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Implementation of Qubit Reset for Fixed-Frequency Transmons in Tunable-Coupler
Architectures
ZIXIAN YAN
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract
Unconditional and fast qubit reset is a key element to decrease algorithm computa-
tion time as the lifetime of the physical qubits continuously grows. For example, in
quantum error correction (QEC), fast qubit reset in ancilla qubits is highly desired
to accelerate the surface code algorithm. This thesis reports a qubit reset protocol
utilizing a tunable coupler to transfer excitation from the qubit to the dedicated
readout resonator in an architecture consisting of fixed-frequency transmons pair-
wise coupled by tunable couplers. The reset pulse is designed and optimized based
on the Roland-Cerf protocol for resetting the |e⟩-state adiabatically in a two-level
system (TLS) with an adiabatic pulse, demonstrating an improvement in reset fi-
delity compared to linear pulse in simulation. By changing the pulse shape, the
evolution follows the shortcut-to-adiabaticity (STA) path within some parameter
regions, enabling faster and better qubit reset. For resetting |f⟩-state, the numer-
ical results also give adiabatic and STA pulse shapes similar to that given by the
Roland-Cerf protocol in a two-level system, thus enabling us to model the |f⟩-state
reset model as an approximate TLS system. We verify our theoretical prediction
by running the reset protocols on a 25-qubit chip. The experiment results show
fast reset operations while keeping low reset errors, verifying the validity of the pro-
posed pulses [1]. However, the presence of other qubits limits the reset fidelity, and
therefore, frequency separation between coupled qubits should be a parameter to be
carefully considered at the design stage.
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1
Introduction

1.1 Quantum computing and quantum informa-
tion

Quantum computing exploits the physical properties of quantum mechanical sys-
tems, such as superposition and entanglement, to perform computational tasks.
The idea of using quantum systems to perform computation was first proposed by
physicist Richard Feynman in 1982, motivated by difficulties in simulating physics
on classical computers. For example, Feynman proposed that a spin wave in a lattice
can simulate the Bose particles [2]. Then, in 1985, David Deutsch introduced the
concept of a universal quantum computer and showed how such a machine would
work by showcasing what is now known as Deutsch’s algorithm [3]. This algorithm
was generalized and proved to have exponential speedup over any deterministic clas-
sical algorithm [4, 5]. In 1994, Peter Shor demonstrated that a quantum algorithm
tailored for prime factorization [6] would have been the fastest algorithm compared
to any existing classical algorithm [7]. Similar to classical heuristic algorithms,
quantum heuristic algorithms have also been proposed to solve combinatorial opti-
mization problems [8–11].

In classical computing, the basic information processing unit is a bit with two pos-
sible logical states, 0 or 1. The counterpart of a bit in quantum computing is a
quantum bit, or a qubit, representing any possible superposition of |0⟩ and |1⟩.
Research on 3-level quantum system (qutrit) and d-level quantum system (qudit)
as a basic unit has been proposed to allow larger dimensions in Hilbert space and are
found to be useful in magic-state distillation [12], topological quantum computer [13]
and quantum key distribution [14].

Any quantum algorithm can be expressed as a quantum circuit where the qubits
represent the data, with the qubits being prepared in an initial state before being
processed. Quantum gates then act on the qubits to control quantum states. At
the end of the computation, the qubit is read out by a measurement operation.

1.2 Superconducting quantum computing
Many physical implementations are currently being investigated to realize a real
quantum computer based on different types of material or matter: ion traps, su-
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1. Introduction

perconducting circuits, photons, and Rydberg atoms. Superconducting circuits are
one of the prominent candidates due to the superior control speed and relatively
good scalability compared to other platforms and are widely adopted by many tech
companies [15, 16] and institutions [17–20].

Superconducting circuits can exhibit quantum-mechanical effects on a macroscopic
level. An early experiment in 1985 showed indirect evidence of discrete energy lev-
els indicated by phase difference across the barrier of a Josephson junction when
irradiated with microwave signals [21]. In the following years, scientists observed
energy-level splitting in the superconducting electrical circuit [22] and successfully
performed coherent quantum control in a Cooper-pair box [23]. This suggested that
the two charge states could be used as computational qubit states, with the Cooper-
pair box referred to as a type of charge qubit. Many other types of superconducting
circuit-based qubits have been proposed, including flux qubits [24, 25] and phase
qubits [26, 27]. Among them, the transmon qubit stands out for its insensitivity to
charge noise or external flux change [28].

Superconducting quantum processors have evolved rapidly in recent years with the
growing number of physical qubits and many scientific breakthroughs. In 2014, John
Martinis group at UCSB reported that for the first time, the logical gates could be
implemented with fidelity, reaching the threshold for universal quantum computing
in a superconducting circuit-based platform [29]. The following year, they success-
fully demonstrated how to detect bit-flip errors and protect the qubits from the
environment on a chip of nine physical qubits placed in a linear chain [30]. In the
same year, IBM achieved single-qubit error detection by measuring syndrome qubits
on a planar chip [31]. In 2019, Google claimed that their 53-qubit Sycamore proces-
sor could execute a random quantum circuit sampling algorithm in only polynomial
time, giving exponential speedup over classical computers [32]. The experimental
implementation of correction codes was further developed, and it was experimen-
tally verified that the surface code could reduce logical errors on a 72-qubit chip [16].

1.3 Qubit reset
In quantum computing, qubit reset brings the qubit from any arbitrary state back
to its ground state. Qubit reset can be either conditional or unconditional. In con-
ditional reset protocols, qubits are reset with active coherent driving conditioned
on the measurement outcome [33–35]. The major issue in conditional resets is that
the classical feedback time could take up significant computational time, greatly
limiting the runtime of quantum algorithms. This constitutes a major limitation in
surface code, where measurements and resets are frequently executed. On the other
hand, unconditional reset operations are not conditioned on the measured outcomes;
they typically take advantage of qubit decay or introduce external coupling or con-
trol [36–40].

Here, we demonstrate a qubit reset protocol on the first excited state |e⟩ and the
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1. Introduction

second excited state |f⟩, tailored for a fixed transmon and tunable coupler architec-
ture without any additional coupling or control line. Our scheme demonstrated that
it can be easily implemented in large-scale quantum processors. The protocol uses
flux-tunable couplers as media to remove the qubit population in higher states [41]
and let it decay through the lossy readout resonator. In the qubit-coupler swap-
ping, the qubit state is unconditionally and adiabatically reset to the ground state
without any classical feedback and using only flux control.

1.4 Objectives
This thesis mainly focuses on achieving the following objectives:

1. Deriving a closed form, analytical pulse to accelerate the adiabatic control for
the qubit |e⟩-state reset.

2. Numerically derive the adiabatic pulse for qubit |f⟩-state reset.
3. Using non-perturbative analytical diagonalization and Schrieffer–Wolff trans-

formation to derive an effective two-level system Hamiltonian in modeling the
qubit |f⟩-state reset.

4. Analytically derive the pulse to accelerate the adiabatic control for the qubit
|f⟩-state reset using the effective Hamiltonian.

5. Show the implementation of the proposed adiabatic pulse in both simulation
and experiment.

1.5 Chapters Description
This thesis is outlined as follows: Chapter 2 briefly introduces the definition of
qubits, quantum gates and quantum measurement, and describes the theory of cir-
cuit quantum electrodynamics. Chapter 2 is also devoted to deriving the analytical
expression of adiabatic pulse based on Roland and Cerf protocol for a two-level sys-
tem in |e⟩-state reset, and we further extend this reset protocol to |f⟩-state reset by
deriving an effective two-level system using block diagonalization techniques. Chap-
ter 3 presents the experimental setup and the results are shown in Chapter 4. The
thesis is concluded with a summary and discussion in Chapter 5.
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2
Theory and Modeling

2.1 Brief introduction to quantum computing
In this section, we briefly introduce quantum computing based on the circuit model.
The circuit model comprises four key elements: qubits, state preparation, quantum
gate operations and measurements. Any quantum state |ψ⟩ of a qubit in a closed
system can be mapped to a point at the Bloch sphere, represented by two coordinates
θ and γ:

|ψ⟩ = cos
(
θ

2

)
|0⟩ + eiγ sin

(
θ

2

)
|1⟩ , (2.1)

where the state |0⟩ sits at the north pole and the state |1⟩ sits at the south pole. In
this thesis, we adopt the convention that the states |0⟩, |1⟩, |2⟩ and the states |g⟩,
|e⟩, |f⟩ are treated as interchangeable.

Figure 2.1: Bloch sphere representation of an arbitrary quantum state
|ψ⟩. A quantum state can be interpreted as a state vector pointing to the surface
of the Bloch sphere. The coordinates θ and γ denote the angle between the state
vector and z-axis and between the state vector’s projection onto the x-y equator and
the x-axis.

To process the quantum information, the qubit is first initialized to a state |ψ0⟩, fol-
lowed by a set of designed quantum gates in sequence, denoted by unitary operation
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2. Theory and Modeling

Ui for each gate and arriving at a new state |ψt⟩,

|ψt⟩ =
∏
i

Ui |ψ0⟩ . (2.2)

Since all the quantum gates are unitary, the gate sequence is essentially equivalent
to only one unitary operation U . From the view of hardware, the gate operation U
is designed and engineered based on the physical system described by a Hamiltonian
H, given the Schrödinger equation:

i
∂U(t)
∂t

= H(t)U(t). (2.3)

Thus, by solving this quantum dynamics, the unitary is obtained:

U = e−i
∫ T

0 H(t)dt. (2.4)

After gate operations, we perform measurements to extract the information from
the qubit at the end of the quantum circuit. For example, a projective measurement
in the z basis causes the quantum state |ψ⟩ collapse to either |0⟩ or |1⟩. It is worth
noticing that the measurement is a non-unitary, irreversible process, and therefore,
the state cannot be recovered after being measured.

2.2 Circuit quantum electrodynamics
Circuit quantum electrodynamics (cQED) studies the interaction between light and
artificial matter, analogous to cavity quantum electrodynamics, where an atom and
light are made to interact by placing the atom inside the cavity [42,43]. Depending
on the physical size of the physical circuit elements compared to the wavelength of
the relevant propagating electromagnetic field, there are two types of circuit compo-
nents. For the lump elements, which are smaller than the radiation wavelength, the
effect of propagating radiation field on the circuit is so small that the information is
stored only in the circuit elements and can be simplified as a lumped circuit math-
ematically. For the distributed elements, on the contrary, it is necessary to include
the radiation field as part of the model [44,45].

2.2.1 Quantum harmonic oscillator: LC circuit
Using the theory of cQED, we can derive any system Hamiltonian given circuit
with finite elements. Following the formalism outlined in previous work [44–47], we
present a simple example to show how to derive the Hamiltonian. The simplest
man-made atom in the form of an electrical circuit is an LC circuit, consisting of
only two lump elements: a capacitor and an inductor. In the lumped-circuit model,
each lump element connects two nodes a and b and therefore can be modeled as a
branch described by two circuit quantities: the voltage V (t) between node a and b
and the current I(t) flowing through a to b. Each element stores energy E(t):

E(t) =
∫ t

−∞
V (t′)I(t′)dt′. (2.5)

6



2. Theory and Modeling

In a capacitor, the energy stored in the electric field with capacitance C and charges
Q(t) is:

EC(t) =
∫ t

−∞

Q(t′)
C

· dQ(t′)
dt′

dt′ = Q2(t)
2C . (2.6)

With the relations V (t) = Q(t)/C and V (t) = dΦ(t)/dt, the energy can be expressed
in Φ(t):

EC(t) = CΦ̇(t)
2 . (2.7)

In an inductor, the energy stored in the magnetic field with inductance with L:

EL(t) =
∫ t

−∞

dΦ(t′)
dt′

· Φ(t′)
L

dt′ = Φ2(t)
2L . (2.8)

The branch flux ΦC(t) of the capacitor C is exactly the node flux Φ(t), and Kirch-
hoff’s law tells us that the net sum of the branch flux in an enclosed loop is some
constant flux Φcons ∑

b∈elements
Φb(t) = Φconst. (2.9)

Therefore, we have:

ΦC(t) + ΦL(t) = Φconst

Φ̇C(t) = −Φ̇L(t). (2.10)

Figure 2.2: LC circuit. ΦC and ΦL denote flux across the capacitor C and the
inductor L. The node flux Φ is defined as Φ = ΦL

