilitates easy tuning due to the regular structure of con-
ditional phase and leakage as functions of flux pulse control parameters. The SNZ scheme is
compatible with QEC protocols and can be generalized to arbitrary conditional-phase gates,
making it an good choice for both fault-tolerant quantum computing and near-term quantum
applications.

Chapter 3 demonstrates the implementation of a quantum error detection code using a
distance-2 surface code, referred to as Surface-7. This chapter highlights the realization
of logical operations, including initialization, measurement, and a universal set of single-qubit
gates. It also shows that fault-tolerant operations outperform non-fault-tolerant variants, with
detailed characterization using process tomography of logical gates.

Chapter 4 addresses the challenges of automating the calibration and benchmarking of super-
conducting quantum computers. The chapter introduces an automatic framework for calibrat-
ing single-qubit gates, two-qubit gates, and readout on a 17-transmon device. This framework
allows for a largely hands-off approach to calibration, while also exploring the manual inter-
ventions required when parasitic interactions with TLS defects occur. A comparative analysis
of individual and simultaneous device performance is included, highlighting the impact of
crosstalk on device performance and emphasizing the need for robust calibration methods as
quantum systems scale.

Chapter 5 tackles the issue of leakage in multi-level systems, such as transmons. Leakage
is particularly problematic for QEC as it falls outside the stabilizer formalism. The chapter
implements and extends the leakage reduction unit scheme, which effectively reduces leak-
age to the second- and third-excited transmon states with minimal impact on the qubit sub-
space. As an immediate application of the leakage reduction unit in a QEC setup, the chapter
demonstrates how they can suppress leakage buildup and reduce error detection rates during
repeated stabilizer measurements.
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Chapter 6 introduces calibration strategies for optimizing the QEC cycle in a distance-3 sur-
face code. The chapter describes the realization of a bit-flip distance-3 surface code, known
as Surface-13. This serves as a testbed for exploring decoding strategies and understanding
the relationship between logical and physical qubit performance. Additionally, the chapter in-
vestigates the stabilization of logical states using X and Z stabilizers and evaluates measured
defect rates over multiple rounds, offering valuable insights into optimizing QEC codes for
larger systems.

Chapter 7 explores improvements in error decoding by incorporating soft information from
analog readout signals. This approach, which contrasts with traditional binary decoding, re-
duces the logical error rate. The chapter presents experimental results demonstrating the
advantages of soft information in the decoding process, offering further insights into optimiz-
ing the performance of surface codes and highlighting its potential for broader applicability
across different quantum platforms.

Finally, in Chapter 8, the thesis concludes with a summary of the findings from each chapter,
reflecting on the key challenges and issues that must be addressed to develop practical
quantum computers. The chapter provides personal interpretations on the work presented
and identifies open questions and future directions for research.
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Simple tuneup of fast two-qubit gates is essential for the scaling of quantum processors.
We introduce the sudden variant (SNZ) of the Net Zero scheme realizing controlled-Z (CZ)
gates by flux control of transmon frequency. SNZ CZ gates realized in a multi-transmon
processor operate at the speed limit of transverse coupling between computational and non-
computational states by maximizing intermediate leakage. Beyond speed, the key advantage
of SNZ is tuneup simplicity, owing to the regular structure of conditional phase and leakage as
a function of two control parameters. SNZ is compatible with scalable schemes for quantum
error correction and adaptable to generalized conditional-phase gates useful in intermediate-
scale applications.

This chapter has been published in Phys. Rev. Lett. 126, 220502 (2021) [69]
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2.1 Historical context

Superconducting quantum processors have recently reached important milestones [70], no-
tably the demonstration of quantum supremacy on a 53-transmon processor [13]. On the path
to quantum error correction (QEC) and fault tolerance [71], recent experiments have used
repetitive parity measurements to stabilize two-qubit entanglement [72, 73] and to perform
surface-code quantum error detection in a 7-transmon processor [74]. These developments
have relied on two-qubit controlled-phase (CPhase) gates realized by dynamical flux control
of transmon frequency, harnessing the transverse coupling Jo between a computational state
|11) and a non-computational state such as |02) [66, 67]. Compared to other implementations,
e.g., cross-resonance using microwave-frequency pulses [75] and parametric radio-frequency
pulsing [76], baseband flux pulses achieve the fastest controlled-Z (CZ) gates (a special case
of CPhase), operating near the speed limit t};,, = 7/Jo [68].

Over the last decade, baseband flux pulsing for two-qubit gating has evolved in an effort
to increase gate fidelity and to reduce leakage and residual ZZ coupling. In particular,
leakage became a main focus for its negative impact on QEC, adding complexity to error-
decoder design [77] and requiring hardware and operational overhead to seep [78—82]. To
reduce leakage from linear-dynamical distortion in flux-control lines and limited time resolu-
tion in AWGs, unipolar square pulses [67, 83] have been superseded by softened counter-
parts [84, 85] based on fast-adiabatic theory [86]. In parallel, coupling strengths have reduced
to Jo /21 ~ 10—20 MHz to mitigate residual Z Z coupling, which affects single-qubit gates
and idling at bias points, and produces crosstalk from spectator qubits [37]. Many groups are
actively developing tunable coupling schemes to suppress residual coupling without incurring
slowdown [88-92].

A main limitation to the fidelity of flux-based CPhase gates is dephasing from flux noise, as one
qubit is displaced 0.5—1 GHz below its flux-symmetry point (i.e., sweetspot [93]) to reach the
|11)-|02) resonance. To address this limitation, Ref. [94] introduced a bipolar variant [termed
Net Zero (NZ)] of the fast-adiabatic scheme, which provides a built-in echo reducing the impact
of low-frequency flux noise. The double use of the transverse interaction also reduces leakage
by destructive interference, as understood by analogy to a Mach-Zehnder interferometer (MZI).
Finally, the zero-average characteristic avoids the buildup of long-timescale distortions in the
flux-control lines, significantly improving gate repeatability. NZ pulsing has been successfully
used in several recent experiments [72, 74, 95], elevating the state of the art for CZ gate
fidelity to 99.72 =+ 0.35% [95]. However, NZ suffers from complicated tuneup, owing to the
complex dependence of conditional phase and leakage on fast-adiabatic pulse parameters.
This limits the use of NZ for two-qubit gating as processors grow in qubit count.

In this chapter, we introduce the sudden variant (SNZ) of the NZ scheme implementing
CZ, which offers two advantages while preserving the built-in echo, destructive leakage in-
terference, and repeatability characteristic of conventional NZ (CNZ). First, SNZ operates
at the speed limit of transverse coupling by maximizing intermediate leakage to the non-
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computational state. The second and main advantage is greatly simplified tuneup: the land-
scapes of conditional phase and leakage as a function of two pulse parameters have regular
structure and interrelation, easily understood by exact analogy to the MZI. We realize SNZ CZ
gates among four pairs of nearest neighbors in a seven-transmon processor and characterize
their performance using two-qubit interleaved randomized benchmarking (2QIRB) with modi-
fications to quantify leakage [94, 96, 97]. The highest performance achieved from one 2QIRB
characterization has 99.93 4= 0.24% fidelity and 0.10 & 0.02% leakage. SNZ CZ gates are
fully compatible with scalable approaches to QEC [98]. The generalization of SNZ to arbitrary
CPhase gates is straightforward and useful for optimization [99], quantum simulation [100],
and NISQ applications [12].

2.2 Concept

A flux pulse to the |11)-|02) interaction implements the unitary
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in the {|00),]01),]10),|11),]|02)} subspace, neglecting decoherence and residual in-
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teraction between far off-resonant levels. Here, ¢g1 and ¢1¢ are the single-qubit phases,
$11 = P01 + P10 + P2, Where ¢aq is the conditional phase, and L1 is the leakage, The
ideal CZ gate simultaneously achieves ¢p1 = ¢19 = 0 (mod 27), poq = 7 (mod 27)
(phase condition PC), and L1 = 0 (leakage condition LC), with arbitrary ¢q2.

The SNZ CZ gate is realized with two square half pulses with equal and opposite amplitude
4+ A and duration tp/2 each. To understand its action, consider first the ideal scenario with
perfectly square half pulses (infinite bandwidth), infinite time resolution, ¢, = t};,,and A =1
(corresponding to | 11) and |02) on resonance). The unitary action of each complete half pulse
(rising edge, steady level, and falling edge combined) implements one of two beamsplitters
in the MZI analogy: BS1 fully transmits |11) to —4|02) (producing maximal intermediate
leakage), and BS2 fully transmits —¢|02) to —|11), yielding an ideal CZ gate. SNZ adds an
idling period ¢, between the half pulses to perfect the analogy to the MZI, allowing accrual of
relative phase ¢ between |02) and |11) in between the beamsplitters.

The key advantage of SNZ over CNZ is the straightforward procedure to simultaneously meet
PC and LC. To appreciate this, consider the landscapes of @2 and L as a function of A
and ¢4 [Fig. 1(c, d)] in this ideal scenario. The landscapes have a clear structure and link to
each other. The L1 landscape shows a vertical leakage valley at A = 1 arising from perfect
transmission at each beamsplitter (LC1), and also two vertical valleys arising from perfect
reflection (LC2). Leakage interference gives rise to additional diagonal valleys (LC3). Crucially,
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Figure 2.1: Numerical simulation of an ideal SNZ pulse (infinite bandwidth and time resolution)
using parameters for pair Qr,-Qn2 (see Table 1). (a) Schematic of the ideal SNZ flux pulse,
with £, =}, and variable A and t4. The amplitude A is normalized to the [11)-/02)
resonance. Inset: MZI analogy for A = 1. (b) Transition frequency from |00) to levels |ij) in
the two-excitation manifold as a function of instantaneous pulse amplitude. (c, d) Landscapes
of conditional phase ngQ (b) and leakage L1 (c) as a function of A and 128
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juxtaposing the (;SQQ = 180° contour shows that PC is met periodically, at the crossing of LC1
and LC3 valleys, where Ajy**t, = 0 (mod 27) (Agy™ is the detuning between |02) and
|11) at the bias point). This regular leakage landscape therefore provides useful crosshairs
for simultaneously achieving PC and LC. We note that ¢2Q(t¢) changes monotonically along
the LC1 valley, allowing for CPhase gates with arbitrary qSQQ. We leave this generalization for
future work.

There are practical reasons to include ¢, in experiment: any flux-pulse distortion remaining
from the first half pulse (e.g., due to finite pulse decay time) will break the symmetry between
BS1 and BS2. Due to the time resolution ts of the AWG used for flux control, ¢ can only
increment in steps of —Af*ts. Typically Ajy™/2m = 0.5—1 GHz and t5 ~ 1 ns, so
the number of intermediate sampling points only provides coarse control. For fine control, we
propose to use the amplitude + B of the first and last sampling points during 1y [101].

2.3 Experimental results

We now turn to the experimental realization of SNZ CZ gates between nearest-neighbor
pairs among four transmons. High- and low-frequency transmons (Qgy and Qr,, respectively)
connect to two mid-frequency transmons (Qur1 and Qg2) using bus resonators dedicated
to each pair [connectivity diagram shown in Fig. 4(a) inset]. Each transmon has a flux-control
line for two-qubit gating, a microwave-drive line for single-qubit gating, and dedicated readout
resonators [72, ] (see [101] for details). Each transmon is statically flux-biased at its
sweetspot to counter residual offsets. Flux pulsing is performed using a Zurich Instruments
HDAWG-8 (ts = 1/2.4 ns). Following prior work [94, 103], we compensate the bandwidth-
limiting effect of attenuation in the flux-control coaxial line (skin effect) and cryogenic reflective
and absorptive low-pass filters using real-time digital filters in the AWG. In this way, we
produce on-chip flux waveforms with rise time %,ise on par with that of the AWG (0.5 ns).

We exemplify the tuneup of SNZ using pair Qr,-Qni2 (Fig. 2). We first identify ¢);,,, for the |11)-
|02) interaction and amplitude A bringing the two levels on resonance. Both are extracted
from the characteristic chevron pattern of |2)-population P\2> in Qp o as a function of the
amplitude and duration of a unipolar square flux pulse acting on |11) [Fig. 2(a)]. The symmetry
axis corresponds to A = 1. The difference in consecutive pulse durations achieving P|2>
maxima along this axis gives an accurate estimate of ¢};,,, unaffected by initial transients. We
set tp, = 2nts, where n is the number of sampling points achieving the first P|2> maximum.
Using the measured positive difference ¢, — %}, and numerical simulation (data not shown),
we estimate t,ise =~ 0.5 ns. Next, we use standard conditional-oscillation experiments [94]
to measure the landscapes of ¢)2Q and leakage estimate El for SNZ pulses over amplitude
ranges A € [0.9,1.1] and B € [0, A], keeping t4 2, 3tise- As expected, the landscape
of Ly [Fig. 2(c)] reveals a vertical valley at A = 1 and a diagonal valley. Juxtaposing the
$2q = 180° contour from Fig. 2(b), we observe the matching of PC at the crossing of these
valleys, in excellent agreement with a numerical two-qutrit simulation [Fig. 2(d)].
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Figure 2.2: Calibration of the SNZ pulse for pair Qr,-Qni2 and comparison to simulation.
(a) |2)-state population of Qyj2 as a function of the amplitude and duration of a unipolar
square pulse making |11) interact with [02). (b,c) Landscapes of conditional phase ¢2q and
leakage estimate il as a function of SNZ pulse amplitudes A and B, with ly = 1.67 ns. The
juxtaposed gng = 180° contour runs along the opposite diagonal compared to Figs. 1(b,c)
because increasing B (which decreases Ag2) changes ¢ in the opposite direction from 123
Data points marked with dots are measured with extra averaging for examination in Fig. 3. (d)
Numerical simulation of leakage L1 landscape and qSQQ = 180° contour with parameters
and flux-pulse distortions from experiment. All landscapes (also in Fig. 3) are sampled using
an adaptive algorithm based on [104].
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Figure 2.3: (a,b) Landscapes of the leakage estimate I~/1 for intentionally short and long SNZ
half pulses on Q2. (c) Extracted L1 along the ¢oq = 180° contours from (a), (b), and

Fig. 2(c).

Experimentally, due to the discreteness of tg, it is unlikely to precisely match tp/2 to the
half-pulse duration that truly maximizes P|2>. To understand the consequences, we examine
the ¢>2Q and il landscapes for SNZ pulses upon intentionally changing ¢, by +6t5 (Fig. 3).
While the PC contour remains roughly unchanged in both cases, there are significant effects
on ﬂl. In both cases, we observe that El lifts at the prior crossing of LC1 and LC3 valleys
where ¢oq = 180°. For too-short pulses [Fig. 3(a)], there remain two valleys of minimal
L1, but these are now curved and do not cross ¢oq = 180°. For too-long pulses [Fig. 3(b)],
there are also two curved valleys. Crucially, these cross the ¢oq = 180° contour, and it
remains possible to achieve PC and minimize leakage at two (A, B) settings. Extracting
Ly along the ¢og = 180° contours [Fig. 3(c)] confirms that too-long pulses can achieve
the same minimal L1 as when using the nominal t,. The impossibility to achieve minimal
leakage at ¢>2Q = 180° for too-short pulses manifests the speed limit set by .J5. In turn, the



26 2. SNZ GATE

Parameter Qm1-Qu Qm2-Qu QL-Qm QL-Qmz2
t1im (ns) 31.0 27.6 38.4 33.8

tp, ty (ns) 32.50, 2.92 29.10, 3.75 40.83, 1.25 35.83, 1.67
trotal (nS) 45.42 42.91 52.08 47.50
Interaction |11)-]02) [11)-]02) |11)-]20) |11)-]02)
Parked qubit Q2 Q1 - -

Avg. F (%) 98.89+£0.35 99.54£0.27 93.72+2.10 97.14£0.72
Avg. Ly (%) 0.13 £ 0.02 0.18 £0.04 0.78 £ 0.32 0.63 £0.11
Max. F' (%) 99.77+£0.23  99.93+£0.24 99.15+1.20 98.56 £ 0.70
Min. Ly (%) 0.07 £ 0.04 0.10 £ 0.02 0.04 £ 0.08 0.41 £0.10

Table 2.1: Summary of SNZ CZ pulse parameters and achieved performance for the four
transmon pairs. Single-qubit phase corrections are included in ty,1. Gate fidelities and
leakage are obtained from 2QIRB keeping the other two qubits in |0). Statistics (average and
standard deviation) are taken from repeated 2QIRB runs (see [101] for technical details). The
maximum F' and minimum L1 quoted are not necessarily from the same run.

demonstrated possibility to do so for too-long pulses (even overshooting by several sampling
points) proves the viability of the SNZ pulse in practice.

With these insights, we proceed to tune the remaining SNZ CZ gates following similar proce-
dures. We use final weak bipolar pulses of total duration t1g = 10 ns to null the single-qubit
phases in the frame of microwave drives. Since our codeword-based control electronics has
a 20 ns timing grid, and 40 ns < tyota1 = tp + £y + t1q < 60 ns for all pairs, we allocate
60 ns to every CZ gate. Some pair-specific details must be noted. Owing to the frequency
overlap of Qp1 and Qy o, implementing CZ between Qg and Qnp (Qu2) requires a bipo-
lar parking flux pulse on Qpro (Qni1) during the SNZ pulse on Qg [74, 98]. For most pairs,
we employ the |11)-]02) interaction, which requires the smallest flux amplitude (reducing
the impact of dephasing from flux noise) and does not require crossing any other interaction.
However, for Qp,-Qp 11, we cannot reliably use this interaction as there is a flickering two-level
system (TLS) overlapping with the |0)-|1) transition in Qypy at this amplitude [101]. For this
pair, we therefore employ the |11)-|20) interaction. Here, SNZ offers a side benefit: it crosses
the Qu1-TLS, |11)-]02), and |01)-
population exchange.

10) resonances as suddenly as possible, minimizing

Table 1 summarizes the timing parameters and performance attained for the four SNZ CZ
gates. The CZ gate fidelity F' and leakage L1 are extracted using a 2QIRB protocol [94,

]. For each pair, we report the average and standard deviation of both based on at least
10 repetitions of the protocol spanning more than 8 h [101]. Several observations can be
drawn. First, CZ gates involving Qg perform better on average than those involving Qr,.
This is likely due to the shorter ¢);,;, and correspondingly longer time 60 ns — ¢, spent
near the sweetspot. Additionally, the frequency downshifting required of Qg to interact with
the mid-frequency transmons is roughly half that required of the latter to interact with Q.
This reduces the impact of dephasing from flux noise during the pulse. Not surprisingly,
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Figure 2.4: Best SNZ CZ gate performance achieved from a single run of 2QIRB. (a) Refer-
ence and CZ-interleaved return probability M to |00) and (b) population in the computational
space X1 as a function of the number of two-qubit Cliffords in the reference curve. Errors bars
in F' and L1 are obtained from the uncertainty of exponential-decay fits.

performance is worst for Qr,-Qp 1. Here, the pulse must downshift Qg1 the most to reach
the distant |11)-|20) interaction, increasing dephasing from flux noise. Also, there may be
residual exchange at the crossed resonances. Overall, there is significant temporal variation
in performance as gleaned by repeated 2QIRB characterizations. We believe this reflects the
underlying variability of qubit relaxation and dephasing times and flux offsets, which however
were not tracked simultaneously. In addition to having the best average performance, pair
Qni2-Qp displays the maximum F' of 99.93 = 0.24% (Fig. 4) extracted from a single 2QIRB
characterization. To the best of our knowledge, this is the highest CZ fidelity extracted from
one 2QIRB characterization in a multi-transmon processor.

To understand the dominant sources of infidelity ¢ = 1 — F' and leakage, we run numerical
simulations [94], for both SNZ and CNZ, with experimental input parameters for pair Qpj2-Qp.
We dissect an error budget versus various models finding similar contributions for both gates
(see [101]). Nevertheless, the results suggest that SNZ slightly outperforms CNZ, likely due
to a shorter time spent away from the sweetspot during the fixed 60 ns allocated for both
variants. This confirms that the temporary full transfer from |11) to |02) does not compromise
the gate fidelity.




28 2. SNZ GATE

2.4 Conclusions

In summary, we have proposed and realized high-fidelity CZ gates using the sudden version
of the Net Zero bipolar fluxing scheme. SNZ CZ gates operate ever closer to the speed
limit of transverse coupling by maximizing intermediate leakage to the non-computational
state. Control architectures without a timing grid will benefit most from the speedup of SNZ
over CNZ by reducing total gate time and thereby minimizing the impact of decoherence.
A demonstrated second key advantage of SNZ over CNZ is ease of tuneup, owing to the
simple structure of error landscapes as a function of pulse parameters. Harnessing the tuning
simplicity, we already employ SNZ CZ gates in the Starmon-5 processor publicly available via
the QuTech Quantum Inspire platform [105]. Moving forward, the compatibility of SNZ with
our scalable scheme [98] for surface coding makes SNZ our choice for CZ gates for quantum
error correction. Finally, the straightforward extension of SNZ to arbitrary conditional-phase
gates will find immediate use in NISQ applications.

2.5 Data availability

Interested readers can reproduce our figures by using the processed data of the figures. The
processed data can be found athttps://github.com/DiCarloLab-Delft/High Fidelity_
ControlledZ Data/.

2.6 Supplemental material

This supplement provides additional information supporting statements and claims made
in the main text. Section 3.6.1 summarizes the main differences between conventional NZ
(CNZ) pulses and SNZ pulses. Section 2.6.2 provides further details on the device used and
measured transmon parameters. Section 2.6.3 presents the characterization of single-qubit
gate performance. Section 2.6.4 provides evidence for the two-level system affecting the
realization of SNZ CZ gates in pair Qp,-Qu1 using the |11)-|02) interaction. Section 2.6.5
presents a characterization of the residual ZZ coupling between qubits at the bias point.
Section 2.6.6 summarizes the technical details of the CZ characterization by repeated 2QIRB.
Section 2.6.7 presents the numerical simulation of the error budget for SNZ and CNZ CZ

gates on pair Qu2-Qg.

2.6.1 Comparison of conventional NZ pulses and SNZ pulses

This section highlights the main differences between CNZ pulses and the SNZ pulses intro-
duced here. For reference, Fig. S1 illustrates the relevant energy-level structure for a pair
of coupled transmons (here Qr, and Q2) as a function of magnetic flux on the higher-
frequency transmon (here Qp12). CNZ and SNZ CZ gates both exploit the avoided crossing
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in the two-excitation manifold between the computational state |11) and a non-computational
state. Most often this non-computational state is |02) as reaching the avoided crossing re-
quires the smallest flux-pulse amplitude and does not require passing through any other
avoided crossings. In contrast, reaching the |11)-|20) avoided crossing requires passing
through the |01)-|10) avoided crossing in the one-excitation manifold.
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Figure 2.5: (a) Transition frequencies from |00) to levels |ij) in the one- and two-excitation
manifold for transmon pair Qr,-Qn2 as a function of magnetic flux through the SQUID loop
of Qp2, normalized to the flux quantum ®. Insets: Zoom-ins to the avoided crossings in
the (left) two-excitation and (right) one-excitation manifolds. (b) Zoom-in to the |11)-|02)

avoided crossing occurring at A = 1. The minimum frequency splitting corresponds to
1/tim = Jo/m.

CNZ implements a CZ gate based on two back-to-back half strong flux pulses [Fig. S2(a)] of
duration tp/2 each, applied on the higher-frequency transmon. Typically, tp/tlim ~ 1.1-1.6.
The strong half pulses are formally parametrized as in [86]. For the purposes of illustration,
here we can loosely lump this parametrization as affecting the amplitude (+A) and curvature
(A') of the strong half pulses. Immediately following the strong pulse, weak bipolar pulses
of duration ¢ are applied on both the higher- and lower-frequency transmons with ampli-
tudes +C and £ D, respectively, in order to null the single-qubit phases acquired by each.
Typically, 11 = 10 ns. In CNZ there is no intermediate idling period between the strong half
pulses, so the analogy to the MZI is not exact [Fig. S2(c)]. During tuneup, one searches the
(4, A’) space to achieve a conditional phase (PC) of 7 by only affecting the unitary action
of the two beamsplitters. Because for typical ¢, CNZ produces significant leakage at the first
strong pulse, achieving minimal leakage relies on meeting LC3 (leakage interference). The
structure of the ¢ (A, A") and L1 (A, A’) landscapes and especially their interrelation are
not straightforward, so the search for an (A, A’) setting satisfying both PC and LC3 is not
easily guided. We point the interested reader to [94] for examples.

The SNZ pulses introduced here [Fig. S2(b)] differ in two key ways. First, the strong half pulses
are replaced by square half pulses each with duration ¢, /2 maximizing the transfer from |11)
to |02) and viceversa. Second, an intermediate idling period iy is added to accrue relative
phase ¢ between |02) and |11), perfecting the analogy to the MZI [Fig. S2(d)]. We use the
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Figure 2.6: Comparison of conventional NZ and SNZ pulses for CZ gates. (a) Conventional NZ
CZ pulses consist of two back-to-back strong half pulses of duration tp/2 each, followed by
two weak back-to-back half pulses of duration tlQ/Q each on the higher-frequency qubit. The
amplitude (=A) and curvature (A’) of the strong pulses are jointly tuned to set the conditional
phase ¢2Q at minimal leakage L1, while the amplitude &=C' of the weak pulses is used to
null the single-qubit phase on the higher-frequency transmon. Weak pulses (amplitude £ D)
on the lower-frequency qubit (not shown here) are also used to null its single-qubit phase.
(b) In SNZ, the strong pulses are replaced by square pulses with ¢, as close as possible
to f1;y, but not shorter. Also, an intermediate idling period ¢, is added to accrue relative
phase ¢ between |02) and |11). The amplitude +B of the first and last sampling points in
{4 and the number of intermediate zero-amplitude points provide fine and coarse control of
this relative phase, respectively. SNZ CZ gates also use weak bipolar pulses (now square)
of total duration ¢1¢q to null single-qubit phases. (c) The MZI analogy for conventional NZ
pulses is incomplete. Each strong half pulse implements a beamsplitter (ideally identical) with
scattering parameters affected by A and A’. However, there is no possibility to independently
control the relative phase in the two arms between the beamsplitters. (d) The MZI analogy is
exact for SNZ pulse. The scattering at the beamsplitters is controlled by A and the relative
phase ¢ is controlled finely using B and coarsely using Ly

amplitude +B of the first and last sampling points in 4 and the number of intermediate
zero-amplitude points to achieve fine and coarse control of ¢, respectively. As in CNZ, we
use weak bipolar pulses on both transmons (also with 1 = 10 ns) to null the single-qubit
phases. During tuneup, we search the (A, B) space to achieve ¢>2Q = 180°. As shown
in the main text, the SNZ pulse design gives a very simple structure to the ¢2q (A, B) and
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L1 (A, B) landscapes. Crucially, the crossing point of LC1 and LC3 leakage valleys matches
$2q = 180°. This simplicity of tuneup is the key advantage of SNZ over CNZ.

Another advantage of SNZ over CNZ is the reduced total time tiota1 = &p + tp + t1Q
required to achieve a CZ gate. However, due to the 20 ns timing grid of our control electronics
and the transverse coupling strengths in our device, this speedup is insufficient to reduce the
total time allocated per CZ gate from 60 to 40 ns. Nonetheless, in SNZ, the fluxed transmon
spends more time at its sweetspot, which reduces the dephasing due to flux noise.

Figure S3 illustrates the qualitative difference in the trajectory of level populations in the two-
excitation manifold implemented by strong CNZ and SNZ pulses acting on the |11) state. A
CNZ pulse [Fig. S3(a)] uses the interaction point fast-adiabatically, keeping most population in
|11) after the first strong half pulse. In contrast, a SNZ pulse [Fig. S3(b)] uses the interaction
suddenly to transfer most (ideally all) of the population to |02) with the first strong half pulse.

— Ideal trajectory — ----- Residual path ~ ----- Leakage ® [nitial point ¢  Final point

15 (a) Conventional NZ_)2) (b) SNZ 02
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Figure 2.7: Schematic comparison of the trajectory of level populations in the two-excitation
manifold for CNZ and SNZ strong pulses acting on |11). Note that in both cases, most of the
time is spent close or at the |11)-|02) avoided crossing. (a) Trajectory for a CNZ pulse. (b)
Trajectory for an SNZ pulse.

2.6.2 Device and transmon parameters

Our experimental study focuses on four transmons in a patch of our 7-qubit processor. An
optical image of the device, zoomed in to these four transmons, is shown in Fig. S4. Transmons
Qg and Qg both connect to Q1 and Qo with a dedicated coupling bus resonator for each
connection. Every transmon has a dedicated microwave-drive line for single-qubit gating,
a flux-control line used for CZ gating, and a dispersively-coupled readout resonator with
dedicated Purcell filter [72, ] for readout. Readout is performed by frequency multiplexed
measurement of a common feedline capacitively connected to all four Purcell filters. Table S1
provides a summary of measured parameters for the four transmons.
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Figure 2.8: Optical image of the device, zoomed in to the four transmons used in this study and
with added false color to help identify circuit elements. Transmons Qg (red) and Qy, (pink)
each connect to Qp 1 (green) and Qp g9 (cyan) using dedicated coupling bus resonators for
each pair (light orange). Each transmon has a flux-control line for two-qubit gating (yellow), a
microwave-drive line for single-qubit gating (dark orange), and dispersively-coupled resonator
with Purcell filter for readout (purple) [72, 102]. The readout-resonator/Purcell-filter pair for
Qo is visible at the center of this image. The vertically running common feedline (blue) con-
nects to all Purcell filters, enabling simultaneous readout of the four transmons by frequency
multiplexing. Air-bridge crossovers enable the routing of all input and output lines to the edges
of the chip, where they connect to a printed circuit board through aluminum wirebonds.

2.6.3 Single-qubit gate performance

All single-qubit gates are implemented as DRAG-type [64, 65] microwave pulses with total
duration 40 = 20 ns, where o is the Gaussian width of the main-quadrature Gaussian
pulse envelope. We perform two sets of experiments to jointly quantify the infidelity € and
leakage L1 of these gates. First, we perform individual single-qubit randomized benchmarking
(1QRB) keeping the other three qubits in |0). Second, we perform simultaneous single-qubit
randomized benchmarking (S1QRB) on pairs of qubits, keeping the other two qubits in |0).
The results obtained from both types of experiment are reported as diagonal and off-diagonal
elements in the matrices presented in Fig. S5.
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Qu Qi Qm2

QL

Qubit transition frequency at sweetspot, wq /27 (GHz) 6.4329 5.7707 5.8864 4.5338

Transmon anharmonicity, o/27 (MHz) —-280 —290 —285 —320
Readout frequency, wy /27 (GHz) 7.4925 7.2248 7.0584 6.9132
Relaxation time, 17 (ps) 371 40£1 471 66=£1
Ramsey dephasing time, 1% (ys) 38+1 49+1 47+1 64+1
Echo dephasing time, 75 (us) 54+2 68+£1 77+1 9442
Residual qubit excitation, (%) 1.4 1.2 4.3 1.7

Best readout fidelity, Fro (%) 99.1 98.5 99.4 97.8

Table 2.2: Summary of frequency, coherence, residual excitation, and readout parameters
of the four transmons. The statistics of coherence times for each transmon are obtained
from 30 repetitions of standard time-domain measurements [58] taken over ~ 4 h. The
residual excitation is extracted from double-Gaussian fits of single-shot readout histograms
with the qubit nominally prepared in |0). The readout fidelity quoted is the average assignment
fidelity [106], extracted from single-shot readout histograms after mitigating residual excitation
by post-selection on a pre-measurement.

2.6.4 Flickering two-level system

As mentioned in the main text, we were unable to realize the SNZ CZ gate between pair Q-
Q1 using the |11)-]02) interaction due to the presence of a TLS interacting intermittently
with Qg1 at the flux amplitude placing |11) and |02) on resonance. Figures S6(a,b) show
the negative impact of this TLS when attempting to characterize the |11)-|02) interaction by
the standard time-domain chevron measurement. While experience shows that it is probable
that such a TLS could be displaced or eliminated by thermal cycling at least above the critical
temperature of aluminum, we chose instead to use the more flux distant |11)-|20) interaction
to realize the SNZ CZ gate for this pair. For this interaction, a standard, stable chevron pattern
is observed [Figs. S6(c,d)].

2.6.5 Residual ZZ coupling at bias point

Coupling between nearest-neighbor transmons in our device is realized using dedicated
coupling bus resonators. The non-tunability of said couplers leads to residual ZZ coupling
between the transmons at the bias point. We quantify the residual Z Z coupling between every
pair of qubits as the shift in frequency of one qubit when the state of the other changes from |0)
to |1). We extract this frequency shift using a simple time-domain measurement: we perform
a standard echo experiment on one qubit (the echo qubit), but add a 7 pulse on the other qubit
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Figure 2.9: Characterization of single-qubit gate infidelity € (a) and leakage L (b) using ran-
domized benchmarking (100 randomization seeds). Diagonal elements are extracted from in-
dividual single-qubit randomized benchmarking keeping the other 3 qubits in |0). Off-diagonal
elements are extracted from simultaneous one-qubit randomized benchmarking on pairs of
qubits, keeping the other two qubits in |0).

Population
0.4 0.6

460 420 460

Qu, Pjg B [11) — |20
tim > 38.4 ns

()]

560 570 580 560 570 580
Unipolar pulse amp. Qyr; (mV) Unipolar pulse amp. Qyzpy (mV)

Figure 2.10: Time-domain characterization of the |11)-]02) and (c,d) |11)-|20) interactions
for pair Qr,-Qnr1- (a,b) Landscapes of (a) ground-state population P|0> of Qr, and (b) total
excited-state population 1 — P|0> of Qpp1 as a function of the amplitude and duration of a
unipolar square pulse near the |11)-|02) resonance. The absence of the expected chevron
pattern in these landscapes reflects a flickering TLS resonant with the qubit transition of Qypp
at this pulse amplitude. Horizontally shifting fringes in (a) and (b) are due to flickering of the
TLS on the scale of a few minutes. These observations preclude the use of the |11)-]02)
interaction to realize the CZ gate. In contrast, the landscapes of (c) two-state population P|2>
of Qr, and (d) P\0> of Q)1 and as a function of unipolar square pulse parameters near the
|11)-|20) resonance reveal a standard, stable chevron pattern. All landscapes were sampled
using an adaptive algorithm based on [104].
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(control qubit) halfway through the free-evolution period simultaneous with the refocusing
pulse on the echo qubit. The results are presented as a matrix in Fig. S7. We observe that
the residual ZZ coupling is highest between Qg and the mid-frequency qubits Qpg; and
Qo This is consistent with the higher (lower) absolute detuning between Qg (Qr,) and the
mid-frequency transmons, and the higher (lower) transverse coupling Jo = w/thm for the
upper (lower) pairs.
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Figure 2.11: Extracted residual Z Z coupling between all pairs of qubits at their bias points.
We report the frequency shift in one qubit (named echo qubit) when the computational state
of another qubit (named control qubit) is shifted from |0) to |1).

An alternative way to evidence this residual ZZ coupling is to extract the fidelity of idling
using 2QIRB and to compare this fidelity to that of CZ. To this end, we perform 2QIRB of idling
(for 60 ns) on pairs Qpnio-Qn and Qp,-Qnie- The results, shown in Fig. S8, show striking
differences for the two pairs. For Qpo-Qp, the pair with strongest residual coupling, the idling
fidelity is significantly lower than the CZ fidelity. This is because the residual ZZ coupling is a
source of error during idling but is absorbed into the tuneup of SNZ. For Q1,-Qnp2, for which
the residual coupling is one order of magnitude lower, this trend is not observed.

2.6.6 Technical details on 2QIRB

Table S2 details technical aspects of the characterization of CZ gates by repeated 2QIRB
runs.

2.6.7 Simulation results for SNZ and conventional NZ CZ gates versus different error
models

To identify the dominant sources of infidelity ¢ = 1 — F' and leakage for SNZ CZ gates,
we perform a two-qutrit numerical simulation for pair Qpo-Qpp with incremental addition of
measured error sources [Fig. S9], as in our previous work on conventional NZ [94]. The
simulation incrementally adds: (A) no noise; (B) relaxation; (C) Markovian dephasing; (D)
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Figure 2.12: Comparison by 2QIRB of the fidelity and leakage of SNZ CZ versus idling (for
an equivalent 60 ns) for pairs Qpro-Qp and Qr,-Qui2. SNZ gate parameters are provided in
Table 1 of the main text. (a,c) Return probability to |00) as a function of the number Naq of
two-qubit Clifford operations in the reference curve. For Qppo-Qpg, the extracted idling fidelity
is significantly lower than the SNZ CZ fidelity. This is due to the high residual ZZ coupling
between these two qubits as reported in Fig. S7, which is not refocused during idling but
absorbed into the tuneup of the SNZ CZ gate. For Q,-Q2, idling fidelity exceeds SNZ CZ
fidelity as the residual coupling is one order of magnitude weaker. (b,d) Population in the
computational subspace as a function of NQQ. Leakage as a function of NQQ is weakest
when interleaving idling steps, leading to negative Ll,Idle- This is due to seepage (during
idling) of the leakage produced by the reference two-qubit Cliffords.

Parameter Qm1-Qn  Qm2:Qu  QL-Qwm1  QL-Qm2
Number of 2QIRB runs 39 10 88 35
Number of randomization seeds 100 300 100 100
Same randomization seeds No No Yes No
Avg. time per 2QIRB run (min) 17 50 9 17
Total wall-clock time (h) 28.8 16.9 16.7 14.8

Table 2.3: Technical details of the characterization of CZ gates by repeated 2QIRB. The
average time per 2QIRB run is the time required to perform back-to-back measurements of
the reference and the CZ-interleaved curves. The total wall-clock time includes the overhead
from compilation of RB sequences and other measurements performed in between the CZ
2QIRB runs, e.g., idling 2QIRB (Fig. S8).

dephasing from quasistatic flux noise; and (E) flux-pulse distortion. The experimental inputs
for models B, C and D combine measured qubit relaxation time 77 at the bias point, and
measured echo and Ramsey dephasing times (7% and T%) as a function of qubit frequency.
The input to E consists of a final Cryoscope measurement of the flux step response using all
real-time filters. The simulation suggests that the main source of ¢ is Markovian dephasing (as
in [94]), while the dominant contribution to L1 is low-frequency flux noise. The latter contrasts
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Figure 2.13: Error budgets for infidelity £ (a) and leakage L (b) obtained by a numerical
simulation (as in [94]) of the Qp2-Qp SNZ CZ gate with parameters in Fig. 4 and for a conven-
tional NZ gate with optimized parameters (see text for details). The simulation incrementally
adds errors using experimental input parameters for this pair: (A) no noise; (B) relaxation; (C)
Markovian dephasing; (D) dephasing from quasistatic flux noise; and (E) flux-pulse distortion.

with Ref. [94], where simulation identified flux-pulse distortion as the dominant leakage source.
We identify two possible reasons for this difference: in the current experiment, the 1/ f low-
frequency flux noise is ~ 4 times larger (in units of @0/@) and the achieved flux step
response is noticeably sharper. Finally, we use the simulation to compare performance of
SNZ to conventional NZ CZ. For the latter, we fix ty = 0, t1g = 60 ns — tp, and use the
fast-adiabatic pulse shape and ¢, = 45.83 ns optimized by simulation. Overall, the error
sources contribute very similarly to the error budget for both cases. The marginally higher
overall performance found for SNZ is likely due to the increased time spent at the sweetspot
during the gate time.

We emphasize that our two-qutrit simulation includes 9 energy levels (from |00) to |22)).
Therefore, it also captures leakage to |20) (|02)) when using the |11)-]02) (|11)-]20))
avoided crossing. For pair Qy2-Qr, for which we use |11)-|02), the simulation gives a
final |20)-population of 0.005%, merely 4% of the total leakage L.

Finally, we use this numerical simulation with full error model E to illustrate that the SNZ pulse
preserves the resilience of the conventional NZ scheme [94] to low-frequency (quasistatic)
flux offsets. Figure S10 shows that the single-qubit phase of the fluxed higher-frequency qubit
(Qp) and leakage L1 are second-order sensitive to the offset. The conditional phase quQQ
shows a very weak first-order dependence at zero offset. Numerical simulations with model
D (not shown) show that the negative shift of the local maximum in ¢o( originates from the
finite flux-pulse rise time.
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Figure 2.14: Numerical simulation (using model E and pair Qpp2-Qp) of the dependence of

conditional phase gng, single-qubit phase ¢q1, and leakage L1 on quasistatic flux noise.



