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Abstract
Calibrating a large quantum processor is a challenging task as it requires optimizing
many parameters for each gate. As the number of gates increases, the amount of hu-
man intervention must be reduced to a minimum and an automatic calibration must
be developed to carry out all these complex calibrations. The quantum processor
developed by the quantum computing group at Chalmers is already complex enough
to require such automation, as it contains 25 qubits. The group has developed an
application, called Tergite automatic calibration, that can perform single-qubit cal-
ibration but is not yet capable of calibrating two-qubit gates. This Master’s thesis
focuses on this crucial missing functionality; in this work, a fully automatic calibra-
tion procedure is presented that can calibrate two-qubit gates for the 25-qubit chip.
Two key aspects have been considered in this work; the possibility of reliably finding
operational points that can be used for the calibrations of the desired two-qubit gate
and the possibility do this for multiple couplers in parallel. Robustness measure-
ments are presented to show that the autocalibration procedure can reliably find the
calibration parameters in different conditions. Crucially, the algorithm developed
is not only capable of calibrating multiple two-qubit gates, but it can do so in a
relatively fast enough time to allow reliable operations on the quantum processor.

Keywords: Quantum computing, Automatic Calibration, Two-qubit-gate calibra-
tions, Parallelized Calibration, Flux-Tunable Coupler
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1
Introduction

Quantum computing holds the promise of solving problems that are intractable
for classical computers, with potential applications in cryptography, optimization,
materials science, and beyond [1, 2, 3]. However, building and operating a quan-
tum processor that has a high number of qubits, such as those from IBM [4] and
Google [5], remains one of the foremost challenges in the field. This difficulty is
caused by the inherent instability of the qubits that are used to form the gates used
in quantum alghoritms. To minimize the error of the gates, a quantum processor
unit (QPU) need to be constantly calibrated [6, 7]. As QPUs scale up in the number
of qubits, so does the complexity of the calibration. This is a significant challenge
and makes the calibration as important as the fabrication process. Already with a
15-qubit processor, like in [8], a manual calibration becomes unfeasible, necessitating
the development of automatic calibration procedures.
At Chalmers University of Technology, the Quantum Computing group developed a
superconducting quantum processor consisting of 25 qubits [9] which is used in this
work. This system is already at a scale where human-in-the-loop calibration is not
only inefficient but increasingly error-prone. To address this, the group developed
the Tergite Autocalibration application [10]. The goal of this software is to
provide a fully automated calibration of the chip, however at the moment it can
only facilitates the calibration of single-qubit gates since the process is still not fully
automated and requires user inputs for optimizing the calibration. Furthermore, the
application lacks the functionality to calibrate two-qubit gates, which are essential
for performing entangling operations and executing quantum algorithms.
This Master’s thesis addresses this missing capability by introducing an automatic
calibration procedure for two-qubit gates, specifically targeting the Controlled-Z
(CZ) gate. Two main challenges are tackled: reliably identifying working points
suitable for two-qubit gate operation in an automatic way, and enabling simultaneous
calibration of multiple gates. The proposed solution is integrated into the existing
Tergite application, providing new capabilities to the whole research group.
Furthermore, the proposed calibration has been evaluated for its robustness and
speed, demonstrating that it can find calibration parameters for all considered
gates in parallel and that it can be run within a timeframe compatible with prac-
tical processor operation. The ability to calibrate multiple CZ gates in parallel
and automatically represents a significant step toward a fully-functional Tergite
Autocalibration tool.
The thesis is structured as follow; the theoretical framework of qubits and operation
of CZ is described in Chapter 2. The experimental setup and the QPU are described
in Chapter 3. The calibration chain, as well as several studies aimed at improving

1



the automation of the calibration, are described in Chapter 4. Finally, the conclusion
and future direction are discussed in Chapter 5.
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2
Theory

Since the thesis focusses on the calibration procedure for superconducting-based
quantum processors, this Chapter will lay down the basic theoretical background on
superconducting circuits and quantum operations.

2.1 Qubit gates and Block sphere representation
In quantum computation, the fundamental unit of information is the qubit, which
differs from a classical bit by being capable of existing in a superposition of its basis
states. A qubit’s state can be written as [11]:

|ψ⟩ = α |0⟩ + β |1⟩ , with |α|2 + |β|2 = 1, (2.1)

where α, β ∈ C and |0⟩ , |1⟩ are the computational basis states.

2.1.1 Bloch Sphere Representation
The Bloch sphere offers a geometric perspective of a single qubit’s pure state. By
excluding the global phase, any state of a single qubit can be expressed as:

|ψ⟩ = cos
(
θ

2

)
|0⟩ + eiϕ sin

(
θ

2

)
|1⟩ , (2.2)

where θ ∈ [0, π] and ϕ ∈ [0, 2π] are the spherical coordinates [11]. This formulation
maps the qubit’s state to a point on the unit sphere’s surface in R3, called the Bloch
sphere, see figure 2.1. The coordinates (x, y, z) of the Bloch vector associated with
|ψ⟩ are:

x = sin θ cosϕ, y = sin θ sinϕ, z = cos θ. (2.3)

This representation is particularly useful for visualizing single-qubit gates as rota-
tions on the Bloch sphere.

2.1.2 Single-Qubit Quantum Gates
Quantum gates are unitary operations that evolve the state of a qubit. For a single
qubit, gates are represented by 2 × 2 unitary matrices. Common single-qubit gates
include:
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x

y

z |0⟩

|1⟩

|ψ⟩

θ

ϕ

Figure 2.1: Illustrates a Bloch sphere. A state |ψ⟩ can be described as a point on
the Bloch sphere. Applying gates will move this point around the Bloch sphere.

• Pauli Gates:

X =
(

0 1
1 0

)
, Y =

(
0 −i
i 0

)
, Z =

(
1 0
0 −1

)
.

These correspond to 180-degree rotations around the x, y, and z axes of the
Bloch sphere, respectively.

• Hadamard Gate (H):

H = 1√
2

(
1 1
1 −1

)
. (2.4)

The Hadamard gate maps basis states to equal superpositions, effecting a
rotation that brings the state vector onto the x–z plane of the Bloch sphere.

• Phase Gates:

S =
(

1 0
0 i

)
, T =

(
1 0
0 eiπ/4

)
.

These gates apply phase shifts, corresponding to rotations about the z-axis.
• Rotation Gates:

Rx(θ) = e−iθX/2 = cos
(
θ

2

)
I − i sin

(
θ

2

)
X,

Ry(θ) = e−iθY/2, Rz(θ) = e−iθZ/2.

These provide continuous rotations around the respective axes and are central
in constructing arbitrary single-qubit operations.

2.1.3 Two-Qubit System
A qubit is represented by a two-level quantum system, with the computational basis
states denoted as |0⟩ and |1⟩. For a system of two qubits, the combined Hilbert space
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is the tensor product of the individual qubit spaces, resulting in a four-dimensional
state space:

H = H1 ⊗ H2. (2.5)
The computational basis for the two-qubit system is given by [11]:

{|00⟩ , |01⟩ , |10⟩ , |11⟩} , (2.6)

where, for example, |10⟩ = |1⟩⊗|0⟩ denotes the first qubit in state |1⟩ and the second
in state |0⟩.
The general pure state of a two-qubit system can be written as a linear combination
of the basis states:

|ψ⟩ = c00 |00⟩ + c01 |01⟩ + c10 |10⟩ + c11 |11⟩ , (2.7)

where cij ∈ C and normalization requires

|c00|2 + |c01|2 + |c10|2 + |c11|2 = 1. (2.8)

Operators acting on two-qubit systems are formed using tensor products of single-
qubit operators. For example, if X and I denote the Pauli-X and identity operators,
respectively, then the operator X ⊗ I flips the first qubit and leaves the second
unchanged. A generic two-qubit operator can be expressed as a 4 × 4 matrix.
In this thesis, the notion of control and target qubit is used. Meaning, for example,
that qubit 1 acts as the control qubit and qubit 2 as the target qubit.

2.1.4 CZ Gate and Phase Accumulation
Two-qubit entangling gates are a cornerstone of universal quantum computation.
The Controlled-Z (CZ) gate is a diagonal two-qubit gate that applies a π phase shift
to the |11⟩ state, leaving all other computational states unchanged. In ideal form,
it is represented by the matrix, [11]:

UCZ =


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1

 . (2.9)

In physical systems, however, the implementation of the CZ gate is accompanied by
various dynamical and geometric phases. These phases arise from interactions with
higher excited states (e.g., |20⟩ or |02⟩), residual couplings, and pulse imperfections.
As a result, the actual gate unitary takes a more general diagonal form, as seen in
the matrix below [12]:

UCZϕg
=


1 0 0 0
0 e−iϕ01 0 0
0 0 e−iϕ10 0
0 0 0 e−i(ϕg+ϕζ+ϕ10+ϕ01)

 . (2.10)

This matrix representation reflects the physical evolution of a two-qubit system
during a CZ gate and is expressed in the computational basis {|00⟩ , |01⟩ , |10⟩ , |11⟩}.
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The phases ϕ01 and ϕ10 correspond to dynamical phases accumulated by the second
and first qubit, respectively, when the other qubit is in its ground state. These arise
from slight detunings or interactions with control pulses during the gate duration.
They are effectively single-qubit Z rotations and can be corrected using virtual
Z-gates (frame updates) or calibrated out in post-processing.
The term ϕg represents the desired entangling phase of the CZ gate. For a perfect CZ
gate, this phase should be π, implementing the −1 on the |11⟩ state. In practice, ϕg

can deviate from this value due to over/under rotation of the gate pulse or calibration
errors.
The term ϕζ in the unitary matrix represents a geometric phase that can, in princi-
ple, accumulate when a quantum system undergoes cyclic or adiabatic evolution in
Hilbert space. In some physical implementations of the CZ gate, particularly those
involving slow adiabatic flux pulses, this phase emerges from the curvature of the
parameter space through which the quantum state evolves. However, in most practi-
cal implementations of the CZ gate in fixed-frequency or near-adiabatic regimes, the
system dynamics are engineered such that any geometric contribution to the overall
phase is effectively cancelled or rendered negligible. As a result, it is common and
well-justified to assume ϕζ = 0 when analysing and calibrating the CZ gate.
The lower-right element of the matrix includes all the accumulated phases:

ϕ11 = ϕg + ϕζ + ϕ10 + ϕ01. (2.11)

This total phase determines the action of the gate on the |11⟩ state. To extract
a clean CZ gate, one must remove or compensate for all extraneous phases except
the entangling phase ϕg. This is typically done via calibration sequences or virtual
Z-gates applied before or after the CZ gate, transforming the raw unitary into its
canonical form.
Since the CZ gate introduces known phase shifts to each computational state, these
can be reversed using virtual Z-gates (which are implemented in software by rotating
the phase of future pulses). The corrected form of the gate then becomes [13]