Now, we can write down the Lagrangian as a function of the node flux Φ(t) for the
LC circuit before obtaining the system Hamiltonian:

L = C

2 Φ̇2
C(t) − 1

2LΦ2
L(t) = C

2 Φ̇2(t) − 1
2LΦ2(t). (2.11)

7



2. Theory and Modeling

The conjugate variable Q(t) can be derived by:

Q(t) = ∂L
∂Φ̇

= CΦ̇(t). (2.12)

The system Hamiltonian in the Q,Φ representation is readily written:

H(t) = QΦ̇ − L = 1
2CQ

2(t) + 1
2LΦ2(t). (2.13)

In the first quantization, canonical communication is imposed to the coordinates
Q(t) and Φ(t), corresponding to operators Φ̂ and Q̂,

[Φ̂(t), Q̂(t)] = iℏ, (2.14)

leading to the Hamiltonian in a new representation:

Ĥ(t) = 1
2C Q̂

2(t) + 1
2LΦ̂2(t). (2.15)

By introducing the annihilation and creation operators in the second quantization,
the transformation from Q̂, Φ̂ to â and â† is defined as:

Φ̂ = Φzpf(â+ â†), (2.16)
Q̂ = Qzpf(â− â†), (2.17)

where Φzpf and Qzpf denotes the standard deviation of flux and charge coordinates.
The Hamiltonian for the LC circuit in terms of a and a† is exactly a description of
a quantum harmonic oscillator (QHO):

Ĥ(t) = ℏωr
(
â†â+ 1

2

)
, (2.18)

with frequency

ωr =
√

1
LC

. (2.19)

The Hamiltonian in Eq. (2.18) indicates that the eigenenergies ofH(t) are equispaced
by ℏωr, and, by replacing a†a with number operator n = a†a, we get

Ĥ(t) = ℏωr
(
n+ 1

2

)
. (2.20)

2.2.2 Quantum anharmonic oscillator: transmon
The equal spacing of ℏωr between energy levels in the QHO spectrum makes it a bad
choice for a physical qubit since leakage out of computational basis |0⟩ (|g⟩) and |1⟩
(|e⟩) always exists, and an ideal physical qubit should be approximately a two-level
system (TLS). To this end, nonlinearity is added to the LC circuit to isolate the
lowest energy levels well enough from higher levels. This is achieved by replacing

8



2. Theory and Modeling

the linear inductor with a Josephson junction J .

A Josephson junction features two superconductors with an insulator in between.
The tunneling effect of Cooper pairs with charge 2e in the Josephson junction gives
rise to the current flowing across the junction. Depending on the presence of the
external voltage, there are two types of tunneling currents explained by the DC
Josephson effect and AC Josephson effect [48–50]. The DC Josephson current with-
out externally applied voltage across the junction can be expressed as:

I = I0 sinφ, (2.21)

where φ is the phase difference between the two islands and I0 is the critical current.
When a voltage V is applied, the Josephson current I oscillates because of the time-
dependent φ = φ(t). This is known as the AC Josephson effect, represented by the
relation between voltage V and phase φ:

V = ℏ
2eφ̇. (2.22)

With Eq. (2.21) and Eq. (2.22), the energy stored in a Josephson junction is:

E =
∫ t

−∞
V (t′)I(t′)dt′ = I0ℏ

2e

∫ t

−∞
φ̇ sinφdt′ = −EJ cosφ. (2.23)

The parameter EJ = I0ℏ/2e represents the energy induced by critical current I0
flowing through a Josephson inductance LJ :

EJ = I0ℏ
2e = 1

2LJI
2
0 , (2.24)

LJ = ℏ
eI0

. (2.25)

Figure 2.3: Josephson junction with characteristic capacitance CJ and
Josephson energy EJ . The phase φ across the junction is the phase difference
between φ1 and φ2 in the two islands.

Unlike unpaired electrons, a Cooper pair (two bounded electrons) behaves as bosons,
meaning that any number of Cooper pairs can penetrate the barrier and condense
into the ground state on the other side. Therefore, we can define N as the number
of Cooper pairs on one side of the junction related to the charge Q by [44]

Q = −2eN. (2.26)

9



2. Theory and Modeling

To interpret the role of a Josephson junction in the electric circuit, we here introduce
new conjugate variables, the number of Cooper pairs N and phase φ, satisfying
[φ,N ] = i :

N = −Q

2e, (2.27)

φ = 2πΦ
Φ0

. (2.28)

The rate of the coupling between |N⟩ and |N + 1⟩ is [44]:

HJ = −EJ cosφ, (2.29)

together with the capacitance, the system Hamiltonian reads:

H = 4ECN2 − EJ cosφ. (2.30)

In the kinetic term, EC is the energy needed per Cooper pair, and N is the amount
of Cooper pairs in the Josephson tunneling, and the second term accounts for the
linearity in the potential. To see this, we can expand the cosine term (cosx ≈
1 − x2/2 + x4/24) and drop the constant:

H ≈ 4ECN2 + 1
2EJφ

2 − 1
24EJφ

4. (2.31)

The first two terms form a QHO as the potential is a quadratic function in φ, but
with the third term QHO, the potential is modified, and the system is no longer a
QHO. It becomes more clear if we express the third term in Eq. (2.31) in terms of
ladder operators (with φzpf denotes the zero-point fluctuation):

φ = φzpf(a+ a†), (2.32)

φzpf =
(2EC
EJ

) 1
4

(2.33)

Thus, the nonlinear term Hnl = −(EJ/24)φ4 in potential reads:

Hnl = −EC
12 (a+ a†)4, (2.34)

keeping only excitation-conserved terms, we have [46]:

Hnl ≈ α

2 a
†a†aa+ αa†a, (2.35)

where α = −EC is the anharmonicity. The full Hamiltonian for a fixed-frequency
charge qubit is:

H = ℏω0a
†a+ ℏα

2 a†a†aa , (2.36)

10



2. Theory and Modeling

with the resonant frequency ω0 =
√

8ECEJ−EC and anharmonicity α = −EC . Now
that we have a Hamiltonian with only non-zero diagonal terms, it is easy to compare
the frequency required for the |0⟩ - |1⟩ transition and the |1⟩ - |2⟩ transition:

ω01 = ω0, (2.37)
ω12 = ω0 + α. (2.38)

Therefore, this shift in transition frequency by α makes this system an approximate
TLS. The ratio of Josephson energy EJ over capacitive energy EC describes how
anharmonic this system is:

|α|
|ω0|

= 1
|
√

8EJ/EC − 1|
. (2.39)

One might think that a large capacitive energy EC ≫ EJ makes a good qubit due
to large nonlinearity, but the system is more prone to charge noise in this regime.
Thus, one needs to have a tradeoff between good anharmonicity and good insensi-
tivity. Unlike early charge qubits such as a Cooper-pair box in the EC ≫ EJ regime,
the transmon qubit is almost insensitive to charge noise. This is achieved by adding
a large shunt capacitance, making the transmon less sensitive to change in charge
number [28,45].

2.2.3 Tunable transmon
In our architecture, two transmon qubits are coupled together via a tunable trans-
mon. In the tunable transmon, the single Josephson junction is replaced by a DC
superconducting quantum interference device (DC-SQUID), a closed loop with two
Josephson junctions. This tunable transmon is often referred to as the coupler
throughout this thesis

In a ring made of superconductor, the net magnetic flux Φnet threading through it
is discrete and can only be multiples of Φ0 = h/(2e):

Φnet =
∑
i

Φi = nΦ0. (2.40)

By multiplying 2π/Φ0, the reduced flux in terms of phase is:

φnet =
∑
i

φi = 2πn. (2.41)

Consider a transmon with two identical Josephson junctions instead of one, each
with capacitance CJ and Josephson energy EJ . The Hamiltonian for such a system
in terms of phases φJ1 = 2πΦJ1/Φ0 and φJ2 = 2πΦJ2/Φ0 across two junctions is the
sum of capacitive energy T and inductive energy V :

T = 1
2
CJ

(2e)2 φ̇
2
J1 + 1

2
CJ

(2e)2 φ̇
2
J2 = 1

4EC
φ̇2
J1 + 1

4EC
φ̇2
J2 , (2.42)

V = −EJ cosφJ1 − EJ cosφJ2 , (2.43)

11



2. Theory and Modeling

with the condition imposed by flux quantization

φext − φJ1 + φJ2 = 2πn. (2.44)

Figure 2.4: A DC-SQUID consisting of two identical Josephson junctions,
both with Josephson energy EJ and capacitance energy EC. The frequency
is tuned by changing the external flux Φext and the phase φext changes accordingly.
A DC-SQUID is equivalent to a single Josephson junction.

We can write down the Lagrangian as a function of φext and φ = φJ2 − φJ1 :

L = T − V

= 1
4EC

(
φ̇ext − φ̇

2

)2
+ 1

4EC

(
φ̇ext + φ̇

2

)2
+ EJ

[
cos

(
φext − φ

2

)
+ cos

(
φext + φ

2

)]
,

(2.45)

and we can exclude the external flux-dependent terms contributing to the kinetic
energy, arriving at

L ≈ 1
8EC

φ̇2 + E2J cos(φext) cos(φ), (2.46)

where E2J = 2EJ . The conjugate variable of the phase φ is obtained by (E2C =
4e2/2(2C) = EC/2):

N = ∂L
∂φ̇

= 1
8E2C

φ̇, (2.47)

leading to the Hamiltonian H for tunable transmon by definition:

H = Nφ̇− L = 4E2CN
2 − E2J cos (φext) cos (φ). (2.48)

By looking at the Hamiltonian in Eq. (2.48), a DC-SQUID is equivalent to a single
Josephson junction described by Eq. (2.30), with charging energy ẼC = E2C and
coupling energy ẼJ(φext) = E2J cos(φext). This way, we can directly write down the
Hamiltonian after the second quantization:

HSQ = ωr(φext)a†a+ α

2 a
†a†aa, (2.49)

12



2. Theory and Modeling

where the resonant frequency ωr and qubit anharmonicity α are:

ωr(Φext) =
√

8E2CE2J cos(2πΦext/Φ0) − E2C , (2.50)
α = −E2C . (2.51)

Hence, the tunability is inferred by external flux Φext as an extra degree of freedom.
In reality, a typical transmon also includes a gate capacitor and voltage source con-
necting to the superconductor island, which is also connected to a reservoir supplying
Cooper pairs via a Josephson junction on the other side (Appendix A.1).

2.3 Adiabatic theorem
Adiabatic control ensures qubit reset with high fidelity and high robustness but at
the cost of slow operation. To accelerate this process, the adiabatic condition is
often imposed in the design of quantum operations. In this section, we review the
adiabatic condition derived by assuming a perfect adiabatic process. Furthermore,
to derive an analytical pulse satisfying the adiabatic condition, we often need to
extract an effective Hamiltonian from a large system. We review Kato’s adiabatic
theorem, which states that in the adiabatic process, the relevant eigenstates can be
isolated from all other states, followed by the mathematical formalism of obtaining
effective Hamiltonian spanned by low-energy eigenstates given in Ref. [51].

2.3.1 Adiabatic condition
If a quantum mechanical system is initially in an eigenstate at time t = 0 and
the condition affecting it changes slowly enough, the system will always stay in
this eigenstate during the process. The quantum description of this process can be
outlined as follows: the quantum state |ψ(t)⟩ governed by a non-degenerate Hamil-
tonian H(t) evolves from some kth initial eigenstate |ψk(0)⟩ of H(0), to a final state
|ψk(T )⟩ which is also the kth eigenstate of H(T ).