LOGICAL-QUBIT OPERATIONS IN AN ERROR-DETECTING SURFACE
CODE

== Transmon B Coupling bus
[ Drive line M Readout feedline
! Fluxline [ Readout resonators

Future fault-tolerant quantum computers will require storing and processing quantum data
in logical qubits. We realize a suite of logical operations on a distance-two logical qubit
stabilized using repeated error detection cycles. Logical operations include initialization into

39
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arbitrary states, measurement in the cardinal bases of the Bloch sphere, and a universal set
of single-qubit gates. For each type of operation, we observe higher performance for fault-
tolerant variants over non-fault-tolerant variants, and quantify the difference through detailed
characterization. In particular, we demonstrate process tomography of logical gates, using
the notion of a logical Pauli transfer matrix. This integration of high-fidelity logical operations
with a scalable scheme for repeated stabilization is a milestone on the road to quantum error
correction with higher-distance superconducting surface codes.

This chapter has been published in Nature Physics 18, 80-86 (2022) [107]
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3.1 Historical context

Two key capabilities will distinguish an error-corrected quantum computer from present-day
noisy intermediate-scale quantum (NISQ) processors [12]. First, it will initialize, transform, and
measure quantum information encoded in logical qubits rather than physical qubits. A logical
qubit is a highly entangled two-dimensional subspace in the larger Hilbert space of many
more physical qubits. Second, it will use repetitive quantum parity checks to discretize, signal,
and (with aid of a decoder) correct errors occurring in the constituent physical qubits without
destroying the encoded information [24]. Provided the incidence of physical errors is below a
code-specific threshold and the quantum circuits for logical operations and stabilization are
fault-tolerant, the logical error rate can be exponentially suppressed by increasing the distance
(redundancy) of the quantum error correction (QEC) code employed [108]. At present, the
exponential suppression for specific physical qubit errors (bit-flip or phase-flip) has been
experimentaly demonstrated [25, 85, , ] for repetition codes [111-113].

Leading experimental quantum platforms have taken key steps towards implementing QEC
codes protecting logical qubits from general physical qubit errors. In particular, trapped-ion
systems have demonstrated logical-level initialization, gates and measurements for single
logical qubits in the Calderbank-Shor-Steane [114] and Bacon-Shor [31] codes. Most recently,
entangling operations between two logical qubits have been demonstrated in the surface
code using lattice surgery [115]. However, except for smaller-scale experiments using two ion
species [116], trapped-ion experiments in QEC have so far been limited to a single round of
stabilization.

In parallel, taking advantage of highly-non-demolition measurement in circuit quantum elec-
trodynamics [63], superconducting circuits have taken key strides in repetitive stabilization of
two-qubit entanglement [72, 73] and logical qubits. Quantum memories based on 3D-cavity
logical qubits in cat [117, ] and Gottesman-Kitaev-Preskill [119] codes have crossed the
memory break-even point. Meanwhile, monolithic architectures have focused on logical qubit
stabilization in a surface code realized with a 2D lattice of transmon qubits. Currently, the

surface code [71] is the most attractive QEC code for solid-state implementation owing to
its practical nearest-neighbor-only connectivity requirement and high error threshold. Recent
experiments [25, 74] have demonstrated repetitive stabilization by post-selection in a surface

code which, owing to its small size, is capable of quantum error detection but not correction.
In particular, Ref. [74] has demonstrated the preparation of logical cardinal states and logical
measurement in two cardinal bases. Here, we go beyond previous work by demonstrating a
complete suite of logical-qubit operations for this small (distance-2) surface code while pre-
serving multi-round stabilization. Our logical operations include initialization anywhere on the
logical Bloch sphere (with significant improvement over previously reported fidelities), mea-
surement in all cardinal bases, and a universal set of single-qubit logical gates. For each type
of operation, we quantify the increased performance of fault-tolerant variants over non-fault-
tolerant ones. We use a logical Pauli transfer matrix to describe a logical gate, analogous to
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the procedure commonly used to describe gates on physical qubits [120]. Finally, we perform
logical state stabilization by means of repeated error detection where we compare the per-
formance of two scalable, fault-tolerant stabilizer measurement schemes compatible with our
quantum hardware architecture [98].

The distance-2 surface code (Fig. 3.1a) uses four data qubits (D through D4) to encode
one logical qubit, whose two-dimensional codespace is the even-parity (i.e., eigenvalue +1)
subspace of the stabilizer set

& ={Zp12Zp3, Xp1Xp2XD3XD4, ZD2ZD4}- (8.1)

This codespace has logical Pauli operators

2y, = Zp124D2, ZD34D4s ZD14D4, and ZpaZps3, (32)
X1, = Xp1Xp3 and XpaXpy, (3.3)
that anti-commute with each other and commute with .%, and logical computational basis

1

0r,) = —= (/0000) + |1111)), 3.4

|0r,) ﬁ(l ) +[1111)) (3.4)
1

1r,) = —(|0101) + |1010)) . 3.5

L) \/Q(I ) +11010)) (3.5)

Measuring the stabilizers using three ancilla qubits (A1, A2 and Ag in Fig. 3.1a) allows
detection of all physical errors that change the outcome of one or more stabilizers to m = —1.
This list includes all errors on any one single qubit. However, no error syndrome is unique to
a specific physical error. For instance, a phase flip in any one data qubit triggers the same
syndrome: mao = —1.

Consequently, this code cannot be used to correct such errors. We thus perform state stabi-
lization by post-selecting runs in which no error is detected by the stabilizer measurements
in any cycle. In this error-detection context, an operation is fault-tolerant if any single-fault
produces a non-trivial syndrome and can therefore be post-selected out [121] (see Suppl.
Material).

3.2 Method

3.2.1 Device

We use a superconducting circuit-QED processor (Fig. 3.1b) featuring the quantum hardware
architecture proposed in Ref. [98]. Seven flux-tunable transmons are arranged in three fre-
quency groups: a high-frequency group for D1 and Do; a middle-frequency group for A1, Ao
and A3; and a low-frequency group for D3 and Dy4. Similar to the device in Ref. [74], each
transmon is transversely coupled to its nearest neighbors using a coupling bus resonator
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dedicated to each pair. This simplest and minimal connectivity minimizes multi-qubit crosstalk.
Also, every transmon has a dedicated flux line for two-qubit gating, and a dispersively coupled
readout resonator with Purcell filter enabling frequency-multiplexed readout [72, ] using
two feedlines. In contrast to Ref. [74], every transmon has a dedicated microwave drive line
for single-qubit gating, avoiding the need to drive any via a feedline and thus reducing driving
crosstalk.

All transmons are flux biased to their maximal frequency (i.e., flux sweetspot [93]), where
measured qubit relaxation (77) and dephasing (73) times lie in the range 27—102 us and
55—117 us, respectively. Detailed information on the implementation and performance of
single- and two-qubit gates for this same device can be found in Ref. [69]. Device characteris-
tics are also summarized in Table 5.1.

The device was fabricated on a high-resistivity intrinsic Si<100> wafer that was first des-
cummed using UV-ozone cleaner and stripped of native oxides using buffered oxide etch
solution (BOE 7:1). The wafer was subjected to vapor of hexamethyldisilazane (HMDS) at
150°C and sputtered with 200 nm of niobium titanium nitride (NbTiN). Post dicing into smaller
dies, a layer of hydrogen silsesquioxane (HSQ) was spun and baked at 300°C to serve as
an inorganic sacrificial mask for wet etching of NbTiN. This layer was removed post base-
patterning steps. The quantum plane was defined using electron-beam (e-beam) lithography
of a high-contrast, positive-tone resist spun on top of the NbTiN-HSQ stack. Post development,
the exposed region was first dry etched using SF6/02 mixture and then wet etched to remove
any residual metal. Dolan-bridge-style Al/AIOx/Al Josephson junctions were then fabricated
using standard double-angle e-beam evaporation. Airbridges and crossovers were added
using a two-step process. The first step involved patterning galvanic contact using e-beam
resist (~ 6 pum thick) subjected to reflow. In the second step, the airbridges and crossovers
were patterned with e-beam evaporated Al (450 nm thick). Finally, the device underwent
dicing, resist lift-off and Al wirebonding to a printed circuit board.

3.2.2 State tomography

To perform state tomography on the prepared logical states, we measure the 44 -1 expecta-
tion values of data-qubit Pauli observables, p; = (0;),0; € {I, X,Y, Z}®* (except I®%).
Interleaved with this measurement we also characterize the measurement POVM used to
correct for readout errors in p;. These are then used to construct the density matrix

441 o
p=2 or (@)
=0
with pg = 1, corresponding to og = I®4. Due to statistical uncertainty in the measurement,

the constructed state, p, might lack the physicality characteristic of a density matrix, that
is, Tr(p) = 1 and p > 0. Specifically, p might not satisfy the latter constraint, while the
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former is automatically satisfied by pg = 1. To enforce these constraints, we use a maximum-
likelihood method [120] to find the physical density matrix, pp,,, that is closest to the measured
state, where closeness is defined in terms of best matching the measurement results. We
thus minimize the cost function Zﬁal\pi — Tr(ppnoi)|? subject to Tr(ppy) = 1 and
Pph = 0. We find the optimal pgﬁt using the convex-optimization package cvxpy via cvx-fit
in Qiskit [122]. The fidelity to a target pure state, |)), is then computed as

F = (] o0 [9) - (37)

One can further project pp,1, onto the codespace to obtain a logical state pr, using

1 Tr(pphalL) L L
PL=75) w70 » 0 € UL, XL, YL, ZL} (3.8)
2 ; Tr(ppnlr) * 7 "
where I1, is the projector onto the codespace. Here, we can compute the logical fidelity Fy,
using Eq. 3.7.

3.2.3 Process tomography in the codespace

A general single-qubit gate can be described [120] by a Pauli transfer matrix (PTM) R that
maps an input state described by p; = (0;),0; € {I, X,Y, Z}, with pg = 1, to an output
state p':
p;- = ZRijpi~ (3.9
1

To construct R in the codespace, we use an overcomplete set of input states, {|0r,) , |1L),
|[+1.),|—L) , |+iL) , |—i1) }, and their corresponding output states and perform linear inver-
sion. The input and output logical states are characterized using state tomography of the data
qubits to find the four-qubit state p, which is then projected to the codespace using:
L

i = m , op € {Iy, X, Y1, 7L}, (3.10)
We find that all the measured logical states already satisfy the constraints of a physical
density matrix. This is likely to happen as one-qubit states that are not very pure usually lie
within the Bloch sphere even within the uncertainty in the measurement. The constructed
LPTM, however, might not satisfy the constraints of a physical quantum channel, that is, trace
preservation and complete positivity (TPCP). These are better expressed by switching from
the PTM representation to the Choi representation. The Choi state pR can be computed as

1

R T

p :ZZRUUJ ® oy, (3.11)
(2]

where the first tensor-product factor corresponds to an auxiliary subsystem. The TPCP con-

straints are Tr(p;zh) =1, p;zh > 0and Tfl(Pth) = 1/2, where Try is the partial trace over

the auxiliary subsystem. In other words, p?h is a density matrix satisfying an extra constraint.
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We then find the optimal p;/iom using the same convex-optimization methods as for state
tomography and adding this extra constraint [120, ]. We compute the corresponding LPTM
via
opt R,opt T
(Row)ij = Te(py° o @ o). (3.12)

and the average logical gate fidelity using

Tr(R]y o Rop) + 2

ideal

6 b

FS = (3.13)

where Riqea] is the LPTM of the ideal target gate.

3.2.4 Extraction of error-detection rate

The fraction of post-selected data P in the repetitive error detection experiment (Fig. 3.4b)
decays exponentially with the number of cycles n. This is consistent with a constant error-
detection rate per cycle . We extract this rate by fitting the function

P(n)=A(1—-)". (3.14)

3.3 Resulis

3.3.1 Stabilizer measurements

Achieving high performance in a code hinges on performing projective quantum parity (stabi-
lizer) measurements with high assignment fidelity, meaning one can accurately discriminate
parity, and low additional backaction such that the state of the qubits after the measurement is
properly projected onto the parity subspace. We implement each of the stabilizers in . using
a standard indirect-measurement scheme [124, ] with a dedicated ancilla. We benchmark
the accuracy of each parity measurement by preparing the data-qubits in a computational
state and measuring the probability of ancilla outcome m = —1. As a fidelity metric, we
calculate the average probability to correctly assign the parity Zp1Zp3, ZD14D24D34D4
and Zp1 Zps, finding 94.2%, 86.1% and 97.2%, respectively (see Suppl. Material Fig. 3.6).

3.3.2 Logical state initialization using stabilizer measurements

A practical means to quantify the backaction of stabilizer measurements is using them to
initialize logical states. As proposed in Ref. [74], we can prepare arbitrary logical states by
first initializing the data-qubit register in the product state

1) = (Cos210) + Soy2 1)) 10) (Cop210) + Sgee® 1)) 0)  @.15)
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Figure 3.1: Surface-7 quantum processor and initialization of logical cardinal states. (a)
Distance-two surface code. (b) Optical image of the quantum hardware with added false-color
to emphasize different circuit elements. (c-f) Estimated physical density matrices, p, after
targeting the preparation of the logical cardinal states |0r,) (c), |11,) (d), |+1.) (e) and |—1,)
(f). Each state is measured after preparing the data qubits in |0000), |1010), |[+-+-++)
and |[+-+——), respectively. The ideal target state density matrix is shown in the shaded

wireframe.
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using single-qubit rotations Rg on Dy and Rg on D3 acting on |0000) (Cy, = cos « and
So = sin ). A follow-up round of stabilizer measurements ideally projects the four-qubit
state onto the logical state
) = (€312 100) + 5306 [10)) / \/Chp + S35 (3.16)
with probability
L/ 4
P =5 (Cl+Sts)- (3.17)
We use this procedure to target initialization of the logical cardinal states |01,), |11,), |+1) =
(10L)+11,) )/v/2,and |—1,) = (|01,)—|11,) )/V/2. For the first two states, the procedure is
fault-tolerant according to the definition above. We characterize the produced states using full
four-qubit state tomography including readout calibration and maximum-likelihood estimation
(MLE) (Fig. 3.1c-f). The fidelity F4(y to the ideal four-qubit target states is 90.04+0.3%,92.9+
0.2%, 77.3 = 0.5%, and 77.1 & 0.5%, respectively. For each state, we can extract a logical
fidelity FT, by further projecting the obtained four-qubit density matrix onto the codespace [74],
finding 99.83 4 0.08%, 99.97 + 0.04%, 96.82 + 0.55%, and 95.54 + 0.55%, respectively
(see Methods). This sharp increase from F4Q to F1, demonstrates that the vast majority
of errors introduced by the parity check are weight-1 and detectable. A simple modification
makes the initialization of |[4+,) (|—1,)) also fault-tolerant: initialize the data-qubit register
in a different product state, namely |+-+-++) (|++——)), before performing the stabilizer
measurements. With this modification, F;q increases to 85.4 + 0.3% (84.6 &+ 0.3%) and
F1,1099.78 4-0.09% (99.64 & 0.17%), matching the performance achieved when targetting
0r,) and [1p,).

3.3.3 Logical measurement of arbitrary states

A key feature of a code is the ability to measure logical operators. In the surface code, we
can measure X7, (Z1,) fault-tolerantly, albeit destructively, by simultaneously measuring all
data qubits in the X (Z) basis to obtain a string of data-qubit outcomes (each +1 or —1).
The value assigned to the logical operator is the computed product of data-qubit outcomes
as prescribed by Eq. 3.3 (3.2). Additionally, the outcome string is used to compute a value
for the stabilizer(s) Xp1 Xp2Xp3Xp4 (ZD12D3 and ZpaZpy), enabling a final step of
error detection (Fig. 3.2a). Measurement of Y1, = +i X1, Z1, = Yp1Zp2Xp3 is not fault-
tolerant. However, we lower the logical assignment error by also measuring D4 in the Z basis
to compute a value for Zo Z4 and thereby detect bit-flip errors in Do and Dy.

We demonstrate Z1,, X1, and Y1, measurements on logical states prepared on two orthogonal
planes of the logical Bloch sphere. Setting § = 7/2 and sweeping ¢, we ideally prepare
logical states on the equator (Fig. 3.2d)

L) = (|0L) + e 1)) / V2. (3.18)

We measure the produced states in the Z7,, X1, and Y7, bases and obtain experimental
averages (Z1,), (X1,) and (Y1,). As expected, we observe sinusoidal oscillations in (X7,)
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Figure 3.2: Arbitrary logical-state initialization and measurement in the logical cardinal
bases. (a) Assembly of data-qubit measurements used to evaluate logical operators Z1,, X7,
and Y1, with additional error detection. (d) Initialization of logical states using the procedure

described in Eqg. 3.15. (¢, e) Z1,, X1, and Y7, logical measurement results as a function of the
gate angles ¢ (c) and 6 (e). The colored dashed curves show a fit of the analytical prediction
based on Egs. 3.18 and 3.20 to the data and the dark curve denotes a bound based on the
measured F1, of each state. (b, f) Total fraction P of post-selected data as a function of the
input angle for each logical measurement. The dashed curve shows the ideal fraction given

by Eq. 3.17.
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and (Y1,) and near-zero (Z1,). The reduced range of the (Y7,) oscillation evidences the
non-fault-tolerant nature of Y1, measurement. A second manifestation is the higher fraction
P of post-selected data for Y7, (Fig. 3.2b). To quantify the logical assignment fidelity FE{ with
correction for initialization error, it is tempting to apply the formula

<OL>max — <OL>min
2

inspired by the standard method to quantify readout fidelity of physical qubits from Rabi

= 2F} —1)©2F, —1), 0 € {X,Y} (3.19)

oscillations with limited initialization fidelity (described in the Supplementary Material). This
method suggests FE‘ = 95.8% for X1, and 87.5% for Y7,. However, this method is not
accurate for a logical qubit because not all input states outside the codespace are rejected
by the limited set of stabilizer checks computable from the data-qubit outcome string and,
moreover, detectable initialization errors can become undetectable when compounded with
data-qubit readout errors. An accurate method to extract FE{ based on the measured 16 x 16
data-qubit assignment probability matrix (detailed in the Supplementary Material) gives FE‘ =
98.7% for X1, and 91.4% for Y7,.

Setting ¢ = 0 and sweeping 6, we then prepare logical states on the X7,-Z1, plane (Fig. 3.2¢),
ideally

o) = (C3/a100) + S35 110)) / 1/Clp + St (3.20)
Note that due to the changing overlap of the initial product state with the codespace, P is
now a function of § (Eq. 3.17). The approximate extraction method based on the range of
(Z1,) suggests Fllj = 99.4%, while the accurate method gives 99.8%. Note that while both
are fault-tolerant, the Z1, measurement has higher fidelity than the X7, measurement as the
former is only vulnerable to vertical double bit-flip errors while the latter is vulnerable to both
horizontal and diagonal double phase-flip errors.

3.3.4 Logical gates

Finally, we demonstrate a suite of gates enabling universal logical-qubit control (Fig. 3.3). Full
control of the logical qubit requires a gate set comprising Clifford and non-Clifford logical gates.

Some Clifford gates, like 7ZrL and R&L (where RGOL = e_wOL/Q)

, can be implemented
transversally and therefore fault-tolerantly (Fig. 3.3d). We perform arbitrary rotations (generally
non-fault-tolerant) about the Z7, axis using the standard gate-by-measurement circuit [126]
shown in Fig. 3.3a. In our case, the ancilla is physical (As), while the qubit transformed
is our logical qubit. The rotation angle 6 is set by the initial ancilla state |Ag) = (|0) +
" [1))/+/2. Since we cannot do binary-controlled Zj, rotations, we simply post-select runs
in which the measurement outcome is mao = +1. However, we note that these gates
can be performed deterministicaly using repeat-until-success [127]. Choosing 6§ = /4
implements the non-Clifford 77, = R%jl gate. A similar circuit (Fig. 3.3b) can be used to
perform arbitrary rotations around the X7, axis. We compile both circuits using our hardware-

native gateset (Figs. 3.3c,d). To assess logical-gate performance, we perform logical process
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Figure 3.3: Logical gates and their characterization. (a, b) General gate-by-measurement
schemes realizing arbitrary rotations around the Z (a) and X (b) axis of the Bloch sphere.
(c) Process tomography experiment of the 77, gate. Input cardinal logical states are initialized
using the method of Fig. 3.2. Output states are measured following a second round of stabilizer
measurements. (d) Logical R}/LQ , 7ZrL and R%L gates compiled using our hardware-native
gateset. (e) Logical state tomography of input and output states of the 77, gate. These logical
density matrices are obtained by performing four-qubit tomography of the data qubits and
then projecting onto the codespace. (f) Extracted (solid) and ideal (wireframe) logical Pauli

transfer matrices.
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Figure 3.4: Repetitive error detection using pipelined and parallel stabilizer measure-
ment schemes. (a, b) Gate sequences used to implement the pipelined (a) and parallel (b)
stabilizer measurement schemes. Gate duration is 20 ns for single-qubit gates, 60 ns for
controlled-Z (CZ) gates and parking [73, 98], and 540 ns for ancilla readout. The order of
CZs in the X1 XpoXp3Xpy stabilizer (blue shaded region) prevents the propagation of
ancilla errors into logical qubit errors [121]. The total cycle duration for the pipelined (parallel)
scheme is 840 ns (1000 ns). (c) Estimated Z1, expectation value, (Z7,), measured for the
\OL) state versus the duration of the experiment using the pipelined (blue) and the parallel
(orange) schemes. We also plot the excited-state probability (right axis) set by the maximum
and minimum physical qubit 77 . (d) Post-selected fraction of data versus the number of error
detection cycles n for the pipelined (blue) and parallel (orange) scheme.

tomography using the procedure illustrated in Fig. 3.3e for 17,. First, we initialize into each
of the six logical cardinal states {|01,) , |11,) , |[+1.) , |—L) | +iL) , |—%L) }. We characterize
each actual input state by four-qubit state tomography and project to the codespace to obtain
a logical density matrix. Next, we similarly characterize each output state produced by the
logical gate and a second round of stabilizer measurements to detect errors occurred in the
gate (full data in Fig. 3.7). Using this over-complete set of input-output logical-state pairs,
combined with MLE (see Methods), we extract a logical Pauli transfer matrix (LPTM). The
resulting LPTMs for the non-fault-tolerant 71, and RWX/L 2 gates as well as the fault-tolerant
REL and R}L are shown in Fig. 3.3e. From the LPTMs, we extract average logical gate

fidelities FIS; (Eq. 3.13) 97.3%, 95.6%, 97.9%, and 98.1%, respectively.

3.3.5 Pipelined versus parallel stabilizer measurements

A scalable control scheme is fundamental to realize surface codes with large code distance.

To this end, we now compare the performance of two schemes suitable for the quantum
hardware architecture proposed in Ref. [98]. These schemes are scalable in the sense that
their cycle duration remains independent of code distance. The pipelined scheme interleaves
the coherent operations and ancilla readout steps associated with stabilizer measurements
of type X and Z by performing the coherent operations of X (Z) type stabilizers during
the readout of Z (X) type stabilizers (Fig. 3.4a). The parallel scheme performs all ancilla
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readouts simultaneously (Fig. 3.4b). The pipelined cycle scheme duration is shorter than the
parallel scheme by 16% which can potentially increase the performance of the code. This only
occurs if the interleaved readout of ancillas does not result in increased measurement-induced
dephasing between them. To compare their performance, we initialize and stabilize |0f,) for
up to n = 15 cycles. We perform refocusing pulses (Rgi) on the data qubits to correct
for coherent errors during the measurement of ancilla qubits. We also separately calibrate
the equatorial rotation axis of this gate for each scheme to extract the best performance.
At each n, we take data back-to-back for the two schemes in order to minimize the effect
of parameter drift, repeating each experiment up to 256 x 103 times. Figure 3.4c shows
the Z1, measurement outcome averaged over the post-selected runs. We extract the error-
detection rate v from the n-dependence of the fraction of post-selected data P (Fig. 3.4d)
using the procedure described in Methods. We observe that the error rate is slightly lower for
the pipelined scheme (Vpip ~ 45%), most likely due to the shorter duration of the cycle. This
superiority is consistent across different input logical states (see Fig. 3.8) with an average
ratio Ypip/Ypar ~ 97%.

3.4 Discussion

We have demonstrated a suite of logical-level initialization, gate and measurement operations
in a distance-2 superconducting surface code undergoing repetitive stabilizer measurements.
For each type of logical operation, we have quantified the increased performance of fault-
tolerant variants over non-fault-tolerant variants. Table 3.1 summarizes all the results. We can
initialize the logical qubit to any point on the logical Bloch sphere, with logical fidelity surpass-
ing Ref. [74]. In addition to characterizing initialized states using full four-qubit tomography, we
also demonstrate logical measurements in all logical cardinal bases. Finally, we demonstrate
a universal single-qubit set of logical gates by performing logical process tomography, using
the concept of a logical-level Pauli transfer matrix. As expected, the fidelity of the fault-tolerant
gates is higher than the non-fault-tolerant ones. However, one would expect a sharper differ-
ence given the typical error rates of the operations envolved. We believe this could be due to
errors introduced by the stabilizer measurements which might be dominant over the errors of
the logical gate itself.

With a view towards implementing higher-distance surface codes using our quantum-hardware
architecture [98], we have compared the performance of two scalable stabilization schemes:
the pipelined and parallel measurement schemes. In this comparison, two main factors com-
pete. On one hand, the shorter cycle time favors pipelining. On the other, the pipelining
introduces extra dephasing on ancilla qubits of one type during readout of the other. The
performance of both schemes is comparable, but slightly higher for the pipelined scheme.
From detailed density-matrix simulations discussed in the Supplementary Material, we further
understand that conventional qubit errors such as energy relaxation, dephasing and readout
assignment error alone do not fully account for the net error-detection rate observed in the
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Logical operation ‘ Characteristic | Logical fidelity metric ‘ value (%)

|0r) FT 99.83
a [11,) FT 99.97
c FL
= [+1L) Non-FT/FT 96.82/99.78
) Non-FT/FT 95.54/99.64
: 71, FT 99.8
(2]
3 Xy, FT FR 98.7
=
Y1, Non-FT 91.4
(s FT 97.9
% } FT FG 98.1
(O] /2 L
Ry Non-FT 95.6
L
T, Non-FT 97.3

Table 3.1: Summary of logical initialization, measurement, and gate operations and
their performance. Fault-tolerant operations are labelled FT and non-fault tolerant ones
Non-FT. Quoted FIE{ values are those extracted with the accurate method described in the
Supplementary Material.

experiment (see Fig. 3.14 and also not for the P reduction in Figs. 3.2b,f; see Fig. 3.15). We
believe that the dominant error source is instead leakage to higher transmon states incurred
during CZ gates. Our data (Fig. 3.13) shows that the error detection scheme successfully post-
selects leakage errors in both the ancilla and data qubits. Learning to identify these non-qubit
errors and to correct them without post-selection is the subject of ongoing research [77, ?
] and an outstanding challenge in the quest for quantum fault-tolerance with higher-distance
superconducting surface codes [129], which to this date have yet to be implemented with
repeated error correction.

3.5 Data availability

The data supporting the plots and claims within this paper is available online at http://
github.com/DiCarloLab-Delft/Logical_Qubit_Operations_Data.

3.6 Supplemental material

This supplement provides additional information in support of statements and claims made in
the main text.

3.6.1 Device characteristics
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Qubit Dy Do D3 Dy Ay Ay As
Qubit transition frequency at sweetspot, wq/27r (GHz) 6.433 6.253 4535 4561 5.770 5.881 5785
Transmon anharmonicity, a/27r (MHz) -280 — -320 — -290 -285 —
Readout frequency, wy /27 (GHz) 7.493 7.384 6913 6.645 7.226 7.058 7.101
Relaxation time, 17 (us) 27 44 32 102 38 58 43
Ramsey dephasing time, T2* (1s) 44 55 51 103 55 60 52
Echo dephasing time, 1% (i1s) 59 70 55 117 69 79 73
Best multiplexed readout fidelity, FRro, (%) 98.6 98.9 96.0 96.5 98.6 94.2 98.9
Single-qubit gate fidelity, F5q, (%) 99.95 99.86 99.83 99.98 99.95 99.91 99.95

Table 3.2: Summary of frequency, coherence and readout parameters of the seven
transmons. Coherence times are obtained using standard time-domain measurements [58].
Note that temporal fluctuations of several s are typical for these values. The multiplexed
readout fidelity, Fro, is the average assignment fidelity [106] extracted from single-shot read-
out histograms after mitigating residual excitation using initialization by measurement and
post-selection [130, ]-

Residual ZZ cross-talk matrix
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Figure 3.5: Residual ZZ-coupling matrix. Measured residual ZZ coupling between all
transmon pairs at the bias point (their simultaneous flux sweetspot [93]). Each matrix element
denotes the frequency shift that the target qubit experiences due to the spectator qubit being
in the excited state, 1). The procedure used for this measurement is similar to the one
described in Ref. [132].
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3.6.2 Parity-check performance
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Figure 3.6: Characterization of the assignment fidelity of Z-type parity checks. (a)
ZD12D3, b) *Zp1ZD24D3ZD4, and (€) Zpo Zp4 parity checks implemented using A1,
As, and As, respectively. Each parity check is benchmarked by preparing the relevant
data qubits in a computational state and then measuring the probability of ancilla outcome
m4; = —1. Measured (ideal) probabilities are shown as solid blue bars (black wireframe).
From the measured probabilities we extract average assignment fidelities 94.2%, 86.1%
and 97.2%, respectively. *This parity check implements the X1 Xpo Xp3Xpy stabilizer
measurement with the addition of single-qubit gates on data qubits to perform a change of

basis.

3.6.3 Process tomography
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Figure 3.7: Full set of logical states measured in the logical process tomography proce-
dure. Measured input and output logical states for each logical gate. Each state is measured
using the procedure described in the Methods.
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3.6.4 Logical state stabilization
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Figure 3.8: Stabilization of logical cardinal states by repetitive error detection using
the pipelined and parallel schemes. From left to right, the stabilized logical states are \OL),
[11,), |+1,) and |—1,). For each logical state, the top panel shows the evolution of the relevant
logical operator as a function of number of cycles, n, plotted versus wall-clock time. Error
bars are estimated based on the statistical uncertainty given by P(n). The shaded area
indicates the range of physical qubit 7% values (a and b) and 75 values (c and d) plotted
on the right-axis. Each bottom panel shows the corresponding post-selected fraction of data,

P(n).
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Figure 3.9: Logical error probability versus number of error detection cycles. Logical

error probability after n cycles of error detection for states |OL),

11,) (a) and |+1,), [—1.) (b)

measured using the pipelined scheme. For comparison, the grey dashed curves in (a) and
(b) correspond to the physical error probability of the best 71 and T respectively. The logical
error rate per round of detection, extracted by fitting the data (colored dashed lines), is 0.43%,
0.67%, 0.49% and 0.15% respectively.
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3.6.5 Logical error rate

Here, we study the error rate of the logical qubit and compare it to that of a physical qubit.
The probability for a logical error on an eigenstate of Oy, after n cycles is given by
1—|(Op)(n)]
L L
Peiror = D) : (3.21)

For eigenstates of Z1, we compare the measured error rate to the error experienced due to
T} on a physical qubit (Fig. 3.9a). In a physical qubit in the excited state, |1), this error is
given by

Perror =1 — et/ (3.22)

For eigenstates of X7, (Fig. 3.9b) we now consider the error experienced due to T5. This
error for physical qubits whose state lies on the equator of the Bloch sphere is
1—et/T2

Perror = 5 (3.23)

We find that the logical error rates for all states, corresponding to the slopes of the colored
dashed curves in Fig. 3.9, are lower than the corresponding best physical error rates.

3.6.6 Fault tolerance of logical operations
3.6.7 Fault tolerance of an operation

We begin by elaborating the definition of a fault-tolerant logical operation. We consider a single
fault occurring during the circuit implementing the logical operation, where a fault can refer
to any single-qubit Pauli error following a single-qubit gate or an idling step, or any two-qubit
Pauli error following a two-qubit gate or a measurement error. Furthermore, a single fault
can also refer to any single-qubit error on the input state of the logical operation. Thus we
consider the performance of the logical operation either when there is a single error at input
or a fault in the logical operation. In the context of error detection, the logical operation such
as state initialization or gate execution, is fault-tolerant if any such fault either produces a
non-trivial syndrome (in case the circuit involves the measurement of the stabilizers) and is
thus post-selected out or leads to an outgoing state that is either the desired logical state or
any logical state together with a detectable error. This implies that if the logical operation is
followed up by a fictitious and ideal measurement of the stabilizers, the detectable error would
lead to a non-trivial syndrome and be post-selected out, ensuring that the outgoing state could
only be the desired logical state. For a fault-tolerant logical measurement we require that the
logical measurement outcome is correct, i.e. if it is applied to a logical state with single error
or a fault happens during the logical measurement, we either post-select or get the correct
outcome.
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3.6.8 Logical state initialization using stabilizer measurements

We perform fault-tolerant initialization of the logical cardinal states |Or,), |1r,), |+1,) and |—1,).
We focus on the initialization of |O,) and |11,) and then extend these arguments to |+,) and

|—L)-

To prepare |Or,) (|11,)) the data-qubit register is prepared in the state |0000) (]1010)) and a
single round of stabilizer measurements is performed. Consider any single-qubit error occur-
ring during the initialization of the data qubits. Any such error will be detected by the following
stabilizer measurement and post-selected out.

Then, consider a fault occurring during the stabilizer measurement, implemented by the cir-
cuits shown in Fig. 3.4. Any single-qubit error on the data qubits following an idling step
either leads to non-trivial syndrome (if it occurs before the two-qubit gate) or constitutes a
detectable error (if it occurs after the two-qubit gate). A single-qubit error following any of the
single-qubit gates will similarly either produce non-trivial syndrome or lead to an error that is
either detectable or an element in ..

A measurement error on ancilla qubits A1 or A3 will always produce a non-trivial syndrome
(since the input state is an eigenstate of the measured Z type stabilizers) and will thus be
post-selected out. However, a measurement error on Ao can still lead to trivial syndrome (as
the input state is not an eigenstate of the X -type stabilizer). This will result in the preparation
of the desired logical state together with a detectable phase-flip error on any of the qubits.

Any two-qubit Pauli error after each CZ gate involved in the measurement of the Z-type
stabilizers will lead to the preparation of the desired logical state together with an error that is
either in . (for example in the case when a bit-flip error occurs on the ancilla qubit and phase-
flip error on the data-qubit following the first CZ gate of the circuits) or one that is detectable.
The same statement holds for any two-qubit error after each of the CZ gates involved in the
X type stabilizer check. Here the order of the gates is crucial to ensure that any two-qubit
error after the second CZ gate of the circuit is detectable [121].

The fault-tolerant preparation of |+,) (|—r,)) involves initializing the data-qubit register in the
state |[++++) (|[++——)) instead. The arguments for the fault-tolerance of this operation
follow closely the ones presented for |Or,) (|11,)) with the only difference being that a single
measurement error on ancilla qubits A or A3 can now lead to a trivial outcome and an
outgoing state that involves a detectable (bit-flip) error, while a measurement error on Ao will
instead always lead to a non-trivial syndrome.

When initializing arbitrary logical states by preparing the data qubit register in the state given
by Eq. 3.15, the procedure is fault-tolerant only when preparing |01,) (correspondingto § = 0
and ¢ = 0) or |11,) (corresponding to = 7 and ¢ = 0), which are discussed above. When
preparing |+1,) (corresponding to & = 7/2 and ¢ = 0) or |—,) (corresponding to 8 = 7 /2
and ¢ = m), the input states are |[+0-+0) and |[+0—0) respectively. In these cases a single
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fault (for example a phase-flip error on qubit D3 on the input state) is not detectable by the
stabilizer measurement and instead leads to the initialization of (the opposite states) |—r,)
and |+r,), respectively. The preparation of any other state on the equator of the Bloch sphere
is not fault-tolerant either, following the same reasoning: an under- or overrotation of ¢ will
directly translate to an error at the logical level.

3.6.9 Fault-tolerant logical measurements

We now consider the fault-tolerance of the logical measurement, which is performed following
the procedure described in the Results (see Fig. 3.2). The only fault to consider in these
circuits is a measurement error on one of the data qubits. When measuring X7, or Z1,, any
such error will result in a non-trivial syndrome (given the assumption that the input state is in
the codespace) and the logical measurement outcome is post-selected out. When the fault
is instead a single-qubit error on the input state, bringing this state outside of the codespace,
the fault-free logical measurement will either detect this error or this error will not have an
affect on the logical measurement outcome.

For the non-fault-tolerant measurement of Y7, only the value for the Zpo Zp4 stabilizer can
be computed and used to detect errors on Do and D4. Thus a single fault (for example
a measurement error on either D1 or D3) can lead to an incorrect logical measurement
outcome, making this operation non-fault-tolerant.

3.6.10 Transversal logical gates and non-fault-tolerant gate injection

The logical gates R’)T(L and R}L (shown in Fig. 3.3d) are clearly fault-tolerant as any single-
qubit error following any of the single-qubit gates involved in the circuits is detectable. At
the same time the transversal execution of these gates ensures that no single qubit error on
the input state can spread to two or more qubits, ensuring that any such fault is detectable.
These fault-tolerant properties do not hold when we consider the 71, and RWX/L2 logical gates
implemented by the gate-by-measurement circuits shown in Fig. 3.3b (and Fig. 3.3d). For
example a bit-flip error on Ao following the first single-qubit gate of the circuit will result in
a logical error. More generally, any under- or over-rotation in the rotation angle 6 used in
preparing the ancilla qubit in | Ag) translates to a different rotation at the logical level than
desired.

3.6.11 Quantifying the logical assignment fidelity

We start this section reviewing how the readout fidelity FRofa physical qubit is standardly
quantified from the contrast of a Rabi oscillation when the input states p+ closest to the eigen-
states | U+ ) of the measured observable O have limited fidelity F' (assumed equal for both).
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Figure 3.10: Probability flow diagram for physical qubit readout. Please see text for the
definition of all variables shown. The characterization of physical qubit readout robust to
initialization errors determines the probabilities within the dashed box.

Evidently, we want FR o quantify the performance of readout only, independent of errors
in the input state. To this end, consider the probability flow diagram of Fig. 3.10. We define
FR asthe average probability of proper assignment for perfect input states | ¥ 4 ). Therefore,
FR—1_- (e4 + €—) /2, where e is the probability of wrongly assigning outcome F1 for
input state |\I/i> The positive and negative extremes of the Rabi oscillation are

(OVmax = Fé; + Fe_ — Fey — Fe_. (3.24)

(OVmin = —Fé_ — Fey + Fe_ + Fe,, (3.25)
where F =1 — F and €+ = 1 — e+. Combining these expressions and simplifying terms, it
follows that the contrast of the Rabi oscillation (defined as half the peak-to-peak range), is

<O>max — <O>min
2

= (2F-1) (2F%-1). (3.26)

Turning over to the logical qubit, we similarly define the logical readout fidelity FE{ as the
average probability of proper assignment for perfectly prepared logical states |¥y ) i.e.,
the logical states that are eigenstates of the measured observable Oy, with eigenvalue +1.
To this end, it is tempting to apply the above equation to the oscillations in Fig. 3.2, simply
substituting £ — Fj, and FR — FE{. However, this approach is not accurate. This is
because the probability flow diagram for the logical qubit, shown in Fig. 3.11, is more complex.
The quantities we seek to determine are those inside the dashed box, describing logical
readout on perfect input logical states: pr is the probability that the experimental logical
measurement on |¥4.1,) is rejected (R), which occurs whenever the data-qubit outcome string
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Figure 3.11: Probability flow diagram for logical readout. Please see text for the definition
of all variables shown. The characterization of logical qubit readout robust to initialization
errors determines the probabilities within the dashed box. The probability for states outside
the codespace to not be rejected (red dashed curves) is the primary reason why using Eq. 3.26
with the substitutions ' — F1, and FR FLR does not yield an accurate estimate of FLR

produces a value of —1 on at least one of the stabilizers computable from the string; eg,+
is the probability of wrongly assigning logical outcome F1 for | ¥y 4.), conditioned on no
rejection. Using these definitions, FE{ =1 — (e+ + €1,—) /2. Outside the dashed box, p+
is the experimental input state closest to |1 ). This imperfect input state has probability
p1,+ of being in the codespace and its projection onto the codespace, p1,+, has fidelity FT,+
to | U1+ ). Finally, p | 4 is the projection of p+ outside the codespace. We now discuss the
more accurate method used to quantify Ff‘ that does not rely on Eq. 3.26. We first consider
the transformation of |¥y,4.) by the pre-rotations that we perform when measuring in each
cardinal logical basis, Oy, € {Z1,, X1,, Y1,}. For Z1, there are no measurement pre-rotations,
so the states are

|0p) = 7(|0000)+|1111>) (3.27)
1) = 7(|o101>+|101o>) (3.28)
For X7, the transformed states are
Ry PRy RTPRT ) :%(|0000>+|0101>+\1010>+|1111>), (3.29)
Ry Ry PR TPRT ) :%(|0011>+|0110>+\1001>+|1100>). (3.30)

Finally, for Y7,, these are

1
R{PRy? ir) = 5 (10000) — i 0111) + i [1010) + [1101)), (3.31)
/2 7r/2 . 1

RT Ry ® |=iv) = 5 (= 0010) — i [0101) — #[1000) + [1111). (332
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The above expressions make clear, for each logical cardinal basis, which data-qubit outcome

strings are rejected and which ones are accepted with declared logical outcome +1 or —1.