UCZ corrected = (Z1Z2)UCZϕg
(2.12)

where Z1 and Z2 are single-qubit Z rotations applied to qubits 1 and 2. This proce-
dure restores the gate to its ideal CZ form.
The CZ-gate also plays a foundational role in constructing more complex two-
qubit gates, such as the CNOT and SWAP gates. By combining the CZ gate
with single-qubit Hadamard gates, one can implement a CNOT gate using the
identity CNOT = (I ⊗ H) CZ (I ⊗ H), where H is the Hadamard gate and I is
the identity. The CZ gate introduces a conditional phase flip when both qubits
are in the |1⟩ state, which, through basis transformation, results in conditional
bit flips. Similarly, a SWAP gate can be decomposed into three CNOT gates:
SWAP = CNOT12 CNOT21 CNOT12, and each CNOT in this sequence can be built
from a combination of CZ and Hadamard gates. Thus, the CZ gate serves as a
universal entangling primitive in many two-qubit gate constructions.
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2.2 Superconducting qubits

2.2.1 Josephson junction
A Josephson junction (JJ) consists of a thin insulating layer positioned between
two superconducting layers. Named after Brian Josephson, these devices are based
on his 1962 prediction that superconducting electron pairs can "tunnel" across the
nonsuperconducting barrier linking the two superconductors [14].
When many metals and alloys are cooled to temperatures near absolute zero (usually
within 20 degrees or less), they undergo a phase transition. At this "critical tem-
perature," the material shifts from its normal state, marked by electrical resistance,
to a superconducting state where direct electrical current encounters virtually no
resistance.
This phenomenon arises as the electrons within the metal form pairs. Above the
critical temperature, the interaction between two electrons tends to be repulsive.
However, once below this threshold, the interaction becomes faintly attractive, in-
fluenced by the electrons’ interactions with the metal’s ionic lattice.
This slight attraction enables them to reach a lower energy state, which creates an
energy "gap." Due to this gap and the reduced energy state, electrons can traverse
the material without being deflected by the lattice ions, allowing current to flow
freely. When electrons are scattered by ions, this leads to electrical resistance in
metals. In a superconductor, however, there is no electrical resistance, ensuring
that no energy is lost.
Mathematically, the Josephson junction is described by the following two fundamen-
tal relations [15]:

I = Ic sinϕ, (2.13)

V = ℏ
2e
dϕ

dt
, (2.14)

where I is the supercurrent through the junction, Ic is the critical current, ϕ is the
superconducting phase difference across the junction, and V is the voltage across
it. These expressions reveal the non-linear relationship between current and phase,
distinguishing the Josephson junction from a traditional linear inductor.

2.2.2 Transmon, a superconducting qubit
One of the most promising implementations of a qubit is the superconducting
qubit [16]. Among the different types of superconducting qubits, the transmon qubit
stands out due to its relative simplicity and robustness against charge noise [17,
18]. The transmon qubit consists of a Josephson Junction in parallel with a shunt
capacitor, see circuit diagram in Fig. 2.2. The Josephson junction introduces a cru-
cial nonlinearity into the system, acting as a non-linear inductor whose inductance
depends on the phase difference across the junction. When this non-linear inductor
is combined with a shunt capacitor, the resulting circuit behaves as an anharmonic
oscillator.
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The quantum mechanical treatment of this system leads to the following Hamilto-
nian for the transmon [19]:

Ĥ = 4EC(n̂− ng)2 − EJ cos ϕ̂, (2.15)

where EC is the charging energy associated with the shunt capacitance C, EJ is
the Josephson energy, n̂ is the number operator representing the number of excess
Cooper pairs on the island, ϕ̂ is the phase difference operator across the junction,
and ng is the offset charge controlled by a gate voltage.
The transmon operates in a regime where the Josephson energy EJ = ϕ0Ic

2π
domi-

nates over the charging energy EC = e2

2C
. This significantly reduces sensitivity to

charge fluctuations, which are a major source of decoherence in superconducting
circuits [17]. As a result, transmons exhibit improved coherence times while main-
taining sufficient anharmonicity for reliable qubit control and readout [20]. The
anharmonicity ensures separation between the computational states. The transmon
can therefore be controlled between the computational states without inadvertently
exciting higher energy levels. Its compatibility with microwave circuitry also makes
it well-suited for integration into scalable quantum computing architectures.

EJ C

Figure 2.2: Schematic circuit diagram of a transmon qubit. The transmon consists
of a Josephson junction (represented here as a cross) shunted by a large capacitance
C, forming a weakly anharmonic oscillator. The Josephson energy EJ and charging
energy EC define the qubit’s energy levels.

In the transmon regime, the ratio EJ/EC ≫ 1, typically on the order of 50 to 100,
which leads to a potential energy landscape resembling a cosine function that is
nearly harmonic close to its minimum, but with sufficient anharmonicity to allow
distinguishing and manipulating specific of quantum transitions [17]. The eigen-
states of the Hamiltonian represent quantised energy levels within this potential
well. Because of the cosine term, the level spacing is not uniform. This allows the
isolation of the lowest two energy levels, which can be interpreted as the qubit states
|0⟩ and |1⟩. The approximate energy of the m-th level can be expressed as [21]:

Em ≈ −EJ +
√

8EJEC

(
m+ 1

2

)
− EC

4 (2m2 + 2m+ 1) (2.16)
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where ω01 ≈
√

8EJEC is the transition frequency between the ground state |0⟩ and
the first excited state |1⟩, and the term proportional to EC introduces an anhar-
monic correction. For a harmonic oscillator, this correction would be zero, and all
transitions would be equally spaced, making it impossible to isolate a two-level sys-
tem (see the left plot in Fig. 2.3. However, in the transmon, the transition frequency
between |1⟩ and |2⟩ is reduced by the anharmonicity:

ω12 = ω01 − α, (2.17)

with α ≈ EC being the anharmonicity of the system. This separation ensures that
when a microwave drive is applied at the frequency ω01, it predominantly excites the
|0⟩ ↔ |1⟩ transition, leaving higher states effectively unpopulated during standard
qubit operations, as the right figure in 2.3.

Figure 2.3: Comparison of the potential and energy level spacing of a quantum
harmonic oscillator (QHO, left) and a transmon qubit (right). The QHO features
equally spaced energy levels, making it unsuitable for qubit implementation due to
the non-addressability of transitions. In contrast, the transmon potential exhibits
anharmonicity, leading to unequally spaced levels that enable selective control of
the |0⟩ → |1⟩ transition.

The anharmonicity, while small compared to the absolute energy levels (typically on
the order of hundreds of MHz, compared to transition frequencies in the GHz range),
plays an essential role in enabling high-fidelity qubit control [22]. It allows qubit
gates to be performed without leakage into higher energy levels, thereby justifying
the truncation of the Hilbert space to a two-level system. This truncation is the
foundation of qubit logic, where operations are defined solely within the subspace
spanned by {|0⟩ , |1⟩}.
In conclusion, one can think of the transmon as essentially an artificial atom con-
structed from superconducting materials, operating at cryogenic temperatures where
resistive losses are negligible [23].

2.2.3 Flux-Tunable Transmons
Given a certain EC and EJ , the frequency ω01 of the transmon qubit is fixed. How-
ever, if one uses two Josephson Junctions in parallel (aka. a SQUID), the Josephson
energy becomes now dependent on the magnetic flux Φ threading the SQUID loop.
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This allows us to control the frequency of the transmon by applying an on-chip
current that generates the magnetic flux through the SQUID. In the context of this
thesis, flux-tunable transmons are referred to as couplers as they are used to me-
diate the interactions between fixed-frequency transmon qubits to which they are
coupled to. The couplers are flux-biased to modify their effective interaction with
the neighbouring qubits, making tunable exchange-type interactions possible [24].
By varying the magnetic flux through the coupler loop, the coupler frequency ωC

can vary, effectively controlling the energy detuning between the coupler and the
qubits. If a coupler is coupled to two qubits (Q1, Q2), this adjusts the effective
coupling strength between Q1 and Q2. When the coupler is detuned far from both
qubits, the effective interaction is minimized; when it is brought near resonance, the
interaction is enhanced.

2.3 Parametric Two-Qubit Gates
To achieve high-fidelity two-qubit gates, parametric control has become a go-to
method for superconducting qubits. The advantages of the parametric gates are
the time-dependent changes in system parameters to trigger or enhance certain
interaction terms in the system’s Hamiltonian. With this technique, dynamic control
over entangling interactions is possible, often without needing direct adjustments to
the qubit-qubit coupling.
A parametric two-qubit gate is the parametric CZ gate, which works through flux
modulation in superconducting qubits. This was first demonstrated in [25]. By
modulating one qubit’s transition frequency periodically, a resonance condition is
created between the computational states and a non-computational state, which
enables a conditional phase to be created [13]. The effective interaction is facilitated
by higher energy levels and can be expressed using a time-dependent Hamiltonian
in the rotating frame[26]:

Hint(t) =
∑
i,j

gij(t)σα
i σ

β
j , (2.18)

where gij(t) represents the time-dependent coupling terms shaped by modulation,
and σα

i indicates the Pauli operators acting on qubit i.
With parametric driving, it is possible to selectively activate interactions based
on frequency-matching conditions. This results in gate operations that are both
switchable and tunable. The parametric gates are compatible with fixed-frequency
qubits, which generally exhibit better coherence properties. Parametric schemes can
also help reduce unwanted crosstalk, enhancing scalability in multi-qubit systems.
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3
Chip design

3.1 Quantum Processor Architecture
This section describes the architecture of the quantum processor used in this work,
additional information can be found in [9]. The processor is built using a two-tier flip-
chip design that separates quantum components (qubits and couplers) from control
and readout circuitry. This modular approach improves signal routing, fabrication
efficiency, and scalability.

3.1.1 Flip-Chip Stack and Materials
The quantum processor comprises two vertically integrated chips: a quantum chip
(Q-chip) and a classical control chip (C-chip). The Q-chip, fabricated on a silicon
substrate, hosts the superconducting transmon qubits and tunable couplers. The
C-chip, positioned beneath the Q-chip and also fabricated on silicon, contains the
control wiring, microwave drive lines, and readout resonators. See circuit diagram
in Fig 3.1.
These two chips are bonded face-to-face using superconducting indium bump bonds,
which establish both mechanical support and electrical grounding. The target spac-
ing between the chips is approximately 8 µm [9], shown in Fig. 3.2. The material
stack is engineered to optimize performance, for example, the Q-chip and C-chip
feature aluminum structures for qubits, coupler and resonator and utilize niobium
nitride (NbN), underbump layer for the low-loss interconnecting indium bonds.

