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Abstract

The thesis investigates three challenges in superconducting quantum computing:
efficient quantum gate compilation, scalable microwave interfacing of quantum pro-
cessors (QPUs), and electrical annealing of Josephson junctions.

The first part addresses an inefficiency in contemporary two-qubit gate compila-
tion. Universal quantum computation requires only a single entangling two-qubit
gate alongside single-qubit rotations, but this minimal gate set requires up to three
additional two-qubit gates for every unsupported gate. I show how access to multi-
ple inequivalent two-qubit gate classes overcomes this inefficiency. I experimentally
realised an unsupported SWAP operation using one parametric CZ and one para-
metric ISWAP gate on a circuit-QED architecture. A Kraus-Cirac analysis shows
that this combination belongs to the SWAP equivalency class, the fundamental rea-
son for the reduction in two-qubit gates. The experiment demonstrates a rare case
of simultaneous CZ and iISWAP support in the same quantum circuit, illustrating
how access to multiple inequivalent gate classes can reduce compilation overhead on
real hardware.

The second part explores direct digital synthesis of microwave signals for interfac-
ing with quantum processors. Conventional control uses heterodyne upconversion
with IQ mixers, requiring compensation of LO leakage and 1Q skew. I investigated
a mixerless architecture based on high-speed DAC/ADC systems to generate and
analyse the required microwave signals. CZ and iSWAP gate experiments subse-
quently verify that the platform is equivalent to conventional QPU setups.

The third part investigates post-fabrication electrical tuning of Josephson junc-
tions, in which voltage pulses modify junction resistance to correct fabrication-
induced transmon-frequency variations. The speed of resistance change was found
to depend exponentially on pulse amplitude. A novel stepwise protocol achieved
a 270% resistance increase in an 11-month-old 11.5k{ junction, corresponding to
a ~2GHz reduction in transmon frequency, the largest reported selective resis-
tance modification to date. Simulations show that resistance, charging-energy, and
superconducting-gap uncertainties contribute equally to the uncertainty in the fi-
nal qubit frequency. The results support a picture where electrical manipulation
modifies the energy landscape, accelerating natural junction ageing.

The thesis demonstrates that investigating gate-level compilation strategies, fully
digital QPU control, and post-fabrication tuning, helps advance the understanding
of how to approach scalable superconducting quantum processors.

Keywords: amorphous materials, direct digital synthesis, electrical tuning, Josephson
junctions, superconducting microwave circuits, quantum information science, qubit.



Acronyms

AC:
ADC:
API:
AWG:
BPF:
CNOT:
CZ:
DAC:
dB:
DC:
DDS:
DRAG:
EBL:
ESD:
FLOPS:
HEMT:
HPF:
IF:

1Q:
LO:
LPF:
MSE:

NISQ:

II

Alternating current
Analogue-to-digital converter
Application programming interface
Arbitrary waveform generator
Band-pass filter

Controlled-NOT gate

Controlled-Z gate
Digital-to-analogue converter
decibel

Direct current

Direct digital synthesis

Derivative removal by adiabatic gate
Electron-beam lithography
Electrostatic discharge

Floating point operations per second
High-electron-mobility transistor
High-pass filter

Intermediate frequency

In-phase and quadrature

Local oscillator

Low-pass filter

Mean squared error

Noisy intermediate-scale quantum computing



NP:

QED:
QPU:
RF:
RO:
Sa/s:
SEM:
SPAM:
SQUID:
SWAP:

XX, YY, ZZ:

Nondeterministic polynomial time
Probability

Quantum electrodynamics; also, circuit-QED
Quantum processing unit

Radio-frequency

Readout

Samples per second

Scanning electron microscopy

State preparation and measurement
Superconducting quantum interference device
SWAP gate; distinct from bSWAP, fSWAP, iSWAP

XX, YY or ZZ Pauli interaction

11
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Contribution to appended papers

The appended papers summarise my key scientific contributions during my PhD. I
made additional contributions to work beyond these papers, but they represent my
main body of research on which this thesis is based.

My contributions to Papers A and D span experimental design, execution, data
collection, data analysis, post-processing, writing of the papers, and in both cases
installing another dilution refrigerator.

Papers B and C were made in a scientific collaboration, and therefore merit a more
detailed account of my specific contributions. These contributions are described
below.

Paper A

The experimental concept stems from regular scientific dialogue with the neigh-
bouring quantum theory division at our institution. I designed the experimental
implementation and developed several parameter-estimation techniques for char-
acterising two-qubit gates. I performed all experiments, analysed their data, and
performed additional post-processing in collaboration with co-authors.

I assembled a substantial portion of the measurement infrastructure, ranging from
cryogenic hardware to the room-temperature microwave interface. I also developed
further the experimental control software, creating interface code for the AWG and
digitiser, and extended the laboratory framework code to support the novel two-
qubit gates.

The manuscript was written by me, with input from co-authors. Analysis relat-
ing to experimental error, readout misclassification, and qubit frame tracking was
carried out in collaboration with co-authors.

Papers B and C

Apart from continuos scientific collaboration including regular feedback, visits, dis-
cussions, planning and suggestions, my specific work pertaining to these papers is
the following.

« Investigation (supporting)

— Planned and structured the measurement campaign for initial Presto-

VII



based experiments for qubit characterisation.
— Performed experiments using Presto prototypes at Chalmers.

— Developed and shared measurement procedures and reference implemen-
tations for phase-coherent pulse sequences.

— Contributed methodology for maintaining phase coherence in driven two-
qubit operations. For instance, iSWAP-type interactions.

o Resources (supporting)

— Made experimental hardware, including sample box construction, assem-
bly, wiring, and wirebonding of chips. And, replaced damaged samples.

— Installed and integrated the Presto prototypes at Chalmers.
— Implemented DC biasing interface for protecting instrument ports.
 Validation (supporting)

— Cross-validated measurement implementations by exchanging and bench-
marking experimental control code across sites.

— Verified consistency of measurement results obtained using Presto across
independent implementations.

o Writing - review & editing (supporting)

— Critically reviewed the manuscript focusing on evidential support for its
claims.

— Identified insufficient support for two-qubit gate demonstrations and con-
tributed revisions to align claims with presented data.

— Provided feedback on figures, analysis, and technical descriptions.
e Other instrument-related development

— Developed example control routines for phase-coherent waveform gener-
ation and timing-sensitive experiments.

— Contributed to experimental strategies for implementing and evaluating
two-qubit gate protocols using DDS-based control.

e Broader contribution

— In addition to the work directly underlying Paper B and Paper C, I con-
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tributed to the development of the Presto platform through specification
of its streaming mode prototype. I co-designed the communication pro-
tocol intended for use between host PC and instrument, and I supervised
implementation work carried out in the context of two master’s indus-
try courses with improving the Presto being the end-deliverable. I also
contributed to hardware-level system design decisions, including evalua-
tion of biasing solutions for SQUID control and port layout requirements
based on target multi-qubit device architectures, which I specified.

Paper D

The electrical tuning project originated as a master’s thesis project by Maurizio
Toselli [1], based on the junction annealing technique introduced in [2].

I extensively upgraded the experimental platform to make it ESD-safe. Other
upgrades included a major revision of its measurement software. I also assembled
the cryogenic experimental setup, with input from colleagues. With a small number
of exceptions, the experiments reported in the paper were carried out by me; these
exceptions are the ageing study, breakdown-voltage analysis, resistance-change mea-
surements for the Low-dose 1 and Medium-dose 1 samples, and the liquid-nitrogen
relaxation experiment.

Data analysis and all post-processing was performed by me, with two exceptions;
the ageing study and liquid-nitrogen relaxation analysis were conducted with input
from MT, while the breakdown-voltage post-processing was performed by Andreas
Nylander.

I developed the theoretical work used for qubit-frequency prediction, including all
related code and its formulaic implementation; it must be noted that the underly-
ing derivation connecting junction resistance to qubit frequency is long-established
within the field. Reference values for the superconducting energy gap and the ratio
Reryogenic/ Rroom temperature Were experimentally acquired by co-authors.

Several scientific directions emerged through discussions with collaborators: the
liquid-nitrogen relaxation study originated in discussions with Jiirgen Lisenfeld at
KIT, while discussions with Prof. Per Delsing motivated investigation of resistance-
manipulation speed as a function of voltage. The hypothesis that electrical tuning
is fundamentally related to modifications of the barrier energy landscape emerged
through discussions among multiple co-authors.

The manuscript was written by me, with input from co-authors.
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CHAPTER 1

Introduction and methodological overview

Quantum computers promise to unlock solutions to certain computational problems
that are unsolvable by conventional computers within the lifetime of the universe [3],
[4]. Whether a problem is solvable depends on its computational complexity, that
is, how the resources required to solve it, such as execution time, memory consump-
tion, or the time needed to verify a solution, scale with the size of the input. Some
problems grow only modestly in complexity. For instance, sorting a list of 20 names
remains fairly straight-forward even if the list doubles in length. Other problems
grow dramatically in complexity. Finding the shortest path through 40 cities is
10%° times harder than with 20 cities. Quantum computers are believed to provide
advantages over conventional, classical computers for problems of scientific and in-
dustrial interest that fall within certain complexity classes. Such problems can be
found [5[-|7], for example, in chemistry, materials science, logistics optimisation,
and cryptanalysis.

This promise does not come about because of faster clock speed, but rather be-
cause quantum computers have access to exotic information processing techniques
enabled by quantum principles, such as the no-cloning theorem and entanglement [6].
In the gate model of quantum computation, a quantum computer’s memory con-
sists of a register of n quantum bits of information, qubits. Each qubit is associated
with a complex amplitude which describes its state within the space spanned by



the logical-zero |0) and logical-one |1). Crucially, the state of a qubit can be put
in a quantum superposition, «|0) + S|1), with amplitudes « and (8 being com-
plex coefficients, where |a|? + |3]|? = 1. The n-qubit entangled state, which is a
quantum superposition states of several qubits, is represented by 2" amplitudes:
|t)) = ¢0]00...00) + ¢; ]00...01) + ¢2|00...10) + ... 4+ con_1 |11...11). A quantum algo-
rithm orchestrates the quantum interference of entangled states, such that the qubit
“waves” interfere to impart a high probability |c;|? on the qubits that represent the
answer, and essentially zero probability to the remaining qubits. This represents the
essential advantage of quantum computers compared to a conventional algorithm,
which can only be carried out on one state at a time.

Even as conventional, non-quantum computers continue to develop, quantum
computer scientists believe that quantum computers will outperform conventional
computers when applied to certain types of problems [3]. This gives us reason
to believe that you and I can start asking, and answering, questions to which we
previously would not have lived long enough to see the answer.

In order to implement a quantum computer in a physical device, we must represent
the qubits in a quantum system with two distinct controllable states [3], or rather,
a controllable two-dimensional subspace [8]. To realise practical quantum compu-
tation, several physical platforms have been pursued, which encode and manipulate
quantum information in different ways |9] and therefore face different engineering
trade-offs. There is not yet any universal consensus regarding which architecture
will ultimately prove the most suitable for large-scale quantum computation.

Some of the most mature approaches to quantum information processing include
trapped ions, neutral atoms, and spins in a semiconductor. Trapped ion computers
encode information in long-lived, internal electronic states of individual ions con-
fined in electromagnetic traps and are manipulated using laser interactions [8]—[10].
These systems are known for quantum states with minute-long coherence times
and high quality of operations, that is, fidelity, albeit with physical scaling chal-
lenges [10], [11] and comparatively low speed of operations. Neutral atom quantum
computing encodes qubits in selected atomic electronic states |12], while interac-
tions between highly excited Rydberg states can be used to implement multi-qubit
operations [13]-[16]. Semiconductor spin qubits instead encode information in elec-
tron or nuclear spin states, typically in quantum dots or donor atoms embedded
in silicon, motivated in part by compatibility with established CMOS fabrication
technologies [17]. Multiple additional approaches exist, such as photonic quantum
computers [9] and solid-state defect systems [18]. A review of alternative platforms
for quantum computation is outside the scope of this thesis.

My work pertains to several hardware aspects of superconducting quantum com-
putation, the perhaps most successful platform to date |[19]. This platform is pursued



by industrial actors such as IBM and Google, startup companies, and many research
groups. Its maturity has been engineered to a state where cloud access platforms
provide outside users an opportunity to configure and run their algorithms on phys-
ical quantum processors.

This thesis is based on four journal papers, summarised in the next section. Com-
mon for all chapters is the overview shown in figure [I.I] where I will highlight the
subject matter of the different chapters. The papers contribute to the experimen-
tal areas of quantum information science, quantum processor control hardware,
and post-fabrication electrical annealing of Josephson junctions; the Josephson
junction is the fundamental non-linear, inductive circuit element that enables super-
conducting qubits and therefore underpins all superconducting quantum processors.
An introduction for this component is given later.

I will frequently refer to the machine, which uses quantum phenomena to ma-
nipulate properties of information according to a list of instructions, as a quantum
processing unit (QPU).

1.1 Experimental workflow and thesis outline

This section provides an overview of the experimental workflow and introduces the
common infrastructure. All experiments follow a similar procedure, shown in fig-
ure|l.1} at the highest level, a computational task is translated into control signals,
propagated into a cryogenic environment, executed on a superconducting quantum
processor, and finally measured by studying the microwave transmission.

1.1.1 Quantum gate implementation and an extension of the
gate set

Generally in computation, a computer carries out an algorithm, a sequence of in-
structions to be executed in order to solve a particular task, that is, a program.
The QPU’s program is known as a quantum circuit: a sequence of quantum op-
erations that controllably manipulate a quantum state toward some desired state.
Operations in these circuits are often represented graphically, as can be seen in

figure [I.1Ja).



Figure 1.1: Overview of an example setup for the quantum experiments shown throughout this the-
sis. (a) A quantum circuit contains the algorithmic description of the experiment the
experimentalist wishes to run, see Chapter@ This description of gates is compiled into
instrument-specific instructions and uploaded onto (b) the QPU interface. The interface
can be simplified as is done in (c), where much of the signal conditioning equipment is
removed, see Chapter The microwave signals are sent into (d, e) the cryogenic RF
environment. (f) An example QPU chip is shown in figure [1.2} with figure [1.3| showing
its fundamental elements: the Josephson junction, see Chapter 4]



The operations described in the quantum circuit must be translated into physical
control signals that act on the qubits. In our superconducting qubit platform, each
operation, that is, quantum gate, is implemented using microwave pulses that drive
the transitions between qubit states. These pulses are characterised by waveform
parameters such as pulse duration, amplitude, carrier frequency, and phase, all of
which must be set correctly for that pulse to correspond to a particular gate.

Determining a gate’s pulse parameters is achieved through parameter estimation
experiments, commonly referred to as tune-up, extensively covered in the litera-
ture [20], [21]. The hardware architecture of the QPU determines which operations
are supported natively, collectively known as the QPU’s gate set. When compiling
quantum circuits into some sequence of gates to be executed, a larger gate set can
allow for a more efficient compilation: this is the topic of Paper A in Chapter

The control layer, which determines which gates to implement in which order,
is implemented using quantum circuit compiler software, such as Qiskit [22]. The
resulting list of instructions is processed by a regular desktop computer, which acts
as a translator between this list and hardware-specific control instructions.

Chapter 2 / Paper A:  Quantum SWAP gate realized with CZ and iSWAP
gates in a superconducting architecture.

Here I used a qubit architecture comprising fized-frequency qubits and tunable qubit
couplers to demonstrate CZ and iSWAP two-qubit gates in sequence, thereby realis-
ing a SWAP operation by using an extended gate set. The experiment demonstrates
that an extended gate set enabled a more efficient decompilation of the SWAP op-
eration than our platform would have otherwise required. This possibility emerges
because the CZ and iSWAP gates belong to different so-called locally inequivalent
two-qubit gate classes, further explained in Chapter[d These gates are individually
well established in the literature, but simultaneous utilisation of both in the same
quantum circuit is rare, with previous experimental works focusing on supporting
the gates in separate circuits (21], [23]. Simultaneous support for the iSWAP and
CZ families has been shown previously in tunable-qubit architectures, using fSim
gates whose settings made these gates CZ- and iSWAP-equivalent [24)]. It has re-
cently been proposed for a neutral-atom architecture [16]. The work is motivated by
a desire to reduce quantum circuit depth, that is, the number of gates in sequence.