For completeness, all cases are detailed in Table 3.3.

The key experimental input needed to proceed is the data-qubit assignment probability matrix
A, shown in Fig. 3.12. Each element of this 16 x 16 matrix gives the experimental probability of
measuring a string of data outcomes (mp1, mpa, mMp3, Mp4) , mp; € {—1, 1} (varying
across rows) when performing simultaneous readout of the data qubits having prepared them

in physical computational state |np1npanp3nD4), nD; € {0, 1} (varying across columns).

These computational states are prepared by applying the needed parallel combination of R;rx
pulses on data qubits starting with all qubits (including ancillas) initialized in [0). With A in

Data-qubit assignment probability matrix

0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00

(+1,-1,+1,+1) 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00

0.7

(+1,'_‘1,+1,“‘1)_ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00

(+1,-1,—1,+1) 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00

(+1,-1,-1,—-1) 4000 0.00 0.00 0.00 0.00 0.03 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.02

(=1,4+1,41,+1) 4000 000 000 000 000 0.00 0.00 0.06 0.07 001 0.01 0.00 0.00 0.00

(-1,+1,+1,—1) 4 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.05 0.01 | 0.07 0.00 0.01 0.00 0.00

Declared outcome

(-1,+1,-1,+1) 4000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.00

0.2

(_1'+1’—1‘—1)— 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.06 0.00 0.00 0.01

(-1,-1,+1,+1) 4 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.01

(_1'_1’-}.1‘—1)— 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07

(—1,—1,—1,-{-1)— 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03

(-1,-1,-1,-1) 4000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Figure 3.12: Experimental data-qubit assignment probability matrix. Each element of A
gives the experimental probability of measuring outcome string (mp1, mps2, Mp3, MD4)
(varying across rows) when performing simultaneous measurement of the data qubits pre-
pared in [np1npanpsnp4), nD; € {0, 1} (varying across columns).

hand, it is straightforward to compute the probabilities for all strings of data-qubit outcomes
for each choice of Oy, and |Wy,4.). This is given by Ap, where p'is vector (size 16) whose
elements are the probabilities (in the physical data-qubit computational basis) of the corre-
sponding state in Egs. 3.27-3.32. For example, p = (1/2,0,...,0, 1/2)T for Z1, and |01,),
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and p'= (1/4,0,0,0,0,1/4,0,0,0,0,1/4,0,0,0,0, 1/4)T for X1, and |+,). From Ap’
and the rejection and logical assignment rules in Table 3.3, it is straightforward to compute all
the probabilities within the dashed box of Fig. 3.11. The final results are presented in Table 3.4.
The key assumption behind this analysis is that errors induced by single-qubit gates (both
during preparation of the physical data-qubit computational states needed for determination
of A and the measurement pre-rotations when performing logical measurement in X7, and
Y1,) are small compared to the errors induced by data-qubit readout. This assumption is safe
given the performance metrics summarized in Table 5.1.

3.6.12 Numerical analysis

3.6.13 Leakage in experiment

Qubsit D2 Qubit D3 Qubit Az
T T 0.3 T
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Figure 3.13: Signature of transmon leakage in experimental data. Single-shot readout
histograms obtained at cycle n over all shots (red) and the post-selected shots based on
detecting no error in any cycles up to n (blue) for Do (left), D3 (middle) and A3 (right) and at
cycle n = 1 (top row), n = 8 (middle row) and n. = 15 (bottom row). The dashed black lines
indicate the thresholds used to discriminate |0) from |1).

We observe a clear signature of leakage accumulation with the increasing number of error-
detection cycles in the single-shot readout histograms obtained at the end of each experiment.
In Fig. 3.13 we show examples of this accumulation for Do, D3 and Ag at cycles n = 1,
n = 8 and n = 15. For dispersive readout, a transmon in state |2) induces a different
frequency shift in the readout resonator compared to state |0) or |1). The increased number
of data points at n = 8 and n = 15 shown in Fig. 3.13, following a Gaussian distribution
with a mean and standard deviation different from those observed at n = 1 is thus a clear
manifestation of leakage to the higher-excited states (mostly to |2)). We believe that the
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dominant source of leakage in our processor are the CZ gates [69, 94]. However, the leakage
rate L1 for each gate has not been experimentally characterized, e.g., by performing leakage-
modified randomized benchmarking experiments [97, ]. This is because our CZ tune-up
procedure is performed in a parity-check block unit. This maximizes the performance of
the parity-check but makes the gate unfit for randomized benchmarking protocols. We can
estimate the population pL (n) in the leakage subspace L at cycle n from the single-shot
readout histograms. We perform a fit of a triple Gaussian model to the histograms from which
we extract the voltage that allows for the best discrimination of |2) from |1) and |0). The
leaked population pZ (n) is then given by the fraction of shots declared as |2) over the total
number of shots. Assuming that leakage is only induced by the CZ gates (on the transmon
being fluxed to perform the gate) and that each CZ gate has the same leakage rate L1, we
can use the Markovian model presented in Ref. [77] to estimate the L1 value leading to the
observed population p'c (n). This analysis gives a L1 estimate in the approximate range
1 — 4% for most transmons. However, we do not consider these estimates to be accurate due
to the low fidelity with which |2) can be distinguished from |1) and instead treat L1 as a free
parameter in our simulations (see below).

The histograms of the post-selected shots in Fig. 3.13 demonstrate that post-selection rejects
runs where leakage on those transmons occurred. Thus, while leakage may considerably
impact the error-detection rate in the experiment [77], we do not expect it to significantly affect
the fidelity of the logical initialization, and gates.

3.6.14 Density-matrix simulations

We perform numerical density-matrix simulations using the quantumsim package [134] to
study the impact of the expected error sources on the performance of the code. We focus
on repetitive error detection using the pipelined scheme and with the logical qubit initialized
in |0r,). In Fig. 3.14a, we show the post-selected fraction P(n) as a function of the number n
of error-detection cycles for a series of models. Model 0 is a no-error model, which we take as
the starting point of the comparison. Model 1 adds amplitude and phase damping experienced
by the transmon. Model 2 adds the increased dephasing away from the sweetspot arising
from flux noise. Model 3 adds residual qubit excitation and readout (SPAM) errors. Finally,
Model 4 adds crosstalk due to the residual ZZ coupling during the coherent operations of
the stabilizer measurement circuits. The details of each model and their input parameters
drawn from experiment are detailed below. We find that the dominant contributors to the
error-detection rate are SPAM errors and decoherence. However, we also observe that the
noise sources included through Model 4 clearly fail to quantitatively capture the decay of the
post-selected fraction observed in experiment.

We believe that an important factor behind the observed discrepancy is the presence of
leakage, as suggested by the single-shot readout histograms in Fig. 3.13. We consider the
leakage per CZ gate L as a free parameter and assume the same value for all CZ gates.
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Figure 3.14: Simulation of error-detection rate. Post-selected fraction P as a function of
the number n of error-detection cycles for |0r,). The experimental P (blue dots) is compared
to numerical simulation under various models (solid curves). (a) Simulated P obtained by
incremental addition of error sources starting from the no-error (Model 0, gray); qubit relaxation
and dephasing (Model 1, yellow); extra dephasing due to flux noise away from the sweetspot
(Model 2, amber); state preparation and measurement errors (Model 3, orange); and crosstalk
due to residual Z Z interactions (Model 4, red). (b) Simulated P for Model 5 adding CZ gate
leakage with 4 different values of L1, the leakage per CZ gate, assumed equal for all CZ
gates.

We simulate the post-selected fraction for a range of L1 values, shown in Fig. 3.14b. We
observe that L1 ~ 5% produces a good match with experiment, suggesting that leakage
significantly impacts the error-detection rate observed. We perform a similar analysis now
considering the logical measurement of Z1, experiment depicted in Fig. 3.2f which also finds
similar agreement with experimental data (Fig. 3.15). This value of L1 is significantly higher
than achieved in Ref. [69], which used the same device. However, note that in this earlier
experiment CZ gates were characterized while keeping all other qubits in \0) Spectator
transmons with residual ZZ coupling to either of the transmons involved in a CZ gate can
increase L1 when not in |0) (which is certainly the case in the present experiment). Note
that leakage may also be further induced by the measurement [135], an effect that we do not
consider in our simulation. However, the assumption that all CZ gates have the same L1, the
approximations used in our models, and other error sources that we have not considered here
may lead to an overestimation of the true L.

Leakage is an important error source to consider in quantum error correction experiments of
larger distance codes, requiring either post-selection based on detection [77] or the use of
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Figure 3.15: Simulated post-selected fraction. Post-selected fraction P of Fig. 3.2f for the
Z1, measurement with the same error models used in Fig. 3.14.

leakage reduction units [128]. We leave the detailed investigation of the exact leakage rates
in our experiment and the mechanisms leading to them to future work.

3.6.15 Error models

Lastly, we detail the error models used in the numerical simulations in Fig. 3.14.

Model 1

We take into account transmons decoherence by including an amplitude-damping channel
parameterized by the measured relaxation time 7T, and a phase-damping channel parameter-
ized by the pure-dephasing time at the sweetspot

11 1
TR Ty 2Ty

where T5 is the measured echo dephasing time (see Table 5.1). The qutrit Kraus operators
defining these channels are detailed in Ref. [77] and we similarly introduce these channels
during idling periods and symmetrically around each single-qubit or two-qubit gate (each
period lasting half the duration of the gate).
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Model 2

We consider the pure-dephasing rate 1/T(q = ZWMD¢ + 1/T{E™ away from the
sweetspot due to the fast-frequency components of the 1/f flux noise, where D¢, is the
flux sensitivity at a given qubit frequency and A is the scaling parameter for the flux-noise
spectral density. We use a VA3 1®o, the average of the extracted V/A values for D3,
A1 and A, obtained by fitting the measured decrease of T5 as a function of the applied flux
bias, following the model described above. This allows us to estimate the dephasing time at
the CZ interaction and parking frequencies, which then parameterize the applied amplitude-
phase damping channel inserted during those operations [77]. We neglect the slow-frequency
components of the flux noise due to the use of sudden Net Zero pulses, which echo out this
noise to first order [69, 94].

Model 3

We further include state-preparation and measurement errors. We consider residual qubit
excitations, where instead of the transmon being initialized in |0) at the start of the experi-
ment, it is instead excited to |1) with probability pe. We extract pe for each transmon from
a double-Gaussian fit to the histogram of the single-shot readout voltages with the trans-
mon nominally initialized in \0) [131]. We model measurement errors via the POVM opera-
tors M; = Z?:o VP (ilj) |7) (j] for i € 0,1,2 being the measurement outcome, while
P (i]j) is the probability of measuring the qubit in state |¢) when having prepared state |j).
We extract the probability P (Q = |i)) = Tr (MZTMZp) of measuring qubit Q in state |¢)
from simulation, where p is the density matrix, while application of the POVM transforms
p — MipMiT/P (Q = ]4)). In our simulations we condition on the detection of no error
and thus we calculate P (Q = |0)) and then apply My to the state p. We obtain P (0]j)
for j € 0, 1 from the experimental assignment fidelity matrix [102] (where a heralded initial-
ization protocol was used to prepare the qubits in |0) [130]) and we assume P (0|2) = 0,
consistent with the observed histograms in Fig. 3.13. At the end of each experiment with n
error-detection cycles we calculate the probability P,{ of obtaining trivial syndromes from
the final measurements of the data qubits (see Results). From this and from the probabil-
ity P, (A; = |0)) of measuring ancilla A; in |0) at cycle n, we calculate the post-selected
fraction of experiments defined as P (n) = 2 IL, H?:l P, (A; =10)).

Model 4

We consider the crosstalk due to residual Z Z interactions between transmons. The CZ gates
involved in a parity check are jointly calibrated to minimize phase errors for the whole check
as one block (see Fig. 3.6). Instead of modeling this crosstalk as an always-on interaction and
taking into account the details of the check calibration, we instead capture the net effect of
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this noise by including it as single-qubit and two-qubit phase errors in each CZ gate. This as-
sumes that the crosstalk only occurs between transmons that are directly coupled, which the
measured frequency shifts observed in Fig. 3.5 validate. We characterize the phases picked
up during the CZ gates using k X ok—1 Ramsey experiments for a check involving a total of
k transmons (including the ancilla). In each experiment, we perform a Ramsey experiment

L . . " . —m/2
on one transmon labelled Q.. Q. is initialized in a maximal superposition using a R, ~/

pulse, while the remaining k — 1 transmons are prepared in each of the 251

computational
states |1). Following this initialization, the parity check is performed, followed by a rotation of
R;W/z (while the other transmons are rotated back to |0)) and by a measurement of Q.

By varying the axis of rotation ¢, we extract the phase gb{?{am (1) picked up by Q. with the
remaining transmons in state |I). We perform this procedure for each of the k transmons
of the check, resulting in a total of k x 2k=1 measured phases, which are arranged in a
column vector ¢7Ram. We parameterize each CZ gate used in the parity check by a matrix
diag (1, eio1 , ei‘blo, ei‘bll). The column vector <Z_)'CZ then contains all of the phases pa-
rameterizing each of the k — 1 CZ gates involved in the parity checks, with k& = 3 for the
ZDlzDg and ZDQZD4 checks and &k = 5 for the ZDIZDZZDSZD4 check. We can ex-
press each of the measured phases in the Ramsey experiment as a linear combination of the
acquired phases as a result of the CZ interactions between transmons, i.e., qBRam = A(ECZ,
where the matrix A encodes the linear dependence. Given the measured (;Ram we perform
an optimization to find the closest (ECZ as given by

2
. Z
min D 2 Audyt e
d)CZ - -
( J
subject to 0< Q;jCZ < 2.
The optimal d‘)’CZ then captures the net effect of the ZZ crosstalk during the parity checks,

which we include in the simulation. We do not model phase errors accrued during the ancilla
readout, since in our simulation we condition on each ancilla being measured in |0).

Model 5

We model leakage due to CZ gates following the model and numerical implementation pre-
sented in Ref. [77]. Here, we do not consider the phases picked up when non-leaked trans-
mons interact with leaked ones (the leakage-conditional phases [77]) and we set them to
their ideal values. We also neglect higher-order leakage effects, such as excitation to higher-
excited states or leakage mobility. Thus, we only consider the exchange of population between
|11) and |02) given by 4L1, except for the CZ between A1 and D3, where the population is
instead exchanged with |20) as we use the |11)-|20) avoided crossing for this gate [69].

There remain several relevant error sources beyond those included in our numerical simulation.
For example, we do not include dephasing of data or other ancilla qubits induced by ancilla
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measurement, which we expect to be a relevant error source for comparing the performance
of the pipelined and parallel schemes. Also, we only consider the net effect of crosstalk due
to residual Z Z interactions during coherent operations of the parity-check circuits, which we
include via errors in the single-qubit and two-qubit phases in the CZ gates. Thus, we do not
capture the crosstalk present whenever an ancilla is projected to state |1> by the readout
but declared to be in |0) instead. Furthermore, as ZZ crosstalk does not commute with
the amplitude damping included during the execution of the circuit, we are not capturing the
increased phase error rate that this leads to.
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Data-qubit outcome Logical assignment Data-qubit outcome Logical assignment

(mp1, mp2, Mp3, MD4) Zy, XL YL (mp1, mp2, mp3, Mmp4) Zy, XL YL,
(+1,+1,+1,+1) +1 +1 +1 (=1,+1,+1,+1) R () R (S) -1
(+1,41,+1,-1) R(#) | R(F) | R(S) (-1,+1,+1,-1) R(#.73) | -1 | R(3)
(+1,+1,-1,41) R(#A) |R(FA) | -1 (—1,+1,-1,+1) -1 +1 +1
(+1,41,-1,-1) R(SA,7) | -1 | R(HA) (-1,41,-1,-1) R(S) | R(HA) | R(A)
(+1,-1,+1,+1) R (73) R(#) | R(S3) (=1,-1,+1,41) R (S, S3) -1 R (.3)
(+1,-1,+1,-1) -1 +1 -1 (—1,-1,+1,-1) R(7) |R(S) | +1
(+1,-1,-1,+1) R(#1,73) | -1 |R() (=1,-1,-1,+1) R(#3) | R(S2) | R(S3)
(+1,-1,-1,-1) R () R () +1 (-1,-1,-1,-1) +1 +1 -1

Table 3.3: Logical assignments from data-qubit measurement outcomes. When measur-
ing in the specified logical cardinal basis (as shown in Fig. 3.2a), the final string of data-qubit
outcomes is rejected (R) whenever at least one of the computable stabilizers has value -1
(indicated within parentheses). The computable stabilizers are .%; and .¥3 when measuring
Z1,, 2 when measuring X7,, and .¥3 when measuring Y7,. When the data-qubit outcome
string is accepted, the logical assignment (+1 or -1) is given by the appropriate product of
data-qubit outcomes: mp1 X mps for Z1,, mp1 X mps for Xi,, and mp1 X mpo X mps
for Y1,.

Logical measurement basis Oy, Z1, X, Y1,
L) OL) | [+L) | [+iL)
W) L) | I-L) | [-iL)
PR 0.184 | 0.164 | 0.078
PR— 0.170 | 0.118 | 0.073
€1+ 0.003 | 0.016 | 0.089
€1,— 0.002 | 0.010 | 0.083
F} 0.998 | 0.987 | 0.914

Table 3.4: Quantified performance of logical measurement. Final results of the analysis
performed to quantify logical measurement in the logical cardinal bases without corruption
from initialization errors. See Fig. 3.11 for reference. The extracted logical readout fidelities
are those quoted in the main text.
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Automating the calibration and benchmarking of superconducting quantum computers is of
great interest, especially considering the potential scalability for the number of qubits and
the necessity for regular calibration to address continuous drifts in control parameters. This
chapter provides details on the calibration strategies and benchmarking of a 17-transmon
device using an automatic framework. It offers a hands-off approach for the calibration of
single-qubit gates, two-qubit gates, and readout. The chapter also explores common failure
modes that necessitate manual control, particularly in cases of parasitic interactions with
two-level-system defects. Furthermore, a comparative analysis of individual and simultaneous
device performance is presented to illustrate the impact of crosstalk in our quantum device.

This chapter has been presented in two consecutive APS. March meetings 2022 and 2023 [136, 1.
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4.1 Device overview

4.1.1 Device layout and performance

Our 17-transmon device [Figure 4.1] is a cQED system, which consists of a two-dimensional
(2D) array of 3x3 data qubits and 3 3-1 ancilla qubits, purposely designed for a distance-3
surface code. Qubit transition frequencies are organized into three distinct frequency groups:
high-frequency qubits (red) at 6.7 GHz, mid-frequency qubits (blue/green) at 6.0 GHz, and
low-frequency qubits (pink) at 4.9 GHz, required for the realization of the pipelined error-
correction cycle [98]. The primary advantage of this scheme is its potential scalability beyond
17 qubits.

Each transmon has a microwave drive line (orange) for single-qubit gates and leakage reduc-
tion units (see Chapter 5), a flux-control line (yellow) for two-qubit gates, and dedicated pair
of resonator modes (purple) distributed over three feedlines (blue) for fast dispersive read-
out [102, ]. Nearest-neighbor transmons are statically coupled via resonator buses (sky-
blue), whose frequencies are above 20 GHz, mediating the coupling between them [138].

Grounding airbridges (light gray) are fabricated throughout the device to interconnect the
ground planes and to suppress unwanted mode propagation. These airbridges are also
incorporated at the termination of each resonator, allowing for post-fabrication trimming tech-
niques [55], as further discussed below. Additional resonators (uncolored) are positioned on
the left and right feedlines to quantify intrinsic losses of the fabricated superconducting base
layer, NbTiN [139].

To coherently manipulate the transmon qubit, it is essential for the qubit transition frequency
(wr/27) to significantly exceed the thermal energy, ensuring fiw, > kgT, where 7 is the
reduced Planck constant and kp is the Boltzmann constant. Given wy /27 = 6 GHz, the
device should be cooled down to a temperature below 20 mK, easily achieved with a dilution
refrigerator. However, to process quantum information, the immediate utilization of a quantum
device post-cooldown is not feasible, necessitating a series of basic characterization and
calibration experiments. Details about calibration and benchmarking procedures employed
are discussed in Section 4.2.

An overview of the achieved performance for a 17-qubit device, nicknamed Uran, is presented
in Figure 4.2. This 2D device relies on nearest-neighbor connectivity (black lines) between
ancillas (blue and green circles) and data qubits (red and pink circles), as shown in panel (a).
As expected, the measured qubit transition frequencies [Figure 4.2. b] clearly exhibit three
distinct frequency groups. These values are extracted from qubit spectroscopy techniques,
assuming prior characterization of resonator frequencies in the linear regime [140].

Using calibration graphs in Section 4.2, we reach average error rates (shown as dashed
lines in panel (c)) of 0.1%, 1.6%, and 1.2% for single-qubit, two-qubit gates, and single-qubit
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(a)

mmmm Transmon - Drive line - Readout feedline
- Coupling bus Flux line - Readout resonators

Figure 4.1: Optical image of the 17-transmon device (Uran). False colors are added to
highlight various essential circuit components of the device (see legend). Detailed description
of each component is provided in the main text. Aluminum wirebonds at corners and edges
are introduced to interconnect the device to a PCB board. This connects the quantum chip
to room-temperature control electronics via semi-rigid cryogenic lines and coaxial cables.
Colored squares indicate eight crossovers where a microwave drive line either crosses a
qubit-qubit coupler or a feedline. These cause high microwave crosstalk, as discussed in
Figure 4.6.

readout, respectively, across the device. This suggests that two-qubit gate is the dominant
error source in this device. It is crucial to note that these are individual benchmarks, and
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Figure 4.2: Device layout and overview of the achieved performance. (a) Device layout
showing the connectivity (black lines) between data and ancilla qubits. The color of the pla-
quettes indicates that this device is purposely designed to implement a distance-three surface
code. In addition, the color of each qubit circle corresponds to the intended frequency group.
(b) The measured qubit frequencies biased at their simultaneous sweetspot. (c) Cumulative
distribution of the individually achieved error rates for single-qubit gates, two-qubit gates and
single-qubit readout. Vertical dashed lines indicate the average error rates across the device,
highlighting that two-qubit gate is the dominant source of errors. Detailed error rates are
presented for the 17 single-qubit gates in (d), 24 two-qubit gates in (e), and 17 single-qubit
readout in (f) in 20 ns, 60 ns, 420 ns, respectively. Further details of the calibration process
are provided in the calibration section below.

performance might degrade during simultaneous operations due to various crosstalk effects,
as discussed in Section 4.2. The individual error rates [Figure 4.2. d-f] are presented for all
qubits and pairs.

4.1.2 Device yield and targeting errors

Superconducting quantum processors are highly engineered systems in which interactions
between artificial atoms—transmons—and quantized electromagnetic fields can be tailored.
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This proves usefulness for achieving fast and high-fidelity quantum gates and measurements,
essential for quantum computation [13, 26, ]. However, the fabrication of superconducting
circuits introduces numerous defects and uncertainties giving rise to critical issues such as
poor yield, suboptimal device performance, and imprecise frequency targeting. As the device
size scales, these issues escalate, posing significant bottlenecks. For instance, the density of
defects tends to grow proportionally with the device size, presenting an immediate risk to the
overall performance and reliability of the quantum processor.

In this section, we discuss the challenges arising from fabrication variations and design limita-
tions in the pursuit of fabricating a ‘good’ 17-qubit device for the implementation of a distance-3
QEC code. We begin by defining "device yield", which refers to the proportion of fabricated
components that meet the desired specifications and functionality. For an initial assessment,
achieving a 100% yield in our device would require flawless functionality of various compo-
nents, including 17 transmons, 34 resonators, 24 resonator buses, 17 microwave drive lines,
17 flux control lines, 3 feedlines, 1199 grounding airbridges, and 40 input/output ports. Un-
fortunately, these criteria cannot be fully verified with room-temperature measurements, and
basic characterization of the device at base temperature is essential. This, in turn, entails a
time-consuming feedback loop with the fabrication and design teams.

To address this issue, we implemented the following strategies:

1. Automatic detection of defects: our fabrication team invested in developing an image
recognition software, known as Pyclq, to autonomously detect defects. Pyclg compares
the designed layout (GDS files) with optical images of the fabricated device. Notably,
this software can identify minuscule defects that might elude human observation. If a
defect is reparable, a localized fabrication process can rectify it; otherwise, the device
is deemed unsuitable. Further details and results can be found [142].

2. Two devices in one cooldown: we upgraded our XLD 400 dilution refrigerator’s cold
finger to allow simultaneous mounting of two Surface-17 devices. The two devices are
stacked vertically in order to both fit inside the infrared-radiation and magnetic shields
surrounding the cold finger.

3. Automatic and parallel characterization: we developed a framework to perform auto-
matic characterization, calibration and benchmakring of the device, see Section 4.2.

Having a device with a 100% vyield allows us to focus on characterizing device performance.
As mentioned earlier, imperfections in the fabricated material stack or variations during the
fabrication processes can induce fluctuations in device performance. For example, we observe
significant variations, up to threefold, in device coherence metrics [Figure 4.3], Ty, 15, T3,
across various 17-qubit devices fabricated using similar recipes. The enhanced coherence of
device Maximus is positively correlated with high intrinsic quality factor, );, of approximately
109 [Figure 4.3. b]. The measured quality factors are obtained at low input power using the
method outlined in [139].
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We also conducted measurements of qubit relaxation rates as a function of qubit frequency
using static flux biasing (data are not shown here). A linear dependency of 1/T} on qubit
frequency f suggests that it is primarily limited by dielectric loss, and not via the drive lines
12, flux lines f* or the Purcell effect [36, 143—145]. These losses are consistent with the loss
tangent of thin amorphous oxides at interfaces, where local defects, commonly referred to as
two-level systems (TLS), interact with microwave fields. This is an important point of feedback
for our fabrication team (as opposed to our design team).
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Figure 4.3: Fluctuations in device coherence of various 17-qubit devices fabricated with
similar recipes. The cumulative distribution of the individually measured device coherence
metrics: T4 in (a), 7% in (c), and 7% in (d) extracted in various cooldowns. Vertical dashed
lines indicate the average coherence across the device. The measured quality factors: ), Qe,
Qc, and (J; of a test resonator in Maximus device as a function of input power. Enhanced
device coherence is correlated with high intrinsic quality factor, approximately 106 at low
power. The highlighted shadow around the extracted quality factors display the uncertasinties
extracted from the fit [139].
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Another manifestation of fabrication uncertainties is the imprecise targeting of frequencies.
Inaccurate targeting of resonator and qubit frequencies can give rise to various crosstalk
errors, including measurement-induced dephasing, microwave cross-driving, and increased
residual-Z Z couplings, as illustrated below. These errors materialize as coherent and corre-
lated errors, posing immediate threats to the performance of this distance-3 surface code [26,

, 141, 146].

In response to these concerns, we iteratively cycled the basic characterization for 15 different
17-qubit devices. Through this iterative process, we developed a toolbox aimed at refining res-
onator and qubit frequencies through post-fabrication trimming techniques [55]. This toolbox
is crucial for mitigating the impact of imprecise frequency targeting and enhancing the device
yield for the tidy requirements of a QEC experiment.

Unwanted frequency overlap between resonators occurs due to fluctuations in the deposited
NbTiN thickness, unaccounted capacitive loadings and variations in the CPW phase veloc-
ity [55]. The worst-case scenario was found on device Aurelius, where resonator frequencies
for qubits X5 (blue) and Z3 (green) (both on the central feedline) overlap with each other. Their
Purcell-readout resonator pairs are designed to be 100 MHz apart. However, they overlap
significantly [Figure 4.4. b].

Assessing the dephasing impact of this overlap is of crucial importance for surface code,
particularly for the pipelined scheme [98]. For this reason, we quantitatively assess the de-
phasing induced on X9 by measurement of Z3 ancilla qubits. This performs a Ramsey (Echo)
sequence on X2 while simultaneously measuring Z3 [Figure 4.4. c]. By analyzing the ampli-
tude and phase of the resulting oscillation, we extract the coherence element |pg1 | and phase
(argpo1, not shown here) of the Ramsey (Echo) sequence. This experiment is repeated for
different measurement amplitudes, and the results are plotted [Figure 4.4. c] as a function of
the relative pulse amplitude of the measured ancilla, Z3.

The phase shift of the Ramsey (Echo) qubit scales quadratically with the relative measurement
amplitude, which is in agreement with dephasing due to AC-Stark shift [147]. We also include
different state preparations (|0) or |1)) of the measured qubit in each case, signifying the
impact of residual-Z Z between the two qubits. Overall, we measure considerable dephasing
at higher pulse amplitudes than 0.02 [Figure 4.4. g]. This constitutes a no-go test for Aurelius
to implement a pipelined distance-3 surface code.

To tackle this issue, we initially experimented with a simple hack: physically shortening the
resonator pair lengths (Purcell and readout resonators) of Z3 using a wire-bonding technique
[Figure 4.4. a]. Using the conversion 1 um < 2 MHz, we attempted to shorten both
resonators by 25 pm. Middle-feedline transmission [Figure 4.4. d] after the attempted fix. The
Purcell and readout resonators of Z3 have shifted upwards by 52 MHz, while those for X2
remain unchanged. We also measured the same coherence times (17 and 715) for both Z3
and X9 before and after the hack. Therefore, it appears that the hack has been successful. In
order to reach a firm conclusion, we assess the measurement-induced dephasing between
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Figure 4.4: Frequency trimming of readout resonators using two techniques: wire-bonding
(), and Shoelace (e). The feedline transmission, |S21 |, is shown before (b) and after (d) wire-
bonding to mitigate the frequency overlap between qubits X9 and Z3 in device Aurelius.
Characterization of measurement-induced dephasing in between X5 and Z3 before and after
the wire-bonding fix. (c) Ramsey (Echo) experiment to assess the impact of measurement
of Z3 on Xg. Experimental results obtained for the coherence |pg1| Ramsey’ed (Echo’ed)
qubit as a function of measurement amplitude and measured qubit state (|0), and |1)) before
trimming in (g), and after trimming in (i). Due to the precision and flexibility of Shoelace method,
the hybridization between Purcell and readout resonators can be significantly improved in (h),
compared to the reference case (f). This enables fast and high-fidelity readout in the Uran
device within a duration of 400 ns. Details about readout can be found in Section 4.2.4.

the two qubits after this fix. Indeed, extracted measurement-induced dephasing [Figure 4.4. i]
is clearly reduced, no observable dephasing up to pulse amplitude of 0.04.

The previous fix was manual, quick, and dirty. In order to systematically address this issue,
we embedded 10 grounding airbridges [Figure 4.4. e] at the end of the readout resonators,
enabling frequency trimming in 100 MHz range with a resolution of 10 MHz [55]. Beside
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avoiding the frequency overlap, it can systematically improve the hybridization between Purcell
and readout resonators [Figure 4.4. f-h] for achieving fast and high-fidelity readout.

The imprecise targeting of qubit frequency is a consequence of variations during the fabrica-
tion steps of Josephson junctions [148, ]. To quantify this error, we compare the measured
qubit frequencies, at the flux symmetry point, to the ideal target frequencies. The average error
across Maximus is approximately 200 MHz [Figure 4.5. a]. While the measured frequencies
distinctly exhibit three well-defined groups, the primary concern lies in the minimal detuning
between different frequency groups, especially for qubits that are directly coupled. For exam-
ple, consider the worst-case frequency collision between qubits Dg and Z5, presenting a low
detuning of 335 M Hz at their simultaneous sweetspot. With the knowledge of measured qubit
frequency, anharmonicity and transverse coupling in the two excitation manifold, Jo (obtained
via qubit spectroscopy techniques [140]), one can analyticalally calculate the approximated
residual-Z Z coupling, C;;. This shift is determined by (;; = hwi1 — hwp1 — hwig, using
perturbation theory [150]:

1 1
g2 4.1
CZ] 2 (ho.)Qo — hwn + hwog — hwll) ’ ( )

where, wap = 2Xwo1, Dg T QDg, W11 = W01, Dg +W01, Zy @nd W2 = 2XWo1, 7, T 07,
for Dg-Z9 pair.

This results in an exceptionally high residual-Z Z coupling of 6.977 MHz at the sweetspot
bias, in a reasonable agreement with the measured value [Figure 4.5. b]. The slight overes-
timation of Cij arises from the approximation used in Equation (4.1). This may lead to high
coherent and correlated error between two qubits, which cannot be managed or tolerated by
a QEC code.

To address this issue, we employ our homebuilt room-temperature setup capable of automatic
probing of junction-pair conductance and millisecond-controlled laser exposure [55, , ]-
These tools are integrated into a closed-loop protocol that iteratively measures and ther-
mally anneals the junctions towards a set of predefined target conductance values tuning
the Josephson energy of a qubit. The tuning range of our laser annealing setup is up to 7%
(400 MHz), with a precision of 15 MHz. Laser annealing successfully lowers the qubit fre-
guency (red points in Figure 4.5. a) measured in a second cooldown, resulting in significantly
reduced residual-Z Z couplings [Figure 4.5. c]. Importantly, no significant impact on qubit
coherence was observed before and after laser annealing, highlighting the efficacy of this
technique in mitigating frequency collisions without compromising coherence.

Recently, we encountered a significant constraint in the lateral layout of our device through the
characterization of the 17 x 17 microwave crosstalk matrix [Figure 4.6] in Uran. Each matrix
element, denoted as M;;, is derived from a cross-driving Rabi experiment involving all pairs
of drive lines D; and qubits Q; [133]. Microwave isolation is quantified as the pulse amplitude
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Figure 4.5: Qubit frequency targeting in Maximus before and after laser annealing. (a)
Measured qubit frequencies at bias point (simultaneous flux sweetspot) before and after laser
annealing, in comparison with the ideal target frequencies. These measured frequencies are
extracted by qubit spectroscopy technique. Frequency collision between nearest-neighbor
qubits results in a shift of qubit frequency, (ij, depending on the state of a spectator qubit.
Measured residual-Z Z couplings in Maximus before (b) and after (c) laser annealing. These
values are obtained using an Echo-like experiment in [132]. Note the significant improve-
ment for worst-frequency collision pairs: Dg-Z2 and Dg-X2. In addition, no impact on qubit
coherence was observed before and after laser annealing.

Al-zgo necessary to implement a 7 pulse on Q; by driving through D;, normalized by the
amplitude via D, denoted as A}?O:

180
M;; =20 x log (Als()) , 4.2)
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Figure 4.6: Characterization and impact of microwave crosstalk in Uran. (a) The mea-
sured 17 X 17 microwave crosstalk matrix reveals exceptionally low isolation, correlated with
the positions of these crossovers, highlighted as colored squares in Figure 4.1. For more
information about the method employed, see the main text (Continued on next page).

In specific instances, certain pairs of drive lines and target qubits show considerably low
microwave isolation. Linking these pairs to device geometry [Figure 4.1], allows for the identi-
fication of the underlying cause: a microwave signal intended to drive a target qubit X5 spills
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Figure 4.6: (Continued from previous page) This phenomenon is likely attributed to parasitic
microwave coupling mediated through the crossover of the drive line of qubit X2 and the
qubit-qubit coupler Zo-D3. Consequently, this leads to increased average error rates, char-
acterized by simultaneous single-qubit randomized benchmarking (SQRB) between same-
frequency groups (e), in contrast to individual benchmarking error rates in Aurelius (c). Mi-
crowave crosstalk can also induce leakage when a leakage transition of one qubit overlaps
with the transition frequency of another (d). Some of the reported error rates are elevated due
to interactions with TLS or various crosstalk effects. We have developed several mitigation
strategies to address these errors, successfully improve performance for the Uran device, as
demonstrated in Figure 4.2. Further details can be found in Section 4.2.2.

over to adjacent qubits Zo and Ds. This parasitic coupling is effectively meditated through
the crossover of the drive line of qubit X9 and the qubit-qubit coupler Z5-D3. Given the low
coupling capacitance of qubit X5 to its own drive line—designed to minimize the Purcell ef-
fect—compared to the qubit-qubit coupling, the resulting microwave isolation is exceptionally
low. We confirm this low isolation using electromagnetic simulations that model driving a qubit
through a drive line crossing a crossover. The simulation predicts an isolation of 7 dB for the
worst-case scenario, which is in a good agreement with measured values [Figure 4.6. b].

Poor isolation between qubits can lead to various errors, including coherent rotations around
X,Y, and Z axes of the Bloch sphere. Such errors challenge the effectiveness of stabilizer
measurements, which are designed to effectively detect random Pauli errors rather than
certain unitary over- or under-rotations. This, in turn, can impact the surface code threshold
and the estimation of the logical error rate for different distances of QEC codes [153].

We capture these errors by comparing the individual and simultaneous randomized bench-
marking of next-neighbor qubits in Aurelius [Figure 4.6. ¢ and e]. Given that next-neighbor
residual-Z Z is typically below 200 kHz in our device [69, ], we primarily attribute the
increased average error rates in simultaneous benchmarking to microwave crosstalk. More-
over, microwave crosstalk can induce leakage (L) if the transition frequency of a driven qubit
closely aligns with the leakage transition of another qubit [26]. This scenario occurred for qubit
X2, where the leakage transition frequency f127 X, overlaps with the qubit frequency f01, X
of qubit X [Figure 4.6. d]. Possible mitigation strategies of microwave crosstalk include inter-
ferometric cancellation [26, ], dynamical decoupling schemes [154], and potential design
modifications to minimize the number of crossovers.
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4.2 Automatic calibration and benchmakring

4.2.1 Graph-based tuneup

Building a scalable quantum processor presents significant challenges, particularly in cali-
brating and maintaining high performance. The concern is amplified as control parameters
of a quantum device consistently drift over time, necessitating frequent recalibration [155].
Moreover, the complexity increases exponentially with the scaling of qubit numbers, making
the development of automated calibration routines essential. Such automation is invaluable
not only for detecting errors in repetitive algorithms but also for compensating system drift
parameters in large-scale qubit arrays [155]. In this work [156], a dependency graph was
introduced for automatic calibration. In our group, we extended this concept into a framework
known as Graph-Based Tuneup (GBT), initially developed by former PhD student M. A. Rol
and master student Timo Abswoude [150, , ]. We have since expanded GBT capabili-
ties to perform automatic calibration and benchmarking, ranging from basic frequency domain
characterization to more frequent calibrations of single- and two-qubit operations.

Once a new quantum processor is cooled down to base temperature at 10 — 20 mK, numer-
ous characterization experiments are necessary to provide basic knowledge about device pa-
rameters. This includes identifying readout resonator frequencies, qubit transition frequencies,
qubit anharmonicity, sweetspot offsets, qubit-qubit couplings and device coherence metrics:
Ty, T, and Ty. The first challenge for GBT is to automatically characterize the device with
limited knowledge such as room-temperature resistances of the junctions (translating into
predication of qubit frequencies) and target parameters from deign.