3.1.2 Qubit Layout and Signal Routing
The processor features a two-dimensional grid of 25 qubits arranged in a 5 × 5
square lattice, with a center-to-center pitch of 2 mm. Each qubit is connected to its
nearest neighbors via tunable couplers, enabling two-qubit gate operations across
the lattice. The physical layout is designed to ensure that signal lines for qubit
control and readout do not cross each other, which is achieved by careful vertical
stacking and routing across both chips.
The C-chip contains three key signal lines for each qubit:

• An xy line, used to deliver microwave pulses for single-qubit gate operations.
• A z line, implemented as a superconducting loop to provide flux biasing to

the SQUID in each coupler, enabling frequency tuning.
• A readout resonator, typically a λ/4 coplanar waveguide resonator, used

for dispersive qubit readout with 5 resonators coupled to the same feedline for
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Figure 3.1: The circuit diagram of the two-qubit pair design with the Q-chip and
C-chip separated
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NbN
Al
Si
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Q-chip
(qubits, couplers)

C-chip
(control, readout)

Figure 3.2: Cross-sectional schematic of a flip-chip integrated quantum proces-
sor. The Q-chip (top) contains the qubits and couplers, while the C-chip (bottom)
contains the control and readout circuitry. The chips are connected via an indium
bump and separated by an 8 µm gap.

simultaneous readout of 5 qubits.
Each of these lines is positioned directly beneath its corresponding component on
the Q-chip to minimize crosstalk and maximize coupling efficiency.

3.1.3 Qubit-Coupler-Qubit (QCQ) Architectures
The 25-qubit processor is based on an architecture in which fixed-frequency qubits
are pairwise coupled capacitatively to a tunable coupler,as shown in Fig. 3.5. The
direct capacitive or inductive coupling between qubits is minimized, and instead,
interaction is mediated via the flux-tunable coupler. This configuration provides dy-
namic control over the effective qubit-qubit coupling strength, allowing high-fidelity
gate operations and suppression of unwanted crosstalk.

Q C Q

Figure 3.5: Schematic of the QCQ architecture.

3.2 Qubit Indexing and Frequency Assignment
Each qubit in the grid is assigned a unique index from 1 to 25 in a row-major
format, beginning in the top-left corner and proceeding left to right and top to
bottom, illustrated in Fig. 3.3. To facilitate scalable control and reduce frequency
collisions, the qubits are grouped into eight frequency subgroups [27].
In the eight-frequency subgroup, the transmons are divided into two classes with
different anharmonicities. These are labelled as ak (lower frequency) and bk (higher
frequency), with k = 1,2,3,4 indicating subgroup variants. These subgroups are tiled
across the chip in a repeating unit-cell pattern that ensures neighbouring qubits
belong to different frequency classes, shown in Fig. 3.4. This scheme is optimized
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Lines: Couplers

Figure 3.3: Schematic of the 25-qubit chip with the qubit numbers. In this thesis,
qubits 16-20 are primarily used.

b2 a1 b3 a4 b2

a3 b1 a2 b4 a3

b3 a4 b2 a1 b3

a2 b4 a3 b1 a2

b2 a1 b3 a4 b2

Unit cell

Figure 3.4: Schematic of the frequency allocation: The filled and empty circles
represent transmons with two distinct anharmonicities; ak and bk denote different
qubit frequencies, where ak < bk, resulting in a combination of eight unique frequen-
cies arranged as shown in the diagram.
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for the CZ-gate operation. Having high (control qubits) and low (target qubits)
frequencies makes it easier to implement a CZ-gate. This forces the qubit to take
either role, independent of which coupler it belongs to.

3.3 Design Considerations for Scalable Systems
This architecture reflects key principles for building scalable quantum systems:

• Modularity: Independent optimization of Q-chip and C-chip enables parallel
development and easier debugging.

• Signal integrity: Physical isolation and orthogonal routing reduce decoher-
ence and crosstalk.

• Frequency planning: Tiling qubits with a systematic frequency scheme sup-
ports error correction and parallel operation.

Together, these design elements form a robust foundation for medium-scale quan-
tum processors and can be extended to larger systems with minimal architectural
changes.
To be able to calibrate the entire chip, the calibration procedure needs to be per-
formed four times. This is because each coupler is coupled to two qubits. To
calibrate a CZ gate, by controlling the magnetic flux through a coupler, both of
the coupled qubits are needed, meaning that the same qubits can not be used to
calibrate another coupler at the same time. This results in the need to repeat the
calibration procedure four times to calibrate all two-qubit gates in the device.

3.4 Setup used in this work
In the experiments, Qblox´s clusters [28] are used to operate the quantum processor
by sending and receiving microwave pulses to/from the quantum processor, which is
located inside a Bluefors dilution refrigerator. The clusters enable microwave pulses
to be sent to the processor with specific amplitudes, durations and frequencies. They
also receive the readout microwave pulses transmitted from the processor, convert
to the hundreds of MHz range to be recorded and integrated.
Additionaly, Qblox´s SPI-racks [29] were also used. The SPI-rack generates DC
current that is sent to the coupler to provide a stable magnetic flux. A picture of
the lab is presented in Fig. 3.6 so that the reader can get an understanding on how
the setup looks like.
Quantify [30] is used to communicate between the Terigite Autocalibration and
the experimental apparatus (clusters and SPI-racks). Quantify is a Python-based
data acquisition framework that allows communication from the codebase to the
clusters (SPI-racks) for applying the desired microwave pulses (DC current).
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Figure 3.6: This picture shows the setup in the lab. On the right, the white
cylinder is the dilution fridge. Below (in the picture), the SPI-rack is located. The
QBlox clusters are the blue boxes in the top part of the racks on the left of the
picture.
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4
Calibration sequence

The calibration steps are executed in Terigite Autocalibration [10]. This is a
Python based application that is part of the Tergite software stack designed to op-
erate the Chalmers QPUs. Hence, this application not only performs the calibration
but also needs to allow monitoring of the performance, via plots, and store them in a
database so that the calibration can be used to run algorithms. The ensuing results
are derived from Terigite Autocalibration, which allows measurements and plot
generation. The Terigite Autocalibration software provides experiments pack-
aged as nodes that enable calibrations to be run in a chain. The whole chain is
illustrated in Fig. 4.1 and the extracted parameter of each node type is presented
in Table 4.1. Each node consists of a measurement followed by an analysis. The
measurements are written in Quantify, the software that allows operating the QBlox
instruments.
From this the subchapters will have the same names as nodes as they are presented
in the Figure 4.1.

Calibration Parameter/information extracted
Resonator spectroscopy Resonator frequency
Qubit spectroscopy Qubit frequency and pulse amplitude
Rabi oscillations Optimal π-pulse amplitude
Ramsey correction Qubit frequency correction
Motzoi calibration Motzoi parameter

n-Rabi calibration π-pulse amplitude correction with Mot-
zoi parameter

Qubit spectroscopy with flux sweep Coupler frequency as a function of flux
Resonator spectroscopy with flux sweep Coupler frequency as a function of flux
CZ current from spectroscopies Flux working point candidates
CZ parametrization with fixed duration Amplitude and frequency for CZ-gate

CZ calibration Selection of the best possible working
point

CZ dynamic phase Local phase shifts for the CZ-gate

Table 4.1: This table summarizes all the calibration steps and what parameters or
information are extracted from the different calibration steps.
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Spectroscopy

Qubit
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Spectroscopy 1

T1
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Qubit 12
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Rabi 12
Oscillations

Ramsey 12
Correction

Motzoi 12
Parameter

Resonator
Spectroscopy 2

Resontor
Spectroscopy

Flux Dependence

Qubit
Spectroscopy
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CZ-Currents
From Spectroscopies

CZ-Parametrization
Fix Durations

CZ-Calibrations
For Working
Points SSRO

CZ-Dynamic
Phases SSRO

CZ-Dynamic
Phases SWAP

SSRO

Readout Frequency
Optimization

Readout Amplitude
Optimization

Single Qubit
Randomized
Benchmarking

Figure 4.1: The schedule shows all the calibration steps in order.
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While the ambition of Terigite Autocalibration is to be a fully automated ap-
plication providing a good calibration without human intervention, currently the
software does not provide such optimization and need to be run mutliple times
by an user to achieve optimal performance by adjusting many parameters such as
RO amplitudes, attenuations and many analysis parameters that are specific to
the operated QPU. Several of the studies presented in this chapter provide crucial
information to further develop the application toward full automation.

4.1 Single-Qubit Calibration Techniques
Single-qubit calibration refers to a sequence of experimental procedures that enable
accurate state preparation, coherent manipulation, and measurement of a qubit.
In this section, a theoretical explanation of the core calibration techniques in a
transmon-based superconducting qubit platform and the corresponding results are
presented. The calibrations are done simultaneously on qubits 17-20.

4.1.1 Resonator Spectroscopy
In a circuit quantum electrodynamics (cQED) architecture, each qubit is dispersively
coupled to a readout resonator [31]. The resonator acts as a probe for the qubit
state, and its resonance frequency shifts slightly depending on whether the qubit is in
|0⟩, |1⟩ or |2⟩. This state-dependent frequency shift allows indirect qubit readout by
monitoring the transmission or reflection of microwave signals through the resonator.
Resonator spectroscopy involves sweeping a probe tone across a range of frequencies
near the resonator’s expected resonance. The presence of a dip in the scattering
parameter S21 indicates the resonator’s frequency, which can then be associated
with a specific qubit state. This measurement provides initial estimates for the
readout frequency.
In the dispersive regime, the resonator acts as a Lorentzian notch filter. As the
probe frequency approaches the resonator’s resonance frequency, the transmission
dips, producing a characteristic Lorentzian-shaped dip in the amplitude [32]. The
minimum of this dip corresponds to the resonator frequency for a particular qubit
state.
To extract the resonance frequency, the measured transmission data is fitted to a
Lorentzian model:

T (f) = A

1 − B

1 + 4
(

f−fr

κ

)2

 ,
where fr is the resonator frequency, κ is the linewidth, and A, B are fitting param-
eters accounting for signal offset and dip depth. This fit allows precise estimation
of fr for a given qubit state.
The results from resonator spectroscopy clearly show a significant drop in transmis-
sion, which is expected given that resonator spectroscopy rarely produces errors.
The measurement takes 50 measurements from different frequencies in a 3 MHz
range. The results from the resonator spectroscopy can be seen in Figure 4.2. It
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is important that the centre point of the frequency sweep should be the resonator
frequency. If the resonator frequency is ill-centred, it can lead to problems in the
coming measurements.

Figure 4.2: Results from resonator spectroscopy. The dip in the transmission is
where the resonator has its resonance frequency.