Here, we give a simple proof for approximate quantum adiabatic condition following
work in Ref. [52]. The time-dependent Hamiltonian H(t) at any time t satisfies

H(t) |ψn(t)⟩ = En(t) |ψn(t)⟩ . (2.52)

Therefore, the Hamiltonian can be expanded on the eigenbasis:

H(t) =
∑
n

En(t)|ψn(t)⟩⟨ψn(t)|, (2.53)

where En(t) and |ψn(t)⟩ are the eigenenergy and eigenstate of n-th energy level. The
time-evolution of the state |Ψ(t)⟩ is governed by H(t):

∂ |Ψ(t)⟩
∂t

= −iH(t) |Ψ(t)⟩ . (2.54)
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2. Theory and Modeling

We expand the state |Ψ(t)⟩ as a superposition of many eigenstates |ψ(t)⟩ by multi-
plying I = ∑

n |ψn(t)⟩⟨ψn(t)|:

|Ψ(t)⟩ =
∑
n

⟨ψn(t)|Ψ(t)⟩ |ψn(t)⟩ =
∑
n

Cn(t) |ψn(t)⟩ , (2.55)

and the LHS of Eq. (2.54) becomes:

∂ |Ψ(t)⟩
∂t

=
∑
n

(∂tCn(t) |ψn(t)⟩ + Cn(t)∂t |ψn(t)⟩) , (2.56)

while the RHS becomes:

−iH(t) |Ψ(t)⟩ = −i
∑
n

Cn(t)En(t) |ψn(t)⟩ . (2.57)

Equating Eq. (2.56) and Eq. (2.57), we get:∑
n

(∂tCn(t) |ψn(t)⟩ + Cn(t)∂t |ψn(t)⟩) = −i
∑
n

Cn(t)En(t) |ψn(t)⟩ , (2.58)

By left-multiplying ⟨ψm(t)|, Eq. (2.58) becomes

∂Cm(t)
∂t

+ Cm(t)⟨ψm(t)|ψ̇m(t)⟩ +
∑
n ̸=m

Cn(t)⟨ψm(t)|ψ̇n(t)⟩ = −iCm(t)Em(t). (2.59)

From ∂t(⟨ψm|H |ψn⟩) = ∂t(En⟨ψm|ψn⟩) = 0, we can then write

∂t(⟨ψm|H |ψn⟩) = ˙⟨ψm|H |ψn⟩ + ⟨ψm| Ḣ |ψn⟩ + ⟨ψm|H ˙|ψn⟩,
0 = En⟨ψ̇m|ψn⟩ + Em⟨ψm|ψ̇n⟩ + ⟨ψm| Ḣ |ψn⟩ . (2.60)

This gives

⟨ψm|ψ̇n⟩ = ⟨ψm| Ḣ |ψn⟩
En − Em

, (2.61)

for m ̸= n. From Eq. (2.59) and Eq. (2.61), the differential equation for the time
derivative of complex amplitude Cm is given by:

∂Cm
∂t

= −Cm⟨ψm|ψ̇m⟩ − iCmEm − ⟨ψm| Ḣ |ψn⟩
En − Em

. (2.62)

In an ideal, perfect adiabatic process, we can impose the third term in Eq. (2.62) to
be 0:

⟨ψm| Ḣ |ψn⟩
En − Em

→ 0. (2.63)

A more widely used adiabatic condition for evolution with duration T is similar to
Eq. (2.63) [53]:

max
0≤t≤T

⟨ψm(t)| Ḣ |ψn(t)⟩

min
0≤t≤T

|En(t) − Em(t)|2 ≪ 1. (2.64)
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2. Theory and Modeling

In other words, for an adiabatic process, the time scale for system change is supposed
to be as large as possible compared to the energy gap between two non-degenerate
states. If this condition in Eq. (2.63) is fulfilled, Eq. (2.62) becomes:

∂Cm
∂t

= −Cm⟨ψm|ψ̇m⟩ − iCmEm. (2.65)

The differential equation in Eq. (2.65) can be immediately solved:

Cm(t) = e−
∫ t

0 ⟨ψm(t′)|ψ̇m(t′)⟩dt′e−i
∫ t

0 Em(t′)dt′

= eiθm(t)eiγm(t), (2.66)

where θm(t) ≡ i
∫ t

0⟨ψm(t′)|ψ̇m(t′)⟩dt′ is the Berry phase and γm(t) ≡ −
∫ t

0 Em(t′)dt′
is the dynamical phase. The complex amplitude in Eq. (2.66) indicates that in a
perfect adiabatic process starting with an eigenstate |ψn⟩, there is no transition to
other eigenstates and a phase is accumulated in the state |ψn⟩.

2.3.2 Kato’s adiabatic theorem
Kato’s adiabatic theorem describes the evolution of a subspace in the full system
and gives the bound of adiabatic gate fidelity (how adiabatic a real evolution can
be). Kato gave the formalism of the adiabatic theorem from the view of finding
an adiabatic Hamiltonian Ha that can generate a perfect adiabatic evolution [54].
Here, we briefly introduce this theorem.

Suppose that a non-degenerate Hamiltonian H(t) consists of two energy bands, one
with the d lowest eigenstates P = {|ψi(t)⟩}di=1 relevant to the adiabatic evolution
and the other with the rest of the spectrum that is separated by a gap ∆(t). We can
define the time-dependent projection denoted by P (t) that projects some quantum
state onto the relevant eigensubspace (the lower band):

P (t) =
d∑
i=1

|ψi(t)⟩⟨ψi(t)|, (2.67)

Now, imagine that a perfect adiabatic evolution Ua(t) is generated by an adiabatic
Hamiltonian Ha(t), via

∂tUa(t) = −iHa(t)Ua(t). (2.68)

To make the variable dimensionless, we denote the new rescaled time s = t/T (s ∈
[0, 1]) with T being the total time, and we have:

∂sUa(s) = −iTHa(s)Ua(s). (2.69)

By definition of a perfect adiabatic process, if the system starts in an eigenstate
|ψi(0)⟩, it will stay in that eigenstate at any time t, such that

Ua(s) |ψi(0)⟩ = eiθ(s)eiγ(s) |ψi(s)⟩ , (2.70)
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where θ and γ are the phases described in Eq. (2.66). Therefore, an adiabatic unitary
Ua preserves the subspace:

P (s) =
d∑
i=1

Ua(s)|ψi(0)⟩⟨ψi(0)|U †
a(s) = Ua(s)P (0)U †

a(s). (2.71)

An important property of the projector P (s) is that:

Ua(s)P (0) = P (s)Ua(s). (2.72)

We can verify this property by multiplying a starting eigenstate |ψi(0)⟩ on both
sides in Eq. (2.72):

LHS ⇒ Ua(s)P (0) |ψi(0)⟩ = Ua(s) |ψi(0)⟩ = |ψi(s)⟩ , (2.73)
RHS ⇒ P (s)Ua(s) |ψi(0)⟩ = P (s) |ψi(s)⟩ = |ψi(s)⟩ . (2.74)

We are now interested in how the ideal adiabatic Hamiltonian Ha(s) is related to
the real Hamiltonian H(s) and how close they are. We first start with Eq. (2.72):

P (s) = Ua(s)P (0)U †
a(s), (2.75)

with P †(s) = P (s). Taking the time derivative of P (s), combining it with Eq. (2.69):

∂sP (s) = ∂sUa(s)P (0)U †
a(s) + Ua(s)P (0)∂sU †

a(s)
= −iTHa(s)Ua(s)P (0)U †

a(s) + iTUa(s)P (0)U †
a(s)Ha(s), (2.76)

that we can rewrite as

∂sP (s) = iT [P (s), Ha(s)] . (2.77)

It turns out that there exists a Hamiltonian Ha(s) satisfying Eq. (2.77):

Ha(s) = H(s) + i

T
[∂sP (s), P (s)]. (2.78)

To evaluate how adiabatic the evolution dictated by the physical Hamiltonian H(s)
can be, we use operator norm to characterize the closeness between ideal adiabatic
evolution Ua(s) and real evolution U(s) is indicated by the operator norm:

F (s) = ∥(U(s) − Ua(s))P (0)∥. (2.79)

In Ref. [55,56], Lemma 1 states that if there exist two bounded functions X(s) and
Y(s), satisfying:

[Ṗ (s), P (s)] = [H(s), X(s)] + Y (s), (2.80)

then the fidelity F (s) is bounded:

F (s) ≤ max
s∈[0,1]

(
2∥X(s)P (s)∥ + ∥∂s(X(s)P (s))P (s)∥

T
+ ∥Y (s)P (s)∥

)
. (2.81)

Eq. (2.81) sets a bound that limits the adiabaticity of real evolution, and a larger
duration T means a lower deviation from the ideal adiabatic evolution that a real
process can reach.
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2.3.3 Effective Hamiltonian in adiabatic theorem
Kato’s adiabatic theorem states that in adiabatic evolution, the state can stay in
an eigen subspace separated from the complementary subspace by a gap in energy.
This motivates the idea of extracting an effective Hamiltonian in a system under-
going an adiabatic process so that it can be approximately modeled as part of the
system with only a small deviation from reality. A mathematical theory of how an
unbounded Hamiltonian can be described by an effective finite-dimensional Hamil-
tonian with a cutoff was formulated in Ref. [51]. Here, we give a brief introduction
to the formulation. Most of the notations and definitions follow the previous section.

Let’s now consider a full Hamiltonian H(s) consisting of two complementary energy
eigen subspaces by denoting two projectors P corresponding to the lower energy
band. The ideal, perfect adiabatic evolution Ua is generated by Ha:

∂sUa(s) = −iTHa(s)Ua(s), (2.82)
and Ua(0) = I. Following the theory in Ref. [51], the evolution of the subspace P
in the full Hamiltonian H(s) is given by the effective Hamiltonian,

Heff(s) = V0U
†
effH(s)UeffV

†
0 . (2.83)

The operator V0 denotes basis change from the d-lowest eigenstates of H(0) to the
new set of basis |qi⟩ in the d−dimensional Hilbert space:

V0 =
d∑
i=1

|qi⟩⟨ψi(0)|. (2.84)

The effective unitary Ueff in the full Hilbert space is given by:
∂sUeff(s) = [P ′, P ]Ueff(s). (2.85)

The theory implies that if the system follows an adiabatic path, then the evolution
can be generated by an effective Hamiltonian in the low-energy eigensubspace.

2.4 Modeling and simulation
In our experiment, we want to implement qubit reset in a fixed-frequency transmon
and tunable coupler-based architecture. We use a subset of a 25-qubit processor of
which we consider two transmon qubits (Q0,Q1) coupled capacitively via a tunable
coupler C0 (See Fig. 2.5). Each qubit is also coupled to a readout resonator.

Our goal is to reset Q0 by moving the coupler frequency such that the excitation in
Q0 is transferred to the coupler. Then, the coupler frequency is shifted to resonate
with the readout resonator such that the excitation can leak out of the system. We
refer to the steps of this process as Qubit-Coupler SWAP (QC SWAP) and Coupler-
Resonator SWAP (CR SWAP).

Here, we mainly focus on the QC SWAP gate where we adiabatically tune the
coupler (C0) frequency close to the qubit (Q0) frequency such that the population
in the qubit can be transferred to the coupler.
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Figure 2.5: Equivalent circuit diagram of a qubit-coupler-qubit model
and control lines. For each qubit, the microwave drive is sent through an XY line
capacitively coupled to the transmon. The coupler is tuned by a changing external
DC and AC flux coupled to the flowing current through the Z line. The readout
resonators are omitted in this picture.