Additionally, the GBT codebase needs to be modular, fast, easy to track, and sufficiently accu-
rate [158]. The framework must also accommodate common failure modes and be capable of
autonomously recalibrating in the event of unsuccessful calibration attempts. GBT manages
this by integrating logic, measurement functions, and their dependencies within graph nodes.
The progress of the automatic characterization process is visually monitored through a live
graph, with colors ranging from green (successful) to red (failed to calibrate).

During the first six months of my PhD, | collaborated with my Bachelor student, A.C. Brandwijk,
to enhance the GBT codebase. Together, we autonomously characterized and calibrated
Surface-7 devices up to single-qubit operations in approximately 10.5 hrs. More detailed
results from this phase are documented in this report [159]. Later, my colleague J. F. Marques
and | expedited GBT to perform hands-off time-domain measurements, high-level calibration,
and regular benchmarking of the fundamental components of the QEC circuit, which will be
discussed in next sections.
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4.2.2 Single-qubit gate calibration and benchmarking

Single-qubit gates are autonomously calibrated and benchmarked with the GBT framework [Fig-
ure 4.7. a]. The process begins with the calibration of the 7 pulse amplitude through a Rabi
measurement. A Gaussian pulse, with a standard deviation (o) of 5 ns, is applied to the dedi-
cated microwave drive line at the transition frequency (fo1) between the |0) and |1) states.
This induces sinusoidal oscillations, exchanging populations between the two states, with the
probability of the excited state given by sinQ(QTRT), where (R is the Rabi strength and 7 is
the gate time (20 ns). The 7 pulse amplitude is set to maximize the population of the excited
state, and other amplitudes, like a (7/2), are interpolated accordingly. This holds true as far
as DAC amplitude is linear [140]. Successful calibration requires a preliminary tuning of the
qubit frequency using spectroscopy. Additionally, since microwave signals are synthesized
with IQ mixing, calibrating mixer leakage offsets and mixer skewness is crucial for accurately
estimating the 7 pulse amplitude.

The next step involves fine-tuning the qubit frequency using a standard Ramsey measure-
ment, as qubit spectroscopy has limited precision due to finite pulse bandwidth and power
broadening [140, ]. After updating the qubit frequency, it is necessary to fine-tune the 7
and 7 /2 pulse amplitudes. This is achieved through a standard flipping experiment involving
repeated sequences of N-times 7 or /2 pulses. The error in the microwave pulse amplitude
then accumulates, allowing for precise fine-tuning of all possible rotations on the Bloch sphere.
Simultaneously, phase errors and leakage in microwave gates are effectively suppressed with
DRAG pulses [64, 65]. If either the flipping or Motozi nodes fail, the calibration graph will revert
to recalibrate Rabi and Ramsey qubit experiments.

For a rapid assessment of the preceding calibration nodes, we employ the standard ALLXY
sequence [140]. This sequence simultaneously detects various error syndromes, including
qubit frequency detuning, pulse amplitude errors, inaccurate estimation of the DRAG co-
efficient, and pulse distortions due to reflections. If an ALLXY deviation is below certain
threshold, 1%, we declare successful calibration and proceed to more accurate benchmark
with SQRB [96, —163]. This benchmakring technique is a standard practice to benchmark
quantum gates due its scalability and insensitivity to SPAM errors [164].

The GBT routine ultimately evaluates various qubit metrics, including qubit coherence times,
which are known to drift over time [165], and single-qubit readout, optimized by the readout
GBT discussed later. A summary of the performance achieved using this calibration procedure
is provided [Figure 4.7. b]. The color of the curves in the figure denotes the level of perfor-
mance: green indicates low error rates (as seen for qubit D7), orange signals a warning level,
and red corresponds to higher error rates, suggesting potential issues that require careful
manual inspection. This variation in performance can arise due to strong coupling with TLS
defects, which manifests differently in single-qubit gates and readout.
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Figure 4.7: Single-qubit gate calibration and benchmarking. (a) GBT nodes for automatic
calibration and benchmarking of single-qubit gates, assuming prior knowledge of qubit transi-
tion frequencies obtained through spectroscopy measurements. (b) A sample of the achieved
single-qubit gate performance with this calibration procedure. This routine approximately
takes 4 min per qubit.

The graph for 17 qubits completes in approximately 70 min, averaging 4 min per qubit. Given
the necessity for frequent recalibration due to control parameter drifts, the calibration process
becomes tedious and scales poorly with the qubit count. Moreover, control parameters may
change when running simultaneous operations or between coupled qubits due to various
crosstalk effects. To address these issues, | supervised a master student, Hiresh Y. Jadoe-
nathmissier, to parallelize this calibration graph between multiple qubits. This significantly
reduced the calibration time for the 17-qubit device to just two steps: one for ancilla qubits
and the other for data qubits. Detailed results can be found in this report [166].

Similarly, simultaneous benchmarking provides a more realistic evaluation of gate perfor-
mance in a multi-qubit processor, as opposed to individual benchmarking. A comparison
between individual and simultaneous benchmarking [Figure 4.6. ¢ and €] reveals that error
rates can be more than doubled due to parallel operations. Moreover, it can also introduce
leakage errors, especially in scenarios with low microwave isolation [Figure 4.6. d]. Future
efforts should be dedicated to mitigate the impact of crosstalk effects, especially with 2D
lateral layout and static couplings.

Maintaining high performance in single-qubit gates presents challenges due to their strong
coupling with TLS defects, which can significantly compromise operational fidelities. The dy-
namic nature of these defects results in continuous shifts in control parameters, necessitating
regular calibration [165, ]. Various signatures of the TLS impact on single-qubit gates are
depicted in Figure 4.8, including coherent oscillations in T7 measurement, extremely low 75.
To mitigate these effects, we apply DC biasing to detune the qubit, aiming to minimize the
population loss of the excited state as a function of the qubit frequency [Figure 4.17. b and c].
Specifically, by detuning the qubit by A /27 = 100 MHz from the sweetspot (A /27 = 0),
we can restore good qubit coherence [Figure 4.8. b and d]. Implementing this strategy across
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the Uran device, we achieve a notable single-qubit error rate of 0.1 &= 0.02%, as determined
by SQRB across the 17 qubits.

A2 =0 (MHz) A2m=100 (MHz)
1.0 1 B
(a) (b) Ty = 31.9pus
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M 0.0 T T T T T T T T
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Figure 4.8: Mitigating of the impact of TLS on single-qubit gates by statically detuning the
qubit frequency away from the interaction zone. 7% and 75 measurements at the sweetspot
(A/27 = 0) in (a) and (c), and at a detuning of A/27r = 100 MHz in (b) and (d). Or-
ange color indicates the signatures of strong coupling to a TLS mode: coherent oscillation
in 11 measurement and extremely low 75 times. Enhanced coherence is evident with qubit
detuning.

4.2.3 Two-qubit gate calibration and benchmarking

Recent advancements in multi-qubit superconducting quantum processors have emphasized
the critical role of achieving high-fidelity two-qubit gates, a key factor in minimizing errors in var-
ious quantum algorithms [13, 25, 26, , ]. Achieving and maintaining high performance
presents significant challenges. This section discusses these challenges and describes our
approach, focusing on the implementation of a dynamical flux-based two-qubit CPhase gate
that leverages the transverse coupling Jo /27 between a computational state |11) and a
non-computational state |02) [66, 67].

Our approach relies on the SNZ CZ gate that operates at the speed limit, t};,, = 7/J2 [69].
Beyond speed, SNZ gate offers a simplified tuneup with clear interrelation between phase and
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leakage landscapes, and can be easily generalized to realize arbitrary phase gates. These
features make SNZ an excellent choice for assembling the flux dance of a distance-3 QEC
code [98]. For more details about the SNZ gate, see Chapter 2.

Our primary focus is on optimizing the sequence for implementing the 24 CZ gates required
by the d = 3 QEC cycle. This introduces additional complexities beyond tuning individual
CZ gates. For example, when CZ gates run in parallel, they must be temporally aligned to
avoid unwanted interaction on the way to or at target avoided crossings. Moreover, simultane-
ous operation can induce extra errors due to various crosstalk effects such as residual-Z 7,
microwave cross-driving, and flux crosstalk. To mitigate these intricate errors, we have de-
veloped calibration strategies that tune simultaneous CZ gates as block units in both time
and space. This approach allows for absorbing some of the crosstalk errors into the tuneup,
further detailed in Chapter 6.

A two-qubit GBT procedure (TQG GB in Figure 4.9. a) is designed to autonomously calibrate
SNZ CZ gates, assuming prior knowledge of qubit transition frequencies and anharmonicities.
The calibration begins with determining polynomial coefficients for flux (voltage) to frequency
conversion, known as flux arc [Figure 4.10. a]. This involves a Ramsey-like experiment termed
Cryoscope to estimate the qubit detuning upon applying a voltage signal [103]. During the
Ramsey evolution, a square pulse generated by a flux AWG is embedded with different am-
plitudes. This assumes a prior calibration of flux pulse distortion (not shown in TQG GBT)
characterized the Cryoscope routine and using real-time digital filters in the AWG. This results
in on-chip flux waveforms with rise time %5, on par with that of the AWG (0.5 ns). For more
details about this, we follow this reference [103].

The (X) and (Y') components of the Bloch vector (blue and orange data points in Figure 4.10.
c) are measured by changing the final 7r/2 rotation. Previously, this flux arc procedure took
about 3 hrs per qubit, as it required measuring long Cryoscope experiments with high pre-
cision to accurately estimate qubit detunings. My colleague and | significantly expedited the
calibration by avoiding the uploading of redundant waveforms to AWG memory and by measur-
ing fast Cryoscope traces with a low number of points in 20 ns and low acquisition averages
of 27. Instead, we achieved high precision by fitting the power spectral density (PSD) of the
measured data [Figure 4.10. d], which is more resilient to measurement noise. This new flux
arc measurement completes in 5 min per qubit, using four different flux pulse amplitudes to
achieve the required accuracy.

The next step in the TQG GBT procedure is to determine the speed limit from the characteris-
tic Chevron measurement of |2)-population P‘2> as a function of the amplitude and duration of
a unipolar square flux pulse acting on |11) [69]. In pursuit of automation, the code framework
predicts the frequency (DAC voltage) of the |11)-]02) avoided crossing based on the qubit
frequencies, anharmonicities and the previously obtained voltage-to-frequency conversion.
This prediction relies on solving the transmon Hamiltonian and utilizes optimization (minimiza-
tion) to determine the transmon parameters: F'y and E; that match the target frequency and
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Figure 4.9: Two-qubit gate calibration and benchmarking. (a) GBT graph nodes and de-
pendencies are designed for automatic calibration of SNZ CZ gates. Overview of the achieved
gate performance obtained by randomized benchmarking protocols for the standard SNZ flux
pulse in (b), the camelback-based CZ gate in (c), and SNZ gates that strongly couple to TLS
defects on the way to their target avoided crossings in (d). The color of the measured curves
encodes the level of performance: green for optimal performance, orange as a warning level,
and red indicating low performance. Calibration strategies and additional details about each
node are discussed in the main text. The overall calibration time for this procedure, involving
24 CZ gates in a distance-3 surface code, is approximately 15 hrs, averaging around 38 min
per gate. This estimate does not account for potential variations in calibration time, especially
when dealing with some problematic gates as a result of overlapping with TLS defect modes
(see below).

anharmonicity. This process provides the detunings for the avoided crossings in the transmon
energy spectrum [Figure 4.11. ¢]. The frequency (DAC voltage) range is defined accordingly
to explore the desired avoided crossing. Figure 4.11. a and b show the experimentally mea-
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Figure 4.10: Flux arc calibration for qubit Z3 in the Uran device. (a) The quantum circuit
involves embedding a fast square pulse into a Ramsey-like experiment before reading out the
(X)) and (Y") components, by changing the final 7r/2 rotation, of the Bloch sphere probing
the qubit frequency. (b) The measured qubit frequency detuning as a function of the applied
voltage of a unipolar flux pulse generated at the AWG output. The measured points (red dots)
are fitted to a second order polynomial equation to extract the corresponding arc (blue curve).
(C) The evolution of the measured (X) (blue) and (Y") (orange) components of the Bloch
sphere at a specific applied voltage of the flux pulse. (d) Each data point is obtained via
fitting the power spectral density of the measured time traces in (c), resulting in frequency
detunings (red dots in (b)). This approach is more resilient to measurement noise and efficient
in calibration runtime, taking approximately 5 min per qubit.

sured |11)-|02) interaction Chevron, which takes about 3 min per gate. The data are then
fitted to the following function for the extraction of SNZ pulse time t;, and Jo:

472
Pexe = <5 (1 = cos(§2t + st ), (4.3)
and p
T — Qdist
= —= 4.4
tp 27 Jo (4.4)

where, pexc is the population of the |2) state, J5 is the transverse coupling of |11) and |02),
Q) is the frequency of Chevron oscillation, and ¢gjst serves as a phase offset, employed as a
free parameter to account for pulse distortion. We note that ¢y, is likely longer than ¢);,;, due to
the finite rise time of the pulse and leftover pulse distortion. Overall, this systematic approach
enables the automated calibration and analysis of Chevron experiments.
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Figure 4.11:|11)-|02) Chevron interaction of gate D4-Z; in device Uran. (a) Evolution of
the |2) state population of qubit D4 and (b) the |1) state population of qubit Z; as functions
of the amplitude and duration of a unipolar square pulse applied to qubit D4. This pulse ef-
fectively brings the |02) and |11) states into resonance. Key parameters such as t, /2, Ja,
and A (white dashed lines) are determined through fitting procedures (refer to the main text).
This approach facilitates the use of low measurement averages, coarse step size for control
parameters, and efficient measurement runtime. Prior calibration of voltage-to-frequency con-
version is necessary in (c), showing the dependency of qubit frequency on the applied voltage
through the |11)-|02) avoided crossing at f11—02. Subsequently, the code uses this inter-
action frequency to arbitrarily set the main pulse amplitude (A) of the SNZ gate. The perfect
symmetry observed in this chevron indicates successful calibration of flux pulse distortions
such that tp = -

Now, the groundwork is laid to initiate the calibration of the SNZ gate, which involves two key
steps: finding the optimal time between the two square pulses, tmig, and determining the main
and intermediate flux pulse amplitudes, A and B (AB landscape). Such parameters should
yield the optimal CZ gate with a conditional phase, ¢2Q = 7 (mod27), and leakage, il <
1%[69]. To extract the optimal g, the SNZ flux pulse [Figure 4.12. a] is embedded into
the standard conditional oscillation experiment while sweeping A (translated into frequency
detuning on the x axis) and tnijg on the y axis. The outcomes of the conditional oscillation
experiments—the measured ¢2Q and El—are plotted in [Figure 4.12. b and c], respectively.

Similar to the Chevron experiment, analytical expressions of gate landscapes are derived to ef-
ficiently extract the optimal tiq via fitting. This involves considering two coupled energy levels,
|11) and [02), with a coupling term J2/27 and dynamical detuning A |11y _|g2)- By solving
the time evolution of this simple Hamiltonian for different areas of the SNZ pulse, obtained
through the Schrédinger equation and Hamiltonian diagonalization, relevant parametrizations
of the gate are identified. Further details can be found in appendix A of this thesis [169].
This significantly simplifies the detection of optimal ¢n,jg values for various gate detunings
A|11>_|02). This is particularly practical for mid-to-low gates, where A‘11>_|02> is compara-
ble to the AWG sampling rate. Moreover, the choice of ¢nyg is now resilient to noise, allowing
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for the use of low averages (and a low number of points) to extract optimal tmig (blue star
in Figure 4.12. c), which completes in 7 min per gate.
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Figure 4.12: Tpyjig calibration of the SNZ gate (a) The SNZ flux control parameters for the
tmid landscape include the main pulse amplitude A and the time ?ig between the two strong
pulses within a 60 ns gate duration. Conditional oscillation experiments are conducted, and
the two-qubit phase in (b), and the missing fraction of the control qubit, I~/1 in (c) are extracted
as functions of flux control parameters, where A is on the x axis and &g is on the y axis. The
optimal tmig, indicated by the blue star, is determined through fitting procedures (see main
text). This calibration process requires approximately 7 min per gate.

AB landscape undergoes a similar calibration procedure, but this time the control param-
eters are A and B, as depicted in [Figure 4.13. a]. As expected, the phase and leakage
landscapes [Figure 4.13. b and c] provide useful crosshairs, where the qSQQ = 180° contour
always crosses the minimum leakage, resulting from two main valleys (vertical and diago-
nal) [69]. The optimal A and B (white point in Figure 4.13. d) are chosen based on a cost
function that ensures the best CZ gate, ¢oq = 7 (mod27), and L1 < 1%. If the time of the
flux pulse ¢}, is much longer or shorter, by several sampling points, than the speed limit, there
are significant consequences on the leakage landscapes. The signatures of these two cases
are presented in [Figure 2.3]. The possibility for the too-long case to achieve an optimal CZ
demonstrates the practical viability of the SNZ pulse. This is particularly useful to satisfy the
time constraints of several SNZ gates operating in parallel, where some could intentionally be
made longer.

Prioritizing the minimization of leakage over achieving the ideal conditional phase in the cost
function can prove advantageous. This is particularly critical due to the coarse tuning of ¢2Q
in the previous calibration steps which employ low averages and reduced number of points
to expedite the calibration time. Alternatively, precise control of ¢2Q and I~/1 is achieved by
fine-tuning the amplitude B and sweeping the asymmetry between the two main flux pulses of
the SNZ gate, as depicted in [Figure 4.14 a. and b], respectively. The final calibration step is
important to minimize leakage, compensating for residual pulse distortions or imprecise DC
biases. Additionally, a virtual-Z correction is applied to null the qubit phase errors extracted
from conditional oscillation experiment [Figure 4.14. c]. This approach allows precise control
of gate parameters, ultimately improving the gate performance.
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Figure 4.13: AB calibration of the SNZ gate. (a) SNZ flux control parameters of the AB
landscape are the main pulse amplitude A, and the intermediate amplitude B. Amplitudes
A on the x axis (translated to frequency detuning through voltage-to-frequency conversion)
and B on the y axis are swept for the calibration of the two-qubit phase, gng in (b), and the
missing fraction, L1 in (c). Optimal control point (white circles) is chosen based on a cost
function optimization in (d), achieving the best possible CZ gate: ¢oq = 180° and L1 < 1%.
The cost function prioritizes optimal points in the middle when the vertical L1 fringe intersects
the diagonal one [69]. This approach adds an extra layer of protection and flexibility when
fine-tuning the SNZ gate as part of a parity check (see Figure 6.6). With 11 sweep points and
27 averages, this measurement requires approximately 40 min per gate.

Due to the frequency overlap of middle- and low-frequency transmons in our device, park-
ing flux pulses on spectator qubits are necessary whenever adjacent SNZ gates are imple-
mented [74, 98]. The always-on coupling, mediated by resonator buses, introduces coherent
phase errors and leakage in the qubits involved in the two-qubit gates [37]. To address this, we
conduct a parking optimization experiment [Figure 4.15] (not shown in TQG GBT). This mea-
sures various gate parameters such as (/>2Q [Figure 4.15. b], two-qubit phase error (§¢cond)
[Figure 4.15. c], single-qubit phase errors [Figure 4.15. d] and L1 [Figure 4.15. €] as a func-
tion of the parking frequency on the spectator qubit. il is measured when the parked qubit
is in states |0) (blue) and |1) (red).

Parking optimization experiment reveals two critical features where phase and leakage er-
rors peak. These occur when parked frequency overlaps with one or approximately two an-
harmonicities away from the higher-frequency qubit [Figure 4.15. c]. This is in qualitative
agreement with the observed avoided crossings in the transmon energy spectrum for the
three-excitation manifold, |001)-|100), |011)-]020), |021)-|030) [Figure 4.15. a], and the
findings of this reference [87]. This work also explains the shift (127 MHz) between the

measured data and calculated avoided crossing |021)-]030), attributing it to the imprecise
assumption that Fo3 — E19 = |a.

In practice, the codebase sets a parking distance from lower-frequency qubits to at least
700 MHz, ensuring a safe distance from any undesirable peaks. This approach safeguards
against the potential impact of coherent phase errors and leakage when a spectator qubit
state is excited.
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Figure 4.14: Fine-tuning of two-qubit gate performance. (a) Precision control of the two-
qubit phase achieved through a conditional oscillation experiment by varying the amplitude B
of the SNZ gate. The left panel illustrates phase errors when toggling the control qubit Dg be-
tween |0) and |1) states. The right panel showcases linear control of the desired conditional
phase as a function the amplitude B. (b) Optimization of asymmetry between the two arms of
the SNZ flux pulse. This step involves sweeping the asymmetry, expressed in percentage, to
minimize I~/1 (bottom panel) while maintaining almost unaffected ¢2Q (top panel). (c) Elimi-
nation of single-qubit phase errors through virtual-Z correction in the microwave AWG. This
correction is accomplished by conducting two conditional oscillation experiments, swapping
the roles between target and control qubits in the left and right panels, respectively. Calibration
points are included at the end to assess the contrast of the obtained data against ideal values.
The calibration is completed in approximately 3 min.

Following calibration, the graph advances to the final stage of benchmarking the gates using
2QIRB protocols [96, 97]. The experimentally measured RB curves are presented in [Fig-
ure 4.9. b]: reference and CZ-interleaved return probabilities M to |00) (top panel), and
population in the computational space x1 (bottom panel). Individual benchmarking of the 24
CZ gates [Figure 4.2. e] achieves an average error of 1.6% with leakage of 0.24% in 60 ns
gate time. It should be noted that not all gates are calibrated using the standard SNZ gate
scheme; the reason for this is discussed below.
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Figure 4.15: Parking optimization for minimizing spectator effects. (a) The computed
transmon energy spectrum in the three-excitation manifold, denoted as |gr,qigs), reveals
avoided crossings when the spectator qubit Dg toggles between |0) and |1). (b) The two-
qubit phase, gsz, and (c) phase error, dP.ond, for the gate Z4-Dg as functions of the parking
frequency of qubit Dg. (d) Single-qubit phase errors of qubit Z4, and (e) the difference in
Ly as Dg toggles between |0) and |1). These parameters are extracted from characteristic
conditional oscillation experiments involving bipolar parking pulses parallel to the main SNZ
gate Z4-Dg.

Recent QEC experiments highlight the significant challenge in achieving and maintaining
high-fidelity two-qubit gates, primarily due to strong interaction with TLS (two-level system)
defects [26, 87, ]. This issue is particularly pronounced with flux-based CZ gates, as they
dynamically move transmon qubits in frequency bringing the states |02) and |11) into reso-
nance, increasing the likelihood of interacting with TLS defects along the frequency trajectory.
Such interaction can lead to a substantial suppression of qubit coherence, severely limiting
gate performance. Addressing this issue is complex, especially considering the temporary
fluctuations of TLS, emphasizing the necessity of frequent calibration. Here, we discuss our
approach for the mitigation of TLS impact on two-qubit gates through the development of
novel calibration routines.

There are two scenarios where TLS defects can intersect the trajectory of a two-qubit gate.
In the first scenario (TLS overlaps with or on the way to the |11)-|02) interaction), we initially
utilized the other avoided crossing, |11)-

20) (refer to Figure 2.10). However, this approach
encountered residual interactions at the |11)-|02) and |01)-|10) resonances. To mitigate
this, we dynamically detune the low-frequency qubit D1 using a baseband flux pulse (orange),
aligned with the main SNZ flux pulse on the high-frequency qubit Z; (blue), as shown in
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Figure 4.16: Frequency trajectory of the SNZ gate Z-D1. (a) Frequency trajectory, derived
from flux pulse amplitudes and voltage-to-frequency conversion. Initially, the avoided crossing
|11)-|02) overlaps with a TLS mode (red rectangle width w is proportional to the coupling
strength g), especially relevant when qubit Z; is in the |1) state at the gate start and end.
Of more concern is the halfway point during the gate where leakage to |02) is maximized,
due to stronger coupling to the defect mode (yellow rectangle width w is proportional to the
coupling strength \/59). Our mitigation technique involves activating the flux pulse on the
lower-frequency qubit D1, dynamically shifting the target avoided crossing down. This strategy
proves effective unless the frequency trajectories of qubit D (orange pulse) and the parked
qubit Do (green pulse) encounter additional defect modes.

Figure 4.9. This technique dynamically shifts the target avoided crossing |11)-|20) away
from the problematic TLS mode. The detuning frequency for qubit D1 is chosen based on
optimizing gate performance through 2QIRB protocols. Following this strategy, we achieve
relatively functional two-qubit gates [Figure 4.9. d].

However, this approach presents several limitations. First, it has higher dephasing rate during
the gate, as the low-frequency qubit is no longer at its sweetspot. Second, when the com-
putational state |11) enters (exits) at the beginning (end) of the SNZ gate, it loses some
residual population to the TLS mode [Figure 4.16. a]. Similarly, the non-computational state
|02), half-away during the SNZ gate, experiences a even stronger interaction with the TLS
(yellow rectangle) by a V2. This approach also fails to consider the possibility of encountering
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multiple TLS defects, either on the high- or low-frequency qubits, along the trajectory to the
intended interaction.
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Figure 4.17: Instability of coherent operations with TLS. (a) Quantum circuit used to mea-
sure thee population loss of states |1) and |2) upon applying a unipolar flux pulse. The
measured populations when qubit Z; is initialized in states |1) (b), and |2) (c) as functions
of the flux pulse amplitude (translated to frequency detuning on X axis) and pulse duration
on Y axis. Two parasitic chevron interactions appear along the frequency trajectory of qubit
71 at 620 MHz and 930 MHz. The difference between these two interactions is exactly
one anharmonicity .z, . (d) and (e) The measurement of the chevron interaction in the two-
excitation manifold over time. The instability of this coherent interaction over time is likely due
to the flickering nature of the TLS. Key parameters such as tp/2, Jo, and A are determined
via fitting procedures.
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In principle, if a defect mode is strongly coupled to a qubit, coherent exchange might be possi-
ble. We explore this possibility in Figure 4.17. Rather than diabatically crossing the TLS on the
way to the interaction point, the qubit frequency is specifically tuned to the TLS frequency to
maximize coherent interaction. The frequency trajectories of qubit Z1, prepared in states |1)
and |2> are presented [Figure 4.17. b and c]. Zooming on the interaction chevron of the cou-
pled states 111,517, ) and [0r,s27, ), we observe instability over time [Figure 4.17. d and
e]. This instability, attributed to the flickering nature of the TLS, underscores the impracticality
of performing coherent operations with defect modes.

In the second and most challenging scenario, a TLS overlaps with the qubit at the sweetspot.
For full leakage interference with either SNZ or conventional NZ pulse schemes, symmetry is
essential—the qubits involved must be biased to the sweetspot frequency. If this condition is
not met, the flux pulse will not average to zero within the gate time, breaking symmetry. An
example of an asymmetric flux pulse is shown in Figure 4.18. a, where the high-frequency
qubit is biased off-sweetspot (green dot). This configuration fails to fully eliminate the DC
component caused by the buildup of long-time scale flux distortion, resulting in poor gate
repeatability [94]. Moreover, the right frequency trajectory undergoes a strong interaction as
it crosses this large defect mode (red cross) on its way to the interaction point (dark orange).
This interaction adversely affects chevron quality, as seen in [Figure 4.18. d], in contrast to the
left chevron shown in [Figure 4.18. c]. This underscores the critical importance of symmetry
in the NZ gate scheme.

The initial demonstrations of CZ gates utilized unipolar flux pulses, whether employing simple
square pulses [67, 83] or fast-adiabatic gate schemes [34, 86]. A significant limitation of these
techniques is the accumulation of flux distortion over time, leading to poor gate repeatability.
While the NZ scheme [94] addresses this issue, both SNZ and NZ CZ gates face challenges
in the presence of TLS at sweetspot, as they fail to maintain the required symmetry. Con-
sequently, there is an ongoing exploration of more robust and flexible gate approaches that
account for TLS implications at the symmetry point. Our current focus is on an enhanced
version of unipolar gates, which includes the calibration of long-time scale flux distortions. In
the following section, we introduce two primary approaches, referred to as DC and camelback
flux pulses.

Long-timescale flux distortion arises from various sources including high-pass filtering of a
bias tee, skin effect, impedance mismatch, and chip packaging [103, ]. Notably, the fast
characteristic time constant of the bias tee, typically ranging from 5—50 s [103, ], governs
the rate at which accumulated charges dissipate, significantly influencing long-time distortion
within the coherence time of gate operations. To mitigate these distortions, bias tees are
removed from the qubits that cross TLS at or near the sweetspot frequency. Instead, these
qubits are biased off-sweetspot, sufficiently distant from strongly coupled modes, utilizing
direct offsets provided by the flux AWG.
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Figure 4.18: Asymmetric flux gate in presence of a strongly coupled TLS at the
sweetspot. (a) Flux arc of the high-qubit qubit biased off-sweetspot (green point) and (b)
Asymmetric flux pulse implementing two interaction points: orange on the left arm and dark-
orange on the right arm, crossing the problematic TLS (marked with a red cross). (c) The left
and (d) right Chevron interactions of |11)-|02) as functions of the unipolar flux pulse ampli-
tudes, A7 (left) and Ao (right), and pulse duration. Extracted Chevron parameters are shown
on the left and right arms. The poor quality of the right interaction (bad symmetry along the
vertical dash line) signifies the impact of crossing the significant defect along the frequency
trajectory.

Remaining flux distortion is corrected using a spectroscopy technique [172], as illustrated
in [Figure 4.19. a]. This technique involves applying a long square pulse to the dedicated
flux line of the qubit while sliding a 7 pulse with a Gaussian envelop of 10 ns at various
times t, to probe the qubit frequency. Unlike the Cryoscope method, which is strictly limited
by qubit coherence [103], this approach can characterize flux distortion up to the millisecond
time frame. To compensate for these distortions, we use the 8 built-in exponential filters in
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ZI HDAWG to iteratively improve the flux step response, as depicted in [Figure 4.19. b]. The
iterative optimization results in a constant step response within +0.1% in 30 us interval
[Figure 4.19. c], facilitating the use of unipolar pulse scheme for high-fidelity two-qubit gates.

(a) — Ideal square pulse (b) Spectroscopy of step response
——- Distorted Pulse
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Figure 4.19: A spectroscopy Cryoscope for the characterization of long-timescale flux
pulse distortions. (a) Implementation of a 30 us flux pulse, while sliding a 7 pulse with a
10 ns Gaussian envelope at various times t, to probe the qubit frequency. Due to various
sources of distortion (see main text), the intended square pulse (orange curve) may exhibit
overshooting. We iteratively improve the step response using the built-in exponential filters
in the ZI HDAWG, compensating for overshooting distortions (green curve). (b) The best
measured step response (white curve), constant within 4=0.1% over 30 us. This response
is obtained by Gaussian fitting of the population of the |1) state, as a function of the sliding
time ¢ and the qubit frequency detuning centered at 870 MHz. The color intensity variation
corresponds to the qubit coherence decay, particularly noticeable at the beginning when the
qubit excitation waits for 30 us before being measured. (c) (c) A 1D cross-section of the
step response, fitted to an exponential decay model (refer to Table S1 in [103]) to extract the
characteristic time constant, which varies from 100 ns to 100 us.

We have successfully calibrated the truly sudden unipolar gate, nicknamed DC pulse (inset of
Figure 4.19. a). Unlike the NZ scheme, this simple pulse implements a Chevron interaction
where the ideal two-qubit phase aligns vertically along the minimum leakage zone between

the two Chevron blobs. The ideal gate parameters are marked by blue circles in [Figure 4.19.

¢ and d]. Following calibration, gate performance is benchmarked using 2QIRB protocol,
achieving a fidelity of 98.5% with 0.1% leakage [Figure 4.19. b and e]. This is likely limited
by qubit coherence—since the high-frequency qubit is biased off-sweetspot—and by % flux
noise due to direct biasing. Importantly, if the actual flux pulse is unipolar, any associated
parking flux pulses should not be bipolar.

Another flexible CZ gate scheme, known as the camelback (inset of Figure 4.21. a), is a hybrid
between the DC and SNZ schemes. Unlike the DC pulse, the camelback gate implements
two interaction points in the same direction to circumvent the faulty TLS [Figure 4.21. a]. This

configuration still preserves full leakage interference, resulting in gate landscapes [Figure 4.21.
¢ and d] akin to those of the SNZ gate, making [Figure 4.9] applicable to this gate as well.
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Figure 4.20: Calibration and benchmarking of the DC CZ gate. (a) Flux arc and DC
flux pulse (inset) implementing single unipolar interaction point (orange point) when higher-
frequency qubit is intentionally biased off-sweetspot (green point). Note that the inset figure
does not share any axis with the flux arc. Gate landscapes for (c) ¢2Q, and (d) fq as func-
tions of the DC pulse amplitudes (A, translated to frequency detuning on the X axis) and pulse
duration (tsquare On the Y-axis). Optimal gate parameters (blue point) are chosen to achieve
$2q = 180° and the minimum possible L1. (b) Return probability M to |00), and (c)
the computational space population 1 are presented for both reference and CZ-interleaved
curves. Spectator qubits to this gate remain in the ground state during benchmarking. The
extracted L1 (not shown here) due to this gate is 0.19 & 0.1%.

Additionally, the camelback gate facilitates the use of bipolar parking pulses, useful for the flux
dance assembly. However, it lacks the built-in echo protection since the high-frequency qubit
does not reside at the sweetspot. The benchmarking of this gate shows similar performance
to that of the DC pulse, as illustrated in [Figure 4.21. b and e]. Gates calibrated using this
scheme are further illustrated in [Figure 4.9. c].

4.2.4 Readout calibration and benchmakring

Measurement is a key component of quantum algorithms, particularly in QEC codes that re-
quire repeated measurements. Recent QEC experiments highlight the significance of minimiz-
ing measurement errors, often dominant tied with two-qubit gate fidelities [26, ]. Common
readout calibration routines involve exploring large parameter space (measurement-based
approach) to reduce measurement errors. This process is tedious and time-consuming partic-
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Figure 4.21: Calibration and benchmarking of the camelback CZ gate. (a) Flux arc and
camelback flux pulse (inset) implementing two interaction points (orange point) in the same
direction. The inset figure does not share any axis with the flux arc. Gate landscapes for (c)
¢2Q, and (d) El as functions of the camelback pulse amplitudes (A, translated to frequency
detuning on X axis) and B on the Y axis. (b) Return probability M to |00), and (c) the
computational space population 1, are shown for both reference and CZ-interleaved curves.
Spectator qubits to this gate remain in the ground state during benchmarking. Extracted L1
(not shown here) is negligible, requiring more averages and number of Cliffords.

ularly with scaling the number of qubits. In this section, we introduce our strategy to calibrate
optimized readout across a 17-qubit device. To this end, we focus on developing the auto-
mated framework with GBT to autonomously calibrate the readout from basic spectroscopy
to fine-tuning of readout assignment fidelity and benchmakring measurement QNDness. We
also study how TLS defects impact the readout performance. Furthermore, we character-
ize multiplexed readout performance to evident the significance of readout crosstalk and
measurement-induced mixing. Finally, we assess the backaction of ancilla measurements on
computational data-qubits, which is of great interest for a QEC experiment.

In our Surface-17 design, the readout circuitry is distributed over three feedlines, which are
coupled through readout resonators to 6, 9, and 2 qubits, respectively. This imbalance dis-
tribution is made such as the device layout remains scalable beyond 17 qubits [98]. Each
qubit is readout by a dedicated pair of readout and Purcell resonators to eliminate the Purcell
effect while enabling fast and high-fidelity readout [102]. Both dedicated pairs are short-circuit
end of a A\/4 CPW resonator. The target detuning between each readout pair of adjacent
qubits is at least 100 MHz to mitigate the impact of the spectral overlap between readout
pulses. This significantly reduces measurement-induced dephasing (I') [147, ], especially
between measured ancillas and data qubits, as shown later in [Figure 4.24].
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Figure 4.22: Calibration and benchmarking of readout using GBT. (a) Readout GBT
nodes designed for autonomous calibration and benchmarking of single-qubit readout. (b)
2D coarse optimization of readout pulse frequency and amplitude to maximize the average
readout assignment fidelity, Favg, and the probabilities of QND: Ponp and Ponpr- The
last two metrics are derived from [168], where the quantum circuit includes two consecutive
measurements (mg and my) followed by a 7 pulse and a third measurement (my). Here,
PQND = p(mp = my) and PQNDTI’ = p(my = niz). (c) 1D optimization to fine-tune the
readout amplitude. (d) Readout depletion using an ALLXY gate sequence between two mea-
surements. When the qubit is initialized in |1), P(|1)) is reduced due to qubit decay during
the first measurement (orange in the most-right panel). (e) Transmission |S21| and phase of
readout resonator pairs prepared in |0) and |1) to measure the dispersive shift 2 /27. When
the effective linewidth of the readout pairs is equal to 2 /27, optimal readout performance is
achieved. (f) The measured two-level, and (g) three-level assignment fidelities extracted from
single-shot histograms in 420 ns in device Uran.
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To calibrate readout with GBT, a previously calibrated 7 pulse amplitude, obtained by a Rabi
measurement of the qubit, is necessary. Calibration procedure involves three main stages.
At first, we calibrate the delay between the readout pulse and the acquisition interval and
measure the effective dispersive shift (2 /2) of the readout resonator using spectroscopy
routines. At a fixed readout pulse duration, readout spectroscopy sweeps the frequency of
the measurement pulse and acquires the corresponding complex transmission (So1) through
the feedline, whose magnitude |So1| and phase are shown in [Figure 4.22. e]. This allows to
estimate a range where optimal readout frequency is found at the maximum distance between
the two complex vectors 8201 and 3211 in 1Q plane (green line in Figure 4.22. e). For fast and
high-fidelity readout, two conditions must be satisfied: matching resonator pairs (readout and
Purcell modes) for high hybridized linewidth (kefr), and 2x /27 = Keg/2m maximizing the
signal-to-noise ratio at fixed photon number (n;) in the readout mode [131, ]. Shoelace
technique can be used to improve the matching between resonator modes in case of pair
detuning due to fabrication variations. If not properly adjusted, such mismatches can lead to
significantly slow readout speeds, exceeding 1 us [55].

At the second stage, a 2D optimization of the readout pulse parameters is performed to
maximize the average readout assignment fidelity (Favg) and the QND probabilities (PQND,
and PQNDW) [Figure 4.22. b]. More details about this experiment can be found in the caption
of this figure. At optimal readout frequency (red point in Figure 4.22. b), readout amplitude is
finely tuned through a 1D optimization [Figure 4.22. c]. Optimal readout amplitude is selected
where maximum PqNDy is achieved. Further increasing the readout amplitude leads to a
non-QND readout, which can induce transitions to higher leakage states [61, , ]-

At the final stage, photon depletion from the resonator is verified within the target readout
time of 420 ns, using an ALLXY gate sequence between two measurements [Figure 4.22.
d] [18]. The ALLXY pattern obtained from these measurements is evaluated against the ideal
staircase to determine if the allocated depletion time is sufficient and does not adversely affect
subsequent coherent operations on the qubits. After optimal integration weights calibration,
various readout metrics are benchmarked, including two-level (qubit readout), three-level
(qutrit readout) fidelities [Figure 4.22. f and g] and readout QNDness using measurement
butterfly technique [Fig. S5 in [175]]. The average readout assignment fidelity across 17-
qubits is 98.8%, extracted from the single-shot histograms in device Uran. The readout GBT
procedure takes about 5 hrs per qubit. To speed up this process, future effort could benefit
from parallelizing this procedure across multiple qubits using multiplexed readout.

One of the common failure modes that the current readout GBT struggles with is the strong
coupling to a TLS during readout. This interaction can severely limit the qubit 77 during
measurement, leading to a high probability of measurement-induced relaxation. During mea-
surement, the qubit frequency experiences a Stark shift and is dephased at a rate denoted
by v [147, ], which depends on the photon number n; in the readout mode. Within this
frequency range, the qubit parasitically interacts with a TLS, leading to suboptimal readout
performance [Figure 4.23. a]. When this occurs, manual control is taken to detune the qubit
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Figure 4.23: Impact of TLS on single-qubit readout. (a) Qubit frequency trajectory over-
lapping with a TLS mode during measurement. The qubit frequency experiences a Stark
shift and is dephased at a rate denoted by (. (b) Suboptimal readout histograms with a
significant probability of measurement-induced relaxation. (c) Mitigation involves detuning the
qubit frequency away from the TLS interaction. (d) Improved readout histograms by avoiding
overlap with the TLS mode.

frequency so that its trajectory during measurement avoids overlapping with the TLS mode.
This can indeed recover optimal readout, as shown in [Figure 4.23. b]. Recently, Google Al
team [177] proposed a model-based optimization for efficient calibration of readout across a
multi-qubit device. Not only is this approach significantly faster and scalable to hundreds of
qubits, but it also incorporates various error models, including the relaxation rate of the qubit
as a function of frequency, offering a practical solution for enhancing the current readout GBT.