4.1.2 Qubit Spectroscopy
The qubit spectroscopy is performed to measure the transition frequency between
ground and first excited state ω01. This measurement is performed using a contin-
uous wave drive tone to the qubit, illustrated in Figure 4.3. The amplitude of the
drive pulse is also swept to find the optimal driving amplitude. When the drive fre-
quency matches the |0⟩ ↔ |1⟩ or |1⟩ ↔ |2⟩ transition, the qubit population changes,
leading to a measurable shift in the resonator’s response [33]. A typical spectroscopy
scan reveals a resonance peak at the transition frequency.
The 0 → 1 spectroscopy measurement is implemented by initializing each qubit to
the ground state by letting the qubits relax, then applying a spectroscopy pulse
with a frequency that is varied. After the pulse, the qubit state is measured via
the resonator, and the qubit is reset by relaxing the qubit to prepare for the next
iteration. When measuring the 1 → 2 frequency, an X gate is applied before the
spectroscopy pulse to transfer population to |1⟩.

|0⟩ Spec. Pulse (f)

Figure 4.3: Pulse sequence for qubit spectroscopy. The qubit is first initialized
to the ground state |0⟩ by relaxing the qubit. A spectroscopy pulse with variable
frequency f is applied to drive the qubit transition |0⟩ → |1⟩. Finally, the qubit
state is measured by probing the readout resonator. This sequence is repeated over
a range of frequencies to identify the qubit transition frequency by detecting the
resonance condition where the spectroscopy pulse excites the qubit.

The frequency sweep is combined with optional amplitude sweeps to find the optimal
drive power that excites the qubit effectively without causing power broadening or
unwanted transitions.
The resulting data is analyzed by using peak-finding algorithms on the measured
2D distribution of transmission amplitude versus drive frequency to locate the bin
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with the highest magnitude to select both the qubit transition frequency ω01 and
pulse amplitude. These calibrated parameters are then used to set the qubit drive
frequency and power for subsequent gate calibrations.
The frequency is scanned through 51 points within a 30 MHz range, alongside an
amplitude sweep involving 5 points between 1 mV and 8 mV. The peak value from
these is utilized for both qubit spectroscopy and qubit amplitude, see Figure 4.4.
Achieving reliable results can be challenging, particularly when processes are con-
ducted simultaneously. Accurate results are contingent upon proper attenuation and
measurement pulse amplitude settings. These values must be precisely adjusted to
ensure high-quality qubit spectroscopy. A potential issue is that the measurement
pulse amplitude of other qubits can interfere with the qubit of interest. Currently,
there is no automated solution; the only recourse is to manually seek optimal values
for accurate measurements.

Figure 4.4: Results from the qubit spectroscopy. When the optimal qubit fre-
quency is present, the resonator frequency shifts and a peak can be detected. The
optimal amplitude is the amplitude that gives the largest peak.

4.1.3 Rabi Oscillations
After identifying the qubit transition frequency, the next step is to calibrate the
amplitude of control pulses for single-qubit gates [33]. This is achieved through
Rabi oscillation experiments. The qubit is driven at the resonance frequency with
microwave pulses of varying amplitudes, and the qubit population is measured after
each pulse.
The qubit undergoes coherent rotations on the Bloch sphere, and the measured
population exhibits sinusoidal oscillations as a function of the drive amplitude [34]:

P1(Ω) = A sin2
(

ΩT
2

)
+B, (4.1)

where Ω is the scaled drive amplitude, T is the fixed pulse duration, and A, B are fit
parameters accounting for contrast and offset. From the fitted curve, the amplitude
corresponding to a π-pulse (which fully inverts the qubit from |0⟩ to |1⟩) is extracted.
This calibration procedure is also performed starting from the |1⟩ state to ensure
the ability to excite the qubit to the second excited state.
To calibrate the amplitude of a π-pulse for single-qubit gate operations, Rabi oscil-
lation measurements are performed. The schedule applies a fixed-duration DRAG
pulse to each qubit at its respective transition frequency (ω01 or ω12), sweeping the

21



drive amplitude over a defined range, as shown in Figure 4.5. For transitions in-
volving the |1⟩ state, the qubit is initialized with an X gate before the Rabi pulse.
After each pulse, the qubit state is measured. The measurement is repeated multiple
times (typically 1024) to obtain the average signal amplitude.

|0⟩ X (optional) DRAG(Ω)
Measure

Figure 4.5: Pulse scheme for the Rabi oscillation calibration. The qubit is ini-
tialised to |0⟩ by letting the qubit relax. If the experiment targets the |1⟩ → |2⟩
transition, a calibrated X gate initializes the qubit in |1⟩. A DRAG pulse with vary-
ing amplitude Ω is applied at the qubit transition frequency. The resulting qubit
state is measured via the readout resonator.

Once the data is collected, it is analyzed by fitting a sinusoidal model to the measured
signal as a function of drive amplitude. Initial parameter estimates are computed
based on the amplitude range and signal shape. The model returns a best-fit curve
and a parameter representing the amplitude corresponding to a π-rotation. The
fitting also yields the uncertainty of this amplitude and computes a scaled uncer-
tainty metric. If the scaled uncertainty is below a predefined threshold (e.g., < 2%),
the analysis is considered successful. The extracted π-amplitude is stored and used
for calibrating control pulses in later experiments. The result is plotted together
with the measured data points and fit curve, and the final calibrated amplitude is
reported along with its uncertainty.

If the two previous measurements show good results, there usually is not to much
problem getting good results for the Rabi oscillations. The measurement uses 61
points between the amplitude 2 mV to 900 mV. The data is fitted to an oscillating
function and the peak with the lowest amplitude is used to perform the X-gate, see
Figure 4.6. If half of the X-gate amplitude is calculated, this is the amplitude used
to perform an X/2-gate [33]. Errors in the measurement could stem from either the
resonator frequency or, more likely, the qubit frequency is not correctly calibrated.
The data in that case does not follow an oscillating function. The code calculates the
standard error and decides that with the π-amplitude to get the relative uncertainty.
If the relative uncertainty is above 0.02, that is considered a bad fit.
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Figure 4.6: Rabi oscillations for the 01 transition. As the drive amplitude increases,
the qubit undergoes coherent transitions between the ground and excited states,
exhibiting periodic population oscillations. The optimal amplitude for a π-pulse
corresponds to the first maximum of the fitted curve, where the qubit is fully excited
to the |1⟩ state.

4.1.4 Ramsey correction
To detect and correct for frequency detuning in each qubit, a series of Ramsey
experiments with artificially introduced detunings is performed. For each value of
the detuning parameter, a standard Ramsey sequence is executed, consisting of two
π/2 pulses separated by a fixed delay τ , during which the qubit accumulates a phase
offset relative to the rotating frame of the drive [33], shown in figure 4.7.

Figure 4.7: Ramsey sequence used for frequency detuning correction. The qubit
is initialized in the ground state by relaxing the qubit and subjected to a π/2 pulse,
followed by a delay τ during which the qubit accumulates a phase relative to the drive
due to an artificial detuning. A second π/2 pulse completes the Ramsey sequence,
and the final state is measured. The results, repeated for various detunings, enable
calibration of the qubit’s true resonance frequency.

The measurement assigns pulse configurations based on whether the 0 → 1 or 1 → 2
transition is being probed. For each qubit, data is collected over a grid of delay
values and artificial detunings [35], with every configuration executed over multiple
repetitions.
This process yields a set of fitted detunings as a function of the known artificial de-
tunings. The point where the fitted detuning crosses zero gives the optimal frequency
correction for the qubit, the value at which the applied drive is truly resonant. This
correction is interpreted as the actual frequency offset from the qubit’s transition
frequency due to environmental shifts, residual miscalibration, or crosstalk effects.
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With the Ramsey correction, the goal is to get a more accurate value for the qubit
frequencies. This is done by applying some artificial detuning in the range of -2 MHz
to 2 MHz. From these ranges, 6 points are collected. By fitting the values to a linear
fit, one can see how off the qubit frequencies are and correct them accordingly, see
Figure 4.8. If the points follow the linear fit, the calibrations have been right so far.
If the points deviate too far from the fit, it could mean that there are still some
errors that have not been discovered.

Figure 4.8: Results from Ramsey detuning calibration for the 01 transition. The
fitted detuning is plotted against the applied artificial detuning, showing a linear
relationship used to correct frequency offsets. The black vertical line indicates zero
detuning, while the red vertical line marks the point of zero fitted detuning, revealing
the required frequency correction to align the qubit with its true resonance.

4.1.5 DRAG (Motzoi) Calibration
The Dispersive Readout with Adiabatic Gate (DRAG) technique, introduced by
Motzoi et al. [36], mitigates leakage to higher transmon levels (e.g., |2⟩) during
fast gates [7]. Because the transmon is only weakly anharmonic, a simple Gaussian
pulse can excite non-computational states. DRAG solves this by adding a derivative
component to the control pulse [37]:

Ω(t) = Ω0(t) + iβ
dΩ0(t)
dt

, (4.2)

where Ω0(t) is the in-phase Gaussian envelope, and β is a tunable parameter con-
trolling the quadrature correction. DRAG calibration involves sweeping β and min-
imising leakage to |2⟩ or oscillations in population that indicate imperfections. The
calibration is applied for gates on both |0⟩ → |1⟩ and |1⟩ → |2⟩ to ensure leakage is
suppressed in both directions.
For each qubit, a parameter sweep over multiple Motzoi values is defined to fine-
tune the π-pulse. These values correspond to the weight of the derivative compo-
nent in the DRAG pulse. The measurement schedule includes repeated application
of DRAG and inverse DRAG pulses, followed by a qubit readout, see Figure 4.9.
The number of DRAG repetitions is varied to amplify small errors and enhance
sensitivity to leakage and overrotation. For each Motzoi value, the pulse sequence
is applied multiple times to collect statistically significant data. The qubit state is
then measured using either the standard dispersive readout or a state-specific read-
out. The full experiment is run for a range of Motzoi parameters and DRAG pulse
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|0⟩ DRAG(β) DRAG†(β) DRAG90◦(β) DRAG270◦(β)

Figure 4.9: Pulse sequence for Motzoi (DRAG) parameter calibration. After let-
ting the qubit relax to |0⟩, a series of DRAG pulses with quadrature correction β are
applied, including standard and inverse pairs to enhance sensitivity to leakage. For
|0⟩ → |1⟩ calibration, additional phase-shifted pulses (90° and 270°) are included to
detect subtle leakage paths. The qubit is then measured to extract population dy-
namics as a function of β, enabling fine-tuning of the DRAG coefficient for optimal
leakage suppression.

repetitions.
The corresponding analysis pipeline processes the measurement results to extract the
optimal Motzoi parameter. The recorded signal magnitudes are reshaped into a two-
dimensional dataset indexed by Motzoi value and repetition count. For each Motzoi
parameter, the magnitudes are summed across all repetitions. The Motzoi value
corresponding to the minimum total signal is selected as optimal. This approach
assumes that the lowest measured signal indicates minimized leakage or coherent
build-up.
The Motzoi parameter is swept between −0.4 to 0.1 and collecting 51 points. In ad-
dition, the number of times the DRAG-pulse scheme is applied, 3 of these repetitions
are selected from a range of 1 to 19. The code then selects the Motzoi parameter
that minimizes the sum of magnitude over all repetitions. This is easy to identify
by eye, by looking at the dotted line that crosses a blue area in Figure 4.10. If this
is the case, then the calibration has succeeded.