1.1.2 QPU input/output signal interface

Signalling interfaces to superconducting QPUs usually consist of microwave instru-
ments placed outside of the refrigerator, which launch pulses into cables leading to
the QPU placed at low temperature. This interface is illustrated in figure [L.I|b).



The list of instructions that make up the gate sequence is translated into instrument-
specific control signals by instrument control software. Such software is often pro-
vided by the hardware vendors, where they expose instrument functions through
an API. It is the task of an automation framework to steer the instruments into
sending and receiving the microwave pulses as needed [25].

The relevant control frequencies for superconducting qubit architectures typically
lie in the 0.2 GHz to 8 GHz range, depending on the state transitions being ad-
dressed; an example is shown in figure (a) on page A conventional approach
to generating signals in this band is to use arbitrary waveform generators (AWG)
to synthesise waveforms at an intermediate frequency (IF) in the few-hundred MHz
range. This IF content is subsequently upconverted to the target microwave band
using analogue mixers. Such mixers may be implemented as stand-alone components
or integrated into commercial instruments. Signal detection is done using digitisers
that generate their own pilot tone, conceptually similar to a lock-in amplifier |26].

An alternative approach is highlighted in figure [1.1{(c), where direct digital syn-
thesis (DDS) is used to perform frequency conversion digitally, removing a lot of
the hardware used in (b). The QPU control signals are synthesised directly in the
target frequency band. This approach forms the basis of the QPU interface de-
veloped in Papers B and C. We demonstrated that an all-DDS control system can
reproduce the QPU parameter estimations that are standard in superconducting
quantum computing. We also interfaced to a circuit scheduler [22] for calculating
the gate-level control signals needed.

Chapter 3 / Papers B and C: Measurement and control of a superconducting
quantum processor with a fully integrated radio-frequency system on a
chip and Characterization and benchmarking of a phase-sensitive two-
qubit gate using direct digital synthesis.

These papers showcase an all-DDS QPU interface. Complexity and scalability as-
pects in control electronics remain one of the major technological challenges for
large-scale quantum processors. The work therefore investigates DDS as an enabling
technology for future quantum systems. The research was done in collaboration with
the group of David Haviland at the KTH Royal Institute of Technology; the work
contributed to technology transfer beyond academia, and the resulting instrument is
now a product of the spin-off company Intermodulation Products from KTH.

The generated microwave control signals are launched into a microwave signal
path setup inside a dilution refrigerator [29], illustrated in figure d) and pho-
tographed in figure e). The millikelvin temperatures of the setup (far below what
is required for keeping the aluminium inside our QPUs superconducting) serves to
suppress erroneous thermal excitations of higher quantum states, that is, the energy



Figure 1.2: (a) Wirebonded device for the experiments performed in Papers B and C, and the corre-
sponding verification experiments done at Chalmers. (b) Micrograph of the chip, consist-
ing of two fixed-frequency transmon qubits coupled together by a tunable coupler, with
two resonator elements sharing a feedline for reading out the qubits’ state. The numbers
provided are in units of GHz, with the coupler stated in its flux-biased spectral position
4.740 GHz, and its unbiased frequency 6.254 GHz as experimentally acquired by fitting a
flux-swept two-tone spectroscopy to equation (2) of |27], when biased to 0.25 ®/®y. An
equivalent schematic of this QPU will be shown in figure b)A The chip was originally
fabricated by my master’s thesis supervisor for |28|, while the box design is by Marco
Scigliuzzo.

separation between adjacent eigenstates hw, must be greater than the thermal en-
ergy kpT [30]. The signal path itself consists of multiple stages of attenuation and
filtering [31] serving to thermalise the incoming microwave lines to the temperature
of each cryogenic plate inside the cryostat, while suppressing thermal noise origi-
nating from warmer plates. The signal path is therefore heavily filtered to suppress
spurious spectral content and environmental noise.

The signals are delivered to the QPU, seen in figure f). The processor used in
Papers B and C is shown in greater detail in figure this chip architecture was
later redesigned into a flip-chip implementation [32], [33], subsequently used for the
experiments in Paper A.

1.1.3 Adjusting superconducting circuit parameters
post-fabrication

The cross-shaped features visible in b) are specific to a particular superconducting
qubit modality known as a transmon [34], and to be even more specific, the Xmon [35|;
the cross constitutes the capacitive element of an inductance-capacitance (LC) cir-



cuit. To render the qubit energy spectrum anharmonic, and hence the state tran-
sitions distinct, a non-linear element is required. This requirement is solved by
connecting a Josephson junction [36] at the base of each structure, acting as a non-
linear inductance. A junction is highlighted in the micrographs of figure [I.3]

Figure 1.3: Micrographs showing progressively higher magnification of transmon qubit structures
from a wafer! presented in Paper D. (a) Optical micrograph of an Xmon qubit’s main
capacitor “island”. The highlighted region indicates (b), a scanning electron micrograph
(SEM) of the Josephson junction. The junction is further magnified in the false-coloured
SEM (c), revealing the two overlapping aluminium electrodes. The false-colouring cor-
responds to (d) a simplified, not-to-scale illustration of the junction geometry with ap-
proximate dimensions. The oxide formed between the electrodes is AlOg alumina. The
illustration omits other oxides for clarity; an illustration including such native oxide for-
mation can be seen in [37].

Josephson junctions are nanoscale structures with lateral dimensions of a few hun-
dred nanometres. They are therefore difficult to manufacture with high precision,
particularly in a university laboratory. During fabrication, small deviations appear
in the junctions’ cross-sectional area. These variations cause the electrical junction
parameters to deviate from their intended design values [38], [39], particularly the
transition frequency of the qubit. This variability introduces the risk of frequency

I This wafer will be known as the high-dose wafer in Chapter



crowding once QPU designs grow in size. Control signals intended for one qubit
would inadvertently drive neighbouring qubits |[40]. An example of this challenge
will be shown graphically in figure [I.1] on page [48]

Therefore, it is interesting to explore methods enabling the manipulation of the
qubit frequencies once the QPU has been manufactured. Post-fabrication correc-
tion of junction parameters has previously been performed mostly by heating the
junction [41]-[49], where secondary effects are not yet fully understood [50]. A more
recent alternative is electrical tuning, where voltage pulses are applied across the
Josephson junction to modify its electrical properties |2], [51]-[53]. This approach
remains comparatively new, and the physical mechanisms are incompletely under-
stood. Increasing this understanding was the motivation for the research reported in
Paper D, which took an empirical modelling approach to devise an electrical tuning
method to adjust the frequency of a qubit post-fabrication.

Chapter 4 / Paper D:  Electrical post-fabrication tuning of aluminum
Josephson junctions at room temperature.

The chapter deals with the fabrication variability of Josephson junctions, and a
method for compensating for this variability post-fabrication. A recent approach is
electrical tuning, where the resistance of a Josephson junction is altered by exposing
it to voltage pulses. The underlying physical mechanism remains insufficiently un-
derstood, and therefore Paper D presents a study of five different junction variants,
aiming to provide an empirical characterisation. The goal was to assess the suit-
ability of electrical tuning for mitigating qubit frequency crowding in a multi-qubit
system. In my work, I demonstrated a selective resistance tunability range signifi-
cantly beyond what had previously been reported in the literature. Furthermore, my
work establishes that the speed of resistance change is exponentially dependent on the
manipulation voltage, providing clues of the physical mechanisms. The study also
shows that the spontaneous resistance drift that occurs after manipulation depends
on the preceding intentional resistance change, which was previously assumed not to
be the case. Post-fabrication adjustment of Josephson junctions may prove useful
as quantum processors grow in Size, where frequency crowding may be a challenge
in certain QPU architectures.

1.1.4 Acquiring data

The final stage of an experiment is to extract information about the quantum state.
In the predominant circuit-QED architecture, the qubit is coupled to a microwave
resonator, whose resonant frequency depends on the state of the qubit. The qubit
state can therefore be read out by probing the resonator: the outgoing signal ac-
quires a state-dependent shift in amplitude and phase. These resonators are the



meandering structures in figures [L.1]e) and [L.2[b).

The readout approach resembles the principle of a lock-in amplifier [26], where
a known reference signal is injected and its modification after interacting with a
system is analysed. In our case, the readout signal is the reference signal, launched
into the cryostat through the microwave readout chain.

Depending on the hardware architecture, qubit control signals may either share
the same signal path, as was the case in Paper D; or, the control signals can be
delivered through dedicated control lines, as was the case in Papers A, B, and C.
Dedicated control lines allow for stronger coupling between the control signals and
the qubits, as well as more selective control as each signal mainly reaches its target
qubit [33]. Dedicated control lines increase wiring complexity and thermal load
inside the cryogenic environment, but is generally of little concern for chips used in
academic research.

Following interaction with the QPU, the weak microwave signal propagates back
to room temperature through a chain of isolators, filters, and cryogenic amplifiers.
Once back at room temperature, the signal is digitised and processed, with the
resulting readout being a coordinate in magnitude-and-phase space [54], [55].

In this manner, a quantum experiment has completed its full cycle: a computa-
tional task expressed at room temperature was translated into microwave control
signals, executed on a QPU chip, and finally reconstructed into experimentally ac-
cessible information.

1.2 Introduction summary

This introduction established the common experimental framework of the quantum
experiments presented throughout this thesis. Starting from a quantum circuit, we
followed how instructions are compiled into control signals, transmitted through
a cryogenic measurement infrastructure, executed on a superconducting quantum
processor, and finally converted back into experimentally accessible data through
microwave readout.

The following chapters examine a different layer of this workflow in greater detail.
Chapter [2|focuses on quantum gate compilation and a more efficient utilisation of the
QPU’s native gate set. Chapter[3]addresses the hardware interface between classical
electronics and the quantum processor, with particular emphasis on using DDS for
microwave control and readout. Chapter[dmoves further down the hardware stack to
the Josephson junction itself, investigating electrical tuning as a means of mitigating
frequency crowding.
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CHAPTER 2

SWAP via the inequivalent CZ and iSWAP gate classes

This chapter expands on the theoretical modelling and experimental results pre-
sented in Paper A. There I demonstrated that a two-qubit SWAP operation, which
is not native to our device platform, can be implemented more efficiently than what
has been previously shown on this circuit-QED [30] architecture. This chapter elab-
orates on the theoretical background for this capability and discusses its relevance
to more-efficient quantum circuit compilation.

The introduction in the previous chapter presented that the gate model of quan-
tum computation denotes the set of supported operations as its gate set. Quantum
computing platforms support different sets of two-qubit gates depending on their
architecture. Different two-qubit gates in turn have advantages when faced with
peculiarities such as the available qubit connectivity [56]-[59], or the presence of
unmodelled interactions leading to coherent errors and incoherent errors from dom-
inant noise channels [60]—-[62]. Typically, a platform has access to some, but not all,
types of two-qubit gates.

Access to single-qubit rotations together with an entangling two-qubit gate is
theoretically sufficient for universal quantum computation [63], [64]. But, a larger
native gate set can be advantageous for compiling quantum circuits into the short-
est possible implementation on the targeted architecture. I will later detail how
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two-qubit gates can be grouped into local equivalency classes, whose members can
be transformed into one another using only single-qubit gates. Gates belonging to
different local equivalency classes require the insertion of additional two-qubit oper-
ations for their implementation. Such a compilation strategy could be acceptable if
all gates are short and execute with exceptional fidelity. However, decoherent (and
coherent) errors represent a persistent problem for the implementation of quantum
gates in superconducting platforms, which is why access to shorter circuits should
be welcomed.

2.1 The taxonomy of two-qubit gates

Most superconducting quantum computing architectures currently support two-
qubit gates from the Clifford group. This group contains four classes of locally
inequivalent two-qubit gates [65]: CNOT-like gates, such as the CZ gate; iISWAP-
like gates; SWAP-like gates; and Identity-like gates, which comprise all combinations
of single-qubit gates [66]—[69).

The superconducting circuit-QED architecture used in Papers A, B and C, in-
terconnects qubits with a parametrically modulated coupler. Such an architecture
gives a highly tunable interaction landscape where distinct exchange interactions
between transmon [34] states can be selectively activated. This architecture enables
CZ-like, iSWAP-like, and other two-qubit gate classes [21], [27], [70]—[74]. But, the
SWAP-like class is notably absent from most superconducting platforms [56], [75]
despite playing a central role in architectures with limited qubit connectivity.

This missing SWAP gate class is useful: it enables interactions between distant
qubits by sending states, along a chain of qubits, to some destination qubit where
it is needed [12], [57], [59]. SWAP-like gates are also the only gates that do not
introduce additional entanglement for any separable input state |76].

The common solution addressing this missing SWAP gate class is found in quan-
tum circuit compilation, where the gate compiler can supplement a SWAP by in-
serting three CZ, iSWAP, or CNOT gates [8], [77]-[79]. This compilation strategy
imposes a significant resource cost in NISQ-era devices, because two-qubit gates are
slower and execute with lower fidelity.

In Paper A, we therefore demonstrated experimentally that this three-gate sub-
stitute strategy can be improved in our platform by leveraging the simultaneous
availability of its CZ and iSWAP gates. Such reductions can directly reduce the
circuit depth, and may also prove beneficial in quantum error correction settings,
where SWAP-heavy circuits arise during encoding and decoding [80].

12



Figure 2.1: (a) Scale drawing of the energy-level diagram for our two-qubit system
|Q1 Q2), where the coupler remains in the ground state for all experiments.
The native two-qubit gate interactions used in Paper A are indicated. (b)
Equivalent circuit-QED schematic of the hardware architecture, with res-
onators in green, transmons in red, the coupler highlighted in turquoise, and
signal wiring in purple. The labelled ports correspond to those in figure d)
on page [@ with XY being signals for single-qubit excitation, Z for coupler
signals, and RO the transmitted readout signal.

2.2 Energy band dynamics of the two-qubit QPU

The reason why different QPU chips support different two-qubit gates is because
of the effective Hamiltonian of the system. The available components on-chip and
how they are interconnected, define the interaction terms, and thus the native gate
set. The equivalent circuit-QED schematic of the QPU chips used in this chapter
is shown in figure alongside an energy band diagram in the same figure. This
schematic is also valid for the QPU in Chapter [3] albeit with different energy levels
since the qubit frequencies are different, shown earlier in figure [L.2|(b) on page
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The schematic in figure[2.1(b) equates to a three-body system of multi-level anhar-
monic oscillators [34], with the two lowest energy levels of the oscillators defining our
qubits’ computational basis states. The turquoise coupler structure in the middle
of figure 2.1|(b) is constructed using a SQUID [81], [82], in turn also an anharmonic
oscillator. The circuit’s behaviour is described using the following Hamiltonian:

ST

= Y wiala; %ajai(ajai—m (2.1)

where @, b, a', b' are annihilation and creation operators [83], with a; acting on
transmon i and b acting on the coupler; g;. are the coupling strengths between
qubits i and the coupler ¢; w; are the angular frequencies of all three transmons,
where the coupler transmon’s frequency is adjustable by a threading magnetostatic
flux ®; n; and 7). are the transmons’ anharmonicities [34], with suffix ¢ denoting the
coupler in particular; and A = % is the reduced Planck constant. It is assumed that
the direct qubit-qubit coupling gi12 < (g1,¢; g2,c). Throughout this thesis, I follow
the notation w; = 27 f;, where w denotes an angular frequency and f the ordinary
frequency.

Microwave modulation of the coupler frequency mediates interactions between
the two fixed-frequency qubits, that is, two-qubit operations are driven by sending
microwave pulses onto the coupler to address transitions in the two-qubit manifold.
Such parametric exchange coupling [27], [84], [85] enables the coupling of widely
detuned, fixed-frequency qubits [27], although with a known drawback of being
slow compared to alternatives such as cross-resonance gates [36].

The resulting two-qubit gates arise from distinct resonant processes. An iSWAP
interaction relies on XX 4+ YY exchange interaction [87], activated by driving the
|01) — |10) transition at frequency wig — wp1, indicated in figure a). The CZ
gate is implemented by driving the |11) — |20) or |11) — |02) transition, producing
a controlled interaction mediated by a brief excursion of the qubit state outside of
the computational subspace and back again, for a gate duration 7¢yz; the completed
round-trip adds a geometric phase of 7.