We perform multiplexed readout for ancilla and data qubits in device Uran. By preparing
all combinations of input states, assignment probability matrices are constructed in 420 ns
measurement time (shown in Figure 4.24. ¢ and d) [102]. The average multiplexed readout
fidelities extracted from single-shot readout histograms, are 98.6% for ancilla qubits and
98.4% for data qubits, nearly identical to their individual readout fidelities (see Section 4.1.1).
Additional off-diagonal features may appear below (above) the main diagonal due to individual
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Figure 4.24: Multiplexed readout of ancilla and data qubits in (a), and (b), respectively, in
device Uran. Experimental cross-fidelity matrices shown in (c), and (d). Readout assignment
probabilities between ancilla and data qubits [102]. An end-to-end measurement, performed
within 420 ns, includes the pulse excitation time and additional time for full photon depletion
from the resonator modes of each pair.

qubit decay and measurement-induced relaxation (excitation). Readout crosstalk is further
assessed through the cross-fidelity matrix [Figure 4.24. a, and b]. The off-diagonal terms show
insignificant crosstalk errors in this device. It is important to note that the quoted fidelities
include mitigation of residual excitation effects through post-selection on a pre-measurement,
which is below 1% for most qubits in this device.

Due to the finite bandwidth of the readout pulse, part of its spectrum may overlap with neigh-
boring readout resonators, a concern particularly for the middle feedline coupled to nine
resonator pairs [102]. This issue becomes problematic when readout targeting errors re-
duce the relative detuning between adjacent resonator modes. In the worst-case scenarios,
such overlaps can lead to the complete destruction of the target qubit state when measur-
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ing the overlapped qubit [Figure 4.4]. To prevent this, post-fabrication techniques such as
wire-bonding and Shoelaces are utilized [55], as detailed in Section 4.1.2.

Preserving the state of a computational qubit during the measurement of a stabilizer qubit
is critical in QEC codes. For this purpose, the dephasing rate, I, is evaluated using the
experimental setup shown in [Figure 4.4. c]. The experiment is conducted in four variants:
without ancilla measurement, with ancilla measurement, initializing the ancilla qubit in the |0)
state, and initializing it in the |1> state. These scenarios produce four distinct curves, which
are then fitted to extract phase and amplitude parameters. The dephasing rate for each initial
state of the "measure" qubit is calculated as:

A 1
T =log ( no meas) % (4.5)

Ameas tmeas

The average dephasing rate, I', of data qubits due to the measurement of ancilla qubits,
prepared in |0) and |1), is presented in Figure 4.25. ¢ and d. A Gaussian filtered readout
pulse effectively reduces I' compared to the standard square pulse. Consequently, this pulse
shaping is adopted for the ancilla measurement pulses that are repeatedly measured in a
QEC code (see Chapter 6).

Another consequence of ancilla measurements in a stabilizer code is the introduction of
coherent phase errors on data qubits due to residual-Z Z interactions between idling data
qubits and actively measured qubits [147]. These errors can be mitigated using various
dynamical decoupling techniques [25, ]. To counteract these coherent errors, single-echo
pulses are applied to the data qubits midway through the ancilla measurement. This pulse
sequence is employed on data qubits in parallel to ancilla measurements during repetitive
QEC cycles, as detailed in Figure 6.1.

4.2.5 Summary of GBT calibration and achieve performance

This section summarizes the results and performance metrics achieved through GBT cali-
bration procedures of various operations across the 17-qubit device (Uran). The calibration
process was targeted to optimize the performance while maintaining a manageable calibration
time. The table below provides an overview of the calibration time for each operation and the
performance achieved in terms of best, worst-case, and average scenarios.

The values provided in the table are illustrative and are based on experimental results obtained
from the calibration and benchmarking processes detailed in this chapter. The efficiency of
the GBT approach is evident in the improvement of system performance, leading to reduced
logical error rates over time, as detailed in the Surface-13 experiment [Figure 6.17. d].
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Figure 4.25: Mitigation of measurement-induced dephasing with Gaussian filtered
Pulse effectively lowers dephasing rates on data qubits during ancilla measurements. (a)
Standard readout square pulse, and (b) filtered Gaussian pulse with a sigma of 5 ns. The
dephasing rate, I', of data qubits due to ancilla measurements over 420 ns for the square (c),
and Gaussian pulses (d), respectively.

Operation GBT calibration time Achieved performance (%)

Best | Worst-case | Average
Single-qubit gates (20 ns) 5 mins 99.9 99.7 99.9
Two-qubit gates (60 ns) 38 mins 99.7 96.2 98.4
Single-qubit readout (420 ns) 300 mins 99.5 96.6 98.8

Table 4.1: GBT Calibration Time and Achieved Performance Metrics in device Uran.
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Minimizing leakage from computational states is a challenge when using many-level sys-
tems like superconducting quantum circuits as qubits. We realize and extend the quantum-
hardware-efficient, all-microwave leakage reduction unit (LRU) for transmons in a circuit QED
architecture proposed by Battistel et al. This LRU effectively reduces leakage in the second-
and third-excited transmon states with up to 99% efficacy in 220 ns, with minimum impact
on the qubit subspace. As a first application in the context of quantum error correction, we
show how multiple simultaneous LRUs can reduce the error detection rate and suppress
leakage buildup within 1% in data and ancilla qubits over 50 cycles of a weight-2 stabilizer

measurement.

This chapter has been published in Phys. Rev. Lett. 130, 250602 (2023) [175]
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5.1 Historical context

Superconducting qubits, such as the transmon [60], are many-level systems in which a
qubit is represented by the two lowest-energy states

g) and |e). However, leakage to non-
computational states is a risk for all quantum operations, including single-qubit gates [64],
two-qubit gates [67—69] and measurement [61, ]. While the typical probability of leakage
per operation may pale in comparison to conventional qubit errors induced by control errors
and decoherence [25, 69], unmitigated leakage can build up with increasing circuit depth. A
prominent example is multi-round quantum error correction (QEC) with stabilizer codes such
as the surface code [71]. In the absence of leakage, such codes successfully discretize all
qubit errors into Pauli errors through the measurement of stabilizer operators [111, ], and
these Pauli errors can be detected and corrected (or kept track of) using a decoder. However,
leakage errors fall outside the qubit subspace and are not immediately correctable [78-80].
The signature of leakage on the stabilizer syndrome is often not straightforward, hampering the
ability to detect and correct it [72, 77]. Additionally, the build-up of leakage over QEC rounds
accelerates the destruction of the logical information [20, 25]. Therefore, despite having low
probability per operation, methods to reduce leakage must be employed when performing
experimental QEC with multi-level systems.

Physical implementations of QEC codes [26, , —183] use qubits for two distinct func-
tions: Data qubits store the logical information and, together, comprise the encoded logical
qubits. Ancilla qubits perform indirect measurement of the stabilizer operators. Handling leak-
age in ancilla qubits is relatively straightforward as they are measured in every QEC cycle.
This allows for the use of reset protocols [19, 20] without the loss of logical information. Leak-
age events can also be directly detected using three- or higher-level readout [141] and reset
using feedback [73, ]. In contrast, handling data-qubit leakage requires a subtle approach
as it cannot be reset nor directly measured without loss of information or added circuit com-
plexity [81, 82, ]. A promising solution is to interleave QEC cycles with operations that
induce seepage without disturbing the qubit subspace, known as leakage reduction units
(LRUSs) [78, 80-82, , , —187]. An ideal LRU returns leakage back to the qubit sub-
space, converting it into Pauli errors which can be detected and corrected, while leaving qubit
states undisturbed. By converting leakage into conventional errors, LRUs enable a moderately
high physical noise threshold, below which the logical error rate decreases exponentially with
the code distance [80, 81]. A more powerful operation called 'heralded leakage reduction’
would both reduce and herald leakage, leading to a so-called erasure error [188, 1. Un-
like Pauli errors, the exact location of erasures is known, making them easier to correct and
leading to higher error thresholds [190-193].

In this chapter, we present the realization and extension of the LRU scheme proposed in
Ref. [128]. This is a highly practical scheme requiring only microwave pulses and the quantum
hardware typically found in contemporary circuit QED quantum processors: a microwave
drive and a readout resonator dispersively coupled to the target transmon (in our case, a
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readout resonator with dedicated Purcell filter). We show its straightforward calibration and the
effective removal of the population in the first two leakage states of the transmon (| f) and |h))
with up to > 99% efficacy in 220 ns. Process tomography reveals that the LRU backaction
on the qubit subspace is only an AC-Stark shift, which can be easily corrected using a Z-axis
rotation. As a first application in a QEC setting, we interleave repeated measurements of a
weight-2 parity check [72, 73] with simultaneous LRUs on data and ancilla qubits, showing
the suppression of leakage and error detection rate buildup.

5.2 Experimental results

Our leakage reduction scheme [Fig. 5.1(a)] consists of a transmon with states |g), |e) and
\f), driven by an external drive €2, coupled to a resonant pair of Purcell and readout res-
onators [102] with effective dressed states |00) and ‘1i>. The LRU scheme transfers leak-
age population in the second-excited state of the transmon, | f), to the ground state, |g), via
the resonators using a microwave drive. It does so using an effective coupling ¢ mediated by
the transmon-resonator coupling, g, and the drive {2, which couples states | f00) and ‘gli>.
Driving at the frequency of this transition,

W0 — Wt ~ 2wq + o — wRrp, (5.1)

transfers population from | f00) to |gli>, which in turn quickly decays to |g00) provided
the Rabi rate is small compared to . Here, wq and « are the transmon qubit transition
frequency and anharmonicity, respectively, while wrp is the resonator mode frequency. In
this regime, the drive effectively pumps any leakage in | f) to the computational state |g). We
perform spectroscopy of this transition by initializing the transmon in | f) and sweeping the
drive around the expected frequency. The results [Fig. 5.1(c)] show two dips in the f-state
population corresponding to transitions with the hybrized modes of the matched readout-
Purcell resonator pair. The dips are broadened by ~ /471 =~ 8 MHz, making them easy to
find.

To make use of this scheme for a LRU, we calibrate a pulse that can be used as a circuit-level
operation. We use the pulse envelope proposed in Ref. [128]:
Asin? (w%) for0 <t <t
A(t) =q A forty <t <tp—t, (5.2)

Asin? (wtg—;t) for tp — ty < t < tp,

where A is the amplitude, ¢, is the rise and fall time, and tp is the total duration. We conser-
vatively choose t; = 30 ns to avoid unwanted transitions in the transmon. To measure the
fraction of leakage removed, R, we apply the pulse on the transmon prepared in | f) and mea-
sure it [Fig. 5.2(a)], correcting for readout error using the measured 3-level assignment fidelity
matrix [Fig. 5.2(c)]. To optimize the pulse parameters, we first measure R while sweeping the
pulse frequency and A [Fig. 5.2(d)]. A second sweep of tp and A [Fig. 5.2(e)] shows that
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Figure 5.1: Leakage reduction unit scheme. (a) Schematic for the driven transmon-
resonator system. A transmon (T, yellow) with three lowest-energy levels |g), |e), and | f)
is coupled to a readout resonator (R) with strength g. The latter is coupled to a frequency-
matched Purcell resonator (P) with strength .J. The Purcell resonator also couples to a 50 2
feedline through which its excitations quickly decay at rate <. The transmon is driven with
a pulse of strength 2 applied to its microwave drive line. (b) Energy level-spectrum of the
system. Levels are denoted as |T, R, P), with numbers indicating photons in R and P. As
the two resonators are frequency matched, the right-most degenerate states split by 2.J, and
g is shared equally among the two hybridized resonator modes |17 ) and |1). An effective
coupling g arises between | f00) and the two hybridized states ’gli> via |e00) and ’eli>.
(c) Spectroscopy of the | f00) <> |gli> transition. Measured transmon population in | f)
versus drive frequency, showing dips corresponding to the two transitions assisted by each of
the hybridized resonator modes.
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Figure 5.2: Calibration of the leakage reduction unit pulse. (a) Pulse sequence used for
LRU calibration. (b) Single-shot readout data obtained from the experiment. The blue, red
and green areas denote mg, m1, and moy assignment regions, respectively. The mean (white
dots) and 3o standard deviation (white dashed circles) shown are obtained from Gaussian
fits to the three input-state distributions. The blue data shows the first 3 x 103 (from a total of
215) shots of the experiment described in (a), indicating 99.(3)% | f)-state removal fraction.
(c) Measured assignment fidelity matrix used for readout correction. (d-e) Extracted | f)-state
removal fraction versus pulse parameters. Added contours (white dashed curves) indicate 80,
90 and 97% removal fraction. The purple star indicates the pulse parameters used in (b).
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Figure 5.3: Process tomography of the leakage reduction unit. (a-f) Measured density
matrices after the LRU gate for input states |0), [+), |+4), |1), |—), and |—i), respectively.
(g) Z-rotation angle induced on the qubit versus the LRU pulse duration. The linear best fit
(black dashed line) indicates an AG-Stark shift of 71(9) kHz. (h-i) Pauli transfer matrix of the
LRU with (i) and without (h) virtual phase correction (¢, = 220 ns and R = 84.(7)%).

R > 99% can be achieved by increasing either parameters. Simulation [128] suggests that
R ~ 80% is already sufficient to suppress most of the impact of current leakage rates, which
is comfortably achieved over a large region of parameter space. For QEC, a fast operation is
desirable to minimize the impact of decoherence. However, one must not excessively drive
the transmon, which can cause extra decoherence (see Fig. 6 in Ref. [128]). Considering
the factors above, we opt for t;, = 220 ns and adjust A such that R > 80%. Additionally,
we benchmark the repeated action of the LRU and verify that its performance is maintained
over repeated applications, thus restricting leakage events to approximately a single cycle
(Fig. 5.6).
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With the LRU calibrated, we next benchmark its impact on the qubit subspace using quantum
process tomography. The results (Fig. 5.3) show that the qubit incurs a Z-axis rotation. We find
that the rotation angle increases linearly with ¢, [Fig. 5.3(g)], consistent with a 71(9) kHz AC-
Stark shift induced by the LRU drive. This phase error in the qubit subspace can be avoided
using decoupling pulses or corrected with a virtual Z gate. Figures 5.3(h) and 5.3(i) show the
Pauli transfer matrix (PTM) for the operation before and after applying a virtual Z correction,
respectively. From the measured PTM [Fig. 5.3(i)] and enforcing physicality constraints [120],
we obtain an average gate fidelity Favg = 98.(9)%. Compared to the measured 99.(2)%
fidelity of idling during the same time (t, = 220 ns), there is evidently no significant error
increase.

Finally, we implement the LRU in a QEC scenario by performing repeated stabilizer measure-
ments of a weight-2 X -type parity check [72, 73] using three transmons (Fig. 5.4). We use
the transmon in Figs. 1-3, D1, plus an additional transmon (D2) as data-qubits together with
an ancilla, A. LRUs for Do and A are tuned using the same procedure as above. A detailed
study of the performance of this parity check is shown in the Supplementary Information
(Fig. 5.7). Given their frequency configuration [98], D1 and A are most vulnerable to leakage
during two-qubit controlled-Z (CZ) gates, as shown by the avoided crossings in Fig. 5.4(a).
Additional leakage can occur during other operations: in particular, we observe that leakage
into states above |f) can occur in A due to measurement-induced transitions [135] (see
Fig. 5.11). Therefore, a LRU acting on |f) alone is insufficient for A. To address this, we
develop an additional LRU for |h) (h-LRU), the third-excited state of A (see Supplementary
Information Fig. 5.10). The h-LRU can be employed simultaneously with the f-LRU without
additional cost in time or impact on the |f) removal fraction, R. Thus, we simultaneously
employ f-LRUs for all three qubits and an h-LRU for A [Fig. 5.4(a)]. To evaluate the impact
of the LRUs, we measure the error detection probability (probability of a flip occurring in
the measured stabilizer parity) and leakage population of the three transmons over multiple
rounds of stabilizer measurement. Without leakage reduction, the error detection probability
rises ~ 8% in 50 rounds. We attribute this feature to leakage build-up [20, 26, ]. With
the LRUs, the rise stabilizes faster (in ~ 10 rounds) to a lower value and is limited to 2%,
despite the longer cycle duration (500 versus 720 ns without and with the LRU, respectively).
Leakage is overall higher without LRUs, in particular for D1 and A [Fig. 5.4(c)], which show
a steady-state population of ~ 10%. Using leakage reduction, we lower the leakage steady-
state population by up to one order of magnitude to < 1% for all transmons. Additionally,
we find that removing leakage on other transmons leads to lower overall leakage, suggesting
that leakage is transferred between transmons [77, ]. This is particularly noticeable in A
[Fig. 5.4(c)], where the steady-state leakage is always reduced by adding LRUs on D1 and
Do.
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Figure 5.4: Repeated stabilizer measurement with leakage reduction. (a) Quantum circuit
using ancilla A to measure the X -type parity of data qubits D1 and D. The dashed box
shows the frequency arrangement for two-qubit CZ gates. A CZ gate is performed by fluxing
the higher-frequency transmon down in frequency to the nearest avoided crossing (orange
shaded trajectory). The duration of single-qubit gates, CZ gates, and measurement are 20, 60
and 340 ns, respectively, totalling 500 ns for the parity check (light-blue region). Performing
the LRUs extends the circuit by 220 ns (blue-dashed region). Echo pulses on data qubits
mitigate phase errors caused by residual ZZ crosstalk and AC-stark shift during the mea-
surement and LRUs (light yellow slots). (b-c) Measured error-detection probability (b) and
leakage (c) versus the number of parity-check rounds in four settings. The No LRUs setting
(blue) does not apply any LRUs. LRU data (orange) and LRU ancilla (green) settings apply
LRUs exclusively on the data qubits and the ancilla, respectively. The LRU both (red) setting
applies LRUs on all qubits.
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5.3 Conclusions

We have demonstrated and extended the all-microwave LRU for superconducting qubits in
circuit QED proposed in Ref. [128]. We have shown how these LRUs can be calibrated using
a straightforward procedure to deplete leakage in the second- and third-excited states of the
transmon. This scheme could potentially work for even higher transmon states using additional
drives. We have verified that the LRU operation has minimal impact in the qubit subspace,
provided one can correct for the static AC-Stark shift induced by the drive(s).

This scheme does not reset the qubit state and is therefore compatible with both data and
ancilla qubits in the QEC context. We have showcased the benefit of the LRU in a building-
block QEC experiment where LRUs decrease the steady-state leakage population of data
and ancilla qubits by up to one order of magnitude (to < 1%), and thereby reduce the error
detection probability of the stabilizer and reaching a faster steady state. We find that the
remaining ancilla leakage is dominated by higher states above | f) (Fig. 5.11) likely caused
by the readout [61, ]. Compared to other LRU approaches [20, ], we believe this
scheme is especially practical as it is all-microwave and very quantum-hardware efficient,
requiring only the microwave drive line and dispersively coupled resonator that are already
commonly found in the majority of circuit QED quantum processors [26, , ] Extending
this leakage reduction method to larger QEC experiments can be done without further penalty
in time as all LRUs can be simultaneously applied. However, we note that when extending the
LRU to many qubits, microwave crosstalk should be taken into account in order to avoid driving
unwanted transitions. This can be easily avoided by choosing an appropriate resonator-qubit
detuning.

5.4 Data availability

The data supporting the plots and claims within this paper are available online at http:
//github.com/DiCarloLab-Delft/Leakage Reduction Unit Data. Further data can be
provided upon reasonable request.

5.5 Supplemental material

This supplement provides additional information in support of the statements and claims in
the main text.

5.5.1 Device

The device used (Fig. 5.5) has 17 flux-tunable transmons arranged in a square lattice with
nearest-neighbor connectivity (as required for a distance-3 surface code). Transmons are
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arranged in three frequency groups as prescribed in the pipelined architecture of Ref. [98].
Each transmon has a dedicated microwave drive line used for single-qubit gates and leakage
reduction, and a flux line used for two-qubit gates. Nearest-neighbor transmons have fixed
coupling mediated by a dispersively coupled bus resonator. Each transmon has a dedicated
pair of frequency-matched readout and Purcell resonators coupled to one of three feedlines,
used for fast multiplexed readout in the architecture of Ref. [102]. Single-qubit gates are
realized using standard DRAG pulses [195]. Two-qubit controlled-Z gates are implemented

i Transmon - Drive line - Readout feedline

- Coupling bus Flux line - Readout resonators

Figure 5.5: Circuit QED device. Optical image of the 17-transmon quantum processor, with
added falsecolor to highlight different circuit elements. The shaded area indicates the three
transmons used in this experiment.
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Transmon Dy A Do
Frequency at sweetspot, wg /27 (GHz) 6.802 6.033 4.788
Anharmonicity, /27 (MHz) -295 -310 -321
Resonator frequency, wg /27 (GHz) 7.786 7.600 7.105
Purcell res. linewidth, /27 (MHz) 15.(5) 22.(5) 12.(6)
f-LRU drive frequency (GHz) 5498 4.135 2.152
h-LRU drive frequency (GHz) - 3.496 -
T1 (us) 17 26 37
To (us) 19 22 27
Single-qubit gate error (%) 0.1(0) 0.0(7) 0.0(5)
Two-qubit gate error (%) 1.(1) 1.(9)
Two-qubit gate leakage (%) 0.3(7) 0.1(1)
f-LRU removal fraction, RS (%) 84.(7) 99.(2) 80.(3)
h-LRU removal fraction, R" (%) - 96.(1) -

Operation

Duration (ns)

121

Single-qubit gate 20
Two-qubit gate 60
Measurement 340
LRU 220

Table 5.1: Device metrics. Frequencies and coherence times are measured using standard
spectroscopy and time-domain measurements |
ized benchmarking protocols [96, 97, ]

]. Gate errors are evaluated using random-

using sudden net-zero flux pulses [69]. Characteristics and performance metrics of the three

transmons used in the experiment are shown in Tab. 5.1.

5.5.2 Repeated LRU application

For QEC we require that the LRU performance remains constant over repeated applications.
To assess this, we perform repeated rounds of the experiment shown in Fig. 5.6 while idling or
using the LRU. In each round apply an e- f rotation with rotation angle 6 to induce a leakage
rate

sin?(0/2)
9

and choose 6 such that L1 = 2%. For the purpose of this experiment, we lower the readout

1= (5.3)

amplitude in order to suppress leakage to higher states during measurement [135], The results
(Fig. 5.6) show that while idling, leakage in | ) builds up to a steady-state population of about
16%. Using the LRU, it remains constant at Py = L, throughout all rounds. This behavior
shows that LRU performance is maintained throughout repeated applications and suggests

that leakage events are restricted to a single round.
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Figure 5.6: Repeated LRUs on D{. Computational (top) and leakage (bottom) state popu-
lation over repeated cycles of the circuit as shown. Transmon D1 is repeatedly put in super-
position, controllably leaked with rate L | and measured. Measurement is followed by either
idling (solid) or the LRU (dashed). The horizontal lines denote the steady-state leakage with
and without LRUs.

5.5.3 Benchmarking the weight-2 parity check

We benchmark the performance of the weight-2 parity check using three experiments as-
sessing different error types. First, we assess the ability to accurately assign the parity of the
data-qubit register by measuring the ancilla outcome for all data-qubit input computational
states. The results [Fig. 5.7(a)] show an average parity assignment fidelity of 95.6%. Next,
we look at errors occurring on the data qubits when projecting them onto a Bell state using
a X -type parity check [Fig. 5.7(b)]. From data-qubit state tomography conditioned on ancilla
outcome, we obtain an average Bell-state fidelity of 97.7% (96.9% for m = +1 and 98.5%
for m = —1). For each reported density matrix, we apply readout corrections and enforce
physicality constraints via maximum likelihood estimation [120]. Finally, we look at the back-
action of two back-to-back parity checks [Fig. 5.7(c)]. Here, we measure the correlation of
the two parity outcomes. Ideally, the first parity outcome should be random while the second
should be the same as the first. Since our ancilla is not reset after measurement, the proba-
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Figure 5.7: Benchmarking of the weight-2 parity check. (a) Quantum circuit of the weight-2
X -type parity check and bar plot of the average measured ancilla outcome for the different
input computational states of the data-qubit register. Dashed bars show ideal average out-
come: (m) = +1 (—1) for even (odd) data-qubit input parity. (b) Generation of Bell states
via stabilizer measurement (top) and corresponding data-qubit state tomography (bottom)
conditioned on the ancilla outcome. The obtained fidelity to the ideal Bell states (shaded wire-
frame) is 96.9% and 98.5% for m = +1 and m = —1, respectively. (c) Repeated stabilizer
experiment. (Bottom left) Average measured ancilla outcome (mn) for each round of stabilizer
measurement. Ideally, the first outcome should be random and the second always +1. The
measured probability is P(mg = +1) = 90.0%. (Bottom right) Reconstructed data-qubit
states conditioned on the first ancilla outcome. The obtained Bell-state fidelities are 90.6%
and 91.5% for mq = +1 and m1 = —1, respectively.

bility of both parities being correlated is P(mo = +1) = 90.0% [bar plot in Fig. 5.7(c)]. We
can also reconstruct the data qubit state after the experiment. Here, we find that the average
Bell-state fidelity drops to 91.0% (90.6% for m1 = +1 and 91.5% for m1 = —1). This drop
in fidelity is likely due to decoherence from idling during the first ancilla measurement.

5.5.4 Measurement-induced transitions

Previous studies have observed measurement-induced state transitions that can lead to leak-
age [61, ]. To evaluate the backaction of ancilla measurement, we model the measurement
as a rank 3 tensor e;n’j which takes an input state ¢, declares an outcome m and outputs a
state 7 with normalization condition,

SN e =1 (5.4)
m

To find e;n’j, we perform the experiment in Fig. 5.8(a). For each input state ¢, the probability
distribution of the measured results P;(My, M7 ) follows

P;(My = my,, M1 =my) = ZZ e:»nk’segn”. (5.5)
s J
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Figure 5.8: Characterizing measurement-induced transitions. (a) Quantum circuit used
to characterize transmon measurement. A transmon is initialized into states |g), |e) and | f)
after a heralding (dashed) measurement (blue panel). Following prepration, two consecutive
measurements Mg and M7 are performed, yielding three-level outcomes. (b) lllustration of
the extracted measurement model. The model is described by a rank 3 tensor e;-n’j, where
input states ¢ are connected to measurement outcomes m and output states j. From it, the
assignment probability matrix (c) and the QNDness matrix (d) can be extracted.
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This system of 27 second-order equations is used to estimate the 27 elements of e;n’j through
a standard optimization procedure. In this description, the assignment fidelity matrix M; ,
[Fig. 5.8(b)] is given by
My =Y ™. (5.6)
J

Furthermore, this model allows us to assess the probability of transitions occurring during the
measurement. This is given by the QNDness matrix

Qi = Z Ezn’j- (5.7)

The results [Fig. 5.8(b)] show an average QNDness of 95.4% across all states. The average
leakage rate ((Qg, s + Qe,)/2) is 0.06%, predominantly occurring for input state |e).

5.5.5 Readout of transmon states

In order to investigate leakage to higher states in the ancilla, we need to discriminate between
the first two leakage states, | f) and |k). To do this without compromising the performance
of the parity check, we simultaneously require high readout fidelity for the qubit states |g)
and |e). We achieve this for the ancilla for the states |g) through |h) using a single readout
pulse. Figure 5.9(a) shows the integrated readout signal for each of the states along with the
decision boundaries used to classify the states. Any leakage to even higher states will likely
be assigned to |h) since the resonator response at the readout frequency is mostly flat for
\h) The average assignment error for the four states is 7.(2)% [Fig. 5.9(b)] while the average
qubit readout error is 1.(3)% [Fig. 5.9(c)]. Here, we assume that state preparation errors are
small compared to assignment errors.

5.5.6 Leakage reduction for higher states

Although the most common leakage mechanisms usually populate the second-excited state
of the transmon, | f), some operations such as measurement can leak into higher-excited
states [135]. We observe the build-up of population in these higher states in the repeated
parity-check experiment (Fig. 5.4). Figure 5.11 shows the fraction of total leakage to these
higher states for the ancilla. Therefore, leakage reduction for higher states is necessary for
ancillas. Similar to the leakage reduction mechanism that drives | f) — |g) [with effective cou-
pling g/ in Fig. 5.10(a)], one can drive |[h) — |e) (with effective coupling g" in Fig. 5.10(b)].
This transition can be induced much like the former, with an extra drive at frequency

WhOD — We1E = 2w + 3 — wRrp, (5.8)

2c below the f-LRU transition. We then have two LRU mechanisms, f-LRU and h-LRU,
increasing seepage from | f) and |h), respectively. We drive both of these transitions simul-
taneously using two independent drives. Following the same calibration procedure shown
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Figure 5.9: Four state readout. (a) Single-shot readout data for the four lowest-energy trans-
mon states |g), |€), | f) and |h) of A. Data are plotted for the first 3 x 103 from a total of 215
shots for each input state. The dashed lines show decision boundaries obtained from fitting a
linear discrimination classifier to the data. The mean (white dot) and 3o standard deviation
(white dashed circles) shown are obtained from Gaussian fits to each input state distribution.
(b) Assignment probability matrix obtained from classification of each state into a quaternary
outcome. (c) Histogram of shots for qubit states taken along the projection maximizing the
signal-to-noise ratio. (d) The average assignment errors for 2-, 3- and 4-state readout are
1.(3), 1.(9) and 7.(2) %, respectively.
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Figure 5.10: Leakage reduction for | f) and |h). (a, b) Transmon-resonator system level
structure showing the relevant couplings for the f-LRU (a) and A-LRU (b). Each effective
coupling, gf and g}h, is mediated by its respective drive {21 and {22 and transmon-resonator
coupling g. (¢, d) Readout data (213 shots) of leakage states | f) (c) and |k) (d) after applying
both LRU pulses simultaneously. The white dots and dashed cicles show the mean and 3o
standard deviation obtained from fitting calibration data for each state.
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Figure 5.11: Higher leakage states of the ancilla qubit. Composition of ancilla leakage
during the repeated stabilizer measurement of Figure 5.4. P; st = Pf + Py, denotes the
total leakage population without (blue) and with (red) LRUs.

in Fig. 5.2 for the f-LRU, we tune up a pulse for the h-LRU. Figures 5.10(c) and 5.10(d)
show readout data for states | f) and |h) after performing both LRUs simultaneously. The
corresponding removal fraction for each state is Rf = 99.(2)% and R" = 96.(1)% for
tp = 220 ns. Using this scheme, we can effectively reduce leakage in both states (Fig. 5.11).
In particular, leakage in | f) is effectively kept under 0.2%, while that in |h) sits below 0.4%
(red curves in Fig. 5.11). The former shows a flat curve and therefore corresponds to the L
of the cycle (similar to Fig. 5.6). The apparent remaining leakage in |h) could possibly be due
to higher-excited states, which are naively assigned as \h} by the readout as they cannot be
distinguished.
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A quantum circuit is sub-optimally constructed if simply compiled from single- and two-qubit
operations tuned in isolation. Here, we introduce highly parallel and orthogonal calibration
strategies for optimal calibration of the QEC cycle for a distance-3 surface code. This enables
the realization of a bit-flip distance-3 surface code with 13 qubits, known as Surface-13. This
code serves as a simple testbed for investigating decoding strategies and quantifying the link
between logical and physical qubit performance. We also attempt to stabilize a logical state
using X and Z stabilizers and assess the measured defect rates for multiple rounds.

This chapter has been presented in APS. March meetings 2023 [137].
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6.1 Historical context

QEC is indispensable for realizing fault tolerance computations, harnessing the full potential
of quantum computers. At its core, it involves encoding quantum information redundantly,
creating a protected state, known as logical qubit, that can tolerate certain errors without
losing the integrity of the quantum computation [4, 11, 22—24]. The basic idea is to distribute
the information across multiple physical qubits in such a way that errors affecting individual
qubits can be locally detected through stabilizer measurements, and then corrected. The
main promise of QEC lies in the exponential suppression of the logical error rate achieved by
encoding information in more physical qubits. The logical error rate, €1,, as a function of the
code distance d is defined as[108, ]:

Q

€L = d+1°’ (6.1)
2

A

where C'is a fitting constant, and A is an exponential error suppression factor, proportional
to %, Pin is code threshold, and p is a physical error per operation. This holds true if, and
only if, the following conditions are met:

1. Fault-tolerance threshold: physical error rates must fall below a threshold pyy,, referred
to as the fault-tolerance threshold.

2. Locality: errors should be localized, allowing for their detection and correction through
stabilizer measurements.

3. Stability: high performance should be maintained consistently over many QEC cycles.

Failure to meet these conditions may result in the total overhead of the QEC scheme sur-
passing the performance of logical qubits compared to that of the physical one. Therefore,
ensuring that these conditions are met is critical for the successful implementation of QEC.

In our research group, we focus on the implementation of QEC with surface code. Surface
code is experimentally attractive due to its modest requirements on the quantum hardware-
specifically, requiring only nearest-neighbor coupling, and 1% error threshold, significantly
higher than those of other codes like Shor and Steane [11, 22, 98]. Despite this modest error
threshold, the surface code demands encoding more physical qubits to implement the same
code distance. In addition, successful implementation of QEC with surface code is challeng-
ing, satisfying the aforementioned conditions and exhibiting extremely low tolerance to yield
problems. This underscores the critical importance of ensuring that all physical components
operate precisely as intended, as detailed in Chapter 4.

Over the past four years, there has been notable acceleration in the progress of superconducting-
based QEC experiments. State-of-the-art experiments have demonstrated QED of both errors
using a small 2D surface code, known as Surface-7 (d = 2) [25, 74, , ], exponential
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suppression of one type of errors (either bit- or phase-flips) using 1D repetition codes [25], a
correction of both bit- and phase-flip errors in a d = 3 surface code [26, , , ], and
a proof-of-concept suppression of logical errors achieved by scaling the surface code from
d = 3to d = 5 [26]. These experiments signify the importance of achieving and maintaining
high-fidelity quantum operations calibrated as part of a multi-qubit processor, rather than be-
ing tuned in isolation. In the next section, | introduce our strategy for the optimal calibration of
the QEC cycle as parallel and orthogonal block units.

6.2 A distance-3 surface code

A distance-3 surface code (Surface-17) is the smallest code capable of error correction,
given that the maximum number of correctable errors is % This code utilizes nine data-
carrying qubits to form one logical qubit, which is stabilized by the eight X and Z stabilizer
measurements. Our quantum circuit for this code completes in a total of 960 ns, as illustrated
in Figure 6.1. Importantly, it has the ability to detect and correct any arbitrary single-qubit error
on both data and ancilla qubits.

The backbone of a QEC code relies on stabilizer measurements, also known as quantum
parity checks [11, 24, 72, 73, 98]. They detect bit- or phase-flip errors by repeatedly measuring
Z-type (X -type) parity operators I1;.X; (II;Z;), where i denotes data qubits on the corners of
the green (blue) plaquettes. Standard quantum circuit for measuring X - and Z-type stabilizers
[Figure 6.1] involve a sequence of coherent interactions on an ancilla qubit with its nearest-
neighbor data qubits, followed by projective ancilla measurements. The order of two-qubit
gates operating in the parity checks is important for two reasons [98, ]. First, data qubits
shared between adjacent plaquettes must complete all their interactions with one ancilla
before engaging with the other. Second, the S (N) pattern for X-type (Z-type) stabilizers
imparts resilience to single ancilla-qubit errors, even in a compact surface code like Surface-
17.

Our group has previously studied and compared the performance of various stabilizer mea-
surement schemes: fully-parallel (Fig. 3 in [98]), parallel (Fig. 4b in [107]), and pipelined (Fig.
5in [196]). In parallel schemes, all ancilla measurements are executed simultaneously at the
end of each QEC cycle, as depicted in Figure 6.1. In contrast, the pipelined scheme inter-
leaves the coherent operations and the parity measurement of one ancilla type with the other.
A stabilizer scheme is scalable if the QEC cycle time is independent of the number of data
qubits. In this regard, both pipelined and parallel schemes are scalable, while the fully-parallel
scheme necessitates an increasing number of detuning sequences and detuning ranges as
the fabric expands. Every stabilizer scheme comes with its own caveats. For instance, the
pipelined scheme offers a shorter QEC cycle time. However, the pipelining process introduces
additional dephasing on ancilla qubits of one type during the readout of the other. In the case
of Surface-17, we aim to choose between the two options: either the parallel or pipelined
stabilizer scheme.
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Figure 6.1: A distance-3 QEC cycle. The quantum circuit illustrates the parallel scheme
for a distance-3 surface code implemented in a 17-transmon device. Initially, the data qubit
register is prepared in a product state of all 0’'s. Subsequently, a Logical zero state, |0y,),
is initialized by executing one round of X and optionally Z stabilizer measurements. The
Z stabilizer measurement can be omitted during this initialization round as it is not strictly
necessary. The logical state is then stabilized by iteratively interleaving the coherent part of
X and Z stabilizers before conducting projective measurements for all eight ancilla qubits.
In parallel, a dynamical decoupling sequence involving single echo pulses is applied to data
qubits to alleviate dephasing during measurement. Overall, the total duration of one round
is 960 ns, with the coherent segments of single and two-qubit gates taking 280 ns, and the
measurement phase completing in 420 ns.

Our proposed stabilizer schemes, both parallel and pipelined, are designed to achieve the
following objectives:

1. Optimized coherence: transmons should maximize the use of coherence times at the
flux symmetry point, known as the sweetspot. This holds true unless the qubit strongly
interacts with a two-level system defect at the sweetspot. In such cases, we bias the
qubit off-sweetspot, utilizing a static current offset to minimize any parasitic interactions.

2. Desired avoided crossings: flux-pulsed transmons must avoid crossing any other in-
teraction zones on their way to or from the intended avoided crossings, realizing CZ
gates.

3. Fixed flux dance sequences: implementing a fixed number (eight steps for Surface-17)
of flux-pulsing sequences, referred to as the flux dance [98], as depicted in Figure 6.2.
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Figure 6.2: Flux Dance of two-qubit gates in a distance-3 surface code. This fixed se-
quence illustrates the order of CZ gates employed to implement the eight X and Z stabilizer
measurements in a distance-3 surface code. Additional parking pulses (depicted by dashed
circles) are necessary at each step to prevent frequency overlap with the desired avoided
crossings, specifically |11)-|02), achieved through sudden net-zero gates [69]. The flux park-
ing pulses are sudden and bipolar, synchronized with the three parallel two-qubit gates at each
step. The S (N) pattern for X -type (Z-type) stabilizers imparts resilience to single ancilla-qubit
errors, even in this small code.

This pattern is extensible beyond 17 qubits. In each step (60 ns), three two-qubit gates
(solid black frames) are implemented with additional parking pulses (dashed black
frames) on spectator qubits to avoid any undesired interactions.

6.3 Highly parallel and orthogonal calibration strategies

Successful implementation of QEC hinges on calibrating and maintaining high performance
over many QEC cycles. Here, the challenge is to collectively tune the building blocks to their
optimal performance in a continuously-running multi-transmon processor. Various forms of
crosstalk, such as residual-Z Z, microwave, flux, and measurement crosstalk, introduce sig-
nificant errors when transmons operate concurrently, are spatially close, or both. Developing
calibration routines to mitigate these errors is absolutely pivotal for the successful realization
of a QEC experiment. These routines highly impact the overall physical error rates and the
incidence of errors in time or/and space dimensions. Ultimately, this contributes to the QEC
ability to precisely detect and correct errors, ensuring the stabilization of the logical state.
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Figure 6.3: Vertical calibration for a distance-3 surface code focuses on tuning and align-
ing three parallel CZ gates involved in each of the 8 steps, constituting the complete distance-3
flux dance. This improves two-qubit gate performance by mitigating flux crosstalk during si-
multaneous operations. This process assumes two preliminary calibrations: the calibration of
delay offsets to inter-align all possible gates and measurements, and the calibration of flux
pulse distortion using a cryoscope routine [103].