Figure 4.10: DRAG (Derivative Removal by Adiabatic Gate) calibration results.
The DRAG technique, introduced by Motzoi et al.[36], mitigates leakage to higher
transmon levels (e.g., |2⟩) during fast gate operations by adding a quadrature cor-
rection to the control pulse. Each heatmap shows the dependence of qubit error
signal on β (horizontal axis) and the number of DRAG-pulse schedule repetitions
(vertical axis), named X-repetition. The dark dashed lines indicate the optimal β
values which minimize leakage or population oscillations.

4.1.6 n-Rabi Calibration
The n-Rabi experiment generalises the standard Rabi experiment by applying n
sequential pulses (e.g., n π-pulses) and observing the cumulative rotation effects,
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see pulsescheme in Figure 4.11. This is useful for fine-tuning the pulse amplitude
when small errors accumulate over repeated applications [33]. Ideally, the qubit
should flip back and forth between |0⟩ and |1⟩, and any drift or decay in amplitude
indicates over- or under-rotation or decoherence.
By comparing the experimental population oscillations with simulations, the n-Rabi
sequence allows for precise correction of systematic errors in pulse calibration. It is
especially effective for detecting small calibration mismatches not evident in single-
pulse Rabi experiments.
The goal of this experiment is to identify and correct systematic calibration mis-
matches in the amplitude of the DRAG-pulses. This is achieved by executing se-
quences of multiple pulses and measuring the resulting state population after each
sequence. The measurement strategy can be applied to both the |0⟩ ↔ |1⟩ and
|1⟩ ↔ |2⟩ transitions by toggling the target qubit state.
The scheduling function builds the sequence by first applying a reset to all qubits by
letting them relax to |0⟩. Then, for each qubit, it loops over a sweep of microwave
amplitude corrections and a series of repetition counts, generating pulse pairs for
each combination. Each pulse pair includes a DRAG pulse and its counterpart, with
a phase shift of 90◦ for quadrature correction if operating in the |0⟩ ↔ |1⟩ manifold.
The amplitude correction is applied by modifying the base amplitude retrieved from
the transmon configuration. Finally, the measurement is taken.

|0⟩ X1
π X2

π X3
π · · · Xn

π

Figure 4.11: n-Rabi calibration sequence applying n consecutive π pulses to the
qubit initialized in |0⟩. This sequence amplifies systematic pulse errors by accumu-
lating over- or under-rotations and decoherence effects over multiple π pulses.

For each amplitude setting, the total signal magnitude is measured across all repe-
titions. The amplitude that yields the minimum total magnitude is presumed to be
the most accurately calibrated value, corresponding to the most coherent destructive
interference from cumulative rotations—i.e., closest to a full 2πn rotation returning
the qubit to its initial state.
This amplitude shift is then used to compute a corrected π-pulse amplitude by
summing the original calibrated amplitude with the offset determined from the n-
Rabi analysis.
The n-Rabi procedure is close to the procedure for Motzoi calibration. Now the
amplitude is swept from the ranges -0.045 mV to 0.045 mV and measuring 40 points.
On the Y-axis, the number of X pulse repetitions varies from 1 to 19, but 3 equally
spaced points are used. This is to correct the X-pulse amplitude, especially when
the Motzoi parameter is taken into account. The analysis of the plot follows the
same idea as for the Motzoi parameter, where the dotted black line should overlap
blue regions, see Figure 4.12.
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Figure 4.12: n-Rabi experiment results. The heatmaps show excitation probabili-
ties as a function of microwave amplitude correction and the number of sequential
π-pulses. This method enhances pulse calibration by amplifying small systematic
errors that accumulate over repeated gate applications.

4.1.7 Resonator 1 Spectroscopy
For resonator spectroscopies at higher states, the frequency of the resonator changes,
as anticipated, see Figure 4.13. This demonstrates the importance of accurately
setting the initial resonator frequency. Misalignment can result in other frequencies
falling outside the spectroscopic range, potentially causing miscalibration or fitting
errors.
One other possible error that can occur is if the calibrations from the |0⟩ state are
not calibrated well. If there is an issue with going to the |1⟩ state, the resonator
spectroscopy for the higher states will not deliver accurate results. This can easily
be spotted by human eyes by detecting no movement of the resonator frequency. No
implementation in the code is done to automatically detect this error, so observing
the plots is still highly relevant.

Figure 4.13: Resonator spectroscopy when qubits are in |1⟩. The dip in the
transition can clearly be seen, and the movement of the resonator spectroscopy can
be detected. The green line shows the resonator frequency for the |1⟩ state, and the
blue dotted line shows the |0⟩ state resonator frequency.

4.1.8 Qubit 12 Spectroscopy
The spectroscopy of a qubit in the |1⟩ state is quite similar to that in the |0⟩
state 4.14. Provided that the attenuation and measurement pulse amplitude are
accurately configured, no further adjustments are required, as both state measure-
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ments use the same amplitude. As noted above, errors might arise if the |0⟩ state
calibrations are not performed accurately, leading to an unaltered qubit frequency.
To identify this issue, it is necessary to compare the two plots side by side to check
for any frequency shifts. Detection of this error is possible through resonator spec-
troscopy, so examining those results can provide a reliable indication of such an
error.

Figure 4.14: The results from qubit spectroscopy for the |1⟩ state looks similar to
the previous qubit spectroscopy measurement. The data is not as clear, but good
results are still achievable.

4.1.9 Rabi 12 Oscillations

For Rabi oscillations between the |1⟩ and |2⟩ states, the procedure is exactly the
same as in chapter 4.1.3 but instead of initizalizing the qubit to |0⟩ it is now first
excited to |1⟩. Now the interesting parameter is the amplitude required to get to
the |2⟩ state shown in Figure 4.15.

Figure 4.15: Rabi oscillations for the 12 transitions.

4.1.10 Ramsey 12 correction

For Ramsey correction between the 12 transition, the procedure is exactly the same
as in chapter 4.1.4, but instead of initizalizing the qubit to |0⟩, it is now first excited
to |1⟩. The results are presented in Figure 4.16.

28



Figure 4.16: The results from the Ramsey fringes calibration. Uses the same
principle as the 01 calibration, but now, the qubit is first excited before any mea-
surements are taken.

4.1.11 DRAG (Motzoi) 12 Calibration

For Motzoi calibration for the π-pulse for the 12 transistion, the ranges change a
bit. The Motzoi parameter is now swept between −0.3 and 0.3, still collecting 51
points. The DRAG schedule repetitions are between 1 and 4, and 3 of these are
measured, see Figure 4.17. Here, as usual, the qubit is first excited before starting
the measurement

Figure 4.17: Plots show the results for calibrating the Motzoi parameter for the
π-pulse for the 12 transition. Each heatmap shows the dependence of qubit error
signal on β (horizontal axis) and the number of DRAG-pulse schedule repetitions
(vertical axis), named X-repetition. The dark dashed lines indicate the optimal β
values which minimize leakage or population oscillations.

4.1.12 Resonator 2 Spectroscopy

To perform the resonator 2 spectroscopy, the qubit is excited to |2⟩ ahead of a
standard resonator spectroscopy. The results are presented in Figure 4.18.
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Figure 4.18: Resonator spectroscopy when the qubits are in |2⟩. The new red line
shows the resonator frequency for the |2⟩ state.

4.2 Robustness of resonator and qubit frequen-
cies

An interesting aspect to look at is how much the different frequencies change af-
ter each cool-down of the dilution refrigerator in which the quantum processing
unit (QPU) is operated. The QPU includes physical computational qubits, control
circuits, and traditional computing hardware for controlling and amplifying input
and output signals, storing instructions in memory, and distinguishing signals from
noise. There are several causes that can force the stopping operation and bring the
fridge back to room temperature; general maintenance is a common cause, but it is
also required in case the QPU is affected by trapped currents. To do this efficiently,
it is important that the ranges that are swept are large enough that shifts in the
frequencies can be accounted for. Four cool-down occurred during the period of this
thesis and each time dedicated data was collected to measure the shifts.

Figure 4.19: Changes in the resonator frequency compared to the first data point.
The error bars are set to 10 kHz resulting in the maximum deviation 800 kHz
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Figure 4.20: Frequency shifts for the 0 → 1 and 1 → 2 transitions. The error bars
are set to 400 kHz. The largest shift 12 is for the 0 → 1 transition.

In this study, q16 was also included to increase the statistics, presented in Fig-
ure 4.19. The resonator frequency changes up to 0.8 MHz with an error of 10 kHz
from propagation of error of the fitted frequencies. A sweep range for resonator
spectroscopy of ±1.5 MHz is therefore enough to detect any shifts.
The qubit frequency is more prone to changes between temperature cycles, as pre-
sented in Figure 4.20. The maximum frequency shift is 12 MHz with an error of
400 kHz given by the granularity of the measurement. A range to ±20 MHz is
enough to detect any frequency shifts. The maximum change for qubit 12 spec-
troscopy between one temperature cycle was around 7 MHz, so ±20 MHz satisfies
the frequency changes for qubit 12 spectroscopy as well.

4.3 Readout Frequency and Amplitude
Optimization

In superconducting qubit architectures, readout is typically achieved by coupling
each qubit to a readout resonator, which reflects signals whose phase and amplitude
depend on the qubit state. The discrimination of qubit states requires precise tuning
of both the readout amplitude and frequency. This is performed within the node
readout frequency and amplitude optimization. These results will give information
that will be used for single-shot-readout (SSRO). SSROs are used when trying to
distinguish between multiple states. After the calibration step is completed, one can
perform SSRO measurements.
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4.3.1 Readout Frequency Optimization
Readout frequency optimization is an important step in the context of dispersive
readout schemes. In these systems, qubit state information is extracted via the inter-
action between a qubit and its associated resonator, whose response in the complex
plane varies depending on the qubit’s energy level. Optimal readout frequencies are
chosen such that the difference in the resonator’s response is maximized for different
qubit states. This optimization directly enhances qubit state distinguishability and
thus the fidelity of quantum measurements [33].
To perform this calibration step, square readout pulses at multiple frequencies across
a predefined sweep range are applied. The qubit is prepared in the energy eigenstates
|0⟩, |1⟩ and |2⟩ to evaluate the frequency-dependent response of the readout resonator
for each state [38]. Each of these preparations is followed by a pulse that performs
a single-sideband demodulation and integrates the resulting complex signal over a
square time window, storing the result as a complex-valued measurement used to
read out qubit states. The measured response is tagged with an acquisition index
and channel for identification during the analysis stage.
To analyse the resonator response traces are extracted for each qubit state from
the acquired S21 data and calculate state-specific magnitudes and phases. The S21
responses of the three states form a triangle in the complex plane, and the area of
this triangle is computed as a function of frequency using Heron’s formula. The
frequency that maximizes this triangle’s area is then selected, ensuring maximal
separability among all three states.
These optimization strategies are essential to achieving high-fidelity qubit readout,
particularly in multiplexed setups where frequency crowding can introduce crosstalk
and signal degradation. By ensuring that the readout resonator is probed at a fre-
quency where the states are maximally distinguishable in the IQ plane, this calibra-
tion step mitigates measurement errors and supports robust quantum information
processing in larger systems.
The outcome of the readout frequency optimization procedure is illustrated in Fig-
ure 4.21, which shows the IQ distance as a function of readout (RO) frequency.
For each qubit, three traces represent the measured IQ distance corresponding to
the qubit being prepared in the |0⟩, |1⟩, and |2⟩ states. These traces highlight the
frequency-dependent variation of the resonator response for each state, with well-
defined dips indicating increased distinguishability.
Beneath each set of IQ distance curves, the red dashed line depicts the area formed
by the triangle connecting the centroids of the three IQ distributions. This area is
computed as a function of frequency using Heron’s formula and serves as a quan-
titative proxy for the distinguishability of the three states in the IQ plane. The
frequency at which this area is maximized (indicated by a red star) is selected as
the optimal readout frequency for the corresponding qubit.
Across the twelve qubits analyzed, optimal frequencies were found in the range of
approximately 6.5 GHZ to 7.1 GHz. All the qubits exhibit well-separated and deep
minima in their IQ distance curves, indicating strong contrast among states.
These results validate the effectiveness of using the triangle area metric for frequency
optimization, particularly in systems with three-level readout. Selecting frequencies
based on this metric ensures maximal state separation in the IQ plane, thus enhanc-
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Figure 4.21: Readout frequency optimization results. Each subplot shows the IQ
distance versus RO frequency for states |0⟩, |1⟩, and |2⟩. The red dashed curve
indicates the triangle area metric, with the optimal frequency marked by a red star.