2.4.1 System Hamiltonian
We consider a simple model consisting of the transmon qubit Q0 coupled with the
coupler C0 with a coupling rate g. The qubit (coupler) has resonant frequency ωq
(ωc) and anharmonicity α(β). With these parameters, the Hamiltonian for the QC
SWAP step is written as:

H = ωqa
†a+ α

2 a
†a†aa+ ωcb

†b+ β

2 b
†b†bb+ g(a†b+ ab†), (2.86)

where the ladder operators a and b corresponds to qubit Q0 and coupler C, respec-
tively. As a toy model, we first neglect the other qubit Q1, assuming it is far detuned
from the rest of the system. To further simplify the model, we can write down the
unbounded Hamiltonian in the block-diagonal form:

H =


H0−excitation

1×1
H1−excitation

2×2
H2−excitation

3×3
· · ·

 . (2.87)

Each block Hm−excitation
(m+1)×(m+1) is an excitation-conserved Hamiltonian spanned by qubit-

coupler composite bare states {|nqnc⟩ = |nq⟩⊗|nc⟩}nq+nc=m, describing the transition
between bare states with the same excitation number connected by the non-diagonal
elements. Note that in this model, there is no transition between states with differ-
ent excitation numbers. Therefore, there is no off-block-diagonal element connecting
different blocks in the matrix.
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To reset a qubit prepared in |nqnc⟩ = |10⟩, we look into the 1-excitation block
Hqc = H1−excitation

2×2 with basis |10⟩ and |01⟩:

Hqc(t) =
(
ωq g
g ωc(t)

)

= ωq + ωc(t)
2 I − ωc(t) − ωq

2 σz + gσx

= ∆(t)
2 σz + gσx, (2.88)

with ∆(t) = ωq − ωc(t) and the Pauli operators σz and σx:

σz =
(

1 0
0 −1

)
, (2.89)

σx =
(

0 1
1 0

)
. (2.90)

In |f⟩-state reset, the system is prepared in |nqnc⟩ = |20⟩, and the process is modeled
in the two-excitation subspace. The Hamiltonian in the Hilbert subspace spanned
by the bare basis |20⟩, |11⟩ and |02⟩ reads:

H(t) =

2ωq + α
√

2g 0√
2g ωq + ωc(t)

√
2g

0
√

2g 2ωc(t) + β


= (2ωq + α)|20⟩⟨20| + (ωq + ωc(t))|11⟩⟨11| + (2ωc(t) + β)|02⟩⟨02|+
+

√
2g(|20⟩⟨11| + |11⟩⟨20| + |11⟩⟨02| + |02⟩⟨11|). (2.91)

We can move into the rotating frame by the transformation R(t) defined as:

R(t) = exp{−i(2ωq + α)[|20⟩⟨20| + |11⟩⟨11| + |02⟩⟨02|]t}. (2.92)

The Hamiltonian in this rotating frame with R(t) is obtained by:

H(t) = R†(t)H(t)R(t) − iR†(t)Ṙ(t)
= −(∆(t) + α)|11⟩⟨11| − (2∆(t) + α− β)|02⟩⟨02|+
+

√
2g(|20⟩⟨11| + |11⟩⟨20| + |11⟩⟨02| + |02⟩⟨11|). (2.93)

The matrix form of the Hamiltonian in Eq. (2.93) in the Hilbert subspace is:

H3ls(t) =

 0
√

2g 0√
2g ∆(t)

√
2g

0
√

2g δ(t)

 , (2.94)

where ∆(t) = −∆qc(t) − α and δ(t) = −2∆qc(t) + β − α.
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2.4.2 Local adiabaticity condition for a two-level system
In this section, we review the Roland-Cerf protocol introduced in 2002 [57], which
was first designed to help speed up adiabatic quantum computing by considering
the energy gap locally and generalizing the original adiabaticity condition. Based
on this protocol, many theories and experimental implementations in different plat-
forms have been proposed to accelerate the adiabatic process [58–61]. Here, we
follow the key steps in [57] and derive a pulse tailored to perform qubit reset.

The model is assumed to be a simple qubit coupled with a strength g to a tunable
coupler. We examine how the qubit state evolves governed by the reset flux pulse
based on RC protocol. In the simulation, the system is initialized to |nqnc⟩ = |10⟩
and the only tunable control parameter is the qubit-coupler detuning ∆qc(t) =
ωq − ωc(t). Remember that such a system is well-described by the typical TLS
Hamiltonian:

H(t) = ∆qc(t)
2 σz + gσx. (2.95)

For a two-level system, the Hamiltonian H(s) depending on some parameter s in
the adiabatic process at every s is:

H(s) = (1 − s)Hi + sHf . (2.96)

Where s = s(t) = t/T is time-dependent. The Hamiltonian H(s) is constructed
by interpolating, linearly in s, between the initial Hamiltonian Hi and the final
Hamiltonian Hf linearly with s. The adiabaticity can be guaranteed if the following
condition for the evolution time T holds throughout the evolution:

T ≫
max
0≤s≤1

|⟨ψ1(s)|∂sH(s)|ψ0(s)⟩|

min
0≤s≤1

|E1(s) − E0(s)|2
, (2.97)

where |ψ0(s)⟩ and |ψ1⟩ denote the eigenstates of H(s) with their energies E0(s) and
E1(s). Eq. (2.97) can also be expressed with respect to time t:

T ≫
max

0≤t≤T

∣∣∣∣⟨ψ1(t)|
(
∂s
∂t

)−1 ∂H(t)
∂t

|ψ0(t)⟩
∣∣∣∣

min
0≤t≤T

|E1(t) − E0(t)|2
, (2.98)

since ∂s/∂t = 1/T , Eq. (2.98) becomes:

max
0≤t≤T

∣∣∣⟨ψ1(t)|∂H(t)
∂t

|ψ0(t)⟩
∣∣∣

min
0≤t≤T

|E1(t) − E0(t)|2
≪ 1. (2.99)

Eq. (2.99) is a global condition, meaning that the LHS in Eq. (2.99) does not change
throughout the evolution (time-independent). Intuitively, this inequality can also
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be the condition in a very short time interval ∆t. For the time interval from t to
t+ ∆t, the Eq. (2.99) becomes:

max
t≤t′≤t+∆t

∣∣∣⟨ψ1(t′)|∂H(t′)
∂t′

|ψ0(t′)⟩
∣∣∣

min
t≤t′≤t+∆t

|E1(t′) − E0(t′)|2
≪ 1. (2.100)

If ∆t → 0, Eq. (2.100) becomes:∣∣∣∣∣⟨ψ1(t)|
∂H(t)
∂t

|ψ0(t)⟩
∣∣∣∣∣ ≪ |E1(t) − E0(t)|2. (2.101)

To perform an adiabatic QC SWAP between qubit and coupler, we need to satisfy
the local adiabaticity condition in Eq. (2.101). In the ∆t → 0 limit, by inserting
the qubit-coupler TLS Hamiltonian in Eq. (2.88) into Eq. (2.101), we can obtain
the local adiabaticity condition at time t:∣∣∣∣∣∂∆qc

∂t

∣∣∣∣∣ ≪ 2|E1(t) − E0(t)|2
|⟨ψ1(t)|σz|ψ0(t)⟩|

. (2.102)

The instantaneous eigenstates |ψ0(t)⟩, |ψ1(t)⟩ and their eigenvalues E0(t) and E1(t)
can be directly obtained from the TLS Hamiltonian Hqc in Eq. (2.88). The instan-
taneous energy difference is:

∆E(t) = |E1(t) − E0(t)| =
√

∆2
qc(t) + 4g2

qc. (2.103)

Then the adiabaticity condition for the instantaneous change in ∆qc(t) is:

∣∣∣∣∣∂∆qc(t)
∂t

∣∣∣∣∣ ≪ 1
gqc

(∆2
qc(t) + 4g2

qc)
3
2 . (2.104)

Appendix A.2 and Appendix A.3 show how we can arrive at Eq. (2.104). The
adiabatic reset pulse can be obtained by solving the following differential equation,
where we introduced a prefactor γ ranging from 0 to 1:

∂∆qc(t)
∂t

= γ
1
gqc

(∆2
qc(t) + 4g2

qc)
3
2 . (2.105)

Eq. (2.105) can be solved numerically or analytically. To numerically solve Eq. (2.105)
at each time step tm = m∆t, the corresponding amplitude ∆qc(tm) is obtained by:

∆qc(tm) = ∆qc(tm−1) + γ
(∆2

qc(tm−1) + 4ḡ2) 3
2

ḡ
∆t. (2.106)

We can also directly solve this differential equation analytically and find an explicit
expression of ∆qc(t):

∆qc(t) = − 8(γḡt+ c)√
1 − 16(γḡt)2 − 32γḡct− 16c2

, (2.107)
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where γ and c are undetermined constants. Notice that we have replaced the device
parameter gqc with a tunable pulse parameter controlling the shape of the pulse, ḡ.
If we specify the initial condition ∆qc(0) = ∆0 and final condition ∆qc(T ) = ∆T

with T being the duration of the pulse, then γ and c can be solved:

c = − ∆0√
16∆2

0 + 64ḡ2
, (2.108)

γ =
−4c(∆2

T + 4ḡ2) − ∆T

√
∆2
T + 4ḡ2)

4ḡT (∆2
T + 4ḡ2) . (2.109)

Typically, the coupler frequency is parked above the qubit frequency and is moved
to pass through the qubit frequency, reaching the final point below the qubit to be
reset. The prefactor γ controls the time scale of the adiabatic evolution, as shown
in Fig. 2.6. This is because a larger γ implies a larger gradient in Eq. (2.106) for
each iteration in numerically solving the differential equation.

Figure 2.6: QC detuning in the QC swap based on RC protocol with
different scaling factors γ = 0.1, 0.2, 0.4 and a linear pulse for comparison.
The coupling rate gqc is 50 MHz and the QC detuning ∆qc is tuned from −50gqc to
50gqc.

In the |e⟩-state reset, the error of QC SWAP is defined as the population left in all
other states than the state |nqnc⟩ = |01⟩ that we want to populate:

ε|e⟩ = 1 − |⟨ψ(T )|01⟩|2, (2.110)

where |ψ(T )⟩ is the final state at the end of the evolution. The RC protocol generally
gives low reset error below 1% (see Fig. 2.7). It is evident that compared to a linear
flux pulse following the same initial to the final qubit-coupler detuning with the
same duration, the local adiabatic condition reduces the reset error greatly, and the
pulse duration can be made even shorter without significantly compromising fidelity.
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Figure 2.7: Population left in qubit after QC SWAP using the different
pulses given in Fig. 2.6.

The adiabaticity can be defined as the overlap between real state |ψ(t)⟩ and the
n−th eigenstate |ψn(t)⟩ of the Hamiltonian H(t) at t, denoted by Ω(t):

Ω(t) = |⟨ψ(t)|ψn(t)⟩|2. (2.111)

The adiabaticity as a function of time is shown in Fig. 2.8, suggesting that a longer
evolution duration (smaller γ) on average leads to more adiabatic evolution with
also smaller diabatic oscillation, making it more robust. Physically, the oscillation
frequency is the instantaneous energy gap between two eigenstates.

Figure 2.8: Tracking adiabaticity over time for the different pulses in
Fig. 2.6 during QC SWAP.

To this point, we have discussed how the scaling factor γ, or duration T , affects
adiabatic reset. However, shortcut-to-adiabaticity (STA) can provide a faster and
more robust pulse shape. First, we can directly obtain ∆qc(t) from the analytical
form in Eq. (2.107), and by varying g as a pulse parameter, the pulse shape also
changes (see Fig. 2.9).
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Figure 2.9: Different flux pulses given shape parameters (ḡ =
0.02, 0.05, 0.2, 0.5 GHz). The shape parameter ḡ controls the slope of the pulses.

The evolution indicated by the population in |e⟩-state and adiabaticity are shown
in Fig. 2.9. It is worth noting that for ḡ = 0.2, the state follows a shortcut-to-
adiabaticity (STA) path, where the transition to another state occurs amid the
evolution but arrives at the desired state at the end of the pulse, yielding better
adiabaticity and lower diabatic oscillation error and therefore less reset error.

Figure 2.10: Population left in qubit |e⟩ level (left) and adiabaticity over
time (right) in |e⟩-state reset using pulses for different shape parameter
ḡ in Fig. 2.9. The shape parameter controls the adiabaticity, and STA is observed
when ḡ = 0.2.

2.4.3 Local adiabaticity condition for three-level system in
|f⟩-state reset

Given the three-level system described by the Hamiltonian mentioned previously in
Eq. (2.94):

H3ls(t) =

 0
√

2g 0√
2g ∆(t)

√
2g

0
√

2g δ(t)

 , (2.112)
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an adiabatic path for ∆qc(t) = −∆(t) − α can be found using a method similar
to the one used in Sec. 2.4.2 for the |e⟩-state reset in the previous section. It is
straightforward to apply the instantaneous adiabaticity condition in Eq. (2.101)
with the undetermined factor γ

∣∣∣∣∣⟨ψ1(t)|
∂H3ls(t)
∂t

|ψ0(t)⟩
∣∣∣∣∣ = γ|E1(t) − E0(t)|2, (2.113)

arriving at the differential equation (see Appendix A.4):

∂∆qc

∂t
= γ

(E1(t) − E0(t))2

|⟨ψ1(t)|A|ψ0(t)⟩|
, (2.114)

where A is a three-by-three matrix

A =

0 0 0
0 1 0
0 0 2

 . (2.115)

We use numerical methods to solve Eq. (2.114) iteratively for each time step ∆t,
and specify the scaling factor γ and boundary conditions

∆qc(tm+1) = ∆qc(tm) + γ
(E1(tm) − E0(tm))2

|⟨ψ1(tm)|A|ψ0(tm)⟩|∆t, (2.116)

where tm = m∆t with m is a positive integer. The two lowest eigenstates |ψ0(tm)⟩
and |ψ1(tm)⟩ with eigenvalues E0(tm) and E1(tm) are computed by numerically di-
agonalizing H3ls(t; ḡ) where g → ḡ in Eq. (2.112).