It should be mentioned that the bSWAP gate is also natively available via the
XX =YY exchange interaction, by driving a two-photon |00y — |11) transition |72],
[87], |88], although this gate has not been explored in my work. Following the
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procedure in section the bSWAP gate can be shown to be an iSWAP-like gate,
as is also claimed in [89]; this native gate would therefore not provide any benefit
to the experiment shown in Paper A, since only the single-qubit gates used would
change.

Our research group had previously shown parametric CZ support in our plat-
form [28]; parametric CZ and iSWAP support in this architecture was known to the
field before my experiments [21], [70], [71], thus we believed I would be able to add
iISWAP support alongside the CZ gate, even if such simultaneous support in the same
quantum circuit had not been shown previously to paper A in fixed-frequency-qubit
architectures.

2.3 SWAP gate compilation

Assume right-handed rotations about Bloch sphere axis N € [X,Y, Z], where |0)
is located at the north pole. Increasing a phase denotes a counter-clockwise Z-axis
rotation of the Bloch vector when viewed from |0). The basis elements of the two-
qubit computational states is given as [|00),]01),]10),]11)]¥, and accordingly, the
two-qubit gates in this thesis are defined as

100 0 1000
010 0 00 i 0
Ucy = U; = : ,
oz 001 0] SWAP 0 i 0 0
000 —1 000 1

(2.2)
100 0 1000
00 1 0 010 0
USWAP—()lOO, UCNOT—OOO1
000 1 001 0

For this section, you should be aware of conjugate-transpose phase gates (ST) and

Hadamard (H) gates,
1 0
i =
S ( 0 —i ), (2.3)

H:\}i(i 11>, (2.4)

where the ST gates are implemented as virtual-Z gates. And, in this section, I will
follow the regular CNOT suffix convention of CNOTy; having a control qubit on the
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top, and the target qubit on the bottom, and a CNOT( thus interchanging these
roles of the control and target qubits.

Section [2.1] explained that Uswap is not available. Similarly, Ucnor is also not
available, but will be used theoretically in this section. Moreover, the single-qubit
Hadamard gate is also not natively available in our platform, and is supplemented
at gate compilation as H(¥) = [R; (3) o R. (%) o R, (3)] (¥):

thus this decompiled sequence is equal to H to a global phase —i. Just like with the
St gate, the R, rotation is implemented as a virtual-Z gate, meaning practically that

the final H operation produces two microwave pulses sent into the target qubit’s
XY line.

Uswap is compiled using the quantum circuits (2.7) to (2.10). The basis of this
compilation is that any sequence of three consecutive conditional inversions, even in
classical logic, equates to swapping bits in the input register. A quantum analogy
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is seen with three CNOTs equating to a SWAP [§],

V

f
AV

The two initial CNOT gates of (2.7)) equals an iISWAP-like operation [65], which
explains the three-to-two gate improvement from the compilation strategy overall.
CNOT9(CNOTg1(¥)) is compiled into its iISWAP equivalent,

@
7
I
E
2] [%]
—
# [

The last, remaining CNOT of (2.7) may be expressed using a CZ gate [90],

——— =

—o— 2

The last Hadamard gate of (2.8) cancels with the first Hadamard of (2.9), since
H(H(¥)) = I(¥), resulting in the equivalent quantum circuit for the SWAP se-
quence,

ke (i}

(2.10)

Note that the initial and last Hadamard gates are also unnecessary. An intuitive
way to recognise their redundancy, would be to consider that the central portion of
the circuit already realises a SWAP operation, (ST)®2 Uiswap—_cz = Uswap-
Any input state on the top qubit that sees the first Hadamard gate, is then trans-
ferred to the bottom qubit, where the final Hadamard gate simply undoes the first
one. Nevertheless, the experimental implementation in Paper A used the sequence
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as-derived in (2.10)), further decompiling the Hadamard gates as shown in (2.5
and (2.6).

An intuitive approach explaining this quantum circuit is that the iSWAP gate
exchanges state information, albeit with unwanted added phases for some input
states, which are conditionally corrected by the CZ gate. However, the order of the
CZ and iSWAP gates is irrelevant as these gates commute,

1 0 0 O 1 0 0 O
01 0 O 0 0 2 O
UezUiswar =g g 1 0 ||o & 0 o
0 0 0 -1 0 0 0 1
1 0 0 O
o0 i o
0 ¢« 0 O (2.11)
0 0 O 1
1 0 0 O 1 0 0 O
10 0 4 0 01 0 O
“lo i 00 0 0 1 O
0 0 0 1 0 0 0 -1
= UiswarUcz.

2.4 Kraus-Cirac decomposition of two-qubit gates

A theoretical validation of the SWAP sequence from section [2.3] can be done using
Kraus-Cirac decomposition [65], [91]. Any two-qubit unitary U € SU(4) can be
written as

U= (Kl & Kz) Can(tz,ty,tz) (Kg X K4), K; € SU(2) (212)
where
Can(ty, t,,t.) = exp [—ig(tm X@X+t,YQY +t, 20 2) (2.13)

is known as a canonical gate. This method of two-qubit gate taxonomy reduces
these gates to three parameters, namely the entangling coordinates t;,%,,t,. The
decomposition method assumes that global phases are factored out [65]. In equa-
tion , 7/2 is a factored-out scalar to t,,t,,t., which is a matter of convention.
As is seen in equation , these coordinates specify how much XX, YY, and
Z 7 interaction a two-qubit gate makes. The matrix representations of these gates
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are,

w (0001
01 0010
XX_<1 0) =10 1 0 o (2.14)
100 0
. 0 00 —1
0 —i 0 01 0
YY_<Z, o) =10 10 o (2.15)
-1.00 0
o (L0 00
1 0 0 -1 0 0
ZZ_<O _1) =lo o -1 0 (2.16)
0 0 0 1

Single-qubit gates cannot change how two-qubit gates are equivalent in terms of
what entanglement they introduce, because single-qubit gates themselves do not
change the entanglement between qubits: if U in equals some combination
of single-qubit gates applied onto the two qubits, then the corresponding canonical

gate is
1 0 00
1
Can (0,0,0) = 8 . (1) 8 (2.17)
0 0 0 1

=

That is, any selection of single qubit gates making up U can be decomposed into

only K7 4 in equation (2.12)).

The Weyl chamber taxonomy

Imagine a map of Earth. It is a two-dimensional sheet of paper with coordinates that
corresponds to some spatial position on a three-dimensional sphere. There is a map
where the axes instead correspond to algebra of two-qubit gates, and Earth is instead
a Weyl chamber, illustrated in figure 2.2 The Weyl chamber itself is a geometric
concept related to Lie algebra, not in scope for this thesis; for our purposes, the
chamber forms a tool where we may geometrically draw two-qubit gate operations
on a map, to see what entangling content the gates introduce between two qubits.
The chamber allows us to quickly identify what selection of two-qubit gates would
have to be supported in order to compile a maximally-short quantum circuit.
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Figure 2.2: Weyl chamber of equivalent two-qubit operations, with geometric coordi-
nates being the entanglement coordinates t.,ty,t.. The locations of Iden-
tity, CNOT, iSWAP and SWAP are drawn. A trirectangular tetrahedron is
drawn; by symmetry, any entanglement coordinates outside it correspond to
a Can gate found inside the tetrahedron. Only the locally inequivalent gate
classes relevant to this chapter are drawn.

For example, the CNOT gate to CZ gate conversion in required no addi-
tional two-qubit gates, because the entanglement coordinates for both CNOT and
CZ gates are tg,t,,t. = 0.5,0,0, that is, they are both CNOT-like gates. The
iISWAP gate in circuit could similarly not be expressed as a single CNOT gate,
since a single CNOT gate does not introduce both an XX and a Y'Y component in
equation , but an iISWAP gate does. This concept of local equivalency classes
is the topic for the next section.

2.5 Local equivalency classes

Previously, we stated that two-qubit gates are locally equivalent if one can be con-
verted into another using only single-qubit gates. This statement corresponds to
using the same canonical gate for the two equivalent gates, with only the selection
of K. 4 being different [65], [91]. This means that all gates at the same entangle-
ment coordinates in the Weyl chamber are interchangeable by the compiler without
adding two-qubit gates.

As an example, the iISWAP gate belongs to the iSWAP class, defined by Can (%, %, O).
We see this by selecting K 41 44 € SU(2) to equal the single-qubit rotations Rx (),
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Rz (), Rz(m) and Rx (), respectively, resulting in

0 —3 —i 0
KAl(_Z- 0); KA3<O Z)’

—i 0 0 —
Kaz = ( 0 i) ;o Kaa= (i 0 ),

1 0 00
0 0 7« 0Of . . .
where we see that Uiswap = 0 i 0 0 is locally equivalent to the iSWAP
i
0 0 01
class,
Ka Kas
Can (3, 1,0) = Uiswap (2.18)
KA2 KA4
1 0
. . . . 11 ;0 1 —i
where the defining canonical gate of this class yields Can (5, 5 0) =Vlo - 1
i 0 0
Consider now a CZ gate executing after an iSWAP gate,
1 0 0 O 1 0 0 0 10 0 O
01 0 0 0 0 ¢« O 00 ¢« O
: = - 2.19
Uswap-cz =14 o 1 g 0 i 00 0 i 0 0 (2.19)
00 0 -1 0 0 0 1 0 00 -1

By selecting Kp1. gs € SU(2) to equal the single-qubit rotations Ry (w), Rz (),
Rz(3w/2) and Rz (3m/2), respectively, we get

) 1
—i 0 0
Kpi = (O z> , Kpz= ( \65 1+i> )
V2

. 1
—i 0 0
KB2:(0 i>7 KB4=<\(/)§ —1+i>,
V2
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and see that (2.19) is locally equivalent to the SWAP class,

KBI KB3
Can (3,3, 3)

o
T

= Uiswapr-cz (2.20)

1—1j
w0 00
0 0 1-15 0
where this class is defined by Can (%, %, %) = 0 1-1; \65 0 , with
V2 ey
—1j
0 0 0 7

the global phase of the right-hand side of equation 1l being 1—\};

Equation (2.20)) thus tells us that a CZ gate executing after an iSWAP gate is a
SWAP-class operation. Indeed, prepending one ST gate onto each qubit results in

1 O 0 0
®2 .
®2 1 0 0 —2 0 0
(s) =<0 Z) =lo o i o (2.21)
0 0 0 -1
1 0 0 O
2 0 0 1 0
(ST)® Uiswap—cz = 01 0 0 = Uswap - (2.22)
0 0 0 1

Recall the take-home message: using the two two-qubit gates in circuit (2.19) en-
abled a SWAP-like interaction in circuit (2.20)) instead of requiring three two-qubit
gates.

2.6 Experimental verification via conditional- and
cross-Ramsey interferometry

The two-qubit interactions were experimentally studied in terms of their conditional
phase accumulation and population transfer using conditional- and cross-Ramsey
interferometry. The experimental results for the CZ, iSWAP, and SWAP operations
are shown in figure [2.3

In the quantum circuits at the top of this figure, the upper rail represents the
control qubit ¢, and the lower rail the target qubit g;. Throughout this section,
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Figure 2.3: Ramsey sequences demonstrating the populations and phases resulting from
the two-qubit CZ (a, d), iSWAP (b, e), and SWAP (c, f) operations. In the
upper row of the measured data, the two-qubit gates were performed on the
states |0¢) and |14), whereas in the lower row, the roles of qubits 1 and 2 were
swapped. The data points are post-processed to mitigate state preparation
and measurement (SPAM) errors. The overlaid sinusoidal curves show the
ideal outcome, and the dotted curves take T} relaxation into account. Blue-
purple data points relate to conditional Ramsey experiments, while the red-
green points relate to cross-Ramsey experiments. The mean squared error
between the post-processed data and the ideal curves ranges between 0.001
and 0.020 at an average of 0.007, where the number of samples is 32 for the
CZ data and 16 for the iSWAP and SWAP data.

all two-qubit states are written as |¢. ¢q;). Figures a-c) and (d-f) differ in which
physical qubit serves as q. and ¢, that is, both qubits are verified in both roles.

For all experiments here, the target qubit ¢, is initialized in |i) by a VX pulse.
After executing the gate under test, a virtual-Z phase ¢ is applied, followed by
a second v/ X pulse for measuring in the Z basis. Sweeping ¢ produces Ramsey
oscillations, from which the phase accumulated during the gate operation can be
determined. Similarly, sweeping ¢ verifies that the output state takes the form
cos 5 |0) 4 €"#sin J |1), rather than its counterpart with phase m — ¢.

The CZ gate is verified using conditional Ramsey interferometry, which confirms
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that a 7 phase is applied to ¢ only when ¢. = |1), while no phase is acquired for
gc = |0). The iISWAP gate is verified with cross-Ramsey interferometry, where the
Ramsey fringes oscillate in accordance with the expected outcome: from |40) and
|-1) at ¢ =0, to |0) and |1) at ¢ = 7/2, depending on the initial state of g.. The
SWAP gate is also verified with cross-Ramsey interferometry, where the operation
transfers the state @ to ¢., producing the expected m-periodic Ramsey oscillations
as the virtual-Z phase is swept.

A simplified intuitive way to distinguish the two interferometry experiments is
that conditional Ramsey interferometry probes whether the target qubit acquires a
phase conditioned on the state of the control qubit, whereas cross-Ramsey interfer-
ometry prepares the state on the control qubit and probes the resulting phase on
the target qubit after the gate has successfully transferred the population. Impor-
tantly, all operations studied here are phase-sensitive, as further demonstrated by
the measurements presented in Chapter [3]

These interferometry experiments can be understood in a simplified single-qubit
picture: the conditional Ramsey experiment will modify the target if the conditional
qubit is set; the cross-Ramsey experiment will prepare the intended final state on
the wrong qubit initially to then transfer it onto the other qubit. Importantly, to
be successful, these interferometry experiments require the transfer of phase infor-
mation, which will be further emphasised in Chapter

The approach to verifying the function of our CZ, iSWAP, and SWAP operations
using Ramsey interferometry can be improved by applying a tomographically com-
plete input set of states [92]. Such a verification uses the approach in Paper A as a
necessary condition for certifying the CZ, iISWAP, and SWAP operations, while also
determining these gate operations to a unique solution of the unitary gate matrices

in equation ([2.2)).

Conventional Ramsey interferometry measures the accrued phase over time ¢ of a
single-qubit superposition state, |0) + et () |1). A drawback of idling is that other
time-dependent effects appear, such as energy relaxation. A good substitute is to
replace the idling with a virtual-Z gate V,, to induce a phase by shifting the phase
of all subsequent control pulses. This approach reproduces the phase that would
have been acquired during free evolution without exposing the qubit to decoherence
during an idle period. The main notable effect being that the datapoints for all
the respective subfigures in figure [2.3] are acquired at the same ¢ counted from the
start of each respective quantum circuit. ¢ would not have been consistent between
datapoints if using regular Ramsey interferometry, since a delay would have been
required to accumulate phase after the two-qubit gate.

We will return to energy relaxation error later, in section 2.7}
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2.6.1 Readout state assighment setup

The population axes of figure [2.3] are acquired using readout state discretisation.
Each analogue readout is digitised and integrated, resulting in one complex coordi-
nate in the magnitude-phase plane, and then assigned to the population centre that
corresponds to the discrete cases where the corresponding qubit, for some probed
resonator of interest, is in |0), |1) or |2). This approach is commonly referred to as
state-assigned three-state readout, or discretised three-state readout.

Figure [2.4] illustrates the readout state-assignment procedure. For each prepared
state ¥, into number state |n), the demodulated readout pulse is integrated to
obtain a single complex-valued measurement outcome, represented as a point in
the complex plane. Repeating the experiment many times yields three population
centres corresponding to the prepared states |0), |1}, and |2), seen in (a)-(c), respec-
tively. State assignment is then performed by partitioning the complex plane into
decision regions centred on the measured state populations, and classifying each
single-shot measurement to its closest population centre as shown in (d). Once the
complex coordinates are known, any acquired readout response during an experi-
ment can be assigned, forming a statistical average from single-shot measurements,
revealing the probability of reading out some n-qubit state. Here, the single-shot
aspect is important, because averaging multiple single-shot measurements yields a
complex coordinate that corresponds to skewing the population centres.