ing measurement fidelity.

4.3.2 Optimal Readout Amplitude Calibration
Optimizing the amplitude of the readout pulse is essential for maximizing the signal-
to-noise ratio in the dispersive readout of superconducting qubits. This calibra-
tion aims to determine the amplitude that produces the most distinguishable mea-
surement outcomes between different qubit states while avoiding distortion or non-
linearities in the resonator response.
The calibration proceeds by sweeping the amplitude of the square readout pulse
across a predefined range. At each amplitude, the qubit is prepared in one of the
energy eigenstates |0⟩, |1⟩, or |2⟩. A square readout pulse is then applied to the
resonator, and the signal is demodulated using single-sideband techniques and inte-
grated to yield complex-valued IQ data [38]. Each measurement is indexed by both
amplitude and state label for later analysis.
For each amplitude, a linear discriminant classifier is fit to the IQ data, and a
confusion matrix is computed to quantify classification performance. The amplitude
corresponding to the highest trace of the confusion matrix is chosen as optimal.
The analysis returns key parameters such as the optimal amplitude, rotation angle,
and classification thresholds or boundaries, which are stored for use in subsequent
runtime execution.
The results of the readout amplitude optimization are shown in Figure 4.22, which
presents the outcome of sweeping the amplitude of the square readout pulse for a
set of qubits. Each column in the figure corresponds to a different qubit, with three
panels per qubit showing the fidelity curve, IQ data distributions, and confusion
matrix.
In the top row, the assignment fidelity is plotted as a function of readout ampli-
tude. The blue curve indicates the average fidelity achieved by a linear discriminant
classifier trained to distinguish among the three prepared states |0⟩, |1⟩, and |2⟩.
The optimal amplitude (marked by an orange star) is selected as the amplitude that
yields the maximum average fidelity [33].
The middle row shows the IQ plane distributions of the demodulated signals at the
optimal amplitude. Each point corresponds to a single measurement, colored by the
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prepared state. The classification boundaries learned by the discriminant analysis
are also shown, illustrating how the IQ clusters for different states are separated.
The centroids and decision vectors give insight into the separability and orientation
of the measurement distributions.

Figure 4.22: Readout amplitude optimization results for several qubits. Each
column corresponds to one qubit. Top row: Assignment fidelity versus readout
amplitude with the optimal amplitude marked by an orange star. Middle row:
IQ distributions at the optimal amplitude with classification boundaries. Bottom
row: Confusion matrices indicating classification performance for the three states
|0⟩, |1⟩, and |2⟩.

The bottom row displays the confusion matrices at the optimal amplitude. Each
matrix element quantifies the probability of classifying a prepared state i as a pre-
dicted state j. High values along the diagonal indicate successful classification, while
off-diagonal elements represent state confusion and misclassification rates.

Across the set of qubits analyzed, the optimal amplitudes vary but consistently yield
improved state distinguishability in the IQ plane. This optimization procedure
ensures that the readout pulse is strong enough to produce well-separated state
responses without introducing non-linearities or resonator distortions. The extracted
parameters are optimal amplitude, rotation angle, and classification thresholds.
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4.4 Gate performance evaluation: Randomized
Benchmarking

Quantum computers operate through the coherent manipulation of qubits, using
sequences of quantum gates. However, these gates are subject to various types of
noise and imperfections, making the reliable characterization of gate fidelity a crucial
task in quantum information processing. Among the various techniques developed
to address this challenge, randomized benchmarking (RB) has emerged as a robust
and scalable method to estimate the average error rate of quantum gates [39].
RB is fundamentally a statistical method that characterizes the average performance
of a set of quantum gates drawn from the Clifford group [40], by applying sequences
of randomly chosen gates followed by their inverses [39]. The key advantage of RB
over full quantum process tomography lies in its efficiency and resilience to state
preparation and measurement (SPAM) errors [41]. Rather than reconstructing the
full process matrix of a gate, RB estimates the average fidelity over many gate
sequences, allowing for the extraction of error rates with relatively low experimental
overhead.
In the single-qubit case, the benchmarking procedure begins by initializing the qubit
in a reference state, commonly the ground state |0⟩. A sequence of m gates is
then applied, each drawn uniformly at random from the single-qubit Clifford group.
These gates collectively form a unitary operator Cm. To invert the effect of the
sequence, an additional Clifford gate C†

m is appended such that, in the absence of
noise, the entire sequence ideally returns the qubit to its initial state [42], illustrated
in Figure 4.11. After the application of the sequence, the final state is measured in
the computational basis. This process is repeated multiple times for various random
sequences and for increasing sequence lengths m.

Figure 4.23: Single-qubit RB circuit. The qubit is initialized in the state |0⟩,
followed by a sequence of m randomly selected Clifford gates. An additional gate
C†

m inverts the sequence. In the absence of noise, the qubit returns to |0⟩. The final
measurement is used to estimate the average gate fidelity.

The measurement outcome probabilities as a function of sequence length exhibit
an exponential decay behavior, which can be modeled as F (m) = Apm + B, where
F (m) is the average survival probability, p is related to the average gate fidelity,
and A, B are constants absorbing SPAM errors. The parameter p is connected to
the average error per gate via the relation r = d−1

d
(1 − p) for a system of dimension

d. For single qubits, d = 2, and the decay parameter p provides a direct estimate of
the gate fidelity.
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Extending RB to two qubits involves additional complexity due to the larger Clif-
ford group and the increased Hilbert space dimension. In the two-qubit case, the
gates are drawn from the two-qubit Clifford group, which includes both single-qubit
and two-qubit entangling gates such as the controlled-NOT (CNOT) [13]. The pro-
cedure is conceptually similar: a random sequence of two-qubit Clifford gates is
applied to an initial product state |00⟩, followed by the inverse of the composite
sequence. Measurements are performed on both qubits, and the survival probability
is extracted as a function of sequence length.
Two-qubit RB also exhibits an exponential decay of fidelity with sequence length,
with the decay parameter now reflecting the combined probability over the two-
qubit Clifford group. As in the single-qubit case, SPAM errors contribute only to
the offset and scale of the decay curve, leaving the decay rate as a reliable estimator
of gate fidelity. Moreover, two-qubit RB can be modified to isolate the performance
of specific gate types, such as interleaved RB, which intersperses a target gate within
each step of the sequence to assess its fidelity individually.
RB provides an estimate of gate fidelity by accounting for both coherent and in-
coherent errors, including those related to qubit decoherence characterized by the
T1 and T2 times. This technique offers insight into how accurately quantum gates
perform in practice and, by extension, how reliable quantum measurements will be
when using these qubits.
In the benchmarking procedure, sequences of single-qubit Clifford gates are applied,
with the sequence length increasing up to 1024 gates. The protocol is repeated
four times. A critical requirement for valid benchmarking is that the population
begins close to 1. If this condition is not met—i.e., if the qubit is not properly
initialized into the ground state—then the measured fidelity will be artificially high,
misrepresenting the actual gate performance.

Figure 4.24: The RB measurement is shown above. The blue data is how the
excited state varies in relation to the number of Clifford gates, the red data shows
the ground state and finally the green depicts the higher energy states (leakage).

For this measurement, see Figure 4.24, qubit 17 achieved a high fidelity of approxi-
mately 0.996, which is considered acceptable. Qubit 18, on the other hand, showed
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a slightly lower fidelity of 0.992. While not optimal, this result is still acceptable
and indicates that both qubits were successfully initialized and excited during the
benchmarking process. For some qubits, the qubit was never in the right state at the
beginning of the measurement. Therefore, this performance is favourable compared
to other qubit pairs where initialization errors were more pronounced.

4.5 Calibration of the CZ Gate
The controlled-Z (CZ) gate is a two-qubit gate, implementing a conditional phase
shift such that the |11⟩ state acquires a phase of π, while the other computational
basis states (|00⟩, |01⟩, |10⟩) remain unaffected, up to local phases [12]. This gate
is essential for creating entanglement and enabling universal quantum computation.
However, high-fidelity operation of the CZ gate necessitates a careful and systematic
calibration procedure to avoid leakage into non-computational states and suppress
spurious phase accumulation.
The CZ gate relies on a dynamical interaction mediated by a tunable coupler, which
is modulated by a flux pulse. The effectiveness of the gate depends on the precise
tuning of four parameters: flux, frequency, amplitude, and duration of the
applied pulse [43]. These control the trajectory through the energy level landscape
that enables the conditional phase interaction.
Since the frequency of the coupler is flux-dependent, one must characterize how it
varies with the applied flux bias. Instead of performing direct spectroscopy on the
coupler (which is not possible), it is possible to estimate the coupler frequency as
a function of the flux by performing spectroscopy on the qubit and the resonator
while sweeping the flux. When the coupler’s frequency approaches the frequency of
the qubit or resonator, an avoided crossing or level repulsion occurs, observable as
distinct features in the spectra. These crossing points allow for the mapping of the
coupler’s flux-to-frequency dependence.
The optimal flux biases for CZ gates are chosen between the maximum of the two
qubit frequencies and the minimum of the two resonator frequencies. At these
operating points, frequency shifts of approximately f12−f01 ensure that the |11⟩ state
undergoes a nontrivial evolution while minimizing transitions to non-computational
states [44].
Once candidate flux and frequency points are identified, the next step is to find
the optimal flux and frequency point of the CZ pulse. A real-valued square pulse
convolved with a Hann window is used for this purpose. The Hann window smooths
the pulse’s spectral profile, reducing spectral leakage and suppressing excitations
outside the intended interaction path.
This pulse is tested by preparing both qubits in the excited state and applying
the CZ interaction. Ideally, one of the qubits transitions to the ground state while
the other reaches the second excited state, corresponding to a population transfer
mediated by the |11⟩ ↔ |02⟩ or |20⟩ avoided crossing [45], see Figure 4.25. Successful
population transfer indicates an effective entangling interaction and allows filtering
out poor candidates and refining the CZ pulse.
Although the CZ gate is designed to only impart a π phase to the |11⟩ state, the gate
also introduces local dynamic phases on the individual qubits due to detuning
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Figure 4.25: Level diagram illustrating the effective interaction path for a CZ-
gate. The computational basis state |11⟩ is coupled to the non-computational states
|20⟩ and |02⟩ via higher-excited-state transitions, as indicated by the curved arrows
labelled “CZ”. While both transitions are theoretically accessible, only one of them
(e.g., |11⟩ ↔ |20⟩) is used in practice to mediate the search time for the optimal
CZ-gate.