Here, we illustrate the qubit-coupler detuning trajectories (Fig. 2.11(left)) and corre-
sponding adiabaticity Fig. 2.11(right) over time of an adiabatic pulse, an STA pulse
(by solving Eq. (2.114)) and a linear pulse for comparison. The simulation results
where the system starts with state |nqnc⟩ = |20⟩ are shown in Fig. 2.12, showing
that the STA perfectly resets |f⟩-state level within a shorter time with an error rate
(population left in qubit) below 1%, while the leakage to |11⟩ is around 2.13%.
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Figure 2.11: (Left) Adiabatic, STA and linear pulses and (right) corre-
sponding adiabaticity over time in |f⟩ −state reset during evolution. The
adiabatic pulse is based on RC protocol and is numerically obtained from Eq. (2.114).
The qubit frequency fq is 5.176 GHz with anharmonicity α = −256 MHz, and the
coupler is tuned from f0 = 5.989 GHz to ft = 4.109 GHz. For adiabatic pulse the
shape parameter ḡ is 47 MHz and γ is 0.1; For STA pulse ḡ is 100 MHz and γ is
0.06. From the result, it is clear that the STA pulse can accelerate the adiabatic
process while ensuring relatively good adiabaticity when compared to the adiabatic
and linear pulses.

The shortcut in adiabaticity can be observed when ḡ > g, indicating that the eigen-
subspace of H3ls with projection onto the lowest two eigenstates can be treated as a
two-level system, provided that for both adiabatic and STA evolution, the leakage
to the third eigenstate can be negligible and only the lowest two levels are involved.

Figure 2.12: Population in states (left) |20⟩, (middle) |11⟩ and (right)
|02⟩ during evolution using different pulses in Fig. 2.11. For linear pulse,
the leakage and diabatic oscillation in |11⟩ and |02⟩ hinder the performance and
robustness of QC SWAP gate. Using STA, we can ensure faster gate operation and
better reset fidelity.

The problem with this numerical method is that the eigenstates |ψ0(tm)⟩, |ψ1(tm)⟩
and their eigenenergies E0(tm), E1(tm) are numerically obtained from H3ls(tm; ḡ),
which requires a lot of time and computation resources and therefore not applicable
in the lab. Hence, it is desired to obtain an analytical expression for |f⟩-state reset.
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2.4.4 Effective TLS Hamiltonian in |f⟩-state reset
In adiabatic qubit reset, the coupler frequency is first brought close to the avoided
level-crossing and passes through it adiabatically. Therefore, many block-diagonalization
techniques based on perturbation theory no longer work in this non-perturbative
regime where the difference between diagonal elements is much smaller than the
off-diagonal elements.

To address this problem, an analytical method called non-perturbative analytical
diagonalization (NPAD) [62] is used in extracting effective TLS Hamiltonian. In
diagonalization, NPAD doesn’t require any perturbation assumption and can give
convergent results with more iterations. Here, we show how NPAD is done in our
analysis to derive an effective Hamiltonian. In each iteration, the off-diagonal ele-
ment entries (i, j) and (j, i) connecting diagonal element (i, i) and (j, j) are elimi-
nated by a Givens rotation U(i, j):

U(i, j) =



1
· · ·

cii · · · sij

··
·

··
·

sji · · · cjj
· · ·

1


, (2.117)

where the subscript denotes the entry position and sij = sji and cii = cjj:

cii = cjj = cos (θij/2), (2.118)
sij = sji = sin (θij/2). (2.119)

The angle θij is obtained by:

θij = arctan
(

Hij

(Hii −Hjj)/2

)
, (2.120)

with Hij, Hii and Hjj being the Hamiltonian elements.

Motivated by the simulation results in Fig. 2.11 and Fig. 2.12 the pulse in Fig. 2.11(left)
and the simulation result in Fig. 2.12, we can extract an effective TLS Hamiltonian
from the typical three-level Hamiltonian H3ls that we want to block-diagonalize:

H3ls =

2ωq + α g 0
g ωq + ωc g
0 g 2ωc

 , (2.121)

where the coupling
√

2g is replaced by g for simplicity and the bases are the uncou-
pled states |qc⟩ = |20⟩, |11⟩ and |02⟩. We’ll first look at the simple toy model where
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the qubit anharmonicity α is 0. By adding an energy offset −(3ωq + ωc)/2 to the
diagonal, H0 becomes:

H0 =

∆ g 0
g −∆ g
0 g −3∆

 , (2.122)

where ∆ = (ωq − ωc)/2. Each diagonal element as a function of ∆ of H0 is plotted
in Fig. 2.13.

Figure 2.13: The energy diagram of the diagonal elements in H0. The
energies of the uncoupled states are E1 = ∆, E2 = −∆ and E3 = −3∆. The
coupling rate g denotes coupling between E1 and E2, E2 and E3.

The first Givens rotation is to uncouple these two states with energies E1 = ∆
and E2 = −∆ by Givens rotation U (1) = U (1)(0, 1) transforming H0 into H1 =
U (1)H0U

(1)† :

H1 =


|∆|

√
∆2+g2

∆ 0 g sin
(

arctan (g/∆)
2

)
0 − |∆|

√
∆2+g2

∆ g cos
(

arctan g/∆
2

)
g sin

(
arctan (g/∆)

2

)
g cos

(
arctan g/∆

2

)
−3∆

 . (2.123)

The new energies of the uncoupled diagonal elements in H1 are E(1)
1 = ±

√
∆2 + g2

and E
(1)
2 = ∓

√
∆2 + g2, E(1)

3 = −3∆ when ∆ > 0 (∆ < 0). Consider the regime
where ∆ > 0, the new coupling rate between E

(1)
2 and E

(1)
3 is c1g where c1 =

cos (arctan(g/∆)/2).
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Figure 2.14: The energy diagram of the diagonal elements in H1 obtained
after the first Givens rotation in NPAD.

In the second Givens rotation, we’ll remove the coupling between E(1)
2 = −

√
∆2 + g2

and E
(1)
3 = −3∆ when ∆ > 0. After applying the second rotation U (2), the new

Hamiltonian H2 = U (2)H1U
(2)† for ∆ > 0 reads:

H2 =


δ2 s1s2g s1c2g

s1s2g
|∆2|

√
∆2

2+c2
1g

2

∆2
0

s1c2g 0 − |∆2|
√

∆2
2+c2

1g
2

∆2

 , (2.124)

where

∆2 = 3∆ −
√

∆2 + g2

2 , (2.125)

δ2 = E
(1)
1 − E

(1)
2 + E

(1)
3

2 , (2.126)

s2 = sin (arctan (c1g/∆2)/2), (2.127)
c2 = cos (arctan (c1g/∆2)/2). (2.128)

The new energies E(2)
1 = H20,0 , E(2)

2 = H21,1 and E
(2)
3 = H22,2 along the diagonal in

H2 are shown in Fig. 2.15.

From the result in Fig. 2.15, we can see that the lowest state has no level crossing
with the other two states in energy. We then need a third rotation to uncouple E(2)

1
and E

(2)
2 when ∆2 < 0, arriving at the final Hamiltonian H3 = U (3)H2U

(3)† :

H3 =


|∆3|

√
∆2

3+s2
1c

2
2g

2

∆3
s1s2c3g 0

s1s2c3g − δ2
2 − 3

√
∆2

2+c2
1g

2

2 s1s2s3g

0 s1s2s3g − |∆3|
√

∆2
3+s2

1c
2
2g

2

∆3

 , (2.129)
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Figure 2.15: The energy diagram of the diagonal elements in H2 obtained
after the second Givens rotation in NPAD.

where

∆3 = E
(2)
1 − (E(2)

1 + E
(2)
3 )/2, (2.130)

s3 = − sin (arctan (s1c2g/∆3)/2), (2.131)
c3 = cos (arctan (s1c2g/∆3)/2). (2.132)

The analytical form of energies computed from NPAD is the diagonal elements in
H3 after three Givens rotations, denoted by E

(3)
1 , E(3)

2 and E
(3)
3 . We can plot the

lowest two energies E(3)
1 (∆) and E

(3)
2 (∆) from ∆ = −10g to ∆ = +10g and make

comparison with the exact eigenvalues of H3 (Fig. 2.16).

Figure 2.16: The energy diagram using NPAD after three iterations (left)
and the rescaled energies of the lowest two energies (right). It is clear that
even with only three rotations, the diagonal elements in the transformed Hamiltonian
H3 are very close to the exact eigenvalues. The result also indicates that for zero
anharmonicity, the subspace of the three-by-three Hamiltonian H0 is an approximate
TLS Hamiltonian.

By fitting the points with the TLS energies ETLS = ±
√

∆2 + g2
eff , we can see that

the eigen subspace in H3 is approximately a TLS system. To extract the effective
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coupling rate geff in the effective Hamiltonian, we can directly insert ∆ = 0 into the
analytical expression geff = E

(3)
2 (0)−E(3)

1 (0)
2 and the effective coupling rate is:

geff ≈ 0.68g. (2.133)

Therefore, we can conclude that the effective Hamiltonian for |f⟩-state reset is:

Heff =
(

∆ 0.68
√

2gqc
0.68

√
2gqc −∆

)
, (2.134)

with ∆ = (ωq − ωc)/2.

Now we’ll look at the situation where qubit anharmonicity is not zero. Starting from
the original Hamiltonian in Eq. (2.121), the energy is shifted by −(2ωq +2ωc+α)/2,
the Hamiltonian H0 to be block-diagonalized is:

H0 =

∆ 0 g
0 −∆ g
g g δ

 , (2.135)

where ∆ = ωq − ωc + α/2 and δ = −α/2.

As ∆ is close to 0, H0 falls into a weak perturbative regime where the energy
difference between the diagonal elements is larger than the inter-block off-diagonal
coupling g:

|∆ − δ|
g

> 1. (2.136)

Then, this can be seen as an approximate Λ-system, where bare states |20⟩ and |02⟩
indirectly interact with each other through coupling to a far-detuned state |11⟩ at
coupling rate g.

Figure 2.17: Energy diagram of an approximate Λ-system. Bare states |20⟩
and |02⟩ interact with each other via |11⟩.

In the case of |f⟩-state reset, we consider the effective coupling rate geff between
these two states in an effective TLS system by performing a Schrieffer–Wolff trans-
formation (SWT), following the work in Ref. [63–67]. The desired block-diagonalized
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Hamiltonian Hbd is generated by a transformation USW = eS defined by a generator
S:

Hbd = eSH0e
−S = H0 + [S,H0] + 1

2! [S, [S,H0]] + · · · . (2.137)

This expansion can be rewritten by replacing H0 = Hdiag + Hib with its block
diagonalized matrix Hdiag = diag(H0) and inter-block coupling matrix Hib = H0 −
Hdiag to the second order:

Hswt = Hdiag + 1
2[S,Hib], (2.138)

by imposing this condition:
Hib = −[S,Hdiag]. (2.139)

The solution for the generator S to Eq. (2.139) is found to be:

Sij = (Hib)ij
(Hdiag)ii − (Hdiag)jj

when (Hib)ij ̸= 0. (2.140)

Therefore, the inter-coupling elements connecting subspaces are eliminated by sub-
stituting Eq. (2.140) into Eq. (2.138):

Hswt =


∆ + g2

∆−δ
δ

(∆+δ)(∆−δ)g
2 0

δ
(∆+δ)(∆−δ)g

2 −∆ − g2

∆+δ 0
0 0 δ − 2δ

(∆+δ)(∆−δ)g
2

 . (2.141)

From Eq. (2.138), the effective Hamiltonian Heff,swt for TLS reads:

Heff,swt =
∆ + ∆g2

∆2−δ2
δ

∆2−δ2 g
2

δ
∆2−δ2 g

2 −∆ − ∆g2

∆2−δ2

 , (2.142)

which can be further simplified in the regime where
∣∣∣∆
δ

∣∣∣ ≪ 1:

Heff,swt ≈

(1 − g2

δ2

)
∆ −g2

δ

−g2

δ
−
(
1 − g2

δ2

)
∆

 , (2.143)

with effective detuning ∆eff = (1 − g2/δ2)∆ and effective coupling geff = −g2/δ.