The resulting single-qubit classification performance is quantified by the confu-
sion matrices shown in (e), whose diagonal elements correspond to successful state
assignment quantified by the mean assignment fidelity,

| (0[Wo) [* + [ (L[T1) [ + [ (2| W) |?
Fassign{i0y,[1),12)} = 3 , (2.23)

and off-diagonal elements represent misclassification. This condition is usually
framed as selecting the settings that separate the three population centres the most.
The settings used for the readout signaﬂ itself is then optimised in terms of frequency
and amplitude, with parameters selected to maximise the mean assignment fidelity
for each resonator.

The confusion matrices acquired for Paper A yielded assignment fidelities of
87.93% 44.95% and 88.73% =£5.28%, which is comparable to the two-qubit pla-
nar reference design [28] on which that device was based, and 5-6% less than the
uncorrected readout fidelity of our more recent devices [93]. We observed 7-15%
classification error into |0): considering 77 ~ 77 ps, the 2.3 ps readout pulse was ex-
pected to yield & 3% energy relaxation error into |0) during the readout; the thermal

LPilot tone.
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Figure 2.4: Readout state assignment. The top row shows single-shot population dia-
grams from resonator 1, while the bottom row shows resonator 2. Columns
(a)-(c) show the demodulated single-shot readout responses obtained after
preparing states |00), |11), and |22), respectively. Each point corresponds to
one single experimental shot with no averaging. The horizontal and vertical
axes denote the real and imaginary components of the integrated demodulated
readout signal. The integrated signal is obtained by digitizing the readout
pulse and integrating the acquired time trace to produce a single complex-
valued measurement outcome. Column (d) shows all state-assignment re-
gions, found using a nearest-population-centre classifier. Column (e) shows
the resulting single-qubit confusion matrices. The data in columns (a)-(d)
were acquired using 8,000 single-shot measurements per prepared state.

population error was estimated to | (1|Wo) |?+] (2|¥y) |? ~ 2%; the remaining 2-10%
error in |0) is believed to stem from gate error, overlap error, and readout-induced
mixing as DRAG [94] was used in the experiments.

The state-assignment procedure described in this section is equally valid for fig-
ures 3.3|(c, d) to be shown later on page [43] where states |11) and |20) are analysed.
As would be expected, a readout result would be assigned into |20) if qubits 1 and
2 were classified into |2) and |0), respectively.

Following state-assignment, there are deviations between the experimental data
and the ideal curves visible in figure 23] These discrepancies arise from a combina-
tion of various experimental error sources and imperfections present in the device,
which will be discussed in section Furthermore, the data in figure has been
post-processed to mitigate SPAM error, which is the topic of the next section.
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2.6.2 Error mitigation

The key idea is to gather a large sample size of single-shot data, and under the
assumption that the data collected during an experiment will on-average show a
similar level of error, then correct for this error using the aforementioned statis-
tics collection. This technique is widely used in the field of experimental quantum
information.

Method

Let us consider any one of the twelve traces of data from figure [2.3] For each
step along the x-axis, we measure some data point 7 that contains the observed

probability of all nine considered two-qubit states, (3 states)(2 aubits),

T
7= [lawool?, [eor |2, [z, laso |, |aan]?, ..., Jozal?] (2.24)

where «; is the complex amplitude of the two-qubit state |i) € {0,1,2}? of the
system’s wave function ¥ at measurement.

Before the conditional and cross-Ramsey experiments, we collected the on-average
distribution of error by intentionally preparing ¥ in the nine two-qubit states con-
sidered, followed by measuring the outcome from thousands of single-shot iterations.
These collected statistics are used to construct a right stochastic [95] matrix

| (00[Tgo) [> [ (01[Tgo) [* -~ [(22[Tgo) |
|

|
(00@01) 2 [{01|%or) 2 (2.25)

| (00]Wg,) |2 | (22| W) |

where each row shows the most likely distribution of measurement outcomes from ob-
serving the prepared two-qubit state ¥;, given that some two-qubit state |i) € {0, 1, 2}?
was prepared for that row. Each element of the matrix shows the conditional prob-
ability

P(|j) measured | |i) prepared), j,i € {0,1,2}* .

Figure [2.5] shows the experimentally acquired 7. In Paper A, the CZ and iSWAP
data reproduced in figure (a, b, d, e) were collected in a different experiment
session than the SWAP data (c, f); two T were thus collected, figures [2.5(a) and
(b), respectively.

Experimentally, T' must be acquired by preparing and measuring all possible qubit
state combinations. Assembling T' from the single-qubit confusion matrices yields
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Figure 2.5: Two separate multi-qubit-state confusion matrices acquired for post-processing the
conditional and cross-Ramsey experiments in ﬁgure@ corresponding to two differ-
ent measurement sessions. These sessions experimented on either the CZ gate and
iSWAP gate [row (f), left matrix], or the SWAP gate [row (f), right matrix]. These
two-qubit confusion matrices were acquired using 25,000 (CZ, iSWAP) and 120,000
(SWAP) shots.

different results since effects from two-qubit interaction are effectively discarded;
this concept will be returned to later in figure 2.6]

We now assume that our acquired data point 7 is the result of manipulating
some “true value” data point 7,

7 = [1Bool? 1Borl? 1Boal? 1B1ol? 1Bual?, -oos [Baal?] T (2.26)

which is assumed to have been the true outcome of the experiment before 7 was
manipulated by T, resulting in the measured output 7

Y=T7 (2.27)
Remember that for every data point in any given trace from figure[2.3] we acquired
a vector 7 =T7 during the experiment itself. To extract 7, which is the number

that the datapoints in figure show, there are multiple tools available [96], [97]
for minimizing the difference

min (; Y - T?Q) : (2.28)
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Specifically, since 7 and T were found empirically and are thus known, we find
the vector 7 that minimizes equation (2.28).

Finally, the calculated |3o1|? and |£11]? from equation (2.2€)) are put into ﬁgure
as datapoints, for the CZ conditional Ramsey traces. Similarly for the iSWAP and
SWAP cross-Ramsey traces, |B10|? and |311]? correspond to the datapoints shown.

Figure 2.3 shows several clusters of data points that deviate from the ideal traces.
The next section will therefore discuss various sources of error that contribute to
the non-ideal implementation observed our experiment.

2.7 Sources of experimental error

The deviating cluster of data shown in figure were acquired close in time: the
qubit is intermittently “struck out” of its predicted behaviour for durations between
2min and 23 min, to later snap back at seemingly random intervals. At the time,
we attributed this erroneous behaviour to two-level-system defects being strongly
coupled to the qubits, which is to this day the dominant speculation.

To gauge the mismatch between the post-processed data and the ideal expectation,
the mean squared error (MSE) was quantified in the appendix of Paper A. For
ease of reference, I present this data in table The on-average error is 0.007
where 0 corresponds to no error between datapoints and the ideal curve; where, the
CZ datasets contained 32 samples per trace and the iSWAP and SWAP datasets
contained 16 samples per trace.

A notable outlier is seen with the |311]? reconstruction for the CZ trace where
lgc qt) = |Q2 Q1) at MSE = 0.02033, which is twice as large as the second largest
mean squared error. I attribute this outlier to the two notably deviating clusters of
data in figure [2.3[(d), P(]11)).

In principle, state discretisation cannot yield datapoints that fall out of the inter-
val {0, 1}, because no readout can result in some state more than 100% of the time,
or less than 0% of the time. The reason for datapoints being outside of this interval
in figure 2.3)is due to the SPAM-mitigating post-processing technique used. Recall
that in the previous section, I explained that this technique acts as a guess to what
the true @ would have been, under the assumption that experimental errors will on
average show the same behaviour. The aforementioned TLS defect hypothesis is a
typical example of a case where this assumption may be broken, and the deviating
clusters of data could stray from the expected outcome.

The remainder of this section will refer to multiple device parameters. In ta-
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Table 2.1: Conditional Ramsey and cross-Ramsey data of ﬁgure P, swing is the fitted
population swing where the ideal swing is from 0.0 to 1.0, that is, the expected
ideal number is 1.0; P, Aoffset is the difference mjgea1 —m between the expected
ideal offset miqear = 0.5 and the fitted offset m, where migea1 = 0.5 denotes
that the expected population swing is oscillating about 0.5, and P, Aoffset
= 0.0 means no difference between the expected ideal and the experimental
data; A phase is similarly the deviation in the oscillating population’s phase,
where A phase = 0.0 means no difference between the expected phase and the
experimental data; and MSE denotes the mean squared error: MSE = myTW,

where y is the datapoint, p is its predicted ideal value, and N is the number

of datapoints. An MSE of 0 means no error between the datapoints and the
ideal prediction.
Operation  Output P, swing P, A offset A phase MSE

qe, e state [ [ [mrad] [-]
CZ \01) 0.087(1)  0.027(11) 37(8)  0.00117
q1,q2 11) 0.967(3)  0.077(15)  57(15)  0.00632
CZ 10)  1.008(13)  0.006(8) 71(12)  0.00114
a2, q |11)  0.868(41) 0.150(17)  16(52)  0.02033
iISWAP \10) 1.079(18)  0.023(6) 33(16)  0.00548
a, @ 11)  1.064(29)  0.060(10)  85(26)  0.00915
iISWAD 01) T.041(5)  0.064(2) 85(4)  0.00401
@, q |11) 1.057(9)  0.038(3) 75(8)  0.00570
SWAP [T0)  0.849(33)  0.049(16)  96(42)  0.00997
a, @ [11)  0.859(44)  0.023(27)  68(47)  0.00584
SWAP [0I)  0.954(39) 0.055(20)  223(44)  0.00953
@, q |11)  0.993(23)  0.050(12)  103(26)  0.00327

ble I reproduce the parameters I acquired experimentally in Paper A for ease
of reference.

2.7.1 Energy relaxation and low-frequency noise

The device was analysed for regular decoherence parameters, 71, T3 and Ty, shown
in table [2.2] with full distributions shown in the appendix of Paper A.

There is little reason to believe T} errors to be concerning: the dashed lines in
figure represent the T7 compensated relaxation, and are significantly overlapping
with the truly ideal expected outcomes drawn as solid traces. By comparison, the
longest experiment in figure [2.3|(c, f) executes in ~4.2ps, that is, 5.3% of T;.

There is reason to suspect low-frequency noise being present, due to Ty being
triple that of T5 [54].
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Table 2.2: Physical parameters of the two-qubit system. The DRAG parameter « is
defined using notation from [98, (3.12)]. The error bars reported for the
frequency offsets A were calculated using simplified error propagation |99,

Err(Afoz) = /(=12 - Err(fizqn)” + (+1)2 - Err(for,q2)” + (—1)2 - Err(fcz)?,

Err(A fiswar) = /(+1)2 - Err(for,a1)® + (+1)2 - Err(for,02)° + (=1) - Err(fiswar).
The error reported for the three-state mean assignment fidelity,
Fassign{|0,]1),|2)}, is the standard error from the mean (S.E.M. = o/v/3), and

the variance is 0'2 = (23:1(F|1) — FAssign{|O),|1),\2)})2) / (3 — 1)

Parameter Q1, R1 Q2, Ro 4
fro,|0) 6.48084 GHz  6.25968 GHz n/a
fro,|1) 6.48068 GHz  6.25946 GHz n/a
fR07‘2> 6.48056 GHz 6.25920 GHz n/a

fRO,optimal 6.48048 GHz 6.25960 GHz n/a
X|0>*>|1> 80 kHz 110 kHz
X|1>*)|2> 60 kHz 130 kHz

TRO 2.3 ps n/a
Fassign{]0),]1),]2)} 0.8793 0.8873 n/a
+0.0494 +0.0528
floy=1n) 386011 GHz  3.39741 GHz  4.863 GHz
+156 kHz +156 kHz
f‘1>_>‘2> 3.60404 GHz 3.18992 GHz
+190 kHz +190 kHz
n /2w —256.07 MHz —207.49 MHz
+346 kHz +346 kHz
T1QB 20 ns
QAMotzoi —770.5-1073  —221.4.1073
+13-1073 +13-1073
T 77 pus 27 ps 79 ps £25 ps
5 37 ps £10 ps 33 ps £10 ps
Ty 93 ps £27 ps 105 ps +28 ps
fLo,xy 3.600000000 GHz n/a
fLo.rO 6.600000000 GHz n/a
Pbias n/a —0.336 @
+0.003 Pg
floy= |1y, @=0 3.8610 GHz  3.3977 GHz  6.9373 GHz
gq,c / 27 37 MHz 35 MHz
CZ
TCZ 890 ns
fez 207.24 MHz 410 kHz
Afez, —0.61 MHz 4246 kHz
Pcomp. +0.61 rad +1.03 rad 0 rad
iISWAP
TiISWAP 640 ns
fiswap 461.51 MHz 482 kHz

A fiswar +1.19 MHz +235 kHz

$Pcomp. +2.24 rad +3.36 rad +4.86 rad
SWAP

TSWAP 1812 ns

$Pcomp. —1.07 rad +1.25 rad = QiISWAP
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2.7.2 Readout error

In terms of readout error, Paper A establishes that readout pertaining to any state
where a qubit can decay from |2) — |1) dominates the misclassification error. In
figure we estimate an energy relaxation error of about 3% during the readout
pulse, and a thermal population error of about 2%. From the remainder of the
classification error in figure we expect between 2-10% error in |0) to stem from
gate error, overlap error, and readout-induced mixing.

Figure 2.6 further highlight effects pertaining to the two-qubit readout, such as
measurement-induced state decay and readout crosstalk. This figure compares two-
qubit confusion matrix data to the single-qubit confusion matrices, showing that
these two-qubit confusion matrix data are overall very similar, differing mainly in
|2) — |1) readout errors.

Figure 2.6: Matrix showing Cuyeasured — CConstructed, where CMeasurea 18 the confusion
matrix measured prior to the SWAP experiments from figure b), and
ClConstructed 18 the two-qubit confusion matrix acquired from combining the
measured single-qubit confusion matrices from figure e). This matrix
highlights effects that stem from two-qubit readout, such as measurement-
induced state decay and readout crosstalk, as seen below the diagonal. From
preparing |12), we see that Cheasurea yielded 0.19 more population above the
diagonal than Cconstructed, Which we believe hints at measurement-induced
transition errors. Apart from |(12|®¥g2) |?, the remaining six combinations
where a qubit could decay |2) — |1), all accounted for the largest observed
population increases: {0.36, 0.35, 0.26, 0.25, 0.21, 0.17}.
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2.8 Concluding remarks on experimental quantum
informatics

This chapter has shown that access to two locally inequivalent native two-qubit gate
classes reduces the gate overhead arising during compilation when using minimum
gate sets. Enriching one’s native gate set with additional locally inequivalent in-
teractions, provides practical advantages for superconducting quantum processors,
valid beyond the NISQ era of quantum computation.

The SWAP gate is not natively available in the superconducting circuit-QED
architecture pertaining to this thesis. It therefore had to be compiled from other two-
qubit gates. The simultaneous availability of CZ and iSWAP interactions enabled its
implementation using a substitution of two gates, improving upon the conventional
three-gate decomposition based on gate sets only supporting CZ-like or iSWAP-like
gates.

The theoretical framework presented in this chapter provides the basis for un-
derstanding why this reduction is possible. The Kraus-Cirac decomposition, and to
some extent its associated Weyl chamber representation, was used to show how the
iSWAP and CZ gates can be combined to form a SWAP-like interaction. These tools
see usage in quantum circuit compilation when realising maximally-short circuits.

The experimental results of Paper A support the theoretical picture. Conditional-
and cross-Ramsey interferometry verified the core concept by demonstrating phase
accumulation and population transfer closely matching the values predicted. An
error analysis was presented for consideration as to why the measured outcomes at
places deviate from the ideal expectations.