6.3.1 \Vertical calibration

Vertical calibration (VC) concerns the optimization of parallel two-qubit gates involved the
flux dance depicted in Figure 6.2. The sequence involves eight steps, each comprising three
parallel CZ gates. Ensuring the proper alignment of the three simultaneous CZ gates (solid
frames) and their corresponding parking flux pulses (dashed circles) is essential. This align-
ment in time avoids overlapping with other interaction zones during the CZ gates’ execution
and absorbs errors due to parallelization during the tune-up process.

Before the start of the VC, two prior calibrations are required: fine-timing delays and flux dis-
tortion correction. The fine-timing calibration ensures alignment between all possible quantum
gates and measurements, while flux pulse distortions are calibrated for all 17 qubits using
simultaneous Cryoscope. This routine is a parallelized version of the procedure in [103], which
divides the calibration into two stages, one for data qubits and one for ancilla qubits. Now, VC
is ready to proceed for calibration of the parallel CZ gates.

Aligning several CZ pairs with different speed limits (e.g., different CZ pairs with different
couplings Jo) is not straightforward, imposing certain constraints. For instances, for each flux
dance step, all flux pulses on the involved qubits, including parking pulses, should be aligned
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Figure 6.4: Horizontal calibration for a distance-3 surface code focuses on calibrating one
type of parity check as a parallel block unit. This improves the overall parity check performance
by mitigating coherent phase errors resulting from residual Z Z interactions between idling
transmons. The method provides orthogonal tuning an linear dependency of the conditional
phase of the relevant two-qubit gates on their individual B amplitudes. This facilitates the fine-
tuning of CZ gates as part of stabilizer measurements. For additional details and discussion,
refer to Section 6.4.1.

with a common waiting time between the two strong flux pulses [69]. The alignment routine
should also ensure that the pair with the longest speed limit does not cross any unwanted
interaction zones.

In practice, VC is performed in two steps. The first step involves sweeping the timing param-
eters of the three flux pulses simultaneously and minimizing leakage and conditional phase
errors. This is similar to the ?,,;q landscape in Figure 4.12, but is generalized for the parallel
CZ gates. By analyzing the three landscapes, common t,,,;q4 and optimal frequency ranges
are extracted for the three gates. The second step sweeps the amplitude parameters of each
flux pulse for fine control (like AB landscape in Figure 4.13).

6.3.2 Horizontal calibration

Horizontal calibration (HC) optimizes each stabilizer measurement as a parallel block unit
[Figure 6.4]. This approach enhances the performance of the parity check as it absorbs coher-
ent phase errors due to residual Z Z interaction between idling qubits, as we will see below.
We orchestrate all 12 gates required for a specific type of stabilizer measurement—either the
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blue block for X -type or green block for Z-type ancilla qubits. Whether HC calibration signifi-
cantly affects fault tolerance is yet to be determined, as it substantially modifies the individual
conditional phase for each two-qubit gate from 180°. This remains an open question that has
not been studied in this thesis.
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Figure 6.5: Automatic calibration and benchmarking of stabilizer measurements with
GBT. (a) The calibration graph illustrates nodes and dependencies for autonomously calibrat-
ing stabilizer measurements in 17-qubit devices. It initiates with the HC of parity checks as
parallel block units. Subsequently, it validates the calibration of desired single- and two-qubit
phases in the following two nodes: phase verification and data-qubit phase calibration. The
graph concludes by benchmarking the tuned parity checks in three different aspects: parity
check assignment fidelity, Bell state generation, and a repeatability experiment, assessing
various types of errors. The overview of the achieved performance, exemplified by the Z-type
parity check for Uran device in (b), is then plotted. Similar to the previous graph strategy, the
color of the experimentally measured data is threshold-based on predefined error rates in the
codebase, providing a visual representation of the achieved performance.

6.4 Automatic calibration and benchmakring of stabilizer measurements

6.4.1 Dependency graph for stabilizer measurement calibration

In line with graph-based calibrations outlined in Chapter 4, we develop a GBT procedure
for the automated calibration and benchmarking of the eight stabilizer measurements in our
device, as illustrated in [Figure 6.5. a]. This graph starts calibration with HC for each parity
check individually, while performing the full flux dance for each stabilizer type. To understand
the optimization process of HC, we parametrize the gate interaction for the weight-2 X1 parity
check as follows:

—i0Z —ih Zx, Z —ib09Zx. Z —i03Zx. Zp, Z
U:el X1_|_€Zl Xl D1_|_612 X1 D2—|—613 X1 D1 D2’ (62)



6.4. AUTOMATIC CALIBRATION AND BENCHMAKRING OF STABILIZER
MEASUREMENTS 137

residual-ZZ
(a) (180 ns)

(b)§ 50 - (c) : ’)
2 10 | % LT
f ] rd
E 01 ~—— | 7 = e S
” 1 .
-, ! Optimal B
@ 104 -7 L0417
c | - |
o. -50 T T T T r lI T
= N N N 0.31 0.41 0.51
Before Horizontal cal. After Horizontal cal.
(CH 200 (e)
(@)}
o}
z
% 100
©
e
Q —o— ideal —o— jdeal
g 0 - —e— measured —o— measured
T T T T T T T T
o — o i o — o —
o o — — o o — —
Data qubits state, |D1D5) Data qubits state, |D1D;)

Figure 6.6: Horizontal calibration for X| parity check. (a) Quantum circuit of the X1 parity
check, performing four steps of 60 ns each to complete the full X -type flux dance. The X1 -
Do two-qubit gate is omitted for simplicity. Following the X1-D1 gate [highlighted in shaded
blue], there is an idling time of 180 ns. During this period, an additional coherent phase error
(eiZZQ) accumulates due to residual-Z Z coupling in the X; and D1 qubits. HC mitigates this
phase error by treating the parity check as a parallel block unit. (b) Example of the X{-D1
two-qubit phase (ZI) orthogonally controlled by sweeping the B amplitude [colormap curves]
of its own flux pulse. This ensures that the total two-qubit phase during the four steps of
the X -type flux dance is 180°. The terms 11, ZZ, and I Z approach zero, as explained in
the main text. (c) The desired two-qubit phase ZI exhibits a linear dependency on the B
amplitude, maintaining a minimal leakage zone [moving along the vertical fringe in the SNZ
leakage landscape [69]]. This characteristic of the SNZ gate eases the calibration of two-qubit

gates within stabilizer measurements, particularly in the presence of always-on couplings.

Phases extracted for X1 parity check compared with the ideal phases of even- and odd-parity
computational states in the data qubits before (d) and after HC. The ideal even parity phase
is 0 (mod 27), while the ideal odd parity phase is 7 (mod 27).

In practice, Figure 6.6. b shows that the first single-body-term (/) in can be corrected with a
virtual-Z gate, as presented in Figure 4.14. The last three-body term Z Z is quite small, almost
zero provided the parking frequency is correctly chosen [Figure 4.15]. Importantly, each of
the two-body terms (I Z and Z1I) can be orthogonally tuned by sweeping the individual B
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Figure 6.7: Weight-2 parity check assignment fidelity. (a) Quantum circuit of the weight-2
X -type parity check. Characterization of the assignment fidelity of stabilizer measurements
in (@) Zp, ZDy, (b) ZDyZpy, (€) ZDg ZDg, and (d) Zp, Zp,, implemented using the X,
Zo, X4, and Z3 qubits in Uran, respectively. Each parity check is benchmarked by preparing
the relevant data qubits in a computational state and then measuring the probability of ancilla
outcome mx, . Measured (ideal) probabilities are shown as solid blue bars (black wireframe).
From the measured probabilities, we extract average assignment fidelities 95.1%, 92.8%,
91.7%, and 96.3%, respectively.

parameters of the two SNZ flux pulses. The linear dependency of conditional phase on B
amplitude [Figure 6.6. c] and still achieving minimum leakage are practical features of the
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|1)4 probability

Figure 6.8: Measured weight-4 parity check assignment fidelities of X5, X3, Z1, and Z4
in Uran device. The extracted fidelities are 86.2%, 92.3%, 89.9%, and 92.3%, respectively,
averaged across the 16 prepared data-qubit states. The reported values are corrected for
residual excitation effects based on post-selection before measurement.

SNZ gate. Given the other term (I Z) remains unchanged, demonstrates orthogonality with

very small flux crosstalk effects, 1 — 2°.
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Figure 6.9: Weight-2 Bell-state generation via stabilizer measurement assesses the back-
action on data-qubit state by generating a Bell-state via weight-2 X -type parity check and
data-qubit tomography for Uran device in (a). The latter is conditioned on the ancilla outcome:
m = +1,and m = —1, yielding |¢+) = %(|00> + |11)) bell states, each with ideally
50% probability. Compared to the ideal bell state (transparent wireframes), the measured
weight-2 Bell-state fidelities are (a) 90.7% for X1, (b) 90.6% for Zs, (c) 88.3% for X4 and (d)
97.7% for Z3 stabilizers, averaged across the two ancilla outcomes. The |¢_) bell state usu-
ally achieves higher fidelity due to the |1) relaxation of the ancilla qubit during measurement
(false positive).
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To verify if X1 parity check is calibrated, we compare the measured and ideal even- and odd-
parity phases as a function of the input data qubit states, obtained by a standard conditional
oscillation experiment in phase verification node. The extracted phases show a significant
improvement with HC, demonstrating a nearly perfect weight-2 parity check, as illustrated
in Figure 6.6. d and c, respectively. Similar to the calibration process in Figure 4.14, the single-
qubit phases on data-qubits are characterized by switching the roles of target and control
qubits in the data-qubit phase calibration node [Figure 6.5. a].

6.4.2 Benchmarking of stabilizer measurement

Following calibration nodes in GBT, calibrated parity checks undergo benchmarking in three
different flavors, each signifying different types of errors. Initially, we evaluate the average
parity assignment fidelities for both weight-2 and weight-4 stabilizer measurements in Uran
device. This metric assesses the likelihood of correctly assigning the parity operator I1; X;
to the physical computational states of the data-qubit register [Figure 6.7. a]. The results
[Figure 6.7 and Figure 6.8] indicate average parity assignment probabilities of 93% and 89%
for the four weight-2 and four weight-4 stabilizers, respectively. These values are corrected for
residual excitation effects by post-selection on a pre-measurement [107, ]. Discrepancies
in the achieved fidelities are likely due to problematic two-qubit gates, especially those strongly
coupled to TLS defects or experiencing suboptimal ancilla readout, as observed in the cases
of Xo and Xy parity checks.

The subsequent benchmark assesses the impact of the stabilizer measurement on the data-
qubit state by generating a GHZ state using an X -type parity check and tomography on the
data qubits [Figure 6.9. a]. Conditioned on the ancilla qubit outcome m, either 4+1 or —1,
the reconstructed data-qubit density matrices are displayed in Figure 6.9 and Figure 6.10 for
the four weight-2 and four weight-4 stabilizers, respectively. Relative to the ideal Bell state
fidelity, we achieve average fidelities of 90.6% and 80.4%, respectively, across the two ancilla
outcomes: m = +1 and m = —1. Readout corrections are applied to each of the reported
density matrices [120].

The final benchmark evaluates the backaction of two consecutive X -type parity checks, known
as repeatability [Figure 6.11. a], while initializing the data-qubit register in the |0) state. The
first stabilizer measurement projects the state onto one of (|4)) each ideally with a 50%
probability, as the initialized state of |0) is not an eigenstate of the X stabilizer; thus, mq is
random. The ideal outcome of the second measurement my is +1 since ancilla qubit is not
being reset. To clarify, if m1 = +1, thus mo is also +1. Conversely, if m1 projects onto
the stabilizer operator subspace as —1, mo will undergo two flips, consistently resulting in
+1. The repeatability of the experiment is therefore directly characterized by the probability
of the second ancilla measurement, R = P(mg = +1). On average, we achieve 89% and
80% for the weight-2 and weight-4 stabilizers in [Figure 6.11 and Figure 6.12], respectively.
The obtained results account for errors originating from both parity assignment errors and
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Figure 6.10: Weight-4 Bell-state generation via stabilizer measurement. Reconstructed
data-qubit density matrices resulting from weight-4 stabilizer measurements of Xz in (a), X3
in (a), Z1 in (a), and Z4 in (a) for Uran device. The extracted Bell state fidelities are 66.4%,
84.4%, 65.5%, and 73.6%, respectively, averaged across the two ancilla outcomes.
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Figure 6.11: Weight-2 parity check repeatability quantifies parity assignment errors and
the disturbance on data qubits by measuring two back-to-back X -type parity checks while
initializing the data-qubit register in the \0) state. A dynamical decoupling sequence of X
gates on data qubits is scheduled halfway during the first ancilla measurement (not shown
here). The first measurement outcome m is ideally random, while the second outcome mo
is always +1 since the ancilla qubit is not being reset. The measured weight-2 parity check
repeatability probabilities, defined as P(mg = +1), are (a) 83.6% for X1, (b) 85.5% for Zg,
(c) 78.5% for X4, and (d) 91.8% for Z3 stabilizers.

the disturbance on data qubits due to stabilizer measurements. In addition, it is the minimal
setup for a repeated QEC code. In fact, R is the ultimate benchmark we calibrate for before
executing a higher circuit depth code.

To understand the limits of repeatability, we conducted density matrix simulations in collabora-
tion with the Terhal group, using parameters from our experiments. An example of the weight-4
repeatability circuit for Aurelius device is presented in Figure 6.13. Circuit components were
incrementally modeled to simulate repeatability. Single- and two-qubit gate processes were
parameterized by decoherence, gate fidelity, and leakage rate. The measurement error model
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Figure 6.12: Measured weight-4 parity check repeatability for (a) Z1, (b) X2, (c) X3, and
(d) Z4 stabilizers. The obtained probabilities P(mg = +1) are 83.5%, 61.4%, 81.1%, and
80.9%, respectively. The extremely low value for the Xo stabilizer is attributed to a strong
coupling to a TLS defect mode on qubit X5 at its flux sweetspot. Later on, we developed new
two-qubit gates, DC and Camalback flux pulses, to mitigate this issue.

was defined by readout fidelity and QNDness probability. Panel .b compares the measured
(dashed bars) and simulated (colored bars) repeatability values, revealing a generally reason-
able agreement for most stabilizers in Aurelius. However, the repeatability for the Zo stabilizer
is notably underestimated, likely due to measurement-induced transitions during ancilla qubit
readout, which were not captured by the previous models.

Overall, these findings suggest that decoherence, primarily caused by idling during measure-
ment time of 720 ns, is the leading source of error. To address this issue, recent upgrades to
Uran involved enhancing the hybridization of the readout resonators using the shoelace tech-
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nique (see Section 4.1.2) and fine-tuning the design parameters of the readout, specifically
Keft/2m and 2x/27 [131]. These improvements reduced the measurement time to 420 ns,
significantly enhancing repeatability achieved in Uran device [Figure 6.11 and Figure 6.12].
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Figure 6.13: Understanding the limits of repeatability using density matrix simulations.
(a) Quantum circuit of a weight-4 repeatability for Aurelius device. (b) Comparison of measured
and simulated repeatability values using various error models. Single and two-qubit gate
processes are parametrized by decoherence, gate fidelity and leakage rate. Measurement
error model is defined by readout fidelity and QNDness probability. Decoherence contribution
is likely higher due to reduced T5 at interaction points during two-qubit gates.

The GBT graph completes in 8 min per each stabilizer measurement. This graph also pro-
vides a summary of the achieved performance, exemplified by the Z-type stabilizer in Uran
(refer to Figure 6.5. b). Once more, the measured data is color-coded based on predefined
error rates in the code base. sFluctuations in performance may occur due to suboptimal circuit
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elements. Our attention is directed on identifying and addressing faults in these elements to
enhance performance before executing an algorithm.

6.5 Small-scale quantum error correction experiments

6.5.1 A bit-flip distance-3 surface-code

While our 17-qubit device is purposely designed for the complete implementation of a distance-
3 surface code, capable of detecting and correcting single bit- and phase-flip errors through
repeated measurements of the X and Z stabilizers, strong interaction with TLS defects poses
a substantial challenge. This interaction can severely compromise the operational fidelities
of single-qubit gates, readout and particularly flux-based two-qubit gates, thereby posing a
significant threat to the successful implementation of a QEC code.

In response, we shift our focus to a less demanding code such as a bit-flip distance-3 surface
code (Surface-13). This code requires a total of 13 qubits [Figure 6.14. a]: 9 data-qubits
and 4 Z-type ancilla qubits, taking into account potential yield issues with the X -type ancilla
qubits. We note that all the strategies developed to mitigate the impact of TLS, as presented
in Chapter 4, were recently developed. Importantly, this code serves as a simple testbed for
investigating decoding strategies and quantifying the link between logical and physical qubit
performance.

The device building blocks are calibrated with dependency graphs (see Chapter 4). Measured
qubit frequencies [Figure 6.14. b], which are biased at their simultaneous sweetspot. After
benchmarking, We achieve average error rates of 0.1% for single-qubit gates, 1.2% for two-
qubit gates, and 1.5% for single-qubit readout [Figure 6.14. c]. The four Z-type stabilizer
measurements are then calibrated using VC and HC strategies, as previously discussed.
The average parity assignment fidelities for the two weight-2 and two weight-4 stabilizer
measurements [Figure 6.14. d] are 94.6% and 91.1%, respectively.

We now investigate the performance of this Surface-13 code using the 3x 3 data-qubit array
to encode the |0y, ) state. This state is defined as a uniform superposition of the 16 data-qubit
computational states as follows:

01,) = 000000000) 4 |110000000) 4 000000011} + |011011000)
+[110000011) + [101011000) 4 |000110110) + [000110101)
+[110110110) 4 [110110101) + [101101110) + [101101101)
+]101011011) 4 [011101110) 4 |011101101) + |011011011)

These computational states are eigenstates of the Z-type stabilizers and the logical operator,
Z1,, of the surface code, with eigenvalue +1. Therefore, they can be used to protect a logical
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Figure 6.14: A bit-flip distance-3 surface code. (a) Device layout with flux-tunable trans-
mons at vertices and fixed coupling resonator buses indicating nearest-neighbor connectivity.
Shaded plaquettes and vertices are inactive in this experiment. (b) The qubit frequencies
measured at their simultaneous flux sweetspot using spectroscopy techniques. To mitigate
spectator effects during two-qubit gates [87], ancilla qubits X2 and X3 are statically biased to
the lower sweetspot, below 4 GHz. (Continued on next page)
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Figure 6.14: (Continued from previous page) (c) Cumulative distribution of individually
achieved error rates for single-qubit gates, two-qubit gates, and single-qubit readout. Single-
and two-qubit gates are completed in 20 ns and 60 ns, respectively, while measurement
duration takes 420 ns (d) Average assignment probabilities of the four stabilizer measure-
ments. The measured probabilities (solid blue bars) are compared with the ideal ones (black
wireframe) to obtain average assignment fidelities: 96.3%, 89.9%, 92.3%, and 92.8%, re-
spectively. () The quantum circuit used to measure all four Z stabilizers for a bit-flip code over
many QEC rounds. The initial state (orange) is one of the 16 computational basis states that
comprises the logical |0r,) state. The correction is tracked using a Pauli frame update based
on all intermediate ancilla outcomes and final 9-bit string of the data-qubit measurements to
declare a final bit outcome, mp, = +1.

qubit from single bit-flip errors, similar to the d = 3 repetition code [85, ]. To do this, the
data-qubit register is prepared in one of these states (orange box in Figure 6.14. e), and is
stabilized against bit-flip errors by performing repeated Z-type stabilizer measurements over
many QEC rounds. Each round completes in 700 ns including the coherent step and ancilla
measurements. Half-way during ancilla measurements, a Xy, operator is applied using single
echo pulses on the nine data qubits. This alternates between |0y,) (in even rounds) and
|11,) (in odd rounds) states, symmetrizing the errors and minimizing the dependence on the
initialized state. This is useful for the performance of decoders on later stages.

After N rounds, a logical Z measurement is performed by measuring data qubits in the Z
basis. The bit outcomes of the data-qubit measurements and all intermediate quantum parity
checks are used to perform a Pauli frame update and declare a final bit outcome, my,, as
shown in Figure 6.14. e. mp, is 41 if the 9-qubit Z-type parity is even and —1 otherwise.

For each input state (an example is illustrated in Figure 6.15. a), the ancilla qubit outcome
ideally yields an eigenvalue of +1. However, due to residual excitation, decoherence and
readout errors on both ancilla and data qubits, ancilla qubits have finite probability that they
ends up with an eigenvalue of —1. The information obtained solely from the ancilla mea-
surements is generally insufficient to accurately deduce the errors that have occurred. To
isolate individual error events, the error syndrome s; = m;_1 @ m; is computed, where
m; represents the vector of binary ancilla qubit readout outcome at round i. Unlike previous
work where ancilla qubits are reset between rounds [168], in this case, they are not. The
defects are defined as d; = s;_1 P s;, reflecting changes in the error syndromes (inset of
Figure 6.15. b). This quantity reflects the incidence of physical qubit errors accumulated on
ancilla qubits throughout the rounds. In addition to the syndromes estimated from the ancilla
readout, two additional rounds of syndromes are included when estimating the defects: at the
start of the rounds, we append an s_1, under the assumption of an ideally prepared state is
a vector of all 0’s, and at the last round, calculating a final syndrome from the nine data-qubit
measurements.
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Figure 6.15: Error-detection fraction and accumulated leakage. (a) Initialization for one
of 16 input states on the data qubits, followed by repeated Z-type parity checks to stabilize
against bit-flip errors. (b) Error-detection probability, known as defect rate, illustrates the X
errors detected over 16 rounds for individual (light color) and average (solid color) weight-2
and weight-4 stabilizers. (c) Post-selected fraction of data after discarding runs where leakage
was detected in any of the ancilla qubits. (d) Quitrit readout for ancilla qubits showing integrated
readout signal data for about 10° shots of each different qutrit state. The white cross and
dashed circle denote, respectively, the center and area corresponding to 40 obtained from a
gaussian-distribution fit to the data. The black dashed lines show the three projection axes
used to assign the qutrit state. (e) Accumulated leakage of ancilla (orange) and data qubits
(red) over QEC rounds.

The error-detection probabilities for the weight-2 (blue) and weight-4 (orange) stabilizer mea-
surements [Figure 6.15. b] illustrate defect rates over 16 QEC rounds. At the boundary round N
= 1, the detection fraction is reduced due to low readout errors of data-qubit initialization. This
value is also corrected for residual excitation effects by post-selecting on a pre-measurement.
Over rounds, these probabilities incrementally increase, eventually stabilizing at approximately
13% for weight-2 and 23% for weight-4 stabilizers, respectively. This gradual increase over
rounds indicates long-term correlated errors, mainly attributed to leakage by various work in
literature [25, 26, ]-

As we continue to investigate the observed gradual increase of errors over time, we turn our
attention to leakage. Transmons are vulnerable to leakage in most of their operations (particu-
larly for two-qubit gates and measurement). Detecting leakage can be achieved through direct
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measurements using dispersive readout. In our surface-code implementation, ancilla qubit
leakage can be detected by directly measuring them after each stabilizer measurement [141].
To this end, a three-state (or qutrit) readout on ancilla qubits is essential. Using optimized
readout pulse and integration parameters for two-state readout, qutrit readout is characterized
for the three states: |g) (blue), |e) (red) and |f) (green). The acquired data [Figure 6.15. d]
for any two given states are projected along the axis that maximizes signal distinguishability,
and a threshold (black dashs) is established to optimize fidelity between each pair of states
(see Chapter 4 for more details).

By combining qutrit readout with state assignment using linear regression fitting techniques
[197] (shaded areas with linear boundary lines in Figure 6.15. d), we enable the detection of
ancilla-qubit leakage in each round of stabilizer measurement. Similarly, accumulated leakage
on data qubits can be measured during the final nine data qubit measurements. Measured
leakage population on ancilla- and data-qubits are depicted in Figure 6.15. e, assuming
all leakage populations go the \f} state. While a substantial buildup of leakage on ancilla
qubits is observed, reaching a steady state at approximately 10% on average across the
four ancilla qubits (solid curve), the leakage population on data qubits is small, except for
one outlie—qubit Dy. This suggests that the accumulated leakage primarily stems from
measurement-induced leakage [61, , , ]. It is crucial to note that the extracted
leakage populations are corrected for readout errors using the 3 X3 qutrit assignment readout
1111), |2222). This may
explain why some leakage rates are negative, potentially indicating a shift in the readout
blobs in the 1Q plane due to readout crosstalk effects. Ideally, readout correction should be

matrix for the measured qubits, with diagonal elements |0000),

performed using the full multiplexed readout matrix for the qubits measured in parallel.

To assess how leakage impacts error-detection probability, we employ three-level readout
data and discard shots where leakage is signaled (dashed curves in Figure 6.15. b). Interest-
ingly, this manifests in two signatures: either a slight offset of the error-detection probability
(dashed blue) or flatter the probability curves (dashed orange). The latter suggests that grad-
ual increase in defects over time can be attributed to leakage. These data allow us to extract
a leakage detection rate, I' [Figure 6.15. c], approximately 21%. It becomes evident that
leakage post-selection is not a scalable approach, as only 3% of data remaining after dis-
carding all leakage runs on both ancilla and data qubits. Additionally, this approach may be
compromised by the relatively low quitrit fidelities, leading to more data being discarded than
necessary. This excessive data discard is responsible for the observed offset in defect rates.
For these reasons, we abandon using post-selection on leakage and instead leverage it as a
detection tool for accumulated leakage throughout the rounds. We also use qutrit readout to
evaluate the LRU efficacy, see Chapter 5.
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Figure 6.16: A Pairwise correlation matrix between detection nodes being measured by
Z-type ancilla qubits over 16 QEC rounds. Major ticks correspond to the four stabilizers, while
minor ticks indicate the 16 rounds. Two scales are used in this representation: a blue-full scale
defined by the maximum correlation coefficient and a red scale, maintaining the same range
but saturated at a smaller value to emphasize smaller correlations.

To further understand the link between detected errors and physical error mechanisms, we es-
timate the pairwise correlations, known as P;;, between detection nodes across QEC rounds
for the four stabilizers [Figure 6.16] by using the following expression [25]:

(zi7j) — (wi)(T§)

P~ e (1 2lay)

(6.4)

where x; = 1 if there is a defect event and x; = 0 otherwise. The expression assumes
correlations are pairwise and total error rates are sufficiently low.

To interpret the matrix [Figure 6.16], we highlight the following features:
1. Light green edges correspond to time-like errors triggering two defects in two consec-

utive QEC rounds. In this example, the defects, xz, , = 27, 141 = 1, are due to
ancilla-qubit errors on qubit Z;.
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Figure 6.17: Logical performance using various decoding strategies. (a) Logical fidelity
of the approximated |0r,) state, obtained by averaging the logical decay of the 16 input states,
as a function of QEC rounds. (b) €1, for various decoders detailed in the main text. (¢) QED
post-selection fraction of data as a function of QEC rounds. (d) Best extracted €1, over time,
highlighting progressive improvements due to optimized calibration strategies.

2. Dark green edges are also time-like errors resulting from measurement errors on ancilla

qubits. These lead to two defects in two QEC rounds apart. Here, the defects, xz, » =
Tz, 142 = 1, are separated by one round since ancilla qubits are not being reset.

Otherwise, measurement errors would produce two defects in two consecutive rounds,

similar to the previous case [25].

. Purple edges denote space-like errors, which signal two defects in two different stabi-

lizers. Typically, errors on data qubits produce these correlations, with an exception of
boundary data qubits, i.e., low-frequency qubits in this code. The latter leads to single
defects signaled by individual stabilizers, known as boundary errors. In the highlighted

example, single-qubit errors on qubit D5 produce two defects on both stabilizers Z; and

Z4.
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4. Dark gray edges are spacetime-like errors. They show data qubit errors occurring during
the CZ gates, which cause detection events offset by one unit in time and space.

5. Dark orange correlations represent the buildup of errors over time. As mentioned earlier,
these are attributed to leakage, mainly caused by ancilla measurements and faulty two-
qubit gates.

All the aforementioned features represent actual physical error mechanisms, guiding our focus
on where to investigate errors. This underscores the effectiveness of this matrix.

We employ various decoding strategies to infer a logical fidelity for the |0L> state [Figure 6.17.
aj:

1. No corr (blue) is a logical operator which is obtained by the multiplication of the 9-bit
string of the final data-qubit measurements.

2. QED (black) post-selects data where all stabilizer outcomes are +1.

3. Look-up table (LUT) decodes ancilla syndromes assuming all errors are on data qubit,
i.e., ignoring the presence of errors on the ancilla qubits (space-biased decoder). The
LUT decoder (green) is programmed to store most probable correction based on each

of the possible combinations of observed defects at a given round. The most probable
data qubit correction is estimated from a simple model, assuming that bit-flip errors on
each data qubit occur with equal probability.

4. LUTD (orange) is similar to the previous decoder, but it only considers final data-qubit
measurements and completely ignores ancilla syndromes. LUTD decoder signifies the
role of ancilla syndromes in the decoding process.

5. Minimum weight perfect matching (MWPM) find the most probable errors that result
in the observed detection events deduced from a decoding graph. This decoder (red)
employs a simulated Pj; matrix derived from a Stim simulation based on simple de-
polarizating error models, and matches it to the experimentally measured matrix [Fig-
ure 6.16].

6. Soft (purple) is a re-weighted MWPM decoder based on soft information of the acquired
1Q readout shots. For more details, refer to Chapter 7.

7. NN decoder (brown) uses a recurrent neural network (NN) with experimental training
datasets. This approach follows the work in this reference [198].

8. S+NN (pink) combines the two previous decoders to decode experimental datasets for
the first time, see Chapter 7.

The averaged logical fidelity of the 16 input states [Figure 6.17. a], approximating |0r,), is
depicted as a function of QEC rounds using the previous decoding techniques. Each individual
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data point represents 100, 000 repetitions. The logical |Or,) curve exhibits an exponential
decay as bit-flip errors accumulate over the QEC rounds. For each data set, we fit the decay
curves to extract €1, see Chapter 7 for more details.

The extracted €r, are summarized by the bar plot [Figure 6.17. b]. As expected, €1, no corr
shows the worst error rate, quickly decaying to the randomization level after 4 rounds, signify-
ing the importance of error correction. The extracted error rates gradually improve from using
conventional decoders such as LUT table and MWPM to NN and soft information decoders.
S+NN decoder yields the best logical error rate of 4.7%, attributed to overall better matching
errors causing multiple correlated syndrome defects and exploiting the rich information of the
analog readout data to perfectly assign ancilla outcomes. It is crucial to note that, as X -type
parity checks of the full distance-3 surface code are not measured, the error rate of logical X
is likely higher. This is likely to underestimate e, for the |0r,) state. However, this does not
qualitatively change the nature of the decoding problem.

The logical fidelity curve for the QED approach (excluded in panel b) remains almost flat over
16 rounds, indicating that most errors detected by the four stabilizers are weight-1 errors [74,

]. The low amount of data left after post-selection (approximately 2% after 16 rounds, as
shown in Figure 6.17. c) signifies the impracticality of using this approach. This emphasizes
the necessity of an error correction technique.

Experiment is rarely a smooth ride, often requiring multiple attempts to achieve success.
They serve as valuable learning experiences, guiding us through a journey of educated trial
and error. Throughout this process, we refined our calibration and benchmarking procedures
(see Chapter 4), addressing challenges posed by TLS defects. Our decoding strategies also
evolved to maximize the benefit of IQ readout data, eventually leading to a gradual reduction
in the logical error rate for the |Op,) state. The progress is evident in Figure 6.17. d, showing
the best extracted e, for the optimal decoder over six versions. The best decoder of version
6 (S+NN) demonstrates a notable improvement, roughly threefold, in the extracted €g,.

6.5.2 Initial attempt toward the realization of Surface-17

In our initial attempt to implement a Surface-17 code on Aurelius device in June 2022, we
integrated essential components for a full distance-3 code. We attempted stabilization of the
logical state |0r,) by initializing the data qubit register in the |0)* state and performing
repeated X and Z stabilizer measurements over multiple QEC rounds (refer to Figure 6.18.
a). By looking at the incidence of physical qubit errors through changes in the stabilizer parity
syndrome outcomes, we observed defect probabilities approaching 0.5 (randomness) after
four rounds for most stabilizers, indicating a high rate of physical errors affecting the logical
qubit (see Figure 6.18. b).
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(a) QEC cycle for a distance-3 code (Aurelius) (b) Error detection probabilities for the eighth
1120 ns stabilizers in Surface-17
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Figure 6.18: Initial attempt for the realization of a distance-3 QEC code (a) QEC quantum
circuit used to measure the stabilizers of Surface-17. (b) Defect probability as a function of
the number of rounds for each stabilizer of the Surface-17 code.

Several factors contributed to these high error rates at the time, although detailed experiments
on these aspects are not presented here. First, suboptimal readout with extremely low disper-
sive shifts with respect to effective readout linewidth led to driving in the non-linear regime.
This was done to achieve high fidelity readout, but resulted in non-QND measurements and
increased measurement-induced transitions [61, , , ]. Second, high residual-Z Z
couplings (a worst-case scenario of approximately 850 kHz) induced significant spectator
effects, such as high coherent phase errors and elevated leakage rates during two-qubit gates,
dependent on the neighboring qubit state.

In our latest Surface-17 design (version 6b), like for Uran device, we addressed these issues
by augmenting the dispersive shifts, through the increase the coupling strength between
the qubit and readout resonator modes, and lowering Z Z couplings by a factor of four, by
reducing the transverse nearest-neighboring couplings by a factor of two. This improved
overall device performance, as elaborated in Chapter 4. Upon resolving these issues, our
focus turned to prominent source of error in the calibration of sudden net-zero gates. This led
us to developing new gate schemes for the mitigation of strong interaction with TLS defects.
These improvements significantly enhanced both fidelity and stability in our two-qubit gates.

Although our PhD timeline has concluded, these experiences have provided valuable insights.
We now pass on our knowledge to the new PhD generation, who are well-positioned to
achieve a successful implementation of the distance-3 Surface code. With improved readout
performance, reduced Z Z coupling, enhanced and stable two-qubit gate performance, and
leakage reduction units, the prospects for realizing a robust Surface-17 code are brighter.

6.5.3 A bit-flip repetition code: scaling from distance-3 to distance-7

Despite suboptimal design choices and the calibration methods applied, we observed expo-
nential suppression of bit-flip errors in a 1D repetition code across different code distances
(d = 3,d = 5,and d = 7) using Aurelius device. We achieved an exponential error sup-
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pression factor, denoted as A in Equation (6.1), of 1.15 for a bit-flip code. To attain this
result, our collaborator, Boris M. Varbanov from the Terhal group, employed various decoding
strategies to improve the extracted logical error rate for each code distance. Additionally, he
performed density matrix simulations to investigate the primary error sources influencing the
logical performance. Simulation suggested that the logical error rate is primarily dominated
by qubit relaxation times and measurement error rates. Further details about the experiment,
the decoding techniques employed, and the performance of the logical qubit are summarized
in Chapter 7 of Varbanov’s PhD thesis [199].
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Quantum error correction enables the preservation of logical qubits with a lower logical er-
ror rate than the physical error rate, with performance depending on the decoding method.
Traditional error decoding approaches, relying on the binarization (‘hardening’) of readout
data, often ignore valuable information embedded in the analog (‘soft’) readout signal. We
present experimental results showcasing the advantages of incorporating soft information into
the decoding process of a distance-three (d = 3) bit-flip surface code with transmons. To
this end, we use the 3 X 3 data-qubit array to encode each of the 16 computational states
that make up the logical state |0r,), and protect them against bit-flip errors by performing
repeated Z-basis stabilizer measurements. To infer the logical fidelity for the |0r,) state, we
average across the 16 computational states and employ two decoding strategies: minimum
weight perfect matching and a recurrent neural network. Our results show a reduction of up
to 6.8% in the extracted logical error rate with the use of soft information. Decoding with soft
information is widely applicable, independent of the physical qubit platform, and could reduce
the readout duration, further minimizing logical error rates.

This chapter has been accepted to Phys. Rev. Appl. and it is currently in press [200]
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7.1 Historical context

Small-scale quantum error correction (QEC) experiments have made significant progress
over recent years, including fault-tolerant logical qubit initialization and measurement [32,

], correction of both bit- and phase-flip errors in a distance-three (d = 3) code [26, ,

], magic state distillation beyond break-even fidelity [201], suppression of logical errors by
scaling a surface code from d = 3 to d = 5 [26], and demonstration of logical gates [30]. The
performance of these logical qubit experiments across various qubit platforms is dependent
on the fidelity of physical quantum operations, the chosen QEC codes and circuits, and the
classical decoders used to process QEC readout data. Common error decoding approaches
with access to analog information often rely on digitized (binary) qubit readout data as input
to the decoder. The process of converting analog to binary outcomes inevitably leads to a
loss of information that reduces decoder performance.

Pattison et al. [202] proposed a method for incorporating this analog ‘soft’ information in
the decoding of QEC experiments, suggesting a potential 25% improvement in the threshold
compared to decoding with ‘hard’ (binary) information. The advantage of using soft information
has also been demonstrated on simulated data with NN decoders [198, ]. Soft information
decoding has also been realized for a single physical qubit measured via an ancilla in a
spin-qubit system [34] and for a superconducting-based QEC experiment with a simple error
model assuming uniform qubit quality [182]. The incorporation of soft information with variable
qubit fidelity can in theory provide further benefit when decoding experimental data. However,
this can be challenging as additional noise sources (e.g., leakage and other non-Markovian
effects) add complexity; therefore, the advantage of decoding with soft information is not
guaranteed.

In this chapter, we demonstrate the use of soft information in the decoding process of ex-
perimental data obtained from a bit-flip d = 3 code in a 17-qubit device using flux-tunable
transmons with fixed coupling. Unlike a typical d = 3 surface code with both X and Z stabiliz-
ers, we repeatedly measure Z-basis stabilizers and protect against bit-flip errors throughout
varying QEC rounds. This approach allows us to avoid problematic two-qubit gates between
specific pairs of qubits that occur due to strong interactions of the qubits with two-level system
(TLS) defects [43], utilizing 13 out of the 17 qubits in the device [Figure 7.1(a)]. We refer
to this experiment as Surface-13. We encode and stabilize each of the 16 computational
basis states that occur in the superposition of the |0r,) state and approximate its performance
by averaging across these states. We employ two decoding strategies to extract a logical
fidelity: a MWPM decoder and a recurrent NN decoder. For each strategy, we compare the
performance across two variants: one with soft information and one without. With soft infor-
mation, the extracted logical error rates are reduced by 6.8% and 5% for the MWPM and NN
decoders, respectively.
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Figure 7.1: Surface-13 QEC experiment. (a) Device layout, with vertices indicating flux-
tunable transmons, and edges denoting nearest-neighbor coupling via fixed-frequency res-
onators. Nine data qubits in a 3 x 3 array (labeled D, dark gray) are subject to 4 Z-basis parity
checks realized using ancilla qubits (green). Light grey vertices and edges are not used. (b)
Quantum circuit for experiment over 2 QEC rounds, each round taking 700 ns. During ancilla
measurement, a X1, operation implemented transversally with 7 pulses on all data qubits is
applied to average the logical error over the logical subspace. We show the 16 computational
states that we average over. We employ various methods in post-processing to decode the
measurements and determine the value of the logical observable, m, [134].

In our d = 3 code [Figure 7.1(a)], the |OL> state is defined as the uniform superposition of
the 16 data-qubit computational states shown in Figure 7.1(b). These computational states
are eigenstates of the Z-basis stabilizers and the logical operator, Z1,, of the surface code,
with eigenvalue +1. Therefore, they can be used to protect a logical qubit from single bit-flip
errors, similar to the d = 3 repetition code [85, ]-

The experimental procedure begins by preparing the data-qubit register in one of the 16
physical computational states, as shown in Figure 7.1(b). Next, repeated Z-basis stabilizer
measurements are performed over a varying number of QEC rounds, R, to correct for bit-flip
errors in the computational states of the data qubits. Each round takes 700 ns, with 20 ns
and 60 ns for single- and two-qubit gates, respectively, and 420 ns for readout. The logical
state is flipped during the ancilla measurement in each QEC round using the X7, = X®9
transversal gate to symmetrize the effect of relaxation (77) errors, minimizing the dependence
on the input state. A final measurement of all data qubits is used to determine the observed
logical Z1, outcome and compute final stabilizer measurements. The physical error rates of
single-qubit gates, two-qubit gates, and readout are 0.1%, 1.6%, and 1.2%, respectively,
averaging over the 13 qubits and 12 two-qubit gates used in the experiment. Further details
about the device, calibration, and parity-check benchmarking are provided in Sections 7.6.1
and 7.6.2.