and interaction with the coupler. These local phases, if uncorrected, can accumulate
over multiple gate operations and lead to coherence loss or logical errors in quantum
algorithms.
To calibrate and compensate for these local phases the local phases have to be
measured. A Ramsey-type interferometric sequence is applied to measure the single-
qubit phase shifts induced by the CZ gate [13]. The target qubit’s phase is then
read out through Ramsey interference, and the resulting phase offset is extracted
from the fringe pattern. These offsets are corrected via virtual Z gates.
This dynamic phase correction ensures that the gate behaves as a true controlled-
Z operation in the computational subspace, free of unwanted single-qubit rota-
tions [45]. Such corrections are essential in applications requiring high phase co-
herence, including variational algorithms and quantum error correction codes.

4.6 CZ Gate Calibration techniques

This section outlines the methods used to calibrate the CZ gate, a two-qubit gate
that applies a conditional π phase to the |11⟩ state while leaving other computational
states unchanged, aside from local phases.
The procedure presented here is a significant evolution from the calibration presented
in [12, 46]. While the final steps of the CZ calibration are similar, the procedure is
devised that allows it to determine the best bias flux that was instead empirically
chosen in [12, 46]. In an automatic calibration of 40 couplers, there is no room for
human intervention at the scale needed to select all bias points; instead, they need
to be found procedurally and efficiently within a small amount of time. The work
carried out provides this crucial component for the full calibration of the 25 qubit
chip developed at Chalmers.
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4.6.1 Principle of Operation
The CZ gate operates by dynamically modulating the frequency of a tunable coupler
placed between two qubits. This is achieved via a flux pulse applied to the coupler,
which temporarily adjusts its frequency to induce an interaction between the |11⟩
computational state and non-computational states such as |02⟩ or |20⟩. A carefully
timed and shaped flux pulse enables this avoided crossing to impart a conditional
phase on the |11⟩ state, realizing the entangling CZ operation.
As dicussed in Chapter 3.3 the couplers

4.6.2 Characterizing the Coupler
Since the coupler’s frequency depends on the applied flux, the first step in the
calibration procedure involves mapping its flux-frequency dependence. Rather than
performing direct spectroscopy on the coupler itself. It would be preferred to perform
coupler spectroscopy, but this cannot be done because the couplers do not have a
dedicated readout resonator. The approach is instead to perform spectroscopy on
the coupled qubit and resonator while sweeping the flux bias applied to the coupler.
When the coupler approaches the frequency of either element, level repulsion or
avoided crossings become visible in the spectrum. These features indicate points of
strong coupling and allow the coupler’s response to be indirectly characterized.

4.6.2.1 Resonator spectroscopy as a function of the flux

Performing the resonator spectroscopy as a function of the flux is the same mea-
surement and analysis as for the standard resonator spectroscopy. The flux varies
between -1 mA to 1 mA with 50µA steps. Why this step size is used will be discussed
in section 4.6.3. Doing this will affect the resonator frequency as demonstrated in
Figure 4.26. The flux values, where there is an abrupt change (switch) in the res-
onator frequency are the points at which the coupler has the same frequency as the
resonator [33]. This point is called a crossing point. These points are used to attain
the coupler’s frequency as a function of flux.
For resonators with high frequencies, there exists no frequency switch (see top left
plot in Figure 4.26). This means that the coupler will never have a frequency as high
as that resonator. Detecting this point as a crossing point is not completely right,
and perhaps not using that point could lead to better fits. No major disadvantage
were discovered using this point as a crossing point in our final coupler frequency
fit.
In most cases, the coupler frequency reaches the resonator frequency, and the switch
is noticeable. To detect this in the analysis, the two points next to each other
are compared, and if they are over a threshold of 2 MHz from each other, that
flux point is said to be the crossing point. The analysis also includes a spurious
threshold, meaning that the two data points around the point that is above the
spurious threshold are compared. If the two data points are below that spurious
threshold, the point is not detected as a crossing point. This eliminates the issue
that bad data points can be wrongly detected as crossing points.
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Figure 4.26: Resonator spectroscopy as a function of flux. Each blue point is
the frequency of the resonator at the specific SPI current; these values are obtained
from the fit of the individual resonator spectroscopies. The dashed lines show the
estimated crossing points. The top left is for a resonator frequency that is above the
limit of the coupler’s frequency, and avoided crossing does not manifest. The rest
of the plots behave as expected.
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4.6.2.2 Qubit spectroscopy as a function of flux

Qubit spectroscopy as a function of flux approach has the same approach as the
standard qubit spectroscopy, with some important differences. Similarly to the flux-
dependent resonator spectroscopy when, at certain values of flux, the coupler has
the same frequency as the qubit, the qubit frequency will switch [47]. The sweep
ranges are increased to -2.5 mA to 2.5 mA and still uses 50µA steps.
This measurement differs from the standard qubit spectroscopy in that the ampli-
tude is not swept. The optimal amplitude for the qubit spectroscopy is used for
the entire measurement. If the analysis tries using a Lorentzian causes issues when
the qubit frequency is close to the sweep range end points. When this occurs, the
Lorentzian is no longer a good alternative for detecting the maximum point. In-
stead, an easy maximum point method is used to find the maxima. This resulted in
significant improvements in the data and made detecting the crossing points a lot
easier, see Figure 4.27.
The flux-dependent qubit spectroscopy analysis is based on the same idea as the
resonator spectroscopy in subsection 4.6.2.1. Some extra steps are needed to get
good crossing point detections. At these crossing points, significant noise affects
the qubit spectroscopies, and no clear peak results in the maximum point detection
chooses the maximum point of the dataset and sets that to the peak. To combat
this, the maximum value is compared against the mean value plus 2.5 standard
deviations. The 2.5 standard deviations were first just experimentally tested and
proven to be a good estimation. If the maximum value is below the mean value plus
2.5 standard deviations, the data point is ignored. Doing this enables easy detection
of the real crossing points.
To achieve a good coupler frequency fit requires no false positives. To combat this,
the analysis only allows one crossing point in a 300µ A region. This resolves the
issue of the analysis detecting multiple crossing points in one crossing region.
When detecting crossing points, it is important that it does not detect a false crossing
point, but if not all crossing points are detected, the fit still works fine. With all
crossing points detected, the coupler can be characterized.

4.6.2.3 Coupler Frequency Characterization

To determine the flux-to-frequency dependence of the coupler, we extract avoided
crossings observed in both qubit and resonator spectroscopy as a function of the
applied flux. These avoided crossings occur when the coupler becomes near-resonant
with either a qubit or a resonator and manifest as distinct spectral features.
The combined set of crossing points is then fitted to a model function of the form [44]:

fcoupler(I) = fc

√
|cos (πa(I − b))| + c, (4.3)

where fc, a, b, and c are free parameters representing the coupler’s maximum fre-
quency, periodicity, offset, and baseline, respectively. This functional form captures
the periodic cosine-like behaviour of the flux-tunable coupler.
From the fitted curve, candidate frequencies for the CZ gate are chosen as harmonic
detunings from the difference of the qubit |01⟩ and |12⟩ transitions. These candidates
are filtered to ensure that they lie below both resonator frequencies, thereby avoiding
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Figure 4.27: Qubit spectroscopy as a function of flux. Each column in the 2D plots
shows the magnitude of a qubit spectroscopy with the blue point representing the
selected frequency of the qubit. The vertical dash lines are the estimated crossing
points.
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leakage to unwanted states. The corresponding flux biases are then determined by
solving the inverse of the fitted model.
All the necessary crossing points can be fitted to the model in Equation 4.3. This
gives the plot shown in Figure 4.28. The fit works well, and now the coupler fre-
quency has been characterized. To choose suitable candidates for the CZ-gate points
between the highest qubit frequency and lowest resonator frequency are chosen with
|f01,q1 − f12,q2| intervals. This gives 8-12 flux points that will be tested for candidates
for the CZ-gate.

Figure 4.28: Inferred coupler spectroscopy for two couplers. The crossing points
are shown in red, and the fitted coupler frequency as a red line. The blue points are
the candidates for the CZ-gate.

4.6.3 Study of stepsize
As discussed in subsections 4.6.2.1 and 4.6.2.2, the stepsize for resonator and qubit
spectroscopy as a function of the fluxi s chosen to be 50µA. A study was conducted
that looked at how much the CZ-candidates would change when the stepsize for
the flux-dependent spectroscopies was changed. This is relevant because the flux-
dependent spectroscopies take close to an hour; if smaller stepsizes are used, the
time can decrease massively. So a base of stepsize 20µA was set as a "perfect value"
and then the stepsize was increased and the deviation from the baseline was studied.
It was discovered that using a 50µA stepsize still resulted in a maximum deviation

43



Figure 4.29: Deviation for the possible CZ-current points compared to the 20µA
stepsize. The 20µA stepsize is zero along all values.

of 25µA for all the current candidates, results in Figure 4.29. This was considered
"close enough" and by coming down from 20µA stepsizes decreases the measurement
time by around half. This is a major time loss when the original measurement takes
around one hour.

4.6.4 CZ parametrization with fixed duration
With candidate operating points identified, the next step is to implement and cal-
ibrate the flux pulse that mediates the CZ interaction. A square pulse convolved
with a Hann window is employed to suppress spectral leakage and mitigate unwanted
transitions, see pulse scheme in Figure 4.30. The Hann window smoothly ramps the
pulse on and off, thereby confining its spectral bandwidth and minimizing overlap
with non-targeted energy levels.

|0⟩C X

|0⟩T X

Figure 4.30: Circuit representation of the CZ parametrization experiment. Both
qubits are initialized to the excited state, then a CZ-gate with half of the CZ-gate
duration is applied with a frequency and amplitude sweep. Finally the states of the
qubits are measured.