The next chapter takes one step up in the hardware stack. Its focus will be
on the microwave control electronics used for generating and analysing the signals
interacting with the QPU, and the successful attempts at simplifying this previous
chapter’s conventional interface, into one based on direct digital synthesis.
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CHAPTER 3

Quantum processor control and readout using DDS

For superconducting quantum computers to date, the control and readout method-
ology generally relies on the generation and analysis of precisely tuned and phase-
synchronised radio-frequency (RF) signals in the 0.1 GHz to 8 GHz band. A gen-
erator located at room temperature launches pulsed signals through coaxial cables
into a cryogenic refrigerator, where the pulses interact with the quantum hardware.
When the carrier frequency is higher than the bandwidth of the available arbitrary
waveform generators (AWG), such that direct digital synthesis (DDS) of the desired
waveform is not possible, the pulses are shaped by quadrature mixing of local os-
cillators (LO) and AWG signals at the intermediate frequency (IF) [100]-[102]. A
comparison between DDS and such mixing is shown in figure [3.1
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Figure 3.1: Comparison between a conventional superheterodyne approach (a) and the DDS approach
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(b) to a quantum computer interface used in Papers B, C and D. Conventional qubit-
control systems require microwave mixers, local oscillators, and some degree of shaping
the signal such as filtering and amplification . DDS allows for integrating such signal
conditioning, the mixers, and LOs, by moving their operations in the signal path into the
digital domain.



Scaling to larger systems requires increasingly complex parameter estimation
protocols and a control infrastructure which includes electronics, interconnects,
thermalisation, and pulse-generation software, whose scaling with processor size
is emerging as a major challenge for large-scale quantum computing [9], [103]—[105].
A solution may be developed out of recent industrial advances in high-speed digital
electronics, which have produced integrated platforms capable of generating and
analysing phase-coherent RF signals across hundreds of channels with high band-
width and low distortion.

One such development is the radio-frequency system-on-a-chip (RFSoC) plat-
form by Xilinx, now owned by AMD, which integrates high-speed analogue-to-
digital converters (ADC) and digital-to-analogue converters (DAC) together with
programmable logic on a single device [106]. Early demonstrations showed quantum
computer control and readout using first-generation RFSoC evaluation platforms in
conjunction with external mixers to cover the bandwidth required by their appli-
cations [100], [101], [107]. Later developments with the RFSoC enabled mixer-less
architectures where the integrated ADCs and DACs directly interface the quan-
tum processor without external frequency conversion [108]. One good, more recent
example is the digital microwave control and readout platform known as Presto,
developed by my collaborators in the group of Prof. David Haviland at KTH and
commercialized by their spin-out company Intermodulation Products. The tech-
nology is demonstrated in Papers B and C, in which we demonstrated a quantum
computer interface with microwave waveforms composed by only DDS as opposed
to the conventional, more complex approach of analogue heterodyning. Figure [3.1
shows that the DDS setup removes the need for several of the components present
in the heterodyning setup, which is achieved by replacing these components with
mathematical operations in the digital domain.

In Paper B, I contributed to the experimental realisation and evaluation of the
Presto platform by setting up and performing initial measurements on superconducting
qubits, verifying against conventional measurement routines, and performing data
analysis. For Paper C, my contribution was focused on co-developing a methodology
for determining the iSWAP gate parameters using the Presto and comparing it to
conventional tune-up methods based on heterodyne mixing. In section [3:2} T will
provide complementary data to Papers B and C, showing additional experiments to
more fully tune up parametric CZ and iSWAP gates. My work with this platform
has also yielded a publicly available instrument control stack for quantum processor
operation [109], used mainly in research [110], [111] and by the quantum device
manufacturer ConScience.

Beyond simplifying conventional heterodyne signal chains, DDS has more funda-
mental implications for superconducting quantum computing. Multi-qubit opera-
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tion places stringent demands on phase stability, timing determinism, and synchro-
nisation across many control channels. The following section discusses how DDS
can change the control and readout paradigm for quantum computer interfaces and
some practical reasoning behind its adoption.

3.1 Direct digital synthesis approach to quantum
computer interfaces

DDS is attractive in multi-qubit control systems because it removes LO phase con-
straints. In principle, DDS allows for absolute phase control, where the momentary
phase of the AWG signals can be changed at will. As is seen in figure 3.1 DDS
achieves this control by replacing the analogue heterodyne conversion in (a) with
digitally generated RF signals derived from a common, global reference clock. Here I
discuss some practical advantages and trade-offs of DDS vs. conventional LO-based
interfaces.

Experimentally, it has often been a challenge to obtain sufficient phase synchro-
nisation between multiple RF signals driving different transitions in a coupled-qubit
system, see for example [112] and Paper A. In the two-qubit example of Paper A,
shown in figure (b) on page I used two independent mixers to upconvert
AWG-generated IF signals to drive single-qubit gates for two qubits at 3.860 GHz
and 3.397 GHz, respectively. Each mixer modulated its IF signal using its own LO
source, each set to 3.6 GHz. The IF tones therefore remained within the AWG’s
300 MHz bandwidth when combined with quadrature mixing. However, the two-
qubit gates used in Paper A required coupler signals at 207 MHz and 462 MHz E|
which were generated at baseband by the AWG. Therefore, the coupler does not
share the same reference frame as the single-qubit gates in such a setup. Certain
two-qubit gates, such as the iSWAP gate, rely on phase coherence between single-
qubit and two-qubit operations. For such gates, care must therefore be taken to
ensure that the period of the LO is commensurate with the duration of the ex-
periment, that is, the execution time of the quantum circuit. Doing so resets the
starting phase to the same value between consecutive quantum circuits, thereby en-
suring proper phases throughout all iterations of an experiment. Without this step,
the phase information would be lost when averaging the readout signal over several
runs to obtain the expectation value of the qubit state at the end of the experiment.
Parenthetically, on the other hand, the two-qubit CZ gate is immune to such phase
scrambling with respect to the single-qubit gates [21].

IThe 462 MHz signal was generated by a 750 MHz DAC; the 300 MHz bandwidth specification
stems from the operating mode of the output amplifier. This signal was therefore severely
attenuated due to out-of-band roll-off.
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This difficulty is removed by the DDS method, as all frequencies are derived from
a common reference clock. DDS also does not require mixer calibration, effectively
eliminating the need for LO leakage compensation and I/Q skew adjustment from
the tune-up process [102].

Phase noise on an LO contributes to dephasing that is indistinguishable from
environmental phase noise, because the qubit reference frame itself becomes unsta-
ble [113]. In DDS, since all signals are derived from a common master clock, the
reference frame stability requirement enforces a master clock phase noise stability
on par with that of LOs in heterodyne signal paths. One practical consequence can
be seen in the Presto, which has to use a custom-designed clock module internally
to achieve this phase noise requirement.

As is seen in figures a) and (b), the number of physical components is re-
duced when mixing and filtering become mathematical operations in DDS. In prin-
ciple, this reduction improves power efficiency as fewer components require electri-
cal power [114]. However, the power consumption is shifted to high-speed digital
electronics, where dynamic power losses dominate due to the high switching rates
required. This trade-off can be limiting in practice: for example, the Presto gate-
ware used in Papers B, C, and D is a so-called power-limited synthesis design,
which means that the integrated electronics cannot deliver more electric power to
implement additional features.

Both DDS and conventional heterodyning share scaling challenges in maintaining
deterministic timing and phase coherence across large systems, specifically clock
distribution and synchronisation between units. Contemporary offers from the likes
of Qblox [115] and Zurich Instruments |[116] approach the synchronisation problem
by engineering rack backplanes for clock distribution and synchronisation between
interconnected modules. The current state-of-the-art offer in QPU interfaces is from
Zurich Instruments in the form of their ZQCS. This interface promises 1092 syn-
chronised channels per rack, with DDS signal generation up to 10.5 GHz [116]; such
an interface has an intended QPU size range in the 1000-qubit category. Achieving
such signal synthesis is done with 24 GSa/s ADCs at 1.6 GHz instantaneous band-
width; comparing to a conventional heterodyning approach, such a setup introduces
hardware design challenges in thermal management due to the dynamic power losses
of state-of-the-art data converters, solvable for instance by using water-cooled en-
closures.

Whether future quantum computer interfaces ultimately employ fully digital syn-
thesis, conventional heterodyning methods, or other alternatives such as cryogenic
electronics, the transition of microwave signal generation from analogue to digi-
tally defined architectures remains an important direction to consider for scaling
superconducting quantum computing.
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3.2 Quantum experiments for DDS verification

Papers B and C represent early demonstrations of quantum computer control using
the Presto instrument, performed on the device [98] shown in figure on page

While the iISWAP gate tune-up demonstrated in Paper B was done by determining
its driving frequency and pulse duration, here in figure [3.2]I show, additionally, how
I determined the local phase accumulation of each of the two qubits based on the
iSWAP tune-up methodology in [21]. Figures a) and (b) show the quantum
circuits used for determining these parameters. By [21], the experiment (a) as done
in Paper B executes the unitary operator

0 0
cos /2 i€ sin 62
ie"¥sinf/2  cosf/2
0 0

Uiswar(0, ) = (3.1)

S O O =
— o O O

The iISWAP operation shown in equation (2.2]) on page requires that the diagonal
elements of the {|01),]10)} subspace must be zero, determining a 6 by

cos0/2 = 0 0 = Qe - Tiswap = T (3:2)

where Q. is an effective exchange rate between |01) <> |10) when parametrically
modulating the coupler for a gate duration miswap [21]. Figures [3.2fc) and (d)
highlight the pulse carrier frequency and duration where the population exchange
is maximised between qubits 1 and 2, for an initially assumed pulse amplitude. The
unitary executed using these parameters is

1 0 0 O
0 0 e’ 0

Uiswap(0 = m,¢) = 0 =% 0 0 , (3.3)
0 0 0 1

which equals an iSWAP only if ¢ = 0. Establishing a correct ¢ imposes additional
experimental issues explained further in Paper A, such as compensating for the
coupler drive dispersively shifting the coupler frequency out of the two-qubit frame.

Importantly, this shift also changes the qubit frequencies, causing phase accumu-
lation on the single-qubit frames which must be compensated for with phase offsets
o1 and pge. In figure b), I replicate one method [21] to determine these phase
offsets: playing the imperfect Uiswap followed by its conjugate transpose Uiswapt
causes Uiswapt (Uiswap) = I ®2 but still leaves the single-qubit frame phase-shifted
due to the dispersive shifts caused by these two coupler pulses. Figures (e) and

40



(f) establish the local phase offset required, found by sweeping ¢ of the virtual-Z
gate in (b).

In conventional heterodyne setups, this virtual-Z gate is tuned by phase shifting
the IF carrier, as was done in Paper A and explained on page [24] in section [2.6]
In my complementary DDS experiments here, I instead achieve this phase shift by
offsetting the phase accumulator before it is multiplied onto the digital equivalent
of the LO.

Figure 3.2: Tune-up of the iSWAP gate on a DDS platform: complementary local phase measure-
ments. (a-b) Quantum circuits for the determination of (a) gate duration and frequency
for some initial estimate of the gate amplitude, and (b) for local phase adjustments. (c-d)
Coherent population exchange measured on qubits 1 (c¢) and qubit 2 (d), resulting from
running the circuit in (a). Qubits 1 and 2 are the top and bottom qubits in the circuits,
respectively. (e-f) Determination of local phase corrections ¢ g1 and @2 for qubits 1 and
2, respectively, where the qubits take turns acting as the top qubit in (b). These phase
corrections indicate that coherent population exchange alone is insufficient to tune up
the gate operation.
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Moreover, figure [3.3|shows the tune-up of a CZ gate using the same DDS interface.
Here, I report on a sequence of gate parameter measurements necessary for ensuring
a parametric CZ gate that imparts a m phase shift on the target qubit ¢, conditional
on the control qubit ¢.. Figure a) and (b) highlight a parameter space scan for
identifying where a population exchange between |11) + |20) exists (a), followed
by the conditional Ramsey experiment (b) identifying the precise carrier frequency
for a CZ gate. The two-qubit state probabilities in (¢-d) are acquired through
nearest-population-centre readout assignment, which was detailed in section [2.6.]]

on page [25

Figure c¢) and (d) show a readout of states |11) and |20). An initial CZ gate
time 7¢z is selected, and the coupler pulse amplitude is swept as a function of its
carrier frequency. The sweep identifies a cut through parameter space where the
population transfer |11) — |20) is maximised, corresponding to a unitary [21],

1 0 0 0
0 e v 0 0

UCPhase = 0 0 e—i®10 0 N (34)
0 0 0 efi(épg+tpzz+<.010+t,001)

where @19 and ¢g; correspond to the local phase accumulation introduced onto the
single-qubit frames akin to the dispersive shifting of the coupler shown previously
in the iSWAP case; ¢zz is a phase shift introduced through the ZZ shift following
the qubit state being |11), and ¢, being the geometric phase offset intentionally
introduced by the |11) — |20) — |11) population transfer sequence. Executing this
gate for g. being |0) and |1) results in figure e), demonstrating that Ucphase
does not equal the CZ unitary in ; as with the iSWAP, the coupler drive itself
dispersively shifts the single-qubit frames, introducing local phase offsets. These
phase offsets are identified in a very similar method to b), with further details
in [21]. The local-phase compensated unitary follows [21] as

100 0
010 0

UcPhaser = 00 1 0 ) (35)
0 0 0 e ilpgtezz)

in which we now seek parameters for setting e *(¥st%22) = 7 This conditional
phase is found by sweeping the CZ gate frequency in (f), and selecting for a more
precise frequency where the conditional phase equals 7, that is, a CZ gate. For all
datapoints in (f), the qubits are adjusted in local phase to ensure that the diagonal
elements in the {|01),]10)} subspace of Ucphaser €qual 1. Additional data pertaining
to these iISWAP and CZ gate DDS measurements are shown in table 3.1}
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Figure 3.3: Tune-up of the CZ gate: complementary parameter estimations. (a-b) Quantum circuits
for the initial determination of gate parameters A and f (a), for some initial estimate of
the gate time 7, and for the precise determination of f (b), such that the gate conditionally
adds a phase 7 to the target qubit g;. (c-d) Determination of A and f in circuit (a) by
maximisation of the population exchange between |11) and |20) at half of the gate time,
7/2. (e) Readout of qubit 2 determining the phase offset Ay added to g; in circuit (b), for
the two preparations of the conditional qubit g. being |0) or |1), corresponding to U = I
and U = X, respectively. (f) Determination of the carrier frequency f which imparts a
A = 7 phase offset on g;.
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Parameter Qubit 1 Qubit 2 Coupler

r 6.166 GHz 6.028 GHz
fo1 3.530 GHz 4.063GHz  4.740 GHz
To1 30ns 30ns
n/2m —229MHz —221 MHz
2x/2m —199kHz  —628kHz
g/2m 52 MHz 59 MHz
T 49 s 40 ps
Ty 18 ps 54 s
Prierm. 1.14% 2.06%
Tq 37.9mK 43.7mK
O 0.254
fiswap 535.47 MHz
TiSWAP 858 ns
fez 760.93 MHz
TCZ 424 ns

Table 3.1: My measured qubit, resonator, and coupler parameters of the device in
figure fr: dressed resonator frequency; foi: qubit frequency; To1:
single-qubit gate time; n/27: anharmonicity; 2x/2n: dispersive shift; g/2m:
qubit—coupler coupling; T3: relaxation time; T5: dephasing time, the Ramsey
free-induction decay; Prherm.: residual thermal population; Ty: qubit temper-
ature, measured using the Rabi |1) +» |2) technique introduced in [117]; ®¢:
magnetostatic coupler flux; fiswap: iISWAP frequency; miswap: iISWAP gate
time; foz: CZ frequency; 7cz: CZ gate time, twice the |11) <> |20) transfer
time.

3.3 Concluding remarks on DDS control

This chapter demonstrated DDS as a simplified control and readout architecture for
superconducting quantum processor interfaces, in comparison to the conventional
approach of interfaces using heterodyne mixing. Using the Presto platform, I showed
complementary parameter estimation experiments for both iSWAP and CZ gates,
verifying that a DDS interface supports multi-qubit operations and their tune-up
experiments.