We employ two decoding strategies to infer a logical fidelity, F1,, for each input state: a
MWPM [204, ] decoder and a NN decoder [198, ]. For each strategy, we consider
two variants based on using soft or hard information from the recorded IQ readout data, as
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explained below. The decoder determines whether the outcome Z1, needs to be corrected
(flipped) based on the values of combinations of certain measurements (see below), and
decoding success is declared if this corrected readout, m[,, matches the prepared state. We
calculate F7, for a fixed R € {1,2,4,8,16} and each input state as the fraction of suc-
cessfully decoded runs. Finally, F1, is averaged over the 16 physical computational states,
approximating the logical performance of the |OL> state.

Qubit readout is performed by probing the state-dependent transmission of a dedicated,
dispersively-coupled readout-resonator mode to infer the qubit state, |j) [102]. The read-
out pulse for each qubit has a rectangular envelope softened by a Gaussian filter of width
o = 0.5 ns (see Section 7.6.1 for additional details about readout calibration). After am-
plification [106], the transmitted signal is down-converted to an intermediate frequency and
the in-phase and in-quadrature components integrated over 420 ns using optimal weight
functions [206—208]. The resulting two numbers, I and @, form the 1Q signal z = (I, Q) (Fig-
ure 7.2(a)) comprising the soft information. The readout pulse envelope and signal integration
are performed using Zurich Instruments UHFQA analyzers sampling at 1.8 GSa/s.

To transform an IQ signal z € R? to a binary measurement outcome 2 € {0, 1}, we apply
a hardening map which we choose as the maximum-likelihood assignment. The hardened
outcome is obtained by choosing £ = 0if P(0 | z) > P(1 | z) and 2 = 1 otherwise,
where P(j | z) is the probability that the qubit was in state | ) just before the measurement
given the observed IQ value z. Assuming the states |0) and |1) are equally likely, one has
P(j | z) < P(z | j). Here, P(z | j) is the probability density function (PDF) of the
soft outcome z conditioned on the qubit being in state |j) at the start of the measurement.
Therefore 2 = 1if P(z | 1) > P(z | 0) and 2 = 0 otherwise. We emphasize here that we
use 0 and 1 as measurement outcomes for the |0) and |1) states, respectively, instead of +1
and —1, as we will later allow a measurement outcome of 2 for the |2) state. To reduce the
dimension of the problem, we project the IQ voltages to Z € R along the axis of symmetry
[black dotted line in Figure 7.2(a)]. We obtain the PDFs of the projected data P(Z | j) by
decomposing z = (Z, z| ) to a parallel component Z and a perpendicular component z | ,
giving P(Z | j) = [ P(%,21 | j)dz. Assuming the IQ responses of the computational
basis measurements are symmetric along the axis joining the two centroids [marked by black
crosses in Figure 7.2(a)], the projection does not result in information loss. The hardened
measurement outcomes are then obtained by comparing P(Z | 0) and P(Z | 1). If higher
excited states such as |2) are considered, the symmetry in 1Q space breaks, and we consider
the full two-dimensional measurement response in classification, see Section 7.6.5 for details.

Our model for the PDF of a measurement response from state |j) is a mixture of N Gaussians,
where N is the number of distinct states in 1Q space so that j € {0, 1, ..., N — 1}. We find
that this heuristic model (see Section 7.6.5) works well in the presence of leakage to the |2)
state and it allows for an easy calculation of P(z | 2). To determine the fit parameters of
the Gaussian model, we use 1.3 - 10° calibration shots per state preparation j € {0,1,2}
for each of 13 transmons. Other, more complex, classification models exist [202, ] but we
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omit discussing them here as we found they provided no statistically significant improvement
in classification performance for our device (see Section 7.6.5).
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Figure 7.2: (a) The measurement response of the |0) and |1) states in IQ space for data
qubit Dg, showing a projection line that connects the means of the two Gaussian peaks
(black dotted line). (b) Edge weight as a function of projected voltage Z for soft and hard
measurements; see Equation (7.1). Measurement errors are most likely in the region zZ =~ 0
where the edge weight is minimized. (¢) Histogram and fitted probability density function
P(z | j) for state preparations j € {0, 1}.

In QEC experiments, detectors [205] are selected combinations of binary measurement out-
comes that have deterministic values in the absence of errors. We refer to a detector whose
value has flipped from the expected error-free value as a defect. A decoder takes observed
defects in a particular experiment and, using a model of the possible errors and the defects
they result in, calculates the logical correction. In Surface-13, assuming circuit-level Pauli
noise and with detectors defined as described below, each error results at most two defects.
As a result, it is possible to represent potential errors as edges in a graph — the decoding
graph — with the nodes on either end representing the defects caused by the error (with
a virtual node added for errors that only lead to a single defect). A matching decoder can
thus be used, which matches pairs of observed defects along minimum [204, , ]or
near-minimum [211] weight paths within the graph, and thereby approximately finds the most
probable errors that cause the observed defects. From these, one can deduce whether a
logical correction is necessary.

Typically, QEC experiments are described assuming that ancilla qubits are reset following
their measurement in every QEC round. However, this is not the case in our experiment.
Nevertheless, without resetting qubits, suitable detectors can be chosen as d; , = Z; , @
22-7,,,2 where 732-77, € {0, 1} is the (hardened) measurement outcome of ancilla ¢ in round r
(see Section 7.6.4 [77] for details). We note that, in our case, the error-free detector values
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are always 0. A key difference with the more typical mid-circuit reset case is that ancilla qubit
errors (that change the qubit state) and measurement classification errors (where the inferred
hardened measurement does not match the true qubit state) have different defect signatures,
apart from in the final round (see Appendix 7.6.4). The structure of the decoding graph for the
four-round experiment can be seen in Figure 7.3(a).

To construct the decoding graph, one can define the probability of different error mechanisms
and use a software tool such as Stim [212]. As we do not have direct knowledge of the noise,
this graph may not accurately capture the true device noise. Therefore, we use a pairwise
correlation method [25, , ] to construct the graph for the MWPM decoder, whereby the
decoding graph edge probabilities are inferred from the frequency of observed defects in the
experimental data. This learning-based approach is susceptible to numerical instabilities. We
stabilize it using a “noise-floor graph" [25] that has specific minimum values for each edge in
the decoding graph, as described in Section 7.6.4. These instabilities can arise due to the
finite data and the approximation that there are no error mechanisms resulting in more than
two defects, such as leakage. The impact is more pronounced at the boundary of the code
lattice where single defects occur [199].

7.3 Experimental results

To use soft information with a MWPM decoder, we follow Ref. [202]. The edge corresponding
to a measurement classification error is given a weight

w = —log {P/(EH_Z/)} (7.1)

Pl(z|2) |’
where 2’ is the inferred state after measurement. This is found by taking 2’ = 1 if P/(Z |
1) > P'(Z | 0) and 0 otherwise. The PDFs P’(Z | ;') are obtained by keeping only the
dominant Gaussian in the measurement PDFs — this is to avoid including ancilla qubit errors
during measurement in the classification error edge. Therefore, to incorporate soft information,
we simply replace the weights calculated for the classification error edges using the pairwise
correlation method with the weights from Equation (7.1). This procedure is appropriate in all
rounds but the final round of ancilla and data-qubit measurements, where both qubit errors and
classification errors have the same defect signature. In these cases, we instead (i) calculate
the mean classification error for each measurement by averaging the per-shot errors; (ii)
calculate the mean classification error for each edge from those for each measurement; (iii)
remove the mean classification error from the edge probability; and (iv) include the per-shot
classification error calculated from the soft readout information. Further information is given
in Section 7.6.5.

Our second decoder — the NN decoder — can learn the noise model during training without
making assumptions about it [198, , , ]- NNs have flexible inputs that can include
leakage or soft information. Recent work [198, ] has shown that NNs can achieve similar
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performance to computationally expensive (tensor network) decoders when evaluated on
experimental data for the d = 3 and d = 5 surface code. Those networks were trained
with simulated data, although Ref. [203] did a fine-tuning of their models with ~ 2 - 10%
experimental samples (while using 2 - 10Y simulated samples for their main training). One
may expect that the noise in the training and evaluation data should match to achieve the best
performance.

We train a NN decoder on experimental data and study the performance improvement when
employing various components of the readout information available from the experiment. We
have used two architectures for our NN, corresponding to the network from Varbanov et
al. [198], and a variant of this model. The variant includes encoding layers for dealing with
different types of information [see Figure 7.4(a)]. The inputs for our standard NN decoder are
the observed defects. For our soft NN decoder, the inputs are the defect probabilities given
the 1Q values [see Equation (7.4)] and the leakage flags, one for each measured ancilla qubit.
A leakage flag [ gives information about the qubit being in the computational space, i.e. [ = 1
if Z = 2 and [ = 0 otherwise, where Z is the hardened value of z using the three-state
classifier in Section 7.6.5. For the final round when all data qubits are measured, we do not
provide the decoder with any soft information to ensure that we do not make the task for the
decoder deceptively simple [203]; this directly relates to the drawback of running the decoder
only on the logical |Of,) state and not on randomly chosen |0r,) or |11,) (see the discussion
in Section 7.6.3).

Due to the richer information of soft inputs, we can use larger networks than in the (hard-)NN
case without encountering overfitting issues during training. The network performance when
given different amounts of soft information is included in Section 7.6.3, showing that the larger
the amount, the better the logical performance. We follow the same training as Ref. [198], but
with some different hyperparameters; and we use the ensembling technique from machine
learning to improve the network performance without a time cost, but at a resource cost [216].
For more information on NNs, see Section 7.6.3.

The extracted logical fidelity as a function of R for the MWPM and NN decoders is shown in
Figures 7.3 and 7.4, respectively. The results are presented for the 16 physical computational
states (transparent lines) and for their average (opaque lines), approximating the logical per-
formance of the |0r,) state. To find a logical error rate, ey, the decay of logical fidelity is fitted
using the model

F1,(R) = % [1 + (1 = 2¢p)FRo || (7.2)
where FL indicates the fitted fidelity to the measured FY,, and Ry is a round offset parame-
ter [134]. For both decoders, including soft readout information enhances the logical perfor-
mance, resulting in the reduction of er, by 6.8% and 5.0% for MWPM and NN, respectively.
The improvement in the logical fidelity at the eighth round is statistically significant for all 16
initial states in the case of the MWPM decoder, and some states in the NN decoder case.
We note that the error bars are different in the two cases due to the differing ways of splitting
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Figure 7.3: (a) Decoding graph showing different types of error mechanisms. The labels
indicate the ancilla qubits associated with the detectors in each column. The soft MWPM
decoder dynamically updates the weights of edges highlighted in green and red. (b) Logical
fidelity of the MWPM decoder as a function of the number of rounds R, shown for each
physical computational state that makes up |0,) (transparent curves) and averaged across
all states (opaque curves). (c) Logical fidelity at R = 8, shown for each initial computational
state.

the dataset of ~ 9 - 104 samples per round and initial state. With the MWPM decoder, we
use half the data to perform the pairwise correlation method to obtain the decoding graph,
and half for obtaining the logical error probability. We then swap the data halves and average
the logical fidelities, thereby using every shot to obtain the overall logical fidelity. With the NN
decoder, 95% of samples are used for training and validation and only 5% of samples are
used to obtain estimate logical fidelities, leading to larger error bars.
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Figure 7.4: (a) Our NN architecture, a variant of Ref. [198]. The input Z[r] for the soft-NN
contains the defect probability and leakage flag data of round 7, while for the (hard-)NN it only
contains the defect data. The vector Z[ R+ 1] contains the final-round defects. The output p is
a probability that estimates if a logical error has happened and payx is only used to help in the
training (see Section 7.6.3). (b) Logical fidelity of the NN decoder as a function of the number
of rounds R, shown for each physical computational state that makes up |0r,) (transparent
curves) and averaged across all states (opaque curves). (c) Logical fidelity at R = 8, shown
for each initial computational state.
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7.4 Conclusions

We have experimentally demonstrated the benefits of using soft information in the decoding
of a d = 3 bit-flip surface code, utilizing 13 qubits. With soft information, the NN decoder
achieves the best extracted logical error rate of 4.73%. It is crucial to note that, as we do not
measure the X -basis stabilizers of the typical distance-3 surface code, the extracted ey, is
likely underestimated (compared with er, of 5.4% for the standard d = 3 surface code by
Ref. [141] without leakage post-selection). However, the nature of the decoding problem will
be the same and will benefit from the decoding optimizations explored in this paper.

Despite the modest improvement in this work, simulations [202] suggest further advantages of
soft information decoding: improvement in the error correction threshold, and increased sup-
pression of logical errors as the code distance increases. We also have not leveraged leakage
information on measured qubits with the MWPM decoder. Implementation of a leakage-aware
decoder [81] could potentially significantly enhance the logical performance with MWPM, but
this has yet to be explored in experiment. With the NN decoder, it is unclear if the defect prob-
abilities and leakage flags are the optimal way to present the information to the network, and
this could be the subject of further investigation. Finally, our experiments utilized readout dura-
tions that were optimized for measurement fidelity. Calibrating the measurement duration for
optimal logical performance [202] instead could potentially lead to higher logical performance.

7.5 Data availability

The source code of the NN decoder and the script to replicate the results are available in
Ref. [217] and Ref. [218], respectively. The script to analyze the experimental data can be
found in Ref. [218].

7.6 Supplemental material

This supplement provides additional information supporting statements and claims made in
the main text.

7.6.1 Device overview

Our 17-transmon device [Figure 7.5(a)] consists of a two-dimensional (2D) array of 9 data
qubits and 8 ancilla qubits, designed for the distance-3 rotated surface code. Qubit transition
frequencies are organized into three frequency groups: high-frequency qubits (red), mid-
frequency qubits (blue/green), and low-frequency qubits (pink), as required for the pipelined
QEC cycle proposed in Ref. [98]. Each transmon has a microwave drive line (orange) for
single-qubit gates, a flux-control line (yellow) for two-qubit gates, and a dedicated pair of
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Figure 7.5: Device characteristics. (a) Optical image of the 17-transmon device, with added
false color to emphasize different circuit elements. The device is connected to a printed
circuit board using aluminum wirebonds, visible at the edges of the image. (b) Measured qubit
transition frequencies with all transmons biased to their flux sweetspot. X -basis ancilla qubits
(light gray) are not used in this experiment. (c) Cumulative distribution of error rates for single-
and two-qubit gates, obtained by randomized benchmarking protocols with modifications to
quantify leakage [97, 194], and average readout assignment fidelities, extracted from single-
shot readout histograms [131]. (d) Cumulative distribution of measured qubit relaxation time
T and echo dephasing time TQ’GChO. Dashed lines in (c) and (d) indicate the average over
the 13 qubits used and the 12 two-qubit gates.

resonator modes (purple) distributed over three feedlines (blue) for fast dispersive readout with
Purcell filtering [102, 131]. Nearest-neighbor transmons are coupled via dedicated coupling
resonators (sky-blue) [138]. Grounding airbridges (light gray) are fabricated across the device
to interconnect the ground planes and to suppress unwanted modes of propagation. These
airbridges are also added at the short-circuited end of each readout and Purcell resonator,
allowing post-fabrication frequency trimming [55]. After biasing all transmons to their flux
sweetspot, the measured qubit frequencies clearly exhibit three distinct frequency groups, as
depicted in Figure 7.5(b). These values are obtained from standard qubit spectroscopy. The
average relaxation (17) and dephasing (75 echo) times of the 13 qubits used in the experiment
are 23 and 20 us, respectively [Figure 7.5d].
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To counteract drift in optimal control parameters, we automate re-calibration using depen-
dency graphs [155]. The method, nicknamed graph-based tuneup (GBT) [158], is based on
Ref. [156]. Single-qubit gates are autonomously calibrated with DRAG-type pulses to avoid
phase error and to suppress leakage [64, 65], and benchmarked using single-qubit random-
ized benchmarking protocols [163]. The average error of the calibrated single-qubit gates
[Figure 7.5(c)] across 13 qubits reaches 0.1% with a leakage rate of 104, Al single-qubit
gates have 20 ns duration.

Two-qubit controlled-Z (CZ) gates are realized using sudden Net-Zero flux pulses [69]. The
QEC cycle in this experiment requires 12 CZ gates executed in 4 steps, each step performing
3 CZ gates in parallel. This introduces new constraints compared to tuning an individual
CZ gate. For instance, parallel CZ gates must be temporally aligned to avoid overlapping
with unwanted interaction zones on the way to, from, or at the intended avoided crossings.
Moreover, simultaneous operations in time (vertical) and space (horizontal) may induce extra
errors due to various crosstalk effects, such as residual Z Z coupling, microwave cross-driving,
and flux crosstalk. To address these non-trivial errors, we introduce two main calibration
strategies into a GBT procedure: vertical and horizontal calibrations (VC and HC). These
tune simultaneous CZ gates in time and space as block units [136]. This approach absorbs
some of the flux and residual-Z Z crosstalk errors. After calibration, GBT benchmarks the
calibrated gates with two-qubit interleaved randomized benchmarking protocols with leakage
modification [97, ]. The individual benchmarking of the 12 CZ gate reveals an average
error of 1.6% with a 0.24% leakage. All CZ gates have 60 ns duration.

Readout calibration is performed in three main steps, realized manually and not with a GBT
procedure. In the first, readout spectroscopy is performed at fixed pulse duration (200 ns-
300 ns) to identify the optimal frequency maximizing the distance between the two complex
transmission vectors 5‘203 and 5‘213 in the 1Q plane. The second step involves a 2D optimiza-
tion over pulse frequency and amplitude. The goal is to determine readout pulse parameters
that minimize a weighted combination of readout assignment error (€g), and measurement
quantum non-demolition (QND) probabilities (PQND and PQNDn)- These probabilities are
obtained using the method of Ref. [168]. The final step verifies if photons are fully depleted
from the resonator within the target total readout time, 420 ns, using an ALLXY gate sequence
between two measurements [18]. By comparing the ALLXY pattern obtained to the ideal stair-
case, we can determine if the time dedicated for photon depletion is sufficient to not affect
follow-up gate operations.

After calibrating optimal readout integration weights [18], we proceed to benchmark various
readout metrics such as egp and standard readout QND (FQND) using the measurement
butterfly technique [175]. The average ero [Figure 7.5(c)] is 1.2%, extracted from the single-
shot histograms. We also perform simultaneous multiplexed readout of all 13 qubits, construct-
ing assignment probability and cross-fidelity matrices [102]. The average multiplexed readout
error rate is 1.6%, indicating that readout crosstalk is small. Moreover, the average Fanp for
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the four Z-basis ancillas is 95.3% considering a three-level transmon [175]. This also yields
an average leakage rate due to ancilla measurement of 0.14%, predominantly from |1).

7.6.2 Benchmarking of parity checks

(a) Parity check assignment probability (b) Average defect rates over 16 input states
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Figure 7.6: Parity check benchmarking. (a) Benchmarking of the assignment fi-
delity for four stabilizer measurements: Zp,Zp.,, ZpsZp,, ZpyZDsZDyZD,, and
ZpyZDyZDsZDg- (b) The average defect rate as a function of QEC rounds for each of
the four Z-basis stabilizers across the 16 input states.

With the individual building blocks calibrated, we proceed to calibrate the four Z-basis stabi-
lizer measurements as parallel block units using VC and HC strategies, as discussed in Sec-
tion 7.6.1. The average probabilities of correctly assigning the parity operator 11,7, are
measured as a function of the input computational states of the data-qubit register. The mea-
sured probabilities (solid blue bars) [Figure 7.6(a)] are compared with the ideal ones (black
wireframe) to obtain average parity assignment fidelities, 96.3%, 92.8%, 89.9%, and 92.3%
for Zs, Z2, 7.1, 7.4, respectively. These results are obtained after mitigating residual excitation
effects by post-selection on a pre-measurement [175].

The defect rates (see the main text for the definition of a defect), reflect the incidence of
physical qubit errors (bit-flip and readout errors) detected throughout the rounds 7, where
r € {1,2,... R}. For each of the four Z-basis stabilizers, the defect rate [Figure 7.6(b)] is
presented over 16 QEC rounds and averaged across the 16 physical computational input
states. The sharp increase in the defect rate between rounds » = 1 and r = 2 is due to
the low initialization error rates and the detection of errors occurring during the ancilla-qubit
measurements in the first round. At the boundary round » = 16, the defects are obtained
using the final data-qubit measurements, which, given the low readout error rates, lead to
the observed decrease in the defect rate. Over rounds, defect rates gradually build up until
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leveling at approximately 15%, 22%, 25%, and 25% for Zs, Za, Z1, Z4, respectively. The
build-up is attributed to leakage [25, 26, , ]-

7.6.3 Details of the neural network decoder
NN inputs, outputs and decoding success

The inputs provided to the NN decoder consist of the defects, the defect probabilities, and the
leakage flags [see Figure 7.4(a)]. The only element not described in the main text is the defect
probabilities. These are obtained following Ref. [198] and using the two-state readout classifier
from the main text and Section 7.6.5. First, we express the probability of the measured qubit
‘having been in the state’ |5) (j € {0, 1}) given the 1Q value z as

P(jlz) = PENPG) (7.3)

> P(li)P(i)”
with P(j) the probability that the qubit was in state |j). Recall that the detectors in the bulk
are defined as d; ,» = Z;  ® Z; 2, and that they have error-free values of 0. We estimate
the probability that the defect diﬂn has been triggered given z; » and z; » o (named defect
probability) by

P(di,r = 1|Zi,razi,r—2) = P(ki,r = O‘Zi,T)P(ki,r—Q = 1‘27;,'/‘—2)

(7.4)
+P(ki,r = 1|Zi,r)P(ki,r72 = O|Zi,r72)a

where k; ;- refers to the state of the ancilla qubit ¢ just before the measurement at round r.
Note that we have used P(k|j) instead of P(Z|z) as the latter is always O or 1 because Z
is completely determined by z. Using P(k|j) allows us to infer the reliability of the defects,
e.g. P(k;, = 0]z;,) = P(k;, = 1|2;,) leads to P(d;, = 1|2, 2 r—2) = 1/2 (in
between 0 and 1, thus unsure). Remember that we do not use the defect probabilities of the
final round as explained in Section 7.6.3 and that we assume P(0) = P(1) = 1/2 when
calculating P(d; , = 1|z; 1, 2 r—2).

For completeness, we study the performance of the NNs given four combinations of inputs: (a)
defects, (b) defects and leakage flags, (c) defect probabilities, and (d) defect probabilities and
leakage flags. The results in Figure 7.7 show that the networks can process the richer inputs
to improve their performance. The reason for not giving the network the soft measurement
outcomes z as input directly (but the defect probabilities instead) is that we have found that
the NN decoder does not perform well on the soft measurements [198]; effectively, the NN
has to additionally learn the defects, which is possible with larger NNs as in Ref. [203].

The NN gives two outputs, p and paux, Which correspond to the estimated probabilities that
a logical flip has occurred during the given sample. The output p has been calculated using
all the information given to the NN, while p,ux does not use the final round data; see Fig-
ure 7.4(a). We train the NN based on its accuracy in both p and paux because the latter helps
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Figure 7.7: Logical error rates of the NN decoders when given different inputs: the label d
corresponds to defects, [ to leakage flags, and the label p(d) corresponds to defect probabili-
ties given the soft information. “Best NN" (blue) and “Ensemble" (orange) correspond to the
architectures with the lowest logical error rate for a single NN and for an ensemble of 5 NN,
respectively, as described in Section 7.6.3.

the NN to not focus only on the final round but decode based on the full QEC data [198, 219].
Note that the outputs correspond to physical probabilities (i.e., p, paux € [0, 1]) thanks to
using sigmoid activation functions in the last layer of the NN architecture.

To determine whether the neural network decoded the QEC data correctly or not, the output
p is used as follows. If p > 1/2, we set the logical flip bitto b = 1;if p < 1/2, we set the
logical flip bit to b = 0. On the basis of the final data qubit measurements, we compute the
(uncorrected) logical Zp, as a bit zout € {0, 1}. We take the logical input state zj;, (in our
experiments z;, = 0 always as we prepare |0r,) in all cases) and mark the run as successful
when zi, @ zout P b = 0, and unsuccessful when zi, & zout b = 1.

Learning the final logical measurement

In machine learning, one needs to be careful about the information given to the network. For
example, the neural network could predict the logical bit flip correction b without using the
defect information gathered over multiple rounds. In particular, given that in our experiment
we only start with state |0r,), the neural network could just output the value of b such that
b D zout = 0. It can do this by learning zout, and hence the network should get no explicit
information about zoyt. While it is true that we do not directly provide the data-qubit mea-
surement outcomes to the NN decoder, there still might be some partial information provided
by the defect probabilities or the leakage flags, e.g. when a qubit in state |2) is more likely
declared as a |1) than a |0); see Figure 7.10 for qubit Z. Note that this issue does not
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occur if one randomly trains and validates with either |Or,) or |1r,) since then the optimal
b = 2z D zout and zjy, is a random bit unknown to the network.

We indeed observe an abnormally high performance for a single network when using soft
information in the final round, with e, ~ 4.2% when using defect probabilities and e, ~ 4.1%
if we include the leakage flags too. Such an increase suggests that the NN can partially infer
Zout and thus ‘knows’ how to set b. This phenomenon does not occur when giving only the
leakage flags of data qubit measurements, which instead leads to ef, ~ 4.9%. Nevertheless,
due to the reasons explained above, we decided to not include the leakage flags in the final
round to be sure we do not provide any information about 2oy to the NN.

We note that Ref. [203] also opted to just give the defects in the final round because of the
possibility that the NN decoder can infer the measured logical outcome from the final-round
soft information.

Ensembling

Ensembling is a machine-learning technique to improve the network performance without
costing more time, as networks can be trained and evaluated in parallel [216]. It consists of
averaging the outputs, {p; }, of a set of NNs, to obtain a single more accurate prediction, p.
One can think that the improvement is due to “averaging out" the errors in the models [216].
Reference [203] trained 20 networks with different random seeds and averaged their outputs
with the geometric mean. In this work, the output ‘average’, p, is given by

log <1ﬁ> :lilog (1}%) (7.5)
P 5 pi )’

with {p; } the predictions of 5 individual NNs of the logical flip probability; see Section 7.6.3.
This expression follows the approach from the repeated qubit readout with soft informa-
tion [220], which is optimal if the values are independently sampled from the same distribution.
Once p is determined, we threshold it to set the flip bit b as described in Section 7.6.3.

Network sizes, training hyperparameters and dataset

Due to the different amounts of information in each input, the NNs in Figures 7.4 and 7.7 have
different sizes to maximize their performance without encountering overfitting issues. In Fig-
ure 7.8, the size of the network is increased given a set of inputs until overfitting degraded the
performance or there was no further improvement. The specific sizes and hyperparameters
of the NNs shown in the figures are summarized in Table 7.1. These hyperparameters are
the same as in Ref. [198] but with the following changes: (1) reducing the batch size to avoid
overfitting, as the experimental dataset is smaller, and (2) decreasing the learning rate for the
large NNs. For comparison, the NN in Ref. [203] for a d = 3 surface code uses 5.4 million
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free parameters, a learning rate of 3.5 - 10_4, and a batch size of 256. The number of free
parameters in a NN is related to its capacity to learn and generalize from data, the learning
rate is related to the step size at which NN parameters are optimized, and the batch size is
the number of training samples used in a single iteration of gradient descent.

(a) (b) (©) (d)

Logical error rate, e1, [%)

size 1 size 2 size 1 size 2 size 3 size 1 size 2 size 3 size 1 size 2 size 3 size 4 size 5

Figure 7.8: Logical performance of the NNs given the four input combinations and different
network sizes. The NN input Z[r| in panel (a) are the defects, in (b) the defects and leakage
flags, in (c) the defect probabilities, and in (d) the defect probabilities and the leakage flags.
The NN sizes are summarized in Table 7.1.

Label | nenc denc  nusMm  distM  MEva  dEval # free ba.tCh learning . dropout
parameters | size rate rate
size 1 2 90 2 90 ~ 115k 64 5.10"4 20%
size 2 2 32 2 100 2 100 ~ 160k 64 2.1074 20%
size 3 2 64 2 120 2 120 ~ 250k 64 2.1074 22%
size 4 2 90 3 100 2 100 ~ 285k 64 2.1074 22%
size 5 2 100 3 100 2 100 ~ 290k 64 2.1074 20%

Table 7.1: NN sizes and the training hyperparameters used in this work. n; refers to the
number of layers in block ¢ € {Enc, LSTM, Eval} and d; the dimension of these layers. If
T Enc IS not specified, the network does not have Encoding layers. The blocks are shown in
Figure 7.4(a). The number of free parameters depends on the given input combination, but
the changes are of the order of ~5k.

The splitting of the experimental dataset into the three sets of training, validation, and testing
was done as follows. For each initial state and each number of rounds, (1) randomly pick
5-103 samples from the given data and store them in the testing dataset, (2) randomly
select 90% of the remaining samples and store them in the fraining dataset, and (3) store
the rest in the validation dataset. The reason for this choice is to ensure that the datasets
are not accidentally biased towards an initial state or number of rounds. After the splitting, we
have a training dataset consisting of 6.9 - 106 samples, a validation dataset with 7.6 - 105,
and a testing dataset with 4 - 10°. Note that the NN has been trained and tested on the
same number of rounds because the experiment only goes until R = 16. However, in longer
memory experiments, the NN should be trained only up to a “low" number of rounds to avoid
long trainings.

The training for each single NN was carried out on an NVIDIA Tesla V100S GPU and lasted
around 10 hours for the smallest size and 23 hours for the largest one when using the training
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Figure 7.9: Evaluation runtime for the size-5 network with batch size = 1. The line corresponds
to a linear regression where the R-squared coefficient shows that the fit is appropriate. The
inputs for the NN in this calculation are created at random (not based on experimental data)
because we are not interested in the logical performance and the number of operations the
NN needs to perform only depends on the number of rounds. In particular, the number of
operations in the LSTM and encoding layers grows linearly with R, but for the evaluation
layers it is constant. Therefore, we can associate the y intercept as the time required for the
evaluation layers and the slope as the time spent on the encoding and LSTM layers. Each
point is the average of 5 - 104 samples.

dataset consisting of 6.9 - 10% samples with 7.6 - 10° samples for validation. The evaluation
of the network performance was done on an Intel Core(TM) i7-8650U CPU @ 1.90GHz X
4. We estimate that it takes ~ 127 us per QEC cycle and 1.77 ms for the final round; see
Figure 7.9. For comparison, the NN in Ref. [203] for a d = 3 surface code takes ~ 20 us to
decode a QEC round, but it was evaluated on a Tensor Processing Unit (TPU).

7.6.4 The decoding graph

In this Appendix, we describe in further detail the effect of not using mid-circuit resets on the
decoding graph. Here, we consider specifically Surface-13, but similar ideas apply to the full
surface code and other stabilizer codes.

As discussed in the main text, in order to detect errors in stabilizer codes, it is typical to define
detectors, combinations of binary measurement outcomes that have deterministic values in
the absence of errors. We refer to detectors whose value has flipped from the expected
error-free value as defects. A decoder takes observed defects in a particular experiment and,
using a model of the possible errors and the defects they result in, predicts how the logical
state has been affected by the errors. It is desirable for errors to result in a maximum of two
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defects, as this enables a matching decoder to be used, which can efficiently find the most
probable [204, , ] errors that cause the observed defects.

In Surface-13, the stabilizers are, in the bulk, weight-four Z operators. On the boundaries, the
stabilizers are of lower weight. In general, each data qubit is involved in two Z-type stabilizers,
or one on the boundary. The experiment proceeds by using ancilla qubits to measure the
stabilizers for some number of rounds, R, with s; ;- the ith stabilizer outcome in the rth
round. An X error on a data qubit in round 7 will change the value of the outcomes of the Z
stabilizers involving that data qubit from round 7 onwards. We define the detectors dw to be
the difference between stabilizer measurements in adjacent rounds, so that

dir = Sig D Sir—1- (7.6)

We begin Surface-13 with initial data qubit states that are eigenstates of the Z-type stabilizers
with eigenvalues +1; therefore, we set s; o = 0. At the end of the experiment, the data
qubits are measured in the Z-basis; these measurements can be used to construct s; p11
outcomes for the stabilizers.

With the definition in Equation (7.6), an X data qubit error before a QEC round results in a
maximum of two defects, as desired. We note that, in general, there may be multiple errors that
result in the same defect signature. The probabilities of these errors are typically combined
to give a single edge weight.

We now consider the effect of ancilla qubit and measurement classification errors. An ancilla
qubit error in round 7 on the qubit used to measure the ith stabilizer will change the stabilizer
measurement outcome in the rth round, thus resulting in defects d; ,» and d; 4 1. The effect
of classification errors depends on how the stabilizer outcomes are obtained. If the ancilla
qubits are reset after measurement, s; ,, = éi,r, where éi,r is the hardened measurement
outcome on the ¢th ancilla at round r, and therefore a classification error in round r results
in the same defects as an ancilla qubit error in round r. However, if the ancilla qubits are not
reset after measurement, as is the case in this paper, s; » = Z;  ® Z; 1. Therefore, with
respect to measurements, the detectors are defined as

dir =2 p D Zip_9, (7.7)

for 2 < r < R. In this case, a classification error in measurement 731-7,, causes defects di,r
and d; ,12. In both cases, a data qubit measurement classification error looks like a data
qubit Pauli error between rounds R and R + 1. We also define d; 1 = %; 1.

In this error model, we assume that two independent events are possible during measurement
—an ancilla qubit error and a classification error. In practice, these are not independent events
as both are affected by T} processes. However, should an error occur that causes the qubit
to decay from the |1) to the |0) state during measurement, it can either be viewed as an
ancilla qubit error before measurement (if the inferred hardened measurement outcome is 0)
or an ancilla qubit error after measurement (if the inferred hardened measurement outcome
is 1). Therefore, these coupled events can be viewed as a single ancilla qubit error. We note,
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however, that such qubit errors are not symmetric, and thus using a single edge weight is an
approximation.

We note that we have not discussed mid-round qubit errors that result in so-called hook errors,
as we have focused on explaining the differences between the decoding graphs with and
without mid-circuit reset. The hook errors in the two cases will be identical.

Noise-floor graph

The lower-bound error parameters used in the construction of the experimentally-derived
decoding graph are given in Table 7.2. The operation times are taken to be the same as the
real device. We note, however, that the other parameters are not the same as those stated in
the previous section Section 7.6.1. This is because the parameters here set a lower bound on
the error probabilities and should only be used when the pairwise correlation method gives
unfeasibly low values. Whilst extensive exploration of the parameters was not undertaken,
the ones stated here were found to give good performance and several other options did not
result in significant changes to the results.

Each probability, p, is the probability of a depolarising error after the specified operation.
These are defined so that, for single-qubit gates, resets and measurements, the probability of
applying the Pauli error W is given by

p
W == 7.8
p 37 ( )

for W € {X, Y, Z}. For two-qubit gates, the probability of applying the Pauli VIV is given
by
Pvw =1z, (7.9)
15
where V, W € {I, X, Y, Z}, excluding V = W = I. Idle noise is incorporated by Pauli
twirling the amplitude damping and dephasing channel to give, for an idling duration ¢, [221]

px(t) =py(t) = % (1 - e*t/Tl) , (7.10)
PZ(t):% (lfe*t/TQ) 7% (17@*1‘//T1)_ 7.41)

We note that, as 77 = T3 in our model, px (t) = py (t) = pz(t). The noise-floor graph is
derived from the circuit containing the appropriate parameters using Stim [212].

7.6.5 Soft information processing

The processing of the soft information [i.e., measurement edge weights in Equation (7.1),
the defect probabilities in Equation (7.4), and leakage flags], all use the probability density
functions P(z | j) which can be found from experimental calibration. These PDFs are
obtained by fitting a readout model to the readout calibration data, consisting of a set of IQ
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Parameter Value
single-qubit gate error probability 0.5-103
two-qubit gate error probability 5.1073
reset error probability 0.0

measurement qubit error probability 1-1073
measurement classification error probability 1-1073

T 30 J]

15 30 us

single-qubit gate time 20 ns

two-qubit gate time 60 ns
measurement time 420 ns

Table 7.2: Lower-bound noise parameters used in the experimental graph derivation. These
parameters are used to fix the minimum values of each edge.

values for each prepared state |j). The performance of the soft decoders is limited by the
accuracy of the readout models used, thus in this section we describe the models employed
in this paper and their underlying assumptions about the qubit readout response.

Probability density function fits

Each of the 13 transmons in the device has a characteristic measurement response in 1Q
space, requiring a unique PDF to be fitted for each. In this section, we detail two models of
PDFs used for this purpose, comparing their logical performance when decoding soft informa-
tion using the MWPM decoder. The first model, described in Section 7.6.5 is an implementa-
tion of the amplitude damping noise model presented in [202]. The second model, described
in Section 7.6.5, is a heuristic model representing a Gaussian mixture that generalizes for an
arbitrary number of distinct states including leakage to |2> We find that the heuristic model
performs equally well to the physics-derived model and enables an easy leakage probability
calculation which is used as neural network input. We exclusively use the Gaussian mixture
model in the results presented in the main text. The amplitude damping noise model as
detailed below is given for future reference.

AMPLITUDE DAMPING NOISE MODEL Here we consider an amplitude damping model
that more accurately captures the T processes that affect the 1Q response over the course of
measurement [202, ]. However, we found it led to no statistically significant improvement
in classification performance for our device. Furthermore, as the amplitude damping noise
model does not easily generalize to leaked states, and is sensitive to state preparation errors
in the calibration stage, we opt for the Gaussian mixture model. Nevertheless, we present it

here for completeness.
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We first project the 2D shots for each qubit along an axis of symmetry @ = jiy — ji; where
fij for j € {0, 1} is the mean in IQ space of the experimental distributions for state |j).
In this transformation, vectors z € R2 are mapped to the one-dimensional vector € R.
The projection does not result in significant information loss as long as the 1Q responses for
|0) and |1) share the same fluctuation strength in all directions, modeled as 2D Gaussian
distributions with standard deviation 07 = 0 = 0. In the presence of leakage to |2), the
IQ response is no longer symmetric around a single axis [146] and classification must be
performed with the full 2D dataset rather than a projection. We fit the ground state probability
density function P(Z | 0) in projected coordinates using a Gaussian distribution of form

P(zfio,a ] 0) = /5= exp (=5 (2= 0)?) (712

where [ig is the mean of the Gaussian in projected coordinates with a standard deviation
o = 1/4/a. A qubit where the readout time is short will see a wider distribution in P(Z | 0)
due to the increased effect of fluctuations in the integrated 1Q signal. The model response of
the |1) state is given [202] by

2
P(g;ﬁ()?ﬂlaavﬂ | 1) = \/iexp (7% (27[141)2 7/3) - gexp <ﬁ +§(2[L1)>

X <erf (ﬂ\/STa+(5—ﬁ1)> —erf <5 8%1 + (5—ﬂ0)>> ,

where [i1 is the mean of a Gaussian in projected coordinates in the absence of amplitude
damping and /3 controls the strength of the amplitude damping process via 8 = TT—“; given
a measurement time 7,,, and amplitude damping time 7. For small 5 we have a P(Z | 1)
distribution that is a Gaussian centred at [i; with standard deviation & = 1/y/c, while
increasing 3 leads the distribution to decay and move closer to jig.