We can also construct an effective TLS Hamiltonian by NPAD, with only two succes-
sive Givens rotations to eliminate the interblock, off-diagonal element in Eq. (2.135)
one at a time, giving the transformed Hamiltonian:

Hnpad =


3∆1

2 + δ − 3
√
g2+∆2

1
2 s1c2g s1s2g

s1c2g −
√

∆2
2 + c2

1g
2 0

s1s2g 0
√

∆2
2 + c2

1g
2

 . (2.144)
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The obtained effective Hamiltonian reads:

Heff,npad =
(

∆3 s1c2g
s1c2g −∆3,

)
(2.145)

where all the notations in Eq. (2.145) are:

s1 = sin
(arctan( g

∆1
)

2

)
, (2.146)

c1 = cos
(arctan( g

∆1
)

2

)
, (2.147)

c2 = cos
(arctan( c1g

∆2
)

2

)
, (2.148)

∆1 = ∆
2 − δ

2 , (2.149)

∆2 =

√
∆2

1 + g2

2 + 3∆1 + 2δ
2 , (2.150)

∆3 =
3∆1 + 2δ + 2

√
∆2

2 + c2
1g

2 − 3
√

∆2
1 + g2

4 . (2.151)

Since ∆3 and s1c2g are functions of ∆, we can approximate all entries in Eq. (2.145)
by expanding them to only the first order of Taylor’s series, in the regime where
∆ ≪ g, δ:

Heff,npad ≈
(
χ∆ χgeff
χgeff −χ∆

)
, (2.152)

where the effective coupling geff is a function of g and δ, and χ is a dimension-
less factor. Appendix A.5 presents how to arrive at the effective Hamiltonian in
Eq. (2.152) using NPAD in detail. To validate how well SWT and NPAD approxi-
mate the system, we can compute the eigenenergies of effective Hamiltonians Heff,swt
(Eq. (2.143)) and Heff,npad (Eq. (2.145)), compared with the two lowest eigenenergies
of H0 (Eq. (2.135)), shown in Fig. 2.18.

Figure 2.18: Eigenenergies of the effective Hamiltonian using NPAD and
SWT, compared with the exact eigenvalues near avoided crossing. Since
it’s not a strong perturbative system, NPAD is a better approximation over SWT.
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After obtaining the effective Hamiltonian in the subspace, the RC protocol-based
trajectories of detuning ∆ can be solved directly given the differential equation
Eq. (2.107) for a TLS.

Figure 2.19: Trajectories based on RC protocol and effective Hamilto-
nians using SWT and NAPD (left) and the corresponding adiabaticity
during the evolution (right). The adiabatic path starts from ∆ = −5g to
∆ = +5g in 40 nanoseconds, where g = 50 MHz.

The trajectories and adiabaticity over time are plotted in Fig. 2.19. The result
suggests that even though NPAD is a better method to extract the TLS Hamiltonian
near the avoided crossing regime than SWT, both can be used to design an adiabatic
pulse.

2.4.5 Effective Hamiltonian and RC-protocol
For a system whose evolution is governed by a Hamiltonian H(t), the local condition
based on the RC-protocol is given by Eq. (2.101) for two adjacent eigenstates |ψj,k⟩
and energies Ej,k: ∣∣∣∣∣⟨ψj(t)|∂H(t)

∂t
|ψk(t)⟩

∣∣∣∣∣ ≪ |Ej(t) − Ek(t)|2. (2.153)

Any transformation on H(t) is denoted by D(t), the LHS in Eq. (2.154) can be
rewritten:∣∣∣∣∣⟨ψj(t)|D†(t)D(t)|∂H(t)

∂t
|D†(t)D(t)|ψk(t)⟩

∣∣∣∣∣ ≪ |Ej(t) − Ek(t)|2. (2.154)

In the previous sections, the Hamiltonian obtained by block diagonalization is
H̃ = DHD†, and the condition used in deriving adiabatic evolution given effec-
tive Hamiltonian H̃ is∣∣∣∣∣⟨ψ̃j(t)|∂H̃(t)

∂t
|ψ̃k(t)⟩

∣∣∣∣∣ ≪ |Ej(t) − Ek(t)|2. (2.155)
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The time derivative of the effective Hamiltonian in Eq. (2.155) can be expanded,
and the LHS is ∣∣∣⟨ψ̃j| ˙̃H|ψ̃k⟩

∣∣∣ =
∣∣∣〈ψ̃j∣∣∣DḢD† + ḊHD† +DHḊ†

∣∣∣ψ̃k〉∣∣∣ . (2.156)

From Eq. (2.156), we arrive at the following inequality:∣∣∣⟨ψ̃j| ˙̃H|ψ̃k⟩
∣∣∣ < ∣∣∣〈ψ̃j∣∣∣DḢD†

∣∣∣ψ̃k〉∣∣∣+ ∣∣∣〈ψ̃j∣∣∣ ḊHD†
∣∣∣ψ̃k〉∣∣∣+ ∣∣∣〈ψ̃j∣∣∣DHḊ†

∣∣∣ψ̃k〉∣∣∣ . (2.157)

Therefore, from Eq. (2.154), Eq. (2.155) and Eq. (2.157), we can see that a good
block diagonalization D(t) implies that the last two terms in Eq. (2.157) should be
as small as possible such that∣∣∣⟨ψ̃j| ˙̃H|ψ̃k⟩

∣∣∣ ≈
∣∣∣⟨ψ̃j|DḢD†|ψ̃k⟩

∣∣∣ . (2.158)

As discussed above, we can see that a possible extended work is to find a better
transformation D(t) such that the approximation in Eq. (2.158) is valid in our
effective Hamiltonian model.
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3
Method

3.1 Chip layout

In the experiment, all components in the quantum processor are integrated into a
flip-chip module featuring two separate chips: a quantum chip (Q-chip) and a control
chip (C-chip) bonded together [18]. The Q-chip hosts all the transmon qubits and
the couplers. All 25 qubits are placed in a layout of 5 × 5 grid. For each transmon
qubit, the coupling to any nearest-neighbor qubit is mediated by a flux-tunable
coupler (Fig. 3.1).

Figure 3.1: Simplified schematics representing the layout of the 25-qubit
chip. The 25 qubits are arranged in a 5×5 array on the chip. Each qubit is coupled
with all other nearest-neighbor qubits via tunable couplers.

All other components, including the readout resonators, feedlines, Z lines, and XY
lines, are placed on the C-chip. The schematic of a pair of qubits (Q0,Q1) coupled
with the coupler C0 used in this experiment is shown in Fig. 3.2.
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Figure 3.2: Schematic of a subset of the 25-qubit chip in Fig. 3.1. The
sample is fabricated using the flip-chip technique. The dedicated readout resonators
R0 and R1 and Z line are located on the control chip. The qubits Q0 and Q1 are
driven by the microwave sent through XY lines.

For each qubit, the XY line controls the X and Y gates by supplying microwave
drives, and the Z line tunes the coupler frequency by changing the current running
through the Z loop. The magnetic flux threading the Z loop on the C-chip couples
the flux in the SQUID of the coupler [68]. In the QC SWAP gate, the frequency of C0
is adiabatically tuned from above Q0 to a position between Q0 and Q1, facilitating
the transfer of excitation from Q0 to C0 at the cost of leakage to Q1. After QC
SWAP, C0 is tuned close to R0 so that excitation in C0 is swapped to R0 followed
by dissipation into environment. This coupler-resonator excitation swap is ensured
by direct and indirect coupling between C0 and R0.

3.2 Control setup
In the fixed-frequency qubit and tunable coupler architecture, there are two types of
control: microwave drive for qubit gate operation and flux bias for coupler tuning.
For qubit gate control, the microwave drive is sent through an XY-line, which is
capacitively coupled to the target transmon qubit. The current in the Z line is sup-
plied by a DC source and an AC source, and the signals are combined using a bias tee.

In our experiment, the microwave drives are produced by a QCM-RF module (QBLOX
instrument) integrating local oscillators (LO), arbitrary waveform generator (AWG),
and IQ mixers. The schematic, as shown in Fig. 3.3, illustrates a simplified schematic
explaining how a pulse is generated:
As our baseband signals, the pulses coming from AWG carry information about the
pulse envelope and the rotation axis for qubit control on the Bloch sphere. The
signals VI and VQ transmitted to the IQ mixer through I and Q channels are:

VI(t) = AI(t) cos (ωIFt+ ϕI) , (3.1)
VQ(t) = AQ(t) sin (ωIFt+ ϕQ) , (3.2)

with AI/Q, ωIF , ϕI/Q denoting pulse envelope, intermediate frequency, signal phase.
The I/Q signal is then mixed with the I/Q component of incoming carrier signal
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Figure 3.3: Simplified schematics of one output in a QBLOX QCM-RF,
featuring an AWG, a LO, and an IQ mixer.

VLO with high frequency ωLO from the LO,

VLO(t) = ALO(t) cos (ωLOt+ ϕLO) (3.3)

and converted to high-frequency signals at the output port at ωRF = ωLO, ωLO ±
ωIF. Only the lower one at ωLO − ωIF is retained to avoid affecting other qubits.
The other two components at ωLO and ωLO + ωIF are blocked by adjusting the IQ
phase difference |ϕI − ϕQ| and controlling the IQ ratio VI/VQ. Therefore, the drive
frequency ωd is tuned by control LO frequency and IF frequency at the output port:

ωd = ωLO − ωIF. (3.4)

Figure 3.4: Wiring diagram of the experimental setup in the qubit control
and measurement.
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The wiring diagram in Fig. 3.4 demonstrates how signals are sent to the quantum
chip operating below 10 mK in the dilution refrigerator. The attenuators are used
to eliminate the thermal noise by reducing signal power. After a series of atten-
uators and low-pass filters in the fridge, the drive signal reaches the QPU via a
capacitor. The coupler frequency is tuned by changing the flux, which is generated
by the combination of biased DC current from S4g (QBLOX instrument) and AC
current from QCM (QBLOX Instruments). The AC and DC signal is coupled via
a bias tee before arriving at QPU. In the qubit readout, the signal coming from
QPU is amplified by low-noise amplifiers (LNF-ISISC4_8A and LNF-LNC4_8C).
In a dilution refrigerator, feed-throughs connect different devices in different cooling
stages.

3.3 Calibration of QC SWAP gate
Here, in Fig. 3.5, we show the pulse scheme for calibrating QC SWAP.

Figure 3.5: Pulse scheme of calibrating QC SWAP gate in qubit reset.

Since our goal is to reset the qubit from any superposition of |e⟩ and |f⟩ to ground
state |g⟩, the qubit is first driven by a π pulse at transition frequency f|g⟩→|e⟩ and
followed by a π/2 pulse at transition frequency f|e⟩→|f⟩, thus initializing the qubit
into (|e⟩ + |f⟩)/

√
2. After qubit initialization, the QC SWAP gate is implemented

to transfer excitation from qubit to coupler. A readout pulse is then applied to the
readout resonator through the feedline, and the population in qubit is measured.

There are four parameters to be calibrated: initial coupler frequency fc(0), final
coupler frequency fc(T ), coupling strength (pulse shape) ḡ and duration T , indicat-
ing that the calibration requires intensive computation resources in four-dimensional
parameter search space. This complexity can be reduced by fixing one or two of the
parameters and calibrating the remaining ones. In the simulation, we first sweep
the final frequency fc(T ) and duration T by fixing the initial frequency fc(0) and
pulse shape ḡ. The second calibration sweeps the pulse shape ḡ and duration T with
the optimal final frequency fcopt(T ) found in the first stage of the first calibration.
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In the experiment, we sweep parameters in the fc(T )-T space in the first stage, and
fc(0)-ḡ in a second stage.
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4
Results

In this chapter, we present results from both simulations and experiments. We
examine the RC protocol-based flux pulse by tracking the reset error and adiabatic-
ity throughout the evolution. All device parameters used in the simulation and
experiment are listed in Tab. 4.1.

Parameters Q0 Q1
Qubit frequency ωq/2π (GHz) 5.176 4.534
Qubit anharmonicity α/2π (MHz) -256 -158
Qubit-coupler cou-
pling

g/2π (MHz) 47 64

Table 4.1: Device parameters from measurement [1].

4.1 Simulation results
Simulations are carried out using QuTiP, a toolbox for simulating quantum systems
[69, 70]. A qubit-coupler-qubit system (denoted by Q0C0Q1) can be described by a
Hamiltonian:

H =
∑
i=0,1

ωia
†
iai + αi

2 a
†
ia

†
iaiai + ωc(t)b†b+ g0c(a†

0b+ a0b
†) + g1c(a†

1b+ a1b
†), (4.1)

where ω0 and ω1 denote the bare qubit frequencies of Q0 and Q1 with their qubit
anharmonicities α0 and α1. The tunable coupler with tunable frequency ωc(t) is
coupled to Q0 and Q1 with coupling rate g0c and g1c.