The scaling of superconducting quantum computer interfaces is constrained not
only by the choice of control infrastructure but also by the physical variability of
the QPUs themselves. In particular, fabrication-induced variations in Josephson
junction parameters lead to deviations in qubit frequencies and increased spectral
crowding as a consequence, complicating the implementation of two-qubit gates in
particular. The following chapter therefore turns to the problem of post-fabrication
electrical annealing of Josephson junctions as a route towards mitigating frequency
crowding in superconducting QPU architectures.
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CHAPTER 4

Resistance tuning of Josephson junctions

In Chapter |2 T explained that there can be an advantage for the compilation and
execution of quantum circuits on a quantum processor, when the device implemen-
tation supports multiple classes of two-qubit gates rather than only one particular
two-qubit gate. Specifically, we saw how a non-native SWAP operation was realised
using the iSWAP and CZ gates, the procedure of which was described in detail.

However, supporting multiple two-qubit gates worsens the problem of frequency
crowding. Recall from the introduction that transitions between different states in
the system are addressed by supplying the energy difference between them. Where,
a transition frequency between states i and j would be given as f;; = =5~ via
the Planck-Einstein relation £ = hf. Figure a) on page showed the result-

ing energy band diagram for two qubits interconnected by one coupler, using our

quantum processor architecture.

This chapter begins by explaining he implications of frequency crowding for super-
conducting quantum processors, to then introduce post-fabrication resistance ma-
nipulation of Josephson junctions as a means of mitigating this limitation.
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4.1 Frequency crowding in superconducting quantum
processors

Frequency crowding occurs when distinct transitions become insufficiently separated
in frequency: the spectral width of the applied microwave tone intended to address
one transition will also off-resonantly drive nearby transitions, leading to leakage
and loss of fidelity.

The qubit frequencies as-manufactured are not fixed precisely at their design val-
ues. Device fabrication introduces variations in the Josephson junctions, translating
into a spread in junction parameters such as their resistance, and a concomitant
spread in the qubit frequencies and the spectrum of the CZ and iISWAP gate inter-
actions.

Section [2:2] in Chapter [2] explained that driving a CZ interaction in our archi-
tecture is expected to work at two main frequencies, denoted here as fcyz 02y and
fcz,)20), respectively. These frequencies correspond to the energy difference between
the |11) and |02) states, or the |11) and |20) states. With n being the transmon
anharmonicity [34], fcz, 02y and foz,|20) are expected at

fCZ,\20) = |(2fQ1 +77Q1) - (le +fQ2)| = |fQ1 +10Q — fQ2‘ (4 1)
= | '

fez, o2y = [(2fq, +1q.) — (. + fQu)l = Ifq, +1q. — faul,

the former of which was also demonstrated experimentally in section in Chap-
ter Similarly, the iISWAP interaction is expected at the difference frequency
between |01) and |10)

Jiswap = |fq, — fq.| (4.2)

also shown experimentally in that section.

Let’s assume a Josephson junction resistance fabrication error of +2% based
on what is currently reported on a state-of-the-art level [118], and 772% = % =
—280.0 MHz anharmonicity for all qubits. Given these assumptions, figure a)
shows an example architecture with target qubit frequencies 5827.6 MHz and 5494.9 MHz,
and the resulting spectral crowding, when considering the CZ and iSWAP gate
frequencies of equations and . I calculate qubit frequencies using equa-

tion (4.6)), which will be detailed later in this chapter.

We now extend this system with one qubit at 5255.3 MHz as shown in figure (b)7
along with the resulting spectral crowding. We see that small systems can still be
considered fairly straight-forward to design in terms of frequency crowding, provided
that the AWG for generating drive pulses is fundamentally limited by its IF baseband
bandwidth, that is, the range of frequencies it can produce in the absence of mixing,
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as was discussed in Chapter This consideration applies generally, regardless of
whether upconversion is implemented using external local oscillators or through the
digital synthesis discussed in that chapter.

I also outlined why the different drive frequencies should be generated using as
few LO signals as possible, to maintain phase synchronicity between qubits. As a
result, transitions of interest in the spectrum should be reachable using only the
bandwidth of the AWGSs’ IF. For the coupler drive, we assume direct baseband
synthesis without the use of mixers, consistent with the control approach used in
Paper A. Under these assumptions, figure b) shows that parametric CZ and
iISWAP gates can be achieved provided that the IF baseband bandwidth of the
coupler drive port is at least ~ 340 MHz.

Figures ¢) further adds two qubits at 5050.3 MHz and 4850.2 MHz, with the
spectrum getting further crowded by the resulting two-qubit gate transitions. Re-
peating the experiment from Paper A on every qubit would for this scenario require
2.3 times the IF bandwidth of the instrument I used in that paper, along with a
637 MHz mixer, set by the Q1Q3 CZsy and the Q1Q5 iISWAP gates. For this simple
design of 5 qubits, the resulting band spacing is 31.4 MHz. The minimum qubit
resistance fabrication precision required before a spectral collision occurs is 8.75%,
corresponding to frequency precision better than 240.1 MHz in this scenario.

In figure d), a much more complicated system of 7 qubits using three-qubit
couplers is considered, by appending the two qubits fg,., = 6077.6 MHz, and
6522.4 MHz to the design. The resulting spectral crowding shows that the minimum
distance between any two 2-qubit-gate bands is 8.4 MHz between qubits 2 and 4
executing a CZgs gate, and between qubits 2 and 7 also executing a CZgs gate. This
spacing is small considering that a state-of-the-art fabrication precision was assumed
for the qubit frequencies, and still required an “above average” IF bandwidth for
the control AWGs for the design to be realisable. Such experiments are in principle
possible using the instrument of Chapter [3] which can be configured to output an
IF baseband bandwidth of 2 GHz.

To this, it should be mentioned that a 100 qubit QPU that still uses the simpler
pairwise coupler architecture, approaches 0% probability of a collision-free spectrum
under comparable assumptions made in this section [40].

Since the qubit frequency is ultimately set by the Josephson energy, and therefore
by the junction resistance, post-fabrication resistance manipulation provides a po-
tential route for frequency correction and mitigating frequency crowding, the core
motivation behind the research presented in this chapter. The next section out-
lines the theoretical connection between the junction resistance we measure, and its
corresponding qubit frequency.
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Figure 4.1: Frequency crowding in different QPU architectures considering iSWAP, CZa0, and CZg2
gate operations, using equations and (4.2). Each spectrum has the architecture
drawn as an insert, with transmons in black and the couplers in purple. (a) Two-qubit de-
sign employing a single pairwise coupler. (b) Three-qubit design using pairwise couplers.
(c) Five-qubit design using pairwise couplers. (d) Seven-qubit design using three-qubit
couplers. The coloured bands indicate the spread arising from a 2% fabrication precision
of the Josephson junction resistance.

4.2 Junction resistance and qubit frequency

To evaluate how resistance manipulation translates into frequency changes, I first
review the relation between the junction resistance and the transmon transition
frequency. I base this derivation on the same one I made for Paper D, but supply
additional details here.
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For a transmon qubit with charging energy Ec = €2/(2 - C) where 4Eq = (2266),2

corresponds to the energy of a Cooper pair stored in the transmon’s capacitor [34],

[119], and Josephson energy E;, the transition frequency fo; between the ground
and first excited state |0) — |1) can be approximated [34], [120] to

h for=+8 E; Ec—Ec (1+&1/4+&%21/128), (4.3)

where £ = /2 Ec/Ej;, and h is the Planck constant. The Josephson energy E; is
related to the critical current I~ via
Dy h
E;=— J[~=—] 4.4
J o C % C ( )
where ® is the magnetic flux quantum and e the electron charge. The critical
current Io relates to the normal state resistance Ry of the junction through the
Ambegaokar-Baratoff [121], |[122] relation

_ mAy(T) Ay(T)
IC = % RN tanh ( 2kBT y (45)

where Ay (T') is the superconducting energy gap, kg is the Boltzmann constant, and
T is the superconductor temperature.

Later in this chapter, the best-case frequency precision of the resistance tuning
process will be estimated. It is worth noting at this stage that using the simplified
expression [34] h fo1 = /8 E; Ec — Ec instead of equation (4.3)), introduces an
error of 6.7 MHz. I will show that the best-case precision of the tuning process is
estimated to be 11 MHz, that is, the simplified model introduces a significant error.

For Paper D, we measured the superconducting energy gap of a junction cooled to
T ~ 10 mK in a dilution refrigerator. This experiment was a voltage-biased I-V mea-
surement. Voltage-biasing was chosen to avoid having to collect hysteresis statistics
for the switching current. The two highest peaks for % spaced by 4A, /e yielded

Ay(T ~ 10mK) = 174.3 peV, inferring that tanh (éi:é?) ~ 1 in equation ({4.5]). We

note that this superconducting energy gap is close to the textbook number for bulk
aluminium A, (T) ~ 178.2peV [123], resulting in % = T, ~ 1.16 K, where
apcs = 3.5 is the ideal gap ratio |[124]. For reference, the film thicknesses of this
junction are 39 nm for the bottom electrode, and 78 nm for the top electrode. These
thicknesses stem from optimisation of our fabrication process, with these thicknesses

allowing for a high yield during the lift-off fabrication step, with the 1:2 thickness

ratio being commonly used in the field for engineering the gap energy. These thick-
nesses have taken into account that the wafer undergoes angle evaporation at a 45°
angle.
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Substituting equation (4.5]) into equation (4.4]), and subsequently into equation (4.3)),
completes a relation between Ry and fo1,

hfor = /8E¢c

Ay (T) £ (1 1 [ 2B 21 [ 2Eq )

4e?Ry I (T) T 128\ hrdy (T)
462RN 482RN

Note that the normal state resistance Ry is a characteristic parameter that rep-
resents the Josephson junction’s resistance in the cryogenic environment, for a
normal electron current after gap-onset |[125]. I use an empirical conversion rate
Ry = R-1.1375, where R represents the resistance measured at room temperature.
This correction is derived from measurements reported in Paper D, and is generally
not to be considered universal.

We now understand how the qubit frequency is predominantly set by Ay, Ec,
and R. The next section introduces the voltage pulse technique used for its post-
fabrication adjustment.

4.3 Electrical resistance tuning

Almost all post-fabrication approaches to tuning superconducting qubit frequencies
rely on heating the Josephson junction. Uniform wafer heating can significantly
change junction resistance, with reported increases of up to 400% in Nb-AlO,-Nb
junctions [42] and 290% in Al-AlO4-Al junctions [126]. However, global heating
does not allow selective tuning of individual junctions, and is thus impractical for
controlling frequency crowding in QPUs. Localised heating can instead be achieved
through laser irradiation [43]-[46], |[50] or electron-beam exposure [48], [49].

Electrical tuning [51]-]53], [127] is an alternative approach, where probes are
connected to selected Josephson junctions, and an electric pulse train is applied
to increase their resistance. Heating is often used in combination with electrical
tuning, since it is known that heating accelerates the process |2], [128]. Recent work
shows that heating can be omitted [1], [52], [127], reducing setup complexity at the
expense of longer manipulation times.

The resistance increase appears to be primarily driven by two processes: the
intentional manipulation of resistance, referred to here as active resistance manip-
ulation, and an ensuing spontaneousﬂ resistance increase referred to as relazation.
Paper D was a collection of empirical studies done to better understand both of
these segments. A third segment exists which is the initial resistance drop, where

L An automatic resistance increase that occurs without user input.

50



the junction resistance drops when electrical tuning starts. The physical mechanism
behind this resistance drop is currently not understood, and was out of scope for
Paper D.

4.3.1 Sample information and manipulator setup

The experiments presented in this chapter were performed on five Josephson junction
variants fabricated on three wafers using distinct fabrication processes, summarised
in table The junction variants are classified as low-dose, medium-dose, and
high-dose, according to the increasing oxidation dose employed during junction fab-
rication. Here, the oxidation dose D,y denotes the empirical parameter introduced
by [129], defined as a weighted combination of oxidation pressure and oxidation time
used during junction evaporation. All presented data presented in the remainder of
this chapter refer to these sample variants, unless stated otherwise.

Table 4.1: Summary of the five Josephson junction variants fabricated on three wafers of different
oxidation doses, denoted as low-dose, medium-dose, and high-dose. Ry, denotes the mean
initial room-temperature resistances of the unmanipulated junctions. The electrode width
V/A is defined assuming junctions of square cross-sections, and Ry - A is the corresponding
resistance-area product. The oxidation parameters are the pressure p,;, time t,,, and
dose Do, with D,, being calculated using the empirical formula in [129]. Age specifies
the time elapsed between fabrication and the first measurement, where ¢¢ is defined as the
time of the deposition of the second junction electrode, corresponding to the junction birth

time [130].

Low- Low- Medium- High- High-
Sample dose 1 dose2 dosel dose 1 dose 2
Ry Q) 11662 5513 11057 7840 6281
VA [nm] 200 300 350 318 354
Ry - A [nQm?| 0.47 0.50 1.35 0.79 0.79
Age [days] >182  >359 > 364 >102 > 102
Doz [mbar] 2 2 10 10 10
tn [min] 20 20 60 150° 150
D,y [mbar®*® . min®%] 9.4 9.4 38.5 224.0  224.0

Measuring the room-temperature resistance of Josephson junctions can be done
by monitoring an applied voltage and a consequently sourced current, if the applied
voltage is small enough for the junctions to behave like a linear resistor [1]. The
junction variants in table [£.I] have such a linear resistance Ry on the order of k2,
when biased with a few mV. The corresponding currents are therefore on the order
of pA at the extremes of the measurement range, and reach nA near zero bias. Such
sensitive voltage and current requirements are conveniently fulfilled by a source-

2The oxidation time for the high-dose wafer is an estimate, due to a cleanroom power failure with
no machine logs being saved for the actual time.
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measurement unit (SMU), which combines a programmable voltage source with a
current measurement circuit in a single instrument. Notably, AC mains interference
is therefore a source of measurement error, but can be mitigated by choosing the

measurement duration to be an integer multiple of ﬁ = 20 ms.

The junction manipulation and resistance measurements were performed with a
Keysight B2902B SMU connected to a Keyfactor SimplePS manual probe station,
equipped with MPI MP40 probes using PT-W-S-2MIC tungsten needles. This setup
is shown in figure [£.2(a), while (b) shows a rendering of a junction being probed
on its microscopic test patches. The SMU can conveniently also apply the sub-
stantially larger DC biases required for junction manipulation. The same electrical
contacts could therefore be retained on the junction test patches throughout an
experiment, also while monitoring the resistance changing during relaxation, with
the SMU alternating between manipulation and measurement. All measurements
were performed in an electrostatic discharge (ESD) protected environment, with an
ioniser fan continuously directed towards the sample to mitigate charge build-up.

The junction resistances were measured using [-V sweeps from —13 mV to +13mV,
in steps of 500 V. I determined the value of 13 mV experimentally by selecting the
largest voltage range for which all junction variants fit to a linear regression model
V = R - I with a high coefficient of determination r? > 0.999.

Manipulating the resistance of the junction while performing the resistance mea-
surement is not possible with the setup as-described, since the manipulation itself
applies voltages far beyond the resistor-like voltage interval. However, if the result-
ing I-V measurement could instead be fitted to the non-resistor-like behaviour of a
junction at room temperature, then larger measurement ranges might be possible.
This direction was not explored further in my work.

Two chips were also made for testing qubit performance following resistance ma-
nipulation of the qubits’ junctions. The layout of these samples is shown in fig-
ure c), comprised of eight fixed-frequency transmon qubits with readout res-
onators coupled to a common feedline. For cryogenic characterisation, these samples
were thermalised at the 10 mK stage of a Bluefors LD250 dilution refrigerator with
heavily attenuated RF lines following the setup approach described in [31]. The
samples used for qubit tuning experiments shared a common input/output readout
line in all cryogenic measurements, with coaxial microwave switches used to select
between samples. Waveform generation and readout were implemented using the
QPU interface instrument developed in Papers B and C, previously reported on in
Chapter [3]
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Figure 4.2: Manipulator setup. (a) SMU and probe station setup. (b) Rendered illustration show-
ing the four tungsten probes in contact with a junction test structure during resistance
manipulation and measurement. The upper two leads are the positive force and sense
terminals, while the lower being the negative force and sense terminals, respectively. The
negative force terminal is grounded to the probe station and mains earth, with the SMU
held floating otherwise. Typical test structures can be seen in the upper right and lower
left corners of (c) the quantum devices tested in Paper D. These chips comprise eight
fixed-frequency transmon qubits coupled to readout resonators, sharing one feedline.