The primary limitation of the amplitude damping model is that it does not easily generalize
to further excited states. The mean measurement response of a |2) state is not guaranteed
to be on the same axis in 1Q space as |0) and |1), hence a projection to one dimension
does not allow one to accurately distinguish the |2) state. While a generalization of the
amplitude damping noise model to the |2) state is possible, it requires a larger number of
fitting parameters than the 1D projected model. A secondary problem is that, in the presence
of state preparation errors, the calibration response of a |0) state may include some shots
where the qubit is instead in the |1) state and vice versa. This can be accounted for by fitting
a linear combination of the P(Z | 0) and P(Z | 1) states instead of only using one of the
distributions. Furthermore, with the amplitude damping model, it becomes more difficult to
separate the pure classification error from qubit errors.
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TWO-STATE GAUSSIAN MIXTURE MODEL For discrimination between |0) and |1), we
can use projected coordinates Z as defined in Section 7.6.5, where the PDFs P(Z | j) for
j € {0, 1} have the form

P(z|j)= (1 —rj)f(%f0,0) +7;f(Z 1, 0). (7.14)

Here, f(Z; fi;, o) is a 1D Gaussian distribution with mean /i; and standard deviation o, and
T € [0, 1] is an amplitude parameter that determines which normal distribution is dominant
in the mixture. For {rg = 0,71 = 1} the model represents a readout response with a
single dominant component (i.e. no state preparation errors), while {ro > 0,rp < 1}
represents a measurement response where, due to state preparation errors, there are two
distinct components to the measurement response.

The Gaussian mixture model allows us to discard state preparation errors from the P(Z | 0)
by fitting the parameters [ig, f11 and o for rg from Equation (7.14) and then setting rg = O.
This assumption holds on the condition that no |0) — |1) processes are present over the
course of the measurement time — if significant amplitude damping occurs over the course of
the measurement, the PDF found using the Gaussian method is inaccurate. When comparing
experimental results for logical fidelity with and without setting 79 = 0 for the ground state
distribution P(Z | 0) we find no statistically significant difference. We assume the absence of
a fidelity improvement is due to the rarity of |0) state preparation errors which are mitigated
by heralded initialization.

As mentioned in the main text, whilst we include both Gaussians in the PDF in order to
classify the measurement, we use only the main peak in calculating the soft edge weights.
This removes the component of qubit error that occurs during measurement from the edge
associated with measurement classification error.

We find minimal difference between the logical error rates for the Gaussian mixture and the
amplitude-damping PDFs. Using the MWPM decoder, the logical error rate for the amplitude
damping model as calculated via Equation (7.2) is found to be (5.30+0.18)% when decoding
hard information and (4.94 =+ 0.16)% for soft information. The result is nearly identical for the
Gaussian mixture, with (5.30 £ 0.18)% and (4.94 + 0.15)% for hard and soft information,
respectively. This observation gives us confidence that the Gaussian PDF is no worse as an
approximation of the device physics for the 13 qubits used.

THREE-STATE CLASSIFIER The 1D projected model is unable to characterize leakage
to |2> which has its own characteristic response in the two-dimensional 1Q space, shown in
Figure 7.10. To model this three-state regime and discriminate leakage, we fit a mixture of
2D Gaussians to normalized histograms of the calibration data, giving PDFs P(z | j) for
z € R?, j €{0,1,2} as follows:

P(z|j) = Ajf(z fio, o) + Bj f(z; i1, 0) + C} f(2; fi2, 0), (7.15)
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Figure 7.10: Calibration shots for experimental 1Q voltages, shown for each ancilla prepared in
|0), |1) and |2). The cluster for |2) is off-axis when compared to the clusters for |0) and |1),
and its separation from the two other clusters varies from transmon to transmon. State |0)
has the cleanest response, as it does not decay to any other state, while |1) and |2) decay
partially to lower energy states over the course of measurement.

where f(z; ji;,0) is the PDF of a 2D Gaussian distribution with mean /i; and covariance
matrix 021, and parameters Aj, Bj, and C; are to be fitted for each state | ).

In Figure 7.10, we observe that the |2) state has a measurement response that is off the
1o — (i1 axis, forming a distinct constellation in the 1Q space below the other two measure-
ment responses |0) and |1). The ground state response is centred around jig, while the |1)
response is distributed between a dominant peak around (i1 and a small number of data
points closer to i, indicating [1) — |0) decay. The response of the |2) state can be seen
to decay to both |0) and |1) states, most notably for transmon Z; where the effect can be
clearly seen.

Given this simple model, the three-state classifier used to set the leakage flags as input
for the NN decoder works as follows. Maximum likelihood classification means that given z,
we should pick j = 0, 1, 2 which maximizes P(j|z) in Equation (7.3). The denominator in
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Equation (7.3) can be dropped as it solely depends on z. For the numerator, we need to know
P(j) which we assume to be independent of j (which is not completely warranted as j = 2
is much less likely), and hence P(j|z) o< P(z | j) with P(z | j) in Equation (7.15). These
arguments identically apply to the two-state classifier discussed in the main text.

Combining soft information with the pairwise correlation method in the final round

As discussed in the main text, we obtain the decoding graph edge weights from experimental
data. These weights will include some averaged probability of a classification error that we
wish to remove and replace with a soft-information-based weight on a per-shot basis. In the
bulk of the experiment, this is straightforward — the weight of the edge corresponding to a
classification error can simply be replaced with that calculated using the soft information,
following Equation (7.1), as classification and qubit errors have different defect signatures.

However, in the final round, both ancilla and data qubit errors result in the same defects as
classification errors. Therefore, we expect the total (averaged across shots) edge probability
to be given by

p=q(l—c)+c(l-q), (7.16)

where c is the averaged probability of any classification error and q is the probability of qubit
errors. The validity of this assumption depends on the degree to which we have made correct
assumptions about the possible error channels, including that there is no correlated noise. In
our case, p is obtained by the pairwise correlation method, but it could be obtained by other
means. We note that, in general, errors on multiple qubits may result in the same defects and
thus contribute to the same edge probability. In our Surface-13 experiment, this only occurs
for certain final-round data qubit measurements — the pairs D1 and D2, and D8 and D9.

We wish to retain the edge contributions due to the qubit errors, g, and replace only the
averaged classification contribution, ¢, with the per-shot value. We thus have several steps to
calculate the soft-information-based weight for final-round edges:

1. For each measurement k, calculate the mean classification error, ck, by averaging the
per-shot errors.

2. For each edge, calculate the total edge classification error, ¢, from the individual mea-
surement classification errors, ck, through

c:% 1-JJa -2, (7.17)

where the product is over all measurements whose classification errors result in the
edge defects.
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3. For each edge, remove the mean classification error from the edge probability by rear-
ranging Equation (7.16) to find

p—c

1—2¢

(7.18)

4. For each edge, include the per-shot classification error calculated from the soft readout
information by combining it appropriately with g.

We now explain the above steps in more detail.

STEP (1): CALCULATING THE MEAN CLASSIFICATION ERROR FOR EACH MEASURE-
MENT For each experiment shot s, we have a soft measurement outcome for each measure-
ment k, given by z§ and associated inferred state after measurement, 2/’;. As discussed in
the main text, in our case, this is found by taking /8 = 1if P7(z* | 1) > P1(z* | 0) and 0
otherwise. The PDFs P/(z”c | j/k) are obtained by keeping only the dominant Gaussian in
the measurement classification PDFs. We can calculate the estimated averaged probability
of a classification error in measurement k, ck’, via

N A ’ o
- %ZC - % Z K)Pr(z k(l _kZ/k)P . lk_ Z,k)k e (7:19)
= — P | 25) + P(1 — 25 Pr(zF | 1 — 2/k)’
where P(j) is the overall probability, across all shots, that the qubit is in state |j); for example,
if /% = 0, then P(2/%) = P(0). In this work, we take P(0) = P(1) = 1/2. Therefore, we
have
al Pr(zF |1 — 2%
N Z: 1(2E | z/k JrP/(zk | 1— 2y

(7.20)

STEP (I1): CALCULATING THE MEAN CLASSIFICATION ERROR FOR EACH EDGE Us-
ing the estimated values for ¢* obtained with Equation (7.20), we use Equation (7.17) to
obtain the mean classification error, c, for each edge. In the case where an edge is only
due to a single measurement classification error, we simply have ¢ = *, for the relevant
measurement k. The only other case of relevance for Surface-13 is where two classification
errors contribute to an edge; in this case, ¢ = ¢¥1 (1—- ck2) +(1— o )ck2 for the relevant
measurements k1 and ka.

STEP (I111): REMOVING THE MEAN CLASSIFICATION ERROR FROM EACH EDGE PROB-
ABILITY We now calculate q for each edge using Equation (7.18).

STEP (1V): INCLUDING THE PER-SHOT CLASSIFICATION ERROR We now wish to
combine the per-shot soft information with g in order to obtain the full edge weight. In doing
so, we mostly follow Ref. [202], with the difference that we merge edges that result in the same
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defects into a single edge. In everything that follows, we are considering a single experiment
shot and thus, to reduce notational clutter, drop the index s from above.

We begin by considering the full decoding problem we wish to solve. We have a set of possible
errors IE and consider a single error, ¢;, to consist of all events that contribute to the same
edge. This includes both classification errors and other errors. We further have a set of
(labelled) soft measurement outcomes, Z, which is the union of all sets Z;, where Z; is the
set of measurements whose incorrect classification leads to the same defect combination
as e;. We wish to find the combination of errors ID that explains the observed defects and
maximizes

PDNZ)

P®12) = =5

x P(DNZ), (7.21)
where D N Z is the event that the combination of errors ID occur and the soft measurements
outcomes Z are obtained. We can ignore the denominator P(Z) as it is a constant rescaling
of all probabilities P(ID | Z) and thus does not need to be considered in order to find the
most likely error.

Assuming independence of events, we split P(ID N Z) into individual terms for each edge so
that

Pnz)= [] Ple;nZ) [] PleinZ). (7.22)
e;€D e;¢D
Rearranging, we find
e; NZ;)
PDNZ) P(e;NZ;) 7.23
};IE (€ Hpemz HP (7.23)

where, again, we can drop the term that is common to all error combinations. Maximizing
P(D N Z) is equivalent to minimizing

~log[P(DNZ)] =~ > log [ elg;ﬂ: 3w, (7.24)

e;€D e; €D

where we have defined

w; = —log M (7.25)
! PNz ’

Let us now consider a particular error, e¢;, and its n; associated soft measurements zf for
k=1,...,n;. Werecall that, in the Surface-13 case, n;, which is the number of classification
errors that contribute to edge ¢, is a maximum of two, and we use this below. In order to
calculate w;, we split e; into two: e¢ which consists of classification errors only, and e{J which

q

consists of all other errors. There are now two ways in which e; can occur: (i) e; occurs and
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es does not occur (i.e. there are an even number of classification errors); (ii) eg does not
occur and ef does occur (i.e. there are an odd number of classification errors). Therefore,

P(e; N Z;) = P(el)P(&f N Z;) + P(&])P(ef N Z;) = qP(e§ N Z;) + (1 — q) P(ef N Zy),
(7.26)

P(e; N Z;) = P(e])P(e§ N Zs) + P(&])P(&f N Z;) = qP(e§ N Z;) + (1 — q)P(e§ N Z;),
(7.27)

where we have defined P(eg) = ¢. The probability of obtaining the observed soft measure-
ment outcomes and having an odd number of classification errors is

Pr(zl | 1= 31 L
P(efﬂZz) — (Zz | 1 24 )7 n; 17
Pr(z} | 1= 2/ Pr(22 | 2i%) + Pr(z} | 2/ Pr(z2 | 1— 2%), n; =2,

(7.28)

and the probability of obtaining the observed soft measurement outcomes and having an even
number of classification errors is

e i) =
v Pr(zE | 5/ P22 | 20%) + Pr(z} | 1= 2 Pr(z2 | 1 — 52), n;=2.
(7.29)

These expressions can easily be extended to larger values of n;, but we omit the general
expressions here for brevity. From these, we calculate the edge weight using Equation (7.25)

and find
Li+L?

e ) me 7.30
YT o [ IR LI 2L . (7.30)
O\ LI Z L2277 ) TS
where
q

Ll = T— (7.31)

k ok
Ik — Pr(z7 [ 1—2/7) (7.32)

e .
Pr(zF | 2;0%)

7.6.6 Calculation of logical error rate

To extract the logical error rate €1, from experimental data, we calculate the logical fidelity
F1,(R) for each round R of the experiment and fit the data to a decay curve of the form given
in Equation (7.2). The error in the logical fidelity is given by O’%L = F,(1 — F1,)/N, with N
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the number of samples for the given F1, [203], which we propagate through the fitting process
to get estimates of uncertainty in ¢f, and the offset Ry.

7.6.7 Additional logical error rate figures

We show additional plots of the logical fidelity of the soft and hard MWPM decoders for each
round of the experiment in Figure 7.11. To illustrate the improvement that soft information
gives to logical fidelity, Figure 7.12 shows the absolute difference in logical fidelity F7,(R)
between the soft and hard MWPM decoders for each round of the experiment. The average
performance is shown in solid lines, and the fidelity for each individual state preparation |0r,)
is shown in the transparent lines.
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Figure 7.11: Logical fidelity using soft versus hard MWPM decoder for each round of the
experiment.
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CONCLUSION & OUTLOOK

In this final chapter, | provide a summary of the findings from each chapter presented in this
thesis. Driven by the obtained results and discussions, | reflect on the key challenges and
issues that must be addressed to pave the way for the development of a practical quantum
computer in the future. It is important to note that these reflections represent my personal
opinions derived from the work presented in this thesis.
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Conclusions

The work presented in the thesis focuses on advancing the implementation of the surface
code for quantum computation based on superconducting transmon qubits. To this end, this
section summarizes the main results and conclusions of each chapter.

« Chapter 1 introduced quantum computation and essential components to build a small-
scale quantum processor based on surface-code architecture and superconducting
transmon qubits.

Chapter 2: The two-qubit gate is often the dominant source of errors in many quan-
tum algorithms. This chapter introduced a diabatic two-qubit scheme called SNZ gate,
designed for implementing flux-based CPhase gates in four pairs of nearest neighbors
within a subset of a 7-qubit device. Beyond speed, the key advantage of SNZ was tuneup
simplicity, owing to the regular structure of conditional phase and leakage as a function
of the flux pulse parameters. SNZ could also be generalized for arbitrary CPhase gates,
proving beneficial for QEC in presence of high residual ZZ couplings (see Chapter 4),
and NISQ applications. The highest performance achieved from one 2QIRB characteri-
zation had 99.93 £ 0.24% fidelity and 0.10 & 0.02% leakage.

« Chapter 3: Leveraging the capabilities of a 7-qubit device, referred to as Surface-7, in
this chapter, we realized a distance-2 QED code using post-selection techniques. Fur-
thermore, we showed a complete suite of logical operations, including initialization, mea-
surement, and single-qubit gates, with higher performance observed for fault-tolerant
variants over non-fault-tolerant ones. We also demonstrated process tomography of logi-
cal gates, using the notion of a logical Pauli transfer matrix. At the time of its introduction,
this integration of high-fidelity logical operations with a scalable scheme for repeated sta-
bilization reached a milestone on the road to QEC with higher-distance superconducting
surface codes.

Chapter 4: Automating the calibration and benchmarking of superconducting quantum
computers is crucial for scalability and addressing continuous parameter drifts. This
chapter detailed calibration strategies and benchmarking for a 17-transmon device, uti-
lizing automatic framework known as GBT. This approach streamlined the calibration
of single-qubit gates, two-qubit gates, readout, and stabilizer measurements. Common
failure modes were discussed, particularly regarding strong interaction with two-level-
system defects. Additionally, the chapter presented a comparative analysis of individual
and simultaneous device performance to highlight the impact of crosstalk.

Chapter 5: Leakage hampers the ability of QEC to detect and correct errors. In this
chapter, we implemented and extended a simple all-microwave scheme to minimize
leakage known as LRU for transmons in a circuit QED architecture, initially proposed by
Battistel et al., [PRX Quantum 2021]. This LRU effectively reduced leakage in the second-
and third-excited transmon states with up to 99% efficacy in 220 ns, with minimum
impact on the qubit subspace. As a result, this LRU scheme could be simultaneously
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applied to both data and ancilla qubits. As a showcase in the context of a QEC setup,
we showed how multiple simultaneous LRUs could reduce the error detection rate and
suppress leakage buildup within 1% in data and ancilla qubits over 50 cycles of a
weight-2 stabilizer measurement.

Chapter 6: A quantum circuit is sub-optimally constructed if simply compiled from one-
and two-qubit gates and single-qubit readout tuned in isolation. This chapter introduced
highly parallel and orthogonal calibration strategies known as VC and HC, for the optimal
tuneup of the QEC cycle in a distance-3 surface code. This approach facilitated the
implementation of a bit-flip distance-3 surface code with 13 qubits, referred to as Surface-
13. This code served as a testbed for investigating decoding strategies and quantifying
the link between logical and physical qubit performance. Additionally, we attempted to
stabilize the logical state |0r,), using X and Z stabilizers and assess the measured
defect rates for multiple rounds.

Chapter 7: Traditional error decoding approaches, relying on the binarization (‘harden-
ing’) of readout data, often ignore valuable information embedded in the analog (‘soft’)
readout signal. In this chapter, We used soft information into the decoding process of
a distance-3 bit-flip surface code with transmon qubits. To this end, we used the 3x3
data-qubit array to encode each of the 16 computational states that comprise the logical
state |0y, ), and protect them against bit-flip errors by performing repeated Z-basis sta-
bilizer measurements. To infer the logical fidelity for the |Oy,) state, we averaged across
the 16 computational states and employed two decoding strategies: minimum weight
perfect matching and a recurrent neural network. Our results showed a reduction of up
to 6.8% in the extracted logical error rate with the use of soft information.

Outlook

The key challenges discussed in this section are not ordered by their relative importance but
rather follow the structured approach outlined in Section 1.3 for building a full-stack super-
conducting quantum computer. This progression moves from design choices and fabrication
to the calibration of high-fidelity operations, all of which are essential for realizing a scalable
quantum computer and achieving fault-tolerant quantum computing.

8.1 From microsecond to millisecond T7;

Using density matrix simulation, our group has previously explored ways to optimize the logical
performance of Surface-17 and extended to Surface-49 [134]. Given the current physical per-
formance discussed in Chapter 4, both Surface-17 and Surface-49 fall short of reaching the
computational break-even point, making fault-tolerant quantum computing (FTQC) unattain-
able. This holds true even without accounting for more challenging errors such as leakage and
residual Z Z coupling. To achieve FTQC, Surface-49 necessitates improvements in readout
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speed and increased qubit relaxation times. This section is dedicated to understanding and
improving qubit coherence in our surface-code architecture.

Dielectric losses, primarily attributed to TLS defects, have consistently been identified by the
superconducting community as the dominant relaxation channels [36, —145, ]. The
qubit decay rate, denoted as v, is defined as a function of the intrinsic losses (or loss tangents
0;) of materials in the bulk and across interfaces [144]:

’yzZ'yi—&—F:pritan(Si—FF, (8.1)
3 3

where w /2 is the qubit transition frequency, p; is participation ratio, and I represents all
other decay channels including radiative decay [36, ], cosmic ray events [25, —225],
and more.

If the qubit coherence is primarily limited by the loss tangent of the bulk materials, which
is typically in the range of ~ 1079 : 1077 at cryogenic temperature [36], this should
allow for several milliseconds of T} [145]. In contrast, amorphous native oxides at interfaces
exhibit much larger loss tangent ~ 1073 [86]. This strongly suggests that qubit coherence
is predominantly limited by microwave losses due to uncontrolled defects at surfaces and
interfaces. Qubit relaxation is also influenced by various other factors such as participation
losses [144], transmon geometry [226], capacitor design [86], quasiparticle tunneling [227],
coupling to spurious modes [228], flux coupling, and radiative decay [36]. However, these
factors are beyond the focus of this section.

As a future area of investigation, | propose focusing on dielectric losses at interfaces. The
critical interfaces in our design include substrate-metal (SM), substrate-air (SA), metal-air
(MA), and metal-metal (MM) interfaces. While our group has previously studied and improved
intrinsic losses by SA and SM interfaces [139], | suggest focusing on the optimization of the
MA interface in this proposal.

Many groups have been studying the natively-grown oxides on top of various superconduc-
tors: niobium [144, ] (Nb), tantalum (Ta) [145, ], and aluminum (Al) [145]. They have
also investigated the impact of the superconducting film morphology and various deposition
techniques [230]. Notably, recent reports have reached sub-milliseconds 77: 0.114 ms by
Rigetti [144], 0.3 ms by the Houck group [145], and 0.5 ms by Wang et al. [154]. Regard-
less of the fabricated superconducting film materials, the key question may lie in the grown
complex oxide on top of the metal-to-air interface. This probably explains the improvement for
tantalum film, known to have less grown oxides than others superconductors [145, 1.

In our group, we attempted to improve qubit coherence by cleaning the chip surface from its
oxides just before cooldown in the fridge [231]. However, this was an uncontrolled processor-
like shot in the dark. | believe more can be done in this direction. For example, | propose the
following:
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1. Conduct a controlled study using characterization tools such as X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy (TEM), and energy dispersive
spectroscopy (EDS) measurements to analyze the complex oxides on top of the NbTiN
surface in our chips. This analysis is crucial for extracting information about the ox-
ide components, their thickness, and their oxidization rate. Such information is highly
needed to design a controlled recipe for removing the target layers. Otherwise, there is
a risk of increasing surface roughness, which could lead to worse performance after this
treatment [229].

2. To simplify the experimental overhead, utilizing a single lithographic layer, specifically
the patterned NbTiN film in our Surface-17 layout, is sufficient. This approach aims to
quantify losses by only measuring the intrinsic quality factors of the test resonators,
following the procedure outlined in [139].

3. I believe that the NbTiN contact profile, rather than just the surface, likely influences co-
herence times. The Rigetti group has demonstrated an enhancement of 7’1 by more than
50% through careful engineering of the contact profile of the Nb film [144]. | anticipate
that similar improvements can be achieved for NbTiN films.

4. Another potential avenue is exploring the passivation of the metal surface with thin layers
of noble metals such as gold (Au) or silver (Ag) or with self-assembled monolayers
(SAMs). The latter is extensively used in organic chemistry and thin-film electronics to
control the surface chemistry on the metal contact [232]. By growing well-controlled
and single-crystalline monolayers, the goal is to passivate dangling bonds and prevent
the formation of native oxides. The choice of monolayer material should be carefully
considered to have a lower loss tangent than that of complex amorphous oxides.

In the investigation of the qubit coherence limits in our device, | think it is crucial to re-evaluate
the imposed Purcell limit due to the microwave drive line. This is particularly important as we
have progressively increased the microwave coupling capacitance from 0.1 fF to 0.25 fF
over the course of my PhD, ensuring fast single-qubit gates in 20 ns. However, using a simple
expression for a grounded transmon:

1 2
qCc

where Cy; is the total capacitance seen by the transmon, Z is the characteristic impedance,
wyq is the qubit transition frequency, and C. is the microwave coupling capacitance. Through
finite element simulation (COMSOL), we extract an approximate value of 65 fF for Cy;. With
Zy = 50 Q, Ce = 0.25 fF, and wy = 6 GHz, this suggests 17 ~ 16 ps. While this is
likely an oversimplification, considering our transmon is not grounded (floating), it highlights a
concerning limit imposed on 77 .
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This is likely not the dominant factor affecting qubit coherence in our device, as we observed
a linear dependency of device coherence on qubit frequencies, indicating that dielectric loss
is the main suspect. However, Purcell decay due to coupling to a drive line can still set an
upper bound on device coherence. Therefore, conducting a controlled experiment where the
microwave coupling capacitance is systematically varied across the same device would be
valuable. The sensitivity of this experiment depends on 17 ; higher coherence reflects a more
realistic impact of microwave coupling capacitance.

8.2 Two-level systems defects

Strong interaction with TLS defects currently stands as a major bottleneck for the successful
implementation of large-scale QEC experiments using transmon-based quantum proces-
sors [26, , , ]- As the number of qubits scales, the probability of encountering these
defect modes highly increases, posing a significant challenge for the future of superconducting-
based quantum computers.

The presence of TLS defects is commonly explained within the framework of the standard
tunneling model (STM) in amorphous materials at low temperatures [43]. These defects do
not necessarily result from impurities in the material but emerge due to disordered struc-
tures of the barrier oxides in the Josephson junctions. Typically characterized by low energy,
these defects add an additional degree of freedom and can dominate at low temperatures,
while they become saturated at high temperatures. Moreover, TLS defects commonly switch
between their two eigenstates and exhibit dynamics due to decoherence, coupling to the
environment, or thermal activation. This dynamic behavior causes fluctuations in both time
and frequency [233, ]-

Current techniques to mitigate the impact of TLS defects are quite short handed. These
include waiting for the TLS to go out of the interaction, detuning the qubit away in frequency
from the TLS (similar to developed techniques in Chapter 4), or playing the thermal roulette
through a thermal cycle and hope the device will cool down in a different configuration. Many
research groups have characterized TLS dynamics using qubit spectroscopy techniques [141,
—235] (similar to Fig 4. 17 in Chapter 4). They have also studied the response of TLS
to applied strain [222], DC electric fields [222, , , ], temperature variations [139],
and background ionizing radiation [225]. Several studies have localized strong defects in
the tunnel barrier or at the edge of widely used Al/AIO4/Al Josephson junctions [234, ]-
However, the existing techniques, at best, can induce jumps and scramble the TLS locations
in frequency without providing guarantees against their return, the emergence of new TLS
defects, or individual control (rather than applying external control to the entire chip).

As a future study, | think it will be interesting to integrate a laser annealing setup in the fridge
in which the qubits can be annealed in-situ. The idea is to use the laser beam to manipulate
the atomic arrangement in the capacitor pads of the transmon and across the junction [151,
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—241]. The aim is to explore whether this process could induce local rearrangement or
elimination of TLS defects, providing an avenue to study their behavior at low temperatures.
However, it is not yet quite clear if laser annealing will effectively help the re-arrangement of
atoms across the junction, where strong TLS defects concentrate. It is also fair to say that
the impact of laser annealing technique is not thoroughly understood at the microscopic level.
Additionally, engineering challenges also abound, particularly in applying a laser beam in a
low-temperature setting without excessive heating and precisely aligning the laser to target
the qubit area.

Alternatively, placing a bottom electrode below the qubit chip can be used to induce a local
electric field, potentially tuning coherent defects away from qubit transition frequency as sug-
gested by Lisenfeld et al. [237]. To minimize crosstalk, the qubits should be spaced at least
100 pum apart, which is a viable spacing with current design. However, this approach intro-
duces additional sources of decoherence due to capacitive coupling with the gate electrode,
and would require complex fabrication techniques for implementation.

8.3 The Path to a 100-qubit device and beyond

The path to achieving a 100-qubit device and beyond requires the implementation of 3D inte-
gration and packaging technologies. This need arises from the limitations of lateral and planar
layouts, including issues such as high crosstalk couplings, interconnect crowding, spurious
packaging modes, and limitations in chip size [242-244]. Introducing a third dimension offers
advantages in signal routing and interconnects, enabling clever integration of multi-layers, e.g.,
readout and control lines on separated chips than the qubits.

However, 3D integration introduces additional fabrication steps, that can impact device coher-
ence by increasing surface interfaces, and correspondingly higher defect density. Moreover,
the precise alignment between multilayers becomes crucial to avoid significant targeting er-
rors, ensure optimal readout, and minimize crosstalk. These pose significant engineering
challenges, and only a few groups worldwide have achieved this milestone, including 1BM
Quantum [48], Google Quantum Al [26], MIT Lincoln Labs [242, ], Rigetti [245], and re-
cently the ETH group [244].

As a first step of 3D integration, our fabrication team attempted to fabricate planar surfaces
for 7- and 17- qubit devices with vertical input/output (I/O) features employing 3D intercon-
nects, i.e, through-silicon vias (TSV) in flip-chip architectures [98]. We experimented with TSV
fabrication both before and after the deposition of the superconducting base layer, NbTiN,
to evaluate the impact on device yield and qubit coherence. In presence of big 3D objects
like TSVs, which are typically a few millimeters in size, the team conducted numerous op-
timizations in the receipt to improve device yield and coherence. We managed to achieve
an average device coherence between 10 and 20 us; however, variations in photoresist
thickness resulted in significant targeting and yield issues. Eventually, the complexities and
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extensive time requirements of fabricating multi-qubit devices with TSVs led us to revert to
simpler lateral layouts. While this decision was pragmatic and suitable for a few-qubit device, it
is not conducive to the future goal of achieving 100-qubit device and beyond. A reassessment
of this vertical /0 approach is now imperative.

As a future study, i think it is an interesting avenue to investigate the less common microstrip
resonators structures, leveraging the benefits of 3D integration. This approach offers several
advantages, including simplified interconnects, an airbridge-free process, the ability to clean
the surface just before cooldown, and reduced sensitivity to surface defects. Moreover, the
microstrip structure allows for tunable coupling by adjusting the position within the waveguide.
As a showcase, Zoepfl et al. [246] demonstrates a high intrinsic quality factor, exceeding 1
million, in the low-power regime.

8.4 Automatic calibration

Chapter 4 outlined our approach to autonomously calibrate the building blocks of the QEC
cycle in isolation using an automatic framework. However, extending this to a large-scale,
continuously-running quantum computer poses significant challenges beyond the capabilities
of the current routine. Several factors contribute to this limitation. First, the performance of
individually-tuned quantum operations can degrade due to various crosstalk effects during
simultaneous implementation. Second, the continuous drift of control parameters and the need
for regular re-calibration make the calibration process tedious and time-consuming. Third,
as the device scales up, interactions between qubits and defect modes become inevitable,
limiting gate performance. Last,the challenge of microwave hygiene, particularly in presence of
increasing spurious images for individual qubit control is also significant. Additional challenges
include frequency crowding problems, dependencies of various errors on qubit frequency
trajectories, especially during two-qubit gates, the order of the calibration process, inter- and
state dependencies between neighboring qubits.

The complexity of the calibration process and the aforementioned challenges highlight the
necessity for a parallel optimizer. Recently, the Google Quantum Al team demonstrated their
optimized calibration strategies for measurement [177] and two-qubit gates [167] using a
home-built optimizer. Instead of exploring a large parameter space through a slow change
and measurement loop, they rely on a model-based approach to guide their calibration pro-
cess. This substantially reduces calibration time, considers the complexity of simultaneous
operations, and is scalable beyond hundreds of qubits.

| advocate for a similar approach to be highly essential for practical quantum computers.
Fortunately, we have developed various realistic models using density-matrix simulations to
predict and understand dominant errors in our device [18, 69, 72, 77, 94, , , , ,

]. I propose integrating these models into a GBT framework with input parameters from
experiments. These can namely include qubit transition frequencies, anharmonicities, readout
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frequencies, TLS densities and more. Implementing a modular software requires substantial
software development expertise, a task that exceeds the capabilities of a research lab. Instead,
| suggest leveraging the benefits of the existing quantum ecosystem in Delft and collaborating
with OQS and Qblox to build such an optimizer.

8.5 Measurement tuneup and measurement-induced transitions

Measurement is an essential building block of any quantum algorithm, especially those involv-
ing repeated measurements like QEC codes. State-of-the-art QEC experiments highlight the
significance of minimizing measurement errors, often dominant tied with two-qubit gate fideli-
ties [26, ]. Currently, readout calibration routines often involve exploring large parameter
space, measurement-based approach, to reduce measurement errors. This process becomes
tedious and time-consuming, especially when scaling up the number of qubits. Additionally,
it frequently identifies readout control parameters in the non-linear regime which may cause
severe measurement-induced transitions to higher leakage states and not necessarily to the
second-state [61, , , ]. Constraining readout amplitudes below a certain threshold,
known as the critical photon number, is an oversimplified approximation and an inadequate
strategy for readout calibration in a multi-qubit quantum processor [61]. Other challenges
in calibrating readout include poor hybridization between readout resonator modes, mea-
surement crosstalk, limitations of classical hardware, and more. Due to all previous reasons,
readout calibration remains a non-trivial problem.

As a future study, | propose employing a model-based approach for readout calibration in
a regime where the resonator frequency is above the qubit frequency. This model should
consider various error models, including qubit relaxation, average photon number, photon
depletion time, off-resonance transitions of the coupled transmon/resonator system, two-level
system defects, and more. Some of these models rely on acquiring experimental data through
small-scale experiments which then incrementally incorporated to guide readout calibration.
This approach has proven useful for the Google Quantum Al team, where they calibrate 17-
qubit and 72-qubit devices using a similar model-based approach but in a slightly different
regime, where the resonator frequency is below the qubit frequency [61, ]- Another inter-
esting avenue is to analyze the evolution of 1Q shots for the acquired voltages over time and
use them as input to a global optimizer like a neural network to search for a global minimum.
While this approach doesn’t rely on physical error models, it may get stuck in local minima or
take a long time to achieve optimized readout.

8.6 Leakage

Leakage poses a significant challenge for QEC codes as they rely on detecting binary out-
comes (either zero or one) for error detection and correction. Furthermore, leakage can result
in long-time correlations that persist over many QEC rounds, leading to a substantial accumu-
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lation of errors as circuit depth increases [26, , , ]. In Chapter 5, we implemented
and extended a simple all-microwave leakage reduction units (LRUs) for transmons in a circuit
QED architecture, originally proposed by Battistel et al. [128]. In a more advanced QEC setup
(Chapter 6), LRUs effectively removed leakage in a 13-qubit system, stabilizing the logical
zero state at lower error rates.

Simultaneous reduction of leakage across multiple qubits can be challenging in presence of
high microwave crosstalk. The latter can cause LRUs to introduce leakage if the LRU drive
aligns with a leakage transition. In addition, optimized control parameters of the LRU pulse
may change when operating simultaneously, in case the induced AC Stark shift is larger than
the linewidth of the LRU transition. In this case, a simultaneous optimization is needed.

(a) Without LRU (b) With LRU
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Figure 8.1: Correlation matrix without and with LRU Stabilization of the logical zero state
without (a) and with (b) LRU applied on high frequency qubits, D4, D5, Dg. The application of
LRU extends the QEC cycle by 240 ns, with the P;; matrix in (b) showing reduced long-term
correlations when LRU is applied.

From a hardware perspective, LRUs are quantum-hardware efficient as they do not require
additional quantum hardware changes. However, They are certainly not classical-hardware ef-
ficient. The microwave drives for single-qubit gates and LRUs may have a significant frequency
difference, often beyond the bandwidth of typical AWG. As a result, these can not be syn-
thesized with same hardware components—such as mixers, AWG channels, and microwave
sources—thus increasing the complexity of the hardware setup. Achieving high microwave
hygiene becomes crucial, given the risk of spurious images overlapping with qubit trajecto-
ries or interfering with unwanted transitions. The on-chip microwave isolation also imposes
constraints on the selection of LRU drive frequencies.

Developing an automatic optimizer for LRU calibration on multiple qubits is beneficial, taking
into account several factors such as unwanted transitions for each qubit, qubit-qubit avoided
crossings, coupled qubit/resonator interactions, worst-case microwave crosstalk, and spuri-
ous mixer images. The optimizer may need to perform iterative calibration to fine-tune LRU
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performance in parallel. Additionally, incorporating microwave filters with appropriate cutoff
frequencies is crucial to highly attenuate the unwanted frequency range.

To investigate the impact of LRU on the long-lived correlations, we measure the Pj; matrix,
with and without LRU when initializing the logical zero state and perform 15 QEC rounds
(Figure 8.1). As expected, long-term correlations are effectively reduced by applying the LRU,
especially for weight-4 stabilizers Z1 and Z4, as shown in panel b. Additionally, the magnitude
of correlations decreased from 14% to approximately 9%. Next, the new PhD generation is in
excellent position to perform a distance-3 surface code and investigate the impact of applying
LRU on the logical qubit performance. As LRU converts leakage events into Pauli errors (can
then be corrected), one would expect logical error rate to improve as applying LRUs on all
qubits. However, simultaneous LRU may induce bad impact as earlier mentioned.

8.7 Crosstalk

8.7.1 Mitigation of microwave drive crosstalk

In Chapter 4, our investigation into microwave crosstalk in a 17-qubit device revealed specific
pairs where crosstalk levels reached as high as 7 dB. By linking such pairs to the device
geometry, | identified crossovers involving microwave drive lines bridging over resonator buses
to be the main reason. Poor isolation can lead to multiple types of error [26, ]. When a
pulse is applied to a qubit through its dedicated drive line, other qubits in the same frequency
group experience both transversal and longitudinal errors. Qubits in the other two frequency
groups experience mainly a longitudinal error (from the AC Stark shift). When qubits are
simultaneously driven (which happens repeatedly when executing the surface-code QEC
cycle), the errors are generally both transversal and longitudinal regardless of the frequency
relation between the qubits. Microwave crosstalk can also induce leakage if the qubit transition
frequency of a driven qubit is close to the leakage transition of another qubit [26, ]-

In collaboration with our design team, microwave simulations have confirmed that the trans-
mission from a qubit microwave drive line is only 7.7 dB greater than the transmission from a
line that bridges a connected resonator bus. This poses a significant limitation in our planar
device design. Using simulation, we explored the effects of various factors on microwave
crosstalk, including the dimensions (width and height) of crossover airbridges, the use of dou-
ble airbridges, and their placement at voltage nodes. Our results showed only minor impact
on calculated microwave crosstalk, with a marginal reduction observed when increasing the
airbridge height from 2 pym to 10 pm. The challenge lies in the fact that while the coupling
between two bridged lines is minimal (approximately -60 dB), so too is the coupling of the
microwave drive line to the qubit (about -52 dB), especially when compared to the coupling of
the qubit to the bus over which some microwave drive lines are routed.
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Previous work has proposed calibration techniques to mitigate high microwave crosstalk
through interferometric cancellation [26, ]. However, this method faces scalability chal-
lenges, as it necessitates n2 physical connections and 2n2control knob tuning parameters,
where n represents the number of qubits.

As future prospective, | suggest the following research studies:

1. Decrease the coupling of the crossover airbridges by increasing their corresponding
heights or lengths. Simulation predicts a few dB reduction in microwave crosstalk.

2. Increase the target coupling of the microwave drive line to its own qubit. However,
this approach may impose a Purcell limit on qubit relaxation times, as discussed in
Equation Equation (8.2).

3. Explore the use of TSVs to connect on-chip ground planes, thereby eliminating the need
for crossover airbridges. It is important to note that fabricating TSV introduces additional
fabrication steps that may impact qubit relaxation times and device yield.

4. Place the crossover airbridge at a voltage node may not fully resolve the issue, as
suggested by simulation. While this could cancel the first mode of the transmitted field to
the crossed resonator bus, the zero-mode may still couple the drive line to the crossed
resonator. To address this, one can explore cancellation of the zero-mode by filtering
it out using on-chip filter or by adjusting the dimensions of the co-planar waveguide
structure asymmetrically to break the symmetry and thus suppressing the zero mode.

8.7.2 Mitigation of residual ZZ coupling

Residual-Z Z crosstalk between qubits involved in a two-qubit gate and their spectators can
introduce coherent phase errors and significant leakage errors [248]. This manifests in dra-
matically increased detection error rates when implementing simultaneous stabilizer mea-
surements in a distance-3 code (see Chapter 6). We attribute these higher error rates to the
elevated Z Z couplings experienced when running X- and Z-stabilizers in parallel.

In our latest Surface-17 designs, we have taken steps to mitigate this issue by reducing ZZ
couplings by a factor of four. This reduction is achieved by halving the transverse nearest-
neighboring couplings, resulting in a slowdown of two-qubit gate times by a factor of two.
Despite these efforts, current ZZ couplings remain relatively high, leading to correlated er-
rors that violate locality and compromise the ability of QEC scheme in locally detecting and
correcting errors. Furthermore, residual Z Z couplings during two-qubit gates are significantly
higher at interaction points compared to bias points, often by few times to an order of mag-
nitude. These couplings can not be effectively refocused. The presence of always-on static
couplings further complicates parking frequency calibration, making it challenging to choose
optimal parking frequencies for spectator qubits during two-qubit gate operations.
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Several strategies have been proposed in literature to mitigate Z Z crosstalk including em-

ploying hybrid physical qubit platforms with opposite anharmonicities [92, , ], the use
of engineered multi-path coupling with fixed [251] and tunable elements [252], introducing
tunable coupler schemes to dynamically turn the interaction on and off [13, 89, 90, ], and
the use of simultaneous AC-Stark shift on coupled qubits [254]. All previous strategies come

at the price of increasing hardware or software complexities. Tunable coupler schemes have
proven to work with tens of qubits [13, 26]. Although it increases hardware complexity and
scales up poorly, it highly suppresses residual Z Z errors. | think it is the best strategy so far
and compatible with larger qubit devices.
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