In the QC SWAP stage, we aim to adiabatically move all the excitation in Q0 to
C0. Specifically, the target states we want to populate are |Q0C0Q1⟩ = |010⟩ and
|Q0C0Q1⟩ = |020⟩ such that all excitation is transferred to the coupler, and transition
to all other states contributes to the reset error, denoted by ϵ:

ϵ = 1 − (|⟨ψ(T )|010⟩|2 + |⟨ψ(T )|020⟩|2), (4.2)

where T is the duration of QC SWAP gate and |ψ(T )⟩ is the final state after gate
operation. The error in the QC SWAP gate arises from two main sources: population
left in the Q0 due to diabatic oscillations and leakage to Q1 that we don’t want to
populate. For example, in |e⟩-state reset, the error is the sum of the population in
states |100⟩ and |001⟩:
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ϵ|e⟩ = |⟨ψ(T )|100⟩|2 + |⟨ψ(T )|001⟩|2, (4.3)

where the first term and the second term represent the diabatic error and the leak-
age to Q1.

In the first step of our calibration, given the analytical expression of QC SWAP
pulse in Eq. (2.107), we set the shape parameter ḡ to be 47 MHz and the initial
point of coupler frequency fc(0) = ωc(0)/2π to be 6.032 GHz. Next, we sweep
through two parameters: duration T of the flux pulse and final coupler frequency
fc(T ) = ωc(T )/2π. We then fix fc(T ) where reset error ϵ is minimal in fc(T ) − T
search space. The swap operation is further optimized by fine-tuning the pulse pa-
rameter ḡ and duration T in a 2D landscape.

Figure 4.1: Calibration results of adiabatic pulse and linear pulse in QC
SWAP gate for resetting the qubit |e⟩-state. Parameters in the calibra-
tion: final coupler frequency fc(T ), pulse duration T and shape parameter
ḡ. Each point in the 2D sweeps represents the population of states |100⟩, |010⟩ and
|001⟩ in calibrating (a-c) adiabatic pulse, (e-g) fine-tuning of the adiabatic pulse
and (i-k) linear pulse. The line-cuts in (d, h, l) are taken from the 2D parameter
search space, represented by a vertical red dashed line. The red dots in the line-cuts
mark the optimal parameters and the corresponding reset error ϵ.

We first calibrate the QC SWAP gate for only |e⟩-state reset. In the calibration,
the target qubit to be reset is excited to |e⟩ by a π gate, followed by the adiabatic
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pulse with different pulse parameters and a readout pulse afterward. The results of
all calibrations for the adiabatic pulse, including a linear pulse for comparison, are
shown in Fig. 4.1.

In Fig. 4.1(a-d), we search for the optimal point for fc(T ) from 4.6 GHz to 5.3 GHz
where the error ϵ is minimal. We then fix fc(T ) to be 4.99 GHz and find the lowest
reset error to be 0.53% within only 9.02 ns with ḡ = 92 MHz, (Fig. 4.1(e-h)), while
it takes 24.23 ns for a linear pulse with the same fc(0) and fc(T ) to reach an error
rate of 1.09% (Fig. 4.1(i-l)).

Figure 4.2: Calibration results of adiabatic pulse and linear pulse in QC
SWAP gate for resetting the qubit |f⟩-state. Parameters in the calibra-
tion: final coupler frequency fc(T ), pulse duration T , and shape parameter
ḡ. Each point in the 2D sweeps represents the population of states |200⟩, |020⟩ and
|110⟩ in calibrating (a-c) adiabatic pulse, (e-g) fine-tuning of the adiabatic pulse
and (i-k) linear pulse. The line-cuts in (d, h, l) are taken from the 2D parameter
search space, represented by a vertical red dashed line. The red dots in the line-cuts
mark the optimal parameters and the corresponding reset error ϵ|e⟩.

For resetting the |f⟩-state (Fig. 4.2), the calibration protocol follows the same struc-
ture, with the initial state being |200⟩. In this case, the reset error is defined as:

ϵ|f⟩ = 1 − |⟨ψ|020⟩|2. (4.4)

Fig. 4.2 illustrates calibrations results for |f⟩-state reset. In Fig. 4.2(a, d), the adia-
batic pulse depopulates state |200⟩ within only 53 ns, while the linear pulse cannot
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depopulate all the population in |200⟩ within 100 ns, with 15% of the population left
in |f⟩-level (Fig. 4.2(l)). Fig. 4.2(d) also shows that with increasing pulse duration
T , |020⟩ is adiabatically populated and the diabatic swap between the target state
|020⟩ and the intermediate state |110⟩ is mitigated, achieving an error rate of 6.53%
after fine-tuning (Fig. 4.2(h)). Fig. 4.2(j, k) shows that the linear pulse doesn’t
follow an adiabatic path as state |20⟩ is not adiabatically populated with longer
duration, and the diabatic swap between |020⟩ and |110⟩ limits the performance of
the reset gate, with a minimal error rate of 20.65% at best (Fig. 4.2(l)).

Figure 4.3: Calibration results of adiabatic pulse and linear pulse in QC
swap gate for resetting qubit with the state prepared in (|200⟩+ |100⟩)/

√
2.

Each point in the 2D sweeps represents the population of state |200⟩, |100⟩ and
leakage pl in calibrating (a-c) adiabatic pulse, (e-g) fine-tuning of the adiabatic
pulse and (i-k) linear pulse. The line-cuts in (d, h, l) are taken from the 2D
parameter search space, represented by the vertical red dashed lines. The red dots
in the line-cuts mark the optimal parameters and the corresponding reset errors ϵ|f⟩.

To calibrate the QC SWAP gate for resetting |e⟩-state and |f⟩-state at once, the
state is initialized to be (|1⟩ + |2⟩)/

√
2 and the results are shown in Fig. 4.3. The

population in the qubit Q0, coupler C0 and the leakage to Q1, denoted by pq, pc, pl
are defined as:

pq = |⟨ψ(T )|200⟩|2 + |⟨ψ(T )|110⟩|2 + |⟨ψ(T )|100⟩|2 (4.5)
pc = |⟨ψ(T )|020⟩|2 + |⟨ψ(T )|010⟩|2 (4.6)
pl = 1 − (pq + pc) (4.7)
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Fig. 4.3(d, h) illustrates that the reset error rate can reach below 6% within 100 ns,
giving advantages in reset fidelity and speed when compared to the error achieved
with a linear pulse shape, as shown in Fig. 4.3(l). However, the leakage to Q1
becomes not negligible as the coupler frequency (4.86 GHz) is moved very close
to the qubit frequency (4.534 GHz) since the population in Q1 is estimated to be
around 5% (Fig. 4.2(d, h, l) and Fig. 4.3(d, h, l)). Therefore, we need to consider a
tradeoff between low leakage and high QC swap fidelity. Another interesting finding
is that when the coupler frequency is brought to around 4.6 GHz, which is very
close to the avoided-crossing with Q1, utilizing adiabatic pulse gives less perturba-
tion compared to the linear pulse shape, as shown in Fig. 4.1(c, k) and Fig. 4.3(c, k).

All the results suggest that, with careful calibration, we can accelerate the QC SWAP
operation following adiabatic or STA paths, given the RC protocol. However, the
presence of another qubit coupled to the tunable coupler greatly hinders the reset
protocol from achieving high fidelity due to unavoidable leakage, especially in the
case of resetting |f⟩-state. This is because when the coupler frequency is moved near
the avoided-crossing regime where |200⟩ interacts with |002⟩ via intermediate state
|110⟩, it also interacts with the other qubit, causing the excitation swap between C0
and Q1. Another advantage of the adiabatic pulse is it is resilient to slight drift in
pulse parameters (see the 2D landscape in Fig. 4.1(a,b,e,f)). However, since it is not
possible to achieve perfect adiabatic evolution, there is always diabatic oscillation
in the results (Fig. 4.1(d,h,l)).

4.2 Experiment results
Here, we show only the results of calibrating the QC SWAP gate to reset the qubit
state prepared in |e⟩ and (|e⟩ + |f⟩)/

√
2, as illustrated in Fig. 4.4 taken from our

recent manuscript [1]. In the experiment, there are four parameters to be optimized:
fc(0) and fc(T ) specify the initial and final coupler frequency, with T being the pulse
duration and ḡ controlling the shape of the pulse.

Both in simulation and experiment, the QC SWAP gate can reset qubit from |e⟩-
state to |g⟩-state in around 9 ns (Fig. 4.1(h) and Fig. 4.4(b, d)) with error rate
reaching below 1%.

We apply the same calibration protocol in |e⟩-state and |f⟩-state reset, finding the
optimal barg to be 200 MHz and T to be 31 ns with reset error of around 5% (see
Fig. 4.4(f, h)), close to the estimated error in our simulation (Fig. 4.3(h)).

To further remove the residual population in Q0, instead of only one coupler, we can
use two tunable couplers coupled to the target qubit to apply two QC SWAP gates
for each coupler sequentially. More specifically, the target qubit Q0 swaps excitation
into two couplers: C0 and C1 as shown in Fig. 4.5. We can first apply a QC SWAP
pulse between Q0 and C0, then a second one between Q0 and C1. In the end, these
two couplers are then biased to interact with R0.
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Figure 4.4: Calibration results of the QC SWAP gate with qubit prepared
in the state |e⟩ (a-d) and (|e⟩ + |f⟩)/

√
2 (e-h) from Ref. [1]. (a, c, e, g) Each

point in the 2D sweep represents the population left in the qubit (except |g⟩) as the
reset error. Each line-cut shown in (b, d, f, h) is the cross-section from the 2D
sweep (a, c, e, g) respectively, and indicated by the dashed lines.

With this improved protocol, experiments show that in resetting |e⟩ and |f⟩ si-
multaneously, the reset error rate is 0.787% using only 61 ns for two QC SWAP
operations [1].

Figure 4.5: Subset of qubits, couplers, and readout resonators used in
two sequential QC SWAP gates.
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5
Conclusion & Discussion

In this thesis, we have theoretically devised a QC SWAP gate for qubit reset and
shown the results both in simulations and experiments. We first review the cir-
cuit quantum electrodynamics and introduce the quantization of transmon qubits
to obtain a Hamiltonian of a system consisting of two fixed-frequency qubits and a
tunable coupler. Next, we have shown that the adiabatic evolution of qubit |e⟩-state
reset is identified as a Z-field control in a two-level system. Based on this model, one
can derive a parametric, analytical expression of adiabatic pulse using Roland-Cerf
protocol. In the simulation, we find that the adiabaticity of the evolution is tunable
by varying the shape parameter ḡ. For some parameters, the evolution follows a
shortcut-to-adiabaticity path, accelerating the qubit reset. To achieve |f⟩-state re-
set, following the RC protocol, we need to reduce the three-level system to a two-level
system in a weak perturbative regime. The validity of isolating the low eigenstates
in adiabatic evolution is supported by Kato’s adiabatic theorem [54] and formulation
in Ref. [51]. We use non-perturbative adiabatic diagonalization and Schrieffer–Wolff
transformation to perform block-diagonalization, allowing us to obtain an effective
TLS Hamiltonian in the subspace of the two lowest eigenstates. Based on the ef-
fective Hamiltonians, we derive the analytical expression of the adiabatic pulse for
resetting the |f⟩-state. In calibrating the parametric pulse with four parameters, we
reduce the four-dimensional parameter search space into two separate calibration
stages in a two-dimensional parameter space.

The simulations demonstrate that the QC SWAP gate can reset |e⟩(|f⟩)-state in
around 9 ns (48.85 ns) with an error rate of 0.53% (6.53%). For unconditionally
resetting both |e⟩-state and |f⟩-state at once, it takes 43.97 ns to achieve an error
rate of 5.28%. In our experiment, the QC SWAP gate gives an error rate of around
5%, which can be minimized by performing another QC SWAP gate with an addi-
tional coupler, and the full reset protocol results in a reset error below 1% for both
|e⟩-state and |f⟩-state within 83 ns [1].