4.3.2 The voltage pulse technique

The experimental procedures and measurement setup described in this section apply
to all experiments presented in this chapter, unless otherwise stated.

I manipulated the Josephson junction resistances using a bipolar voltage pulse
train consisting of a positive-bias square pulse, a blanking interval, a negative-bias
square pulse, and a second blanking interval of equal duration. This approach closely
follows the alternating-bias assisted annealing technique developed at Rigetti [2],
[52], [127], with modifications to the probing and measurement procedure. The main
reason for using a bipolar pulse train follows the work by [1], [2], which has shown
that bipolar pulses increase the speed and available range of resistance manipulation,
compared to single-sided manipulation schemes.

The pulse sequence is illustrated in figure [£.3(a). Each manipulation experiment

53



consists of N iterations. In every iteration, a number M of square-wave voltage
pulses are applied, separated by a 100 ms blanking interval, after which the junction
resistance is measured. The pulse amplitude I used was £V, = 0.85V and M =6
pulses per iteration. The square-wave pulses have a period of 200 ms with symmetric
positive and negative bias amplitudes. I selected these values experimentally: since
Paper D studied multiple junction variants, I experimented with various voltages
and pulse counts until I found a protocol that could be applied to all variants studied
without breaking the junctions. The idea was to use the same protocol for all studies,
motivated by consistency across comparisons between junctions.

Figure b) shows the typical junction response during active manipulation. As
was hinted to earlier, we observe three distinct regimes: (i) an initial decrease in
resistance, denoted Rprop; (i) the active manipulation phase, during which the re-
sistance is intentionally increased to Ractive; and (iii) a post-manipulation relaxation
characterised by a rapid rise followed by a long-tailed saturation after the manipula-
tion is halted at time tgp. The indicated value R3p will be used when discussing the
relaxation behaviour later, and represents the junction resistance measured 30 min
after the manipulation procedure has been stopped.

Figure 4.3: Active resistance manipulation of a Josephson junction using two different sequences of
voltage pulses. (a) Schematic illustration of the active resistance manipulation protocol.
(b) An example resistance trace of a junction manipulated up to the time tsyop with the
scheme in (a), showing the initial resistance drop, active manipulation, and subsequent
relaxation. The inset shows a magnified view of the initial resistance drop.
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4.4 Active resistance manipulation

To characterise and quantify resistance changes we define the resistance increase as

R(t)

AR(t) = R(0) -1, (4.7)
where R(t) is the junction resistance measured at time ¢, with R(0) being the initial
resistance. We express AR(t) in units of % to enable comparison across junctions
with different initial resistances and wafer origins. This method of expressing the
resistance increase of a junction has emerged as a standard convention in the field.
However, where to define the initial ¢ = 0 differs depending on how to interpret the
initial resistance drop. An example is to define ¢ = 0 at the lowest point of this
resistance drop [127], while I set ¢t = 0 at the first resistance measurement as can be

seen in figure [4.3|(b).

When experimenting for Paper D, I noticed that the speed of the resistance in-
crease was difficult to predict. This speed relation had to be quantified in order
to be able to use electrical tuning for achieving some calculated qubit frequency.
All junction variants were thus tuned at different voltage amplitudes, resulting in
figures a-e). Across all devices, increasing V, always yielded a higher rate of
resistance change over time, with a maximum increase of 96.2% achieved in 5 min.

Since the underlying physical mechanism is not known, we approached this prob-
lem empirically. The active resistance manipulation can be fitted to a second-order
polynomial equation

AR(t) = (V) -t+B(V)-t* . (4.8)

A comparison to higher order models was done in Paper D, and resulted in near-
identical fit errors at the cost of extending the model to higher orders. I therefore
proceeded with using a second-order polynomial empirical model motivated by it
being simpler, that is, the empirical model relies less on a large number of unex-
plained higher orders for fitting any arbitrary data with a good match. Similarly,
power-law and exponential models were also explored, but were worse predictors
when compared to experimental data.

This active resistance manipulation model was intended for the active resistance
manipulation regime. The initial resistance drop was therefore discarded prior to
fitting, illustrated in figures f, g), and also discussed further in Paper D.
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Figure 4.4: Resistance increase during active manipulation at multiple pulse amplitudes for (a) low-
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dose 1, (b) low-dose 2, (c) high-dose 1, (d) high-dose 2, and (e) medium-dose 1 junctions.
Manipulation at voltages exceeding the highest value shown in each panel resulted in
junction failure. The time-dependent resistance change is dominated by a linear term
a(V') with a quadratic contribution 8(V'), as defined in equation . (f) and (g) show
the duration of the manually excluded initial resistance drop for each device set in (a-e),

as a function of the manipulation voltage (f) and the maximum resistance change (g).




The two factors (V) and S(V'), being linear and quadratic time dependencies,
are therefore analogous to the speed and acceleration of the resistance increase.
Figure shows the parameters obtained from fitting the data in figures a-e)

with equation (4.8)).

The predominantly negative values of S(V) indicate a decreasing rate of resis-
tance change over time, with occasional positive values attributed to fitting uncer-
tainty near zero. The crossover between a(V) and S(V) occurs at a median time
of 26 min, mean 50 min, across the junctions in figure The implication is that
the linear term is dominant over the experimental timescales investigated in Pa-
per D. A second implication is the existance of a time where the resistance stops
changing. Figures c-e) initially suggest a weak anticorrelation between a(V') and
B(V), suggesting that junctions that increase in resistance faster also stop chang-
ing resistance sooner; however, the limited data set does not permit making such a
conclusion reliably, but may suggest an opening for a future study.

Since a(V') was dominant, this parameter was further studied in Paper D to es-
tablish its dependency on voltage. «(V) in figure a) was found to have an expo-
nential dependence on voltage; I reached this conclusion after successfully modelling
a(V) as

a(V)=ag-e"" | (4.9)

where Vj is the characteristic voltage corresponding to an e-fold increase in a(V),
with ag being a prefactor modifying the voltage sensitivity. The extracted parame-
ters are listed in table [{.2} increasing the pulse amplitude by approximately 200 mV
results in at least an order-of-magnitude increase in the resistance-change rate for
the low-dose and high-dose junctions, whereas the medium-dose junctions exhibit
a more modest increase of about a factor of two over the measured range. Fig-
ure a) also shows that samples from the same wafer cluster according to their
resistance-area product Ry - A, rather than junction area. This observation is con-
sistent with previous reports indicating that electrical tuning exhibits only weak
dependence on junction area [2].

Furthermore, the medium-dose manipulation results show that the resistance-area
product alone is not sufficient for predicting the exponential voltage dependence,
since the resistance-area product deviates from the trend held otherwise, where a
higher resistance-area product equates to a sample showing a weaker response to
increased manipulation amplitude. An additional factor not addressed in Paper D
is that Ry - A is dependent on the natural ageing of the junction since Ry is not
normalised, and will spontaneously change over time. This issue does not change
the aforementioned conclusion that the Ry - A trend in figure a) does not hold.
However, future attempts at identifying a dependency between Ry, - A and (V)
should take this ageing constraint into consideration.
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As seen in table the prefactor ag spans over three orders of magnitude
across the junctions while the extracted characteristic voltage Vj lies in the range
55—91mV. Interestingly, these values are higher but comparable to the thermal
voltage at room temperature, Vi = kpT'/e ~ 25 mV, consistent with slow resistance
changes due to ageing at room temperature.

Figure 4.5: Extracted parameters (a) (V) and (b) B(V) obtained by fitting equation to the
resistance traces in figure Panels (c-e) compare the voltage dependence of a(V') and
B(V). The linear coefficient a(V') exhibits an exponential dependence on voltage. The
resistance-area product Ry A [nQ2 m?] for the five junction variants is indicated in the
legends of (a) and (b).

Active manipulation always carries the risk of breaking the junction, most com-
monly through the formation of a short-circuit across the junction. This breaking
mechanism has been linked to the glass-like behaviour in Al-AlO4-Al Josephson
junctions during annealing and relaxation [130]. The suggestion was therefore that
allowing the junction to relax between successive manipulation periods may reduce
the accumulation of structural strain. To investigate this possibility, I introduced
a stepped active manipulation protocol, in which the active resistance manipulation
is interleaved by defined relaxation intervals. This stepped protocol is the topic of
the following section.
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Table 4.2: Parameters ap and V, as extracted by fitting the data in figure a)7 and ozg being the
value for ag converted into units of Qs~! by multiplying with Ry . For ayg, the % denotes
the resistance increase percentage. The characteristic voltage V{ represents the additional
voltage required for the rate of resistance change to increase by a factor e.

Low- Low- Medium- High- High-
dose 1 dose 2 dose 1 dose 1 dose 2
Vo [mV] 72.5(24)  70.4(34) 91.4(43) 57.5(50) 55.3(31)

ap [107° %/s] 824(351) 420(271) 1002(531) 0.79(119)  0.37(37)
afy Qs 98.2(23) 21.5(13)  108.4(33)  0.0650(5) 0.0253(5)

Stepped active manipulation

For these experiments in Paper D, I performed active resistance manipulation until a
fixed resistance increment AR(t) had been reached. The junction was then allowed
to relax for a waiting time tge1ax before the manipulation was resumed. The protocol
is illustrated in figure

Figure 4.6: (a) Schematic illustration of the stepped resistance manipulation protocol. Active resis-
tance manipulation is followed by a relaxation interval of duration tgrelax, during which
the junction resistance is repeatedly measured with a period tprobe. The manipulation-
relaxation sequence is then repeated. (b) Measured resistance evolution during three
successive active manipulation periods and the intervening relaxation intervals. The resis-
tance increase during each active manipulation period follows the same second-order poly-
nomial behaviour shown in figure b)7 but appear vertical here due to the timescale.
The inset in (b) shows the beginning of the third relaxation event.

The stepped active manipulation protocol was used to increase the junction re-
sistance beyond the 96% increase achieved in figure a). Figure shows the
resistance evolution of a low-dose 1 junction, aged 348 days at the time of measure-
ment, during successive manipulation steps. The resistance increased by 269.5%,
corresponding to a transmon frequency shift of Af = —1964 MHz according to
equation [4.6] To my knowledge, this is the largest resistance change reported for
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an individually targeted Josephson junction. Upon further stepping, the junction
ultimately failed during the initial resistance drop of the final manipulation step.
Two systematic changes are observed with successive manipulation steps: the rate of
resistance increase decreases, and the depth of the initial resistance drop increases.

Figure 4.7: Stepped active manipulation of a 200 nm low-dose junction. Each step consists of an
active resistance manipulation sequence that increases the junction resistance by +0.10 -
R(0), followed by a 3h relaxation period. The steps are repeated until junction failure,
achieving a resistance change of AR = +270%. Using equation , this corresponds to
a transmon frequency shift of Af = —1964 MHz.

A substantial portion of the total resistance increase appeared during the relax-
ation intervals. This relaxation phenomenon can not be discarded for the electrical
tuning technique, and must be understood for the technique to be accurate. In Pa-
per D I therefore attempted to model the relaxation behaviour, which is the topic
of the next section.

4.5 Residual resistance increase post-manipulation

Seemingly after any amount of electrical tuning, the Josephson junctions undergo a
relaxation phase where they spontaneously increase resistance. This phase is shown
as the long-tailed logarithmic decay in figure b), starting just after the junction
resistance has been intentionally increased by Ractive- Paper D showed that this
decay is logarithmic and seemingly without any saturation point within the first 24
hours after manipulation; being able to model the relaxation is therefore crucial for
actually using it to predict where the final junction resistance will end up. Recent
work in the field [127] certifies that the variance of this final resistance is better than
the junction resistance variance acquired as-fabricated.

Consistently through my work in Paper D it appeared as if the relaxation mech-
anism was a separate function that appeared regardless of the active resistance
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manipulation. This trend held even during the stepped active manipulation, whose
relaxation intervals are shown in figure Here, (a) shows the relaxation response
normalised to the initial resistance at the beginning of the experiment R(t = 0),
where each trace corresponds to the relaxation phase of a single manipulation step
in figure [£.7] It is seen that the relaxation behaviour appears inversely logarith-
mic; other models also exist in the field that instead further divide it into piecewise
regions [2], [52].

Specifically with the Paper D result in figure b)7 I wanted to answer the
question “does the relaxation stack between manipulations”. Indeed, by studying
the resistance increase at the markers in (a), I do claim that the relaxation speeds
up when repeated. It so would seem that previous relaxation intervals do contribute
to subsequent relaxations, but an exact number was not established in Paper D.

Figure 4.8: Analysis of relaxation during the stepped active manipulation in ﬁgure (a) Lin-log;q
plot of the relaxation after each step, normalised to R(0). The relaxation traces mainly
follow the same logarithmic time dependence as the first step, indicating repeated acti-
vation of the same relaxation process rather than a new one from a different resistance
baseline. (b) Resistance increase evaluated at the 30 min and 180 min markers indicated
in (a) as dashed vertical lines, shown as stars and diamonds, respectively. The increas-
ing slope across steps indicates a growing relaxation rate with successive manipulations,
suggesting ongoing relaxation from previous steps accumulates.

Further studying the relaxation, specifically the degree it appeared to be inde-
pendent of the active resistance manipulation, we noticed that prior work [51] had
reported that the relaxation would always add a fixed amount of resistance increase
regardless of how much active resistance manipulation had been performed. Such an
observation would have proved very useful for being able to model and use electrical
tuning, and I therefore wanted to reproduce this result.
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For this hypothesis to be correct, one could create a plot of the total resistance
increase as a function of the active resistance increase. A large set of junctions would
be tuned to various resistance increases, and their resistance at some determined
time ¢ would be recorded. A linear slope of 1 in such a plot would confirm the
hypothesis, with the trace offset corresponding to the resistance increase gathered
from relaxation. Recall that the relaxation initially appeared to never saturate; I
therefore defined some time ¢ for which I would study the junctions’ relaxation.
Since the probe station was manual, I settled for ¢ = 30 min, which is shown as Rgg

in figure [L.3[b).

The results from Paper D are reproduced in figure [£.9] showing R3( as a function
Ractive for (a) low-dose 1, (b) medium-dose 1, (c) high-dose 1 and (d) high-dose
2 junctions. The high-dose samples reproduced the previously reported behaviour,
whose slopes both fitted to 1.00 within the error bar. The low-dose 1 and medium-
dose 1 exhibit larger slopes of 1.13 4+ 0.01 and 1.08 & 0.02, respectively. With this
result, Paper D showed that the relaxation process can indeed depend on the amoutn
of active resistance manipulation performed. And, that such behaviour was device-
dependent, and also linear; the linear property meant that the resistance added from
relaxation could in principle still be predicted, linearly, based on the offset and slope
of some sacrificial set of example junctions.

The low-dose 2 junctions are notably absent from this dataset, the main reason
being that low-dose 2 was the last junction variant to be studied for Paper D, and
a larger focus was being put on studying the low-dose 1 junctions over time, which
will be presented later. The data for low-dose 1 had already disproved the relazation
is independent of manipulation hypothesis at this point in time, since the slope was
greater than 1.

To supplement the slope and offset study, I wanted to know to which extent such
a relaxation predictor would change over time. I therefore wanted a plot showing
the linear fit slope k and offset m over time. I made this analysis on the low-dose 1
junctions, for which the largest data set was available. The result was figure [£.10]
showing that neither the slope nor the offset parameter stabilises within 24 h.

To be able to use the time-dependent k£ and m, I modelled their time dependence
empirically to a logarithmic growth function,

yt)=a+b-In(1+t/7) , (4.10)

which was also compared to a power-law fit reported in Paper D. The variable
t’ signals that relaxation has commenced, that is, ¢ = tactive + t', Where t is the
time since the tuning was started. The extracted fit parameters are shown in the
legends. The key purpose of attaching such a model to the time-dependent linear

62



Figure 4.9: Linear fit of the total resistance manipulation at Rsg as a function of the active resistance
manipulation Ractive for (a) low-dose 1, (b) medium-dose 1, (c) high-dose 1, and (d)
high-dose 2 junctions. The vertical axes show R(tsiop + 30min)/R(0) — 1, while the
horizontal axes show R(tstop)/R(0) — 1. A slope of unity indicates that the relaxation
contributes a fixed resistance increase offset independent of the actively induced resistance
increase Ractive-

fit slope k(t') and offset m(t') parameters, was to be able to use these parameters
when predicting the final resistance at some time, rather than trying to identify
the underlying physical mechanism behind relaxation. Figure M(a) shows that
the resistance increase gathered only from the amount of active manipulation made
is substantial: in addition to the manipulation-independent relaxation resistance
increase, approximately a quarter of Ractive 1S added to ARrotal-

The implications are that both the slope and offset of the relaxation process must
be characterised to achieve accurate electrical tuning, requiring multi-day monitor-
ing of statistically significant ensembles of sacrificial junctions.
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Figure 4.10: Time dependence of the slope (a) and offset (b) extracted from linear fits of total
versus active resistance manipulation. An example of the ' = 30 min fit is shown in

figure a).