This shaped flux pulse is applied to the coupler while both qubits involved in the
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interaction are initialized in their first excited state. When the coupler frequency
approaches the avoided crossing associated with the |11⟩ ↔ |02⟩ / |20⟩ transition,
population transfer into these higher excited states can occur. The observation
of such transitions serves as a signature of successful coupling and validates the
alignment of the pulse parameters with the intended interaction point. These mea-
surements thus guide further refinement of pulse amplitude, frequency, and timing
for high-fidelity CZ gate implementation.
This shaped flux pulse is applied to the coupler while both qubits involved in the
interaction are initialized in their first excited state. When the coupler frequency
approaches the avoided crossing associated with the |11⟩ ↔ |02⟩ / |20⟩ transition,
population transfer into these higher excited states can occur. The observation
of such transitions serves as a signature of successful coupling and validates the
alignment of the pulse parameters with the intended interaction point.
The analysis begins by systematically exploring the parameter space defined by the
coupler’s parking currents, pulse frequencies, and amplitudes. For each parking
current, the algorithm conducts scans to analyze frequency against amplitude for
both qubits, pinpointing the maximum and minimum magnitudes for each qubit.
By assessing various working points throughout these scans, the analysis eliminates
certain operation points by measuring if the frequency and amplitude lie within a
tolerance of 250 MHz and 60 mV. If a candidate point does not lie within these
tolerances, that point is eliminated.
To be suitable candidates for the CZ-gate, one qubit has to go to the ground state
and the second one to the second excited state when a half-duration CZ-pulse is
applied. A good estimation of the duration of the CZ-gate is 240 ns, so this means
a 120 ns pulse is applied.
This is checked by initializing the two qubits to be in the excited state, and after
the half duration CZ-pulse is applied, the two qubits are measured. The parameters
that are swept for this measurement are the amplitude, from 0.1 V to 0.8 V, and the
frequency detuning from -20 MHz to 20 MHz. When this is done, the maximum point
is found for one qubit and the minimum point for the other qubit, see Figure 4.31.
If these points are within a threshold, the CZ-current point is saved, but if the two
points are outside the threshold, that current point is discarded. The measurement
is done for all CZ-current candidates. For those candidates that pass, the amplitude
and corrected frequency are saved for each passing candidate.

4.6.5 CZ calibration for working points
Each calibration sequence begins by preparing a pair of transmon qubits connected
via a tunable coupler. The CZ pulse applied to the coupler is a soft square pulse with
fixed duration (240 ns) and tunable amplitude and frequency provided as working
point parameters.
At the start of each shot, all relevant qubits are reset. The control qubit is excited
using an X gate, and the target qubit is rotated by X90 to initialize the Ramsey
sequence. After a short buffer delay, the CZ pulse is applied to the coupler. This
interaction induces a phase shift on the target qubit, conditional on the state of the
control qubit. A second X gate is then applied to the control qubit, and the Ramsey
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Figure 4.31: The plot shows CZ-parametrization for a passing candidate for two
paris of coupled qubits. This means that qubit q17 and q19 will go to the excited
state and qubit q18 and q20 will go to the ground state. The maxima and minima
are located in the same cell, which makes them a good candidate. The flux points
are not necessarily the best working points.
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sequence is closed with a phase gate Rxy(90, ϕ) applied to the target qubit [13],
illustrated in Figure 4.32.

|0⟩C X

|0⟩T X1/2 Rxy(θ = 90◦)

(if control_on)

Figure 4.32: Circuit representation of the CZ calibration routine. The control
qubit is optionally excited based on the control_on parameter. A CZ pulse is ap-
plied between the control and target qubits. The target qubit undergoes a Ramsey-
style sequence with a final Rxy rotation with a frequency sweep.

The final state of each qubit is measured using three-state single-shot readout. This
is repeated over a range of Ramsey phases to extract the accumulated phase in-
duced by the CZ gate. Each scan is supplemented with three calibration points
corresponding to the preparation of the |0⟩, |1⟩, and |2⟩ states, allowing accurate
classification of measurement outcomes. This is done for all the remaining working
points that have not been discarded by the CZ-parametrization measurement.

This static calibration procedure provides direct access to the phase acquired during
the CZ operation. The figure of merit used to select the best working point among
all candidates is the phase; the best working point is the one with the phase closest
to π. This will be the optimal working point for the CZ-gate, see Figure 4.33.

Performing the measurements on all the remaining candidates, one candidate re-
mains, which is the working point that will be most suitable for the CZ-gate. One
also wants to make sure that the working point does not cause too much leakage.
This can be seen in the control qubit. This measurement can also be done by swap-
ping the target and control qubits. The working point should show a 180-degree
phase shift even after a swap.
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Figure 4.33: The figure shows the most suitable working point for the CZ-
calibration, giving a 177-degree phase shift for qubit q17 and a 147-degree phase
shift for qubit q20. Qubit q18 and q20 show the leakage; having a long stable value,
as demonstrated in the figures is desirable.
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4.6.6 Dynamic Phase Correction

|0⟩C

|0⟩T X1/2 Rxy(θ = 90◦)

(if control_on)

Figure 4.34: Circuit representation of the CZ dynamic phase routine. A CZ pulse is
applied between the control and target qubits based on the control_on parameter.
The target qubit undergoes a Ramsey-style sequence with a final Rxy rotation with
a frequency sweep.

|0⟩T X1/2 Rxy(θ = 90◦)

|0⟩C

(if control_on)

Figure 4.35: Circuit representation of the CZ dynamic phase routine. A CZ pulse is
applied between the control and target qubits based on the control_on parameter.
The target qubit undergoes a Ramsey-style sequence with a final Rxy rotation with
a frequency sweep.
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Figure 4.36: Measurement of the dynamic phase for qubit q17 is calculated to be
38.4 degrees and for qubit q19, 31.5 degrees.

Despite successfully inducing the CZ interaction, the flux modulation can introduce
unwanted local phase shifts on individual qubits. These dynamic phases arise from
temporary detuning and residual interactions during the gate. If uncorrected, they
can accumulate and lead to logical errors across gate sequences [13]. To quantify and
remove these shifts, Ramsey interferometry is used. The target qubit is placed in a
superposition state, the CZ gate is applied, and the resulting interference pattern
reveals any phase offset. The pulse scheme is illustrated in Figure 4.35. This is done
for both qubits by swapping the target qubit and the control qubit. These offsets
are then corrected using virtual Z gates, which adjust the phase frame of each
qubit without introducing additional physical operations. This step ensures that
the implemented gate closely approximates an ideal CZ gate in the computational
subspace.
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Figure 4.37: Measurement of the dynamic phase for qubit q18 is calculated to be
92.3 degrees and for qubit q20, 71.3 degrees.

Figures 4.36 and 4.37 show the shifts between the two fits are the dynamic phases
for the qubits. To measure the dynamic phase for the other qubit, the target qubit
and control qubit are swapped. Dynamic phases are used for two virtual Z-gates
before performing the CZ-gate. This ensures that the only shift occurs when both
qubits are in the excited state, by artificially applying a phase shift to correct for
the unwanted dynamic phases in the CZ-gate.

4.7 Calibration time
The time required to run all the nodes in the calibrations is presented in Table 4.2.
The total single-qubit time is around 10 minutes and is only needed to do once
to calibrate the chip. The two-qubit calibration requires two and a half hours to
calibrate a coupler group. This is estimated by comparing a single coupler and a
multiple coupler calibration. Since 4 coupler groups need to be calibrated, a total
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calibration time for the chip is estimated to be about 10 hours. It is important to
stress that this is the time needed for the so-called bring-up calibration, i.e. the
calibration that need to be run on a new chip or if significant changes occurred to
the system, i.e. a temperature cycle. A faster calibration can be achieved for daily
calibrations where only the CZ need to be recalibrated; this is estimated to take
less than an hour. These are acceptable time scales for the two different calibration
types.

Calibration Time to run the node
Resonator spectroscopy 9 seconds
Qubit spectroscopy 1 minute
Rabi oscillations 31 seconds
Ramsey correction 1 minute 33 seconds
Motzoi calibration 1 minute 18 seconds
n-Rabi calibration 1 minute 2 seconds
Readout frequency optimization 3 minutes
Readout amplitude optimization 30 seconds
Total single qubit calibration 10 minutes
Qubit spectroscopy as a function of the flux* 80 minutes
Resonator spectroscopy was a function of the
flux* 40 minutes

CZ current from spectroscopies* 1 second
CZ parametrization with fixed duration* ≈ 20 minutes
CZ calibration ≈ 10 minutes
CZ dynamic phase 1 minute
Total for chip bring up ≈ 10 hour
Total for daily calibration ≈ 40 minutes

Table 4.2: This table summarizes all the calibration steps and how long each node
takes. Steps marked with a * are not required for daily calibration.
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5
Conclusion and future directions

This chapter summarises the thesis. Ideas for future development will be suggested
to achieve automatic two-qubit-gate calibration.

5.1 Conclusions
The series of experiments and selection developed in this work can be used to cal-
ibrate a CZ gate. The measurements can run in parallel, significantly speeding up
the calibration process. To calibrate the whole chip for a total calibration time
of 10h. Subsequent calibration will only need to re-calibrate the selected working
point, hence can be done in less than 60 minutes.
Crucially, the process described in this thesis can be used to automatically select a
bias point, something that was not done in either [12, 46], where the authors select
without much motivation a flux point, or previous work in the group where a long
manual scan was performed to find a suitable bias point. This means that after
a temperature cycle, the chip can be calibrated in less than a day. Therefore, the
Quantum Computing group will be able to speed up the development of new chips
thanks to the faster evaluation time of each chip.
Unfortunately, it is difficult to quantify the performance of the procedure without
measuring the fidelity of the gate using RB. Developing such a routine proved to
be complex due to the required parallelization. Nevertheless, the small leakage
measured in the calibration step and the phase difference close to 180 degrees are
an indication that the performance should not be too poor.

5.2 Future directions
Several improvements could be made in the calibration process. Firstly, it is essential
to run the two-qubit randomized benchmarking on the calibrated gates. This would
provide a figure of merit for further analysis and is essential to both validate the
work carried out and to evaluate any additional improvement. For example, the
fidelity measured in randomized benchmarking could replace the 180-degree phase
shift as the figure of merit for the working point candidate selection. This is a more
reliable selection criteria and therefore should provide a better calibration.
In case of the fidelities being low, an idea to improve them would be to run the
single-qubit calibration at the flux point of each candidate working point. This is
relevant since the flux applied to the coupler causes the resonator/qubit frequencies
to shift.
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A measurement that is usually done when calibrating the CZ-gate is the CZ-chevron.
This measurement could be used to optimize the gate time, but also further refine
the frequency of the CZ. This procedure would have the potential to improve the
fidelity of the CZ-gate. The drawback of including this procedure is the time it
would add to the calibration procedure. Further RD is needed to evaluated both
gains and time required by this additional step.
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