4.5.1 Tuning frequency precision from the relaxation offset error

Figure b) showed the portion of the total resistance increase that is independent
of the preceding active manipulation. Here, the resistance increase was 3.29+0.19%.
The uncertainty of +0.19% is important for frequency targeting: it represents an
intrinsic uncertainty in the final resistance after a junction has been tuned. For
comparison, the error bar of +0.19% should be compared to recent results reporting
similar post-tuning values of £0.4% [127].

Since the qubit frequency depends on the junction resistance by equation ,
this uncertainty establishes a lower bound on the frequency precision achievable
using the current protocol. This section will show how this uncertainty sets a lower
bound of 11 MHz; I feel obliged to stress that Paper D presents this number as
the best-case lower bound of the precision: without further understanding of the
relaxation mechanism, there is no way the tuning process of Paper D can reliably
promise a qubit frequency tuning better than 11 MHz, due to the error bar of the
relaxation stemming from unknown processes.

I repeat this calculation here using the updated value Ry/R = 1.1375 adopted
throughout this chapter, rather than the value Ry /R = 1.1385 used in Paper D.
The latter value was based on earlier measurements from our group [118].

Using the experimental mean values from Paper D, namely fy; = 5.4910 GHz and
n/27 = —203.0 MHz for qubits @5, g, together with the measured superconducting

64



gap Ay, = 174.31eV, E¢ can be obtained from equation (4.11)):

oL = o~ 2 (Fo §) — 1o (Fo €) — 202 (Be )~ 08 (Fe &) . (411)
Here, ¢ is calculated using the same definition as in equation . Now enforcing
n/2m = —203.0 MHz in equation while simultaneously solving to fo1 =
5.4910 GHz, creates a bound solution for legal values of R. I find R numerically to be
5526.3 2, which is 4.9 Q different from the value obtained in Paper D using Ry /R =
1.1385. Note that the new R still yields E; = 21.63 GHz from equations (4.4))
and , with Ec = 186.7 MHz from equation , since the boundary conditions
based on measured numbers for 1, fo1, and Ay, restrict the solution such that it is
R that changes when Ry /R changes. I repeat the calculation for R+ 0.19%, which
still yields a frequency error of 5496.6 — 5485.3 = 11.3 MHz, despite the different
Ry /R = 1.1375 used here.

4.5.2 Impact from error in other parameters

While Paper D focused on the resistance aspect of Josephson junctions, I show here
that other parameters contribute on a very similar order, when attempting to tar-
get specific qubit frequencies. In figure I simulate and show the result of a
Monte Carlo analysis where 1000000 junctions were virtually manufactured with
randomly sampled parameters as input into equation . To gauge the impact
that randomising the parameters had, a representative qubit was given parameters
R = 52759, Ec = 183 MHz, Ay = 174.3peV, T = 10mK, and Ry/R = 1.1375.
Each parameter was then given a variance corresponding to 2% of its initial value.
The simulated results are shown in table [I.3} the precision when measuring the
resistance of the junction, the precision in the conversion factor between room tem-
perature resistance and the cryogenic normal state resistance, and the precision in
stating the superconducting energy gap, are all equally important for determining
the qubit frequency from theory. Moreover, the precision in stating the charging en-
ergy, carries a significance on a similar order but slightly lower impact, at ~7% less
variance given our representative values. Error in the temperature of the cryogenic
environment is of no significance, with simulations yielding a 16.2 nHz variance.

4.6 Practical application

A practical implementation of the resistance manipulation technique requires a
wafer-level calibration strategy. Given the wafer-to-wafer variability observed in
Paper D, each fabricated wafer should include a statistically meaningful set of ded-
icated test junctions that are geometrically identical to the junctions incorporated
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Figure 4.11: Monte Carlo simulations where 1000000 junctions are fabricated virtually, and the re-

sulted qubit frequency is calculated using equation . To gauge the significance of
each parameter, a variance of 2% is applied onto the (a) resistance of the Josephson
junction as measured in room temperature, (b) the difference between this resistance
and the true normal state resistance of the junction in its cryogenic environment, (c)
the charging energy Ec, and (d) the superconducting energy gap Ay. A 2% variation
in T yields a qubit frequency variance of 16.2 nHz as-simulated, and is not shown.

Table 4.3: Qubit frequency variance when varying parameters by £2% for 1000000 simulated junc-

tions.

Varied parameter = Variation fg variance [MHz]

Resistance [] 5275 x 0.02 57.71
Ec [MHz 183 x 0.02 53.69
Ay [peV] 174.3 x 0.02  57.66
Temperature [K] 0.010 x 0.02  1.62 x 107!
Ry /R ratio [-] 1.1375 x 0.02  57.75

into qubits. These test junctions serve as per-wafer calibration standards. Following
fabrication, the wafer should be left undisturbed to undergo natural ageing, which
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we estimate to stabilise sufficiently after approximately 20 days at room temper-
ature. Existing work suggests that ageing effects can be sped up by heating the
wafer [126]. Once aged, a subset of its test junctions can be subjected to volt-
age pulses of incrementally increasing amplitude. By extracting a(V) and g(V),
and subsequently fitting an exponential voltage dependence for parameters «g and
Vb, the wafer-specific parameters governing active manipulation can be determined.
This step establishes the effective tuning voltage window and quantifies the ampli-
tude sensitivity, that is, the voltage increment required to change the manipulation
rate by a factor of e. Subsequently, a larger ensemble on the order of 100 junctions
should be manipulated to varying target resistance increases. Then, their post-
manipulation relaxation must be monitored over timescales exceeding 24 hours. Be-
cause the relaxation follows a logarithmic time dependence which we’ve shown can
be dependent on the preceding manipulation done, reliable parameter extraction re-
quires long-duration monitoring to disentangle the actively induced change from the
passive relaxation contribution. Only once both the active manipulation dynamics
and the relaxation behaviour are characterised for the wafer can qubit junctions be
targeted with predictable frequency corrections. Additionally, the superconducting
energy gap for the wafer must be characterised, thus a subset of the test junctions
must undergo I-V measurements, preferably so in a dilution refrigerator to remove
lingering uncertainty over the temperature dependence of Ay(T).

A remaining parameter to characterise is Ec. As was shown in figure c),
characterisation of E¢ carries a near-equal importance for reliably predicting the
qubit frequency as does the resistance. I claim future work is needed to map E¢ as
a function of junction tuning. Experimentally, E~ can be measured following the
tune-up done in Paper A, that is, determining the |1) — |2) transition frequency in
Ramsey interferometry with |1) as the input state. Then, E¢ can be experimentally
determined using equation .

An actual machine where electrical tuning is codified into a finished product car-
ries additional caveats. From experimentation we know that the devices are light
sensitive, that is, ambient light changes the as-measured resistance in every mea-
surement on the order of a few ohms; such change is immediately impactful for the
intended purposes, with +5 ) corresponding to 5.7 MHz for the junction parameters
simulated in figure [L.11} Similarly, as was experienced first-hand, Josephson junc-
tions perish wildly when subjected to ESD, and any machine for tuning requires a
by-the-book rigid control of ESD, due to the breakdown voltage of a single volt or
less.
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4.7 Concluding remarks on resistance manipulation

The fabrication of Josephson junctions introduces a variation in their resistance,
which translates into a variation of qubit frequencies, which can become problematic
in the crowded spectrum of a multi-qubit system as inadvertent driving of a non-
target qubit transition can easily occur. The required frequency precision depends
on multiple factors such as chip scale and architecture. For example, the seven-
qubit layout shown in figure d), with 1 GHz AWG bandwidth, requires 8 MHz
precision to enable both iSWAP and CZ operations.

In this chapter, I have presented my work on electrical post-fabrication adjustment
of junction resistances. While several post-fabrication techniques rely on thermal an-
nealing, electrical annealing appears to operate through a different mechanism that
is not primarily driven by heating. I characterised the electrical junction manipula-
tion through a series of experiments, where three distinct regimes were seen during
electrical annealing: an initial resistance drop, an active resistance manipulation
phase in which most of the resistance change occurs, and a subsequent relazation
process where the junction continues to increase in resistance after manipulation
has ended.

I found that the active resistance change over time can be modelled as a second-
order polynomial, and that the speed of resistance change depends exponentially
on the applied voltage. This model is purely empirical, and further work would be
needed to pinpoint the physical mechanisms resulting in the observed behaviour.
The achievable tuning range is substantial, with examples of nearly 100% resistance
increase in 5 minutes, and 270% if done sequentially over the course of 70 hours,
corresponding to a transmon qubit changing its frequency by nearly 2 GHz. The
relaxation that follows the active manipulation has a decaying logarithmic behaviour
and does not settle for over 24 hours, which means that junctions must be monitored
for a long time to determine how much resistance a particular batch of junctions
will gain post-manipulation. Once the long-term behaviour is known, figure [£.10]
establishes that the relaxation is reproducible to a precision of £0.2% AR for the
low-dose 1 junction variant. I showed that the magnitude of the relaxation can
depend strongly on the active manipulation, with observed resistance increases of
up to 1.2 times the intentionally induced resistance change.

From my observations, I estimated that our tuning process today has a best-case
frequency precision of 11 MHz, currently limited by variance in the relaxation pro-
cess. This precision represents a five-fold improvement over our current fabrication
precision for junctions of size 300nm x 300 nm. However, as I showed in the begin-
ning of this chapter, small 5-qubit grid designs do not require this tuning technol-
ogy to avoid frequency crowding, provided a 9% resistance precision as-fabricated,
a 1 GHz IF bandwidth of the control AWG, and thoughtful selection of the qubit
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frequencies. In contrast, Osman et al. |[40] have argued that 100-qubit designs at-
tain 80 percent probability of collisions in the spectrum at 40 MHz qubit frequency
imprecision as-manufactured.

As T have shown in this chapter, resistance alone is insufficient for accurate fre-
quency targeting. Other parameters, including the superconducting energy gap, E¢,
and the conversion between room-temperature and cryogenic resistance, contribute
comparably to the total frequency uncertainty to a nearly identical degree. This
means that, for the electrical tuning process to be reliable, being able to measure
and control these other factors is paramount for the frequency prediction model
itself to be reliable.
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CHAPTER D

Conclusion and outlook

The common conclusion of this thesis is that scalability aspects of the hardware
stack are important and will ultimately triumph in practice over ad-hoc systems
employed today. Building on my findings, I present the following conclusions.

I conclude that quantum gate compilation stands to benefit from larger gate
sets. The work on quantum gate compilation shows a reduction of the quantum
circuit depth, an improvement that surpasses the NISQ era, since settling for the
bare-minimum number of quantum gates needed for universality always imposes
the risk of three extra two-qubit gates for unsupported operations. Experimentally,
I demonstrated a realisation of this enlarged gate set of iSWAP and CZ gates on
a fixed-frequency qubit tunable-frequency coupler architecture. Several different
quantum processing platforms stand to benefit from the tools developed in the niche
field of gate inequivalency, such as the Weyl chamber map of locally equivalent gates,
useful for predicting which two-qubit operations can efficiently be replaced with each
other at compilation.

I conclude that DDS should be investigated further as a reasonable contender for
larger QPU interfaces. DDS interfaces can replicate those in conventional setups,
including single- and two-qubit gate support. The key advantage presented by the
DDS approach is found in the reduction of hardware complexity, where multiple
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components are removed from the signal path.

I conclude that electrical tuning of Josephson junctions is clearly worthy of fur-
ther investigation as a post-manufacture remedy of frequency crowding in QPUs.
The technique offers selective tuning of junctions in the fixed-qubit-frequency QPU
architectures studied empirically in my work. My results present a pathway for-
ward for how to use the technique in a practical setting, but the effects of electrical
tuning on material properties other than resistance remain to be established. The
relationship between tuning, ageing, and thermal annealing remains to be estab-
lished, as well as mechanisms underlying relaxation. My work motivates further
investigation of the physical mechanism at play during electrically-induced resis-
tance change in Josephson junctions, particularly the emerging hypothesis that the
resistance change phenomenon is Arrhenius-like in nature, supported in preliminary
hints of a thermally activated mechanism.

5.1 Future work

I end this thesis with a brief list of ideas for future ambitions enabled by my work.

SWAP gate executed by a bichromatic application of an iISWAP gate and a
CZ gate. The follow-up experiment from Paper A is to combine the iSWAP and
CZ gate pulses into a bichromatic SWAP pulse. Such a gate pulse would effectively
create a SWAP gate for the fixed-qubit tunable-coupler platform. Adding the bichro-
matic SWAP to the gate set would enable quantum circuits for this platform where
any two-qubit gate from the Clifford group can be executed with at-most a single
two-qubit gate substitution. The theoretical framework underlying such bichromatic
driving has already been introduced [131], with previous work highlighting that si-
multaneous support for the iSWAP-like and CPHASE-like classes risks skewing what
entanglement coordinates get executed on certain architectures [24].

Compiler efficiency impact from supporting iISWAP-like and CZ-like gates. Pa-
per A highlights that compiling for a non-supported two-qubit gate risks introducing
three additional gates. Multiple special cases exist where such compilation does not
happen; for instance, Ucz(]00)) = Uiswap(]00)). A study is warranted where the
prevalence of such special cases is studied for quantum circuits of interest; is it
common that an unsupported SWAP gate is substituted for three two-qubit gates?
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Experiments in quantum error correction enabled by the CZ and iSWAP classes.
Since the CXSWAP gate is locally equivalent to the iSWAP gate, and the CX gate
being locally equivalent to the CZ gate, simultaneous support for iSWAP and CZ
gates allows for experiments with Vine codes on the common square-grid architec-
ture without compiler overhead from two-qubit gates [132].

DDS-specific interface disadvantages. Larger DDS interfaces would expose where
the technology breaks; more specific examples of understudied topics in DDS in-
terfaces include bitness versus qubit fidelity. Previous work establishes that data
converter bitness impacts the qubit reference frame [113], alas a systematic study
is warranted where such bitness is artificially lowered and studied as a function of
fidelity. The motivation for such work is scalability. Another understudied example
is a systematic power consumption study comparing DDS to heterodyne interfaces.

Map electrical tuning to the Arrhenius model Building on the results from my
work on electrical tuning, and particularly the hypothesis of electrical tuning show-
ing an Arrhenius-like behaviour, future work should attempt to fully map electrical
tuning to this model; for instance, by the application of heat, and by modelling
some “equivalent activation energy" given various pulse settings. A complement to
these studies should be the identification of the chemical orderliness of the barrier
pre- and post-tuning, in turn building on previous results hinting that this order-
liness increases from tuning [2], [52]. A side-effect of tuning is still the observed
resistance drop phenomenon [51], which remains to be scientifically studied. Con-
tribution from additional effects also remain to be studied, for instance whether
there is electromigration.

Establish working procedures for characterising and tracking the cryogenic resis-
tance conversion ratio Figure highlights that the resistance conversion ratio
1.1375, and its errors, are of equal importance as the resistance and superconducting
energy gap parameters when predicting the final qubit frequency. This ratio equals
the increase in normal-state resistance of the junction at cryogenic temperatures.
Still, our working procedures regarding this resistance conversion ratio assumes a
mere estimate of 14%, with little care taken to characterise this number across fab-
ricated wafers, and, its variance. A promising procedures was developed in Paper
D, where junctions are cooled in liquid nitrogen alongside a thermistor. The proce-
dure then uses a Simmons model for acquiring the conversion ratio experimentally.
This procedure should be explored further to establish the variance of the ratio for
predicting the final qubit frequency after electrical tuning.
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