Many sources are contributing to the error in the QC SWAP gate. One of the major
errors comes from the leakage to other irrelevant eigenstates and also the leakage to
the other coupled qubit in |f⟩-state reset where the coupler is moved very close to
the non-target qubit. Also, as the evolution is not perfectly adiabatic, we can always
find the diabatic oscillation over time, which can be mitigated by calibrating pulse
parameters. The effectiveness of the TLS model can also contribute to the error
mentioned above. In the experiment, the imprecise pulse shape due to flux pulse
distortion and the sampling period of AWG could also limit the overall performance
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of the reset protocol.

To further improve the reset fidelity, it is desirable to find the relation between the
leakage errors and hardware parameters (qubit detuning, coupling rate, etc.) so that
the reset error can be considered while designing a new device. Another possible
improvement is finding a new adiabatic or STA path based on different forms of the
RC protocol or other protocols that are not based on the spectrum analysis. Another
key point is that there should be a better block-diagonalization technique existing
under the approximate adiabatic condition since there are many ways to arrive at
different effective TLS Hamiltonians. Furthermore, as the adiabatic condition in
the RC protocol is sufficient for most models, we also expect that it is possible
to implement the same protocol and calibration in other quantum controls where
accelerating the adiabatic process is needed.
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A
Appendix

A.1 Transmon
In reality, a typical transmon also includes a gate capacitor Cg and voltage source
Vg connecting to the superconductor island, which is also connected to a reservoir
supplying Cooper pairs via a Josephson junction on the other side.

Figure A.1: The circuit diagram of a tunable transmon. Cs, Cg, and CJ are
the capacitance of the shunted element, gate, and Josephson junction with induc-
tance LJ . Vg is the voltage supplied.

We now derive the Hamiltonian for the circuit shown in Fig. A.1. For this specific
spanning tree transversing the node fluxes Φa and Φb, the branch fluxes of each
circuit element are:

ΦLJ
= Φa, (A.1)

ΦCJ
= −Φa, (A.2)

Φg = Φb − Φa, (A.3)
Φ − ΦCs = −Φa, (A.4)

ΦVg = Φb. (A.5)

In this case, the capacitive energy is stored in three capacitive elements and the two
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A. Appendix

parallel capacitors form a single capacitor with Cp = Cs + CJ :

T = 1
2CJΦ̇2

CJ
+ 1

2CsΦ̇
2
s + 1

2CgΦ̇
2
g

= 1
2CpΦ̇

2
a + 1

2Cg(Φ̇b − Φ̇a)2. (A.6)

Since the voltage supplied for a source is constant, the branch flux across it remains
constant with Φ̇b = Vg. Therefore, there is only one degree of freedom in T :

T = 1
2CpΦ̇

2
a + 1

2Cg(Φ̇a − Vg)2. (A.7)

The inductive energy stored in DC-SQUID:

V = −EJ(φext) cos (2πΦa/Φ0), (A.8)

and we have the Lagrangian expressed in Φ = Φa:

L = T − V = 1
2CpΦ̇

2 + 1
2Cg(Φ̇ − Vg)2 + EJ(φext) cos (2πΦ/Φ0). (A.9)

Similarly, the variable for charge conjugated to Φ̇ is

Q = ∂L
∂Φ̇

= CΣΦ̇ − CgVg. (A.10)

Scale these two conjugate coordinates with the factor 1/(2e) leading to new coordi-
nates:

Nnet = CΣΦ̇
2e − CgVg

2e = N −Ng, (A.11)

φ = 2πΦ
Φ0

= 2eΦ. (A.12)

With the new coordinates, the Lagrangian in Eq. (A.9) is rewritten as:

L = +EJ(φext) cos (φ). (A.13)

We can then obtain the Hamiltonian:

H = Nnetφ̇− L = 4EC(N −Ng)2 − EJ(φext) cos (φ), (A.14)

where the offset Ng is interpreted as the number of Cooper pairs taken from the
island included by the gate voltage Vg. Notice that this Hamiltonian takes the same
form as the Eq. (2.48), only with different EC :

EC = 4e2

2(Cg + CJ + Cs)
. (A.15)

It is clear that in transmon qubit, the added shunt capacitance Cs makes the ratio
of EJ/EC larger and, therefore, less sensitivity to charge noise.
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A.2 2 × 2 Hamiltonian diagonalization
The general form of 2 by 2 Hamiltonian is:

H =
(
h0 + h3 h1 − ih2
h1 + ih2 h0 − h3

)
(A.16)

The Hamiltonian can be rewritten in the following form:

H = h0σ0 + h1σ1 + h2σ2 + h3σ3

= h0I + h · σ. (A.17)

The eigenvalues for H are h0 + h and h0 − h:

H |h±⟩ = (h0 ± h) |h±⟩ , (A.18)

where h =
√

h · h =
√
h2

1 + h2
2 + h2

3. Without loss of generality, one can assume
h · h = 1, the eigen states obtained:

|h±⟩ =
 √

1±h3
2

±
√

1
2(1±h3)(h1 + ih2)

 · eiα (A.19)

=
 √

1±h3
2

±
√

1∓h3
2 eiϕ

 (A.20)

Given the constraint that h2
1 + h2

2 = 1 − h2
3:

h1 =
√

1 − h2
3 cosϕ (A.21)

h2 =
√

1 − h2
3 sinϕ (A.22)

ϕ = arctan(h2/h1). (A.23)

Let set h3 = cos θ, the eigenstates are:

|h+⟩ =
(

cos 1
2θ

+ sin 1
2θ · eiϕ

)
, |h−⟩ =

(
sin 1

2θ
− cos 1

2θ · eiϕ
)
. (A.24)

A.3 Derivation of local adiabaticity condition for
two-level system

We first start with the Hamiltonian for the two-level system:

Htls(t) = ∆qc(t)
2 σ̂z + gσ̂x

=
(∆qc(t)

2 gqc
gqc −∆qc(t)

2

)
. (A.25)
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The general form for this kind of Hamiltonian is:

Htls =
(
M3 M1
M1 −M3

)
, (A.26)

where M3 = ∆qc(t)/2 and M1 = gqc. The Hamiltonian can be normalized by the
factor N =

√
M2

1 +M2
3 . The normalized Hamiltonian H̄qc = Hqc/N reads:

H̄tls =
(
m3 m1
m1 −m3

)
. (A.27)

The matrix elements are obtained by mi = Mi/N , and m2
1 + m2

3 = 1. From Ap-
pendix A.2, the eigenstates and their energies of H̄qc are:

|ψ0(t)⟩ =
(

sin(θ/2)
− cos(θ/2)

)
, (A.28)

|ψ1(t)⟩ =
(

cos (θ/2)
sin (θ/2)

)
, (A.29)

Ē0 = −
√
m2

1 +m2
3, (A.30)

Ē1 = +
√
m2

1 +m2
3, (A.31)

where the parameter θ, m1 and m3 is related by m1 = sin θ and m3 = cos θ. The
eigen energies of Hqc are:

E0 = N Ē0 = −
√
M2

1 +M2
3 , (A.32)

E1 = N Ē1 = +
√
M2

1 +M2
3 . (A.33)

The square of the energy gap is:

|E1 − E0| = 2
√
M2

1 +M2
3 . (A.34)

Notice that the eigenstates of H̄tls are also the eigenstates of Htls, therefore we have:

|⟨ψ1|σ̂z|ψ0⟩| = sin θ = m1. (A.35)

The local adiabaticity condition at any time t is:

∣∣∣∣∣∂∆(t)
∂t

∣∣∣∣∣ ≪ 2|E1(t) − E0(t)|2
|⟨ψ1(t)|σ̂z|ψ0(t)⟩|

=
8(M2

1 +M2
3 )
√
M2

1 +M2
3

M1
. (A.36)

We now arrive at the condition given qubit-coupler detuning ∆ and their effective
coupling rate g: ∣∣∣∣∣∂∆

∂t

∣∣∣∣∣ ≪ (∆2 + 4g2)3/2

g
. (A.37)
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A.4 Derivation of local adiabaticity condition for
three-level system

For a three-level system described by a Hamiltonian in the rotating frame:

H(t) =

 0
√

2g 0√
2g ∆(t)

√
2g

0
√

2g δ(t)

 , (A.38)

where δ(t) = −2∆qc(t) +β−α and ∆(t) = −∆qc(t) −α. The time derivative of this
Hamiltonian:

∂H(t)
∂t

=

0 0 0
0 −∂t∆qc 0
0 0 −2∂t∆qc

 = −∂t∆qc

0 0 0
0 1 0
0 0 2

 , (A.39)

The local adiabaticity condition for the two lowest two eigenstates is posed to the
evolution: ∣∣∣∣∣⟨ψ1(t)|

∂H(t)
∂t

|ψ0(t)⟩
∣∣∣∣∣ ≪ |E1(t) − E0(t)|2. (A.40)

We then arrive at a differential equation for time-dependent qubit-coupler detuning
∆qc(t) with an undetermined scaling prefactor γ (ranging from 0 to 1):∣∣∣∣∣∂∆qc

∂t

∣∣∣∣∣ = γ
(E1(t) − E0(t))2

|⟨ψ1(t)|A|ψ0(t)⟩|
, (A.41)

A =

0 0 0
0 1 0
0 0 2

 . (A.42)

A.5 Effective two-level system Hamiltonian of a
three-level system using NPAD

Our goal is to derive the following effective TLS Hamiltonian:

H =
(
χ∆ χgeff
χgeff −χ∆

)
. (A.43)

First, we start with the dynamics of |f⟩-state reset is described by a three-by-three
Hamiltonian:

H0 =

∆ 0 g
0 −∆ g
g g δ

 , (A.44)

where the diagonal elements ∆ and δ are defined as:

∆ = ωq − ωc + α/2, (A.45)
δ = −α/2. (A.46)
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In the first step, our goal is to eliminate the inter-coupling elements g at entries
(0, 2) and (2, 0) in the Hamiltonian H(0):

H(0) = H0 − ∆ + δ

2 I =


∆
2 − δ

2 0 g
0 −3∆

2 − δ
2 g

g g −∆
2 + δ

2

 (A.47)

=

∆1 0 g
0 −3∆

2 − δ
2 g

g g −∆1

 .
By applying the first Givens rotation R1:

R1 =


cos

(
arctan(g/∆1)

2

)
0 sin

(
arctan(g/∆1)

2

)
0 1 0

− sin
(

arctan(g/∆1)
2

)
0 cos

(
arctan(g/∆1)

2

)
 , (A.48)

the Hamiltonian H(1) is obtained by transformation H(1) = R1H
(0)R†

1:

H(1) =


−
√

∆2
1 + g2 g sin

(
arctan(g/∆1)

2

)
0

g sin
(

arctan(g/∆1)
2

)
−3∆1 − 2δ1 g cos arctan(g/∆1)

2

)
0 g cos

(
arctan(g/∆1)

2

) √
∆2

1 + g2

 . (A.49)

By adding an energy offset −
[
(H(1))1,1 + (H(1))2,2

]
/2 and define ∆2 = 3∆1

2 +
√

∆2
1+g2

2 +
δ1, s1 = sin

(
arctan(g/∆1)

2

)
, c1 = cos

(
arctan(g/∆1)

2

)
, H(1) can be rewritten as

H(1) =


3∆1

2 + δ1 − 3
√

∆2
1+g2

2 s1g 0
s1g −∆2 c1g
0 c1g ∆2

 . (A.50)

The second Givens rotation R2 to eliminate entries (1, 2) and (2, 1) reads:

R2 =

1 0 0
0 c2 −s2
0 s2 c2

 , (A.51)

s2 = sin
(

arctan (c1g/∆2)
2

)
, (A.52)

c2 = cos
(

arctan (c1g/∆2)
2

)
. (A.53)

After the second rotation, the coupling elements c1g are eliminated, and other off-
diagonal elements are modified:

H(2) =


3∆1

2 + δ1 − 3
√

∆2
1+g2

2 s1c2g s1s2g

s1c2g −
√

∆2
2 + c2

1g
2 0

s1s2g 0
√

∆2
2 + c2

1g
2

 . (A.54)
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We can further apply more Givens rotations so that the inter-blocking coupling ele-
ments are numerically smaller than the energy difference between blocks. However,
as we can see in Fig. 2.18 in the main text, two rotations are already enough to
achieve a good approximation. By ignoring the elements s1s2g, the effective Hamil-
tonian from Eq. (A.54) reads (∆3 = (H(2))0,0/2 − (H(2))1,1/2):

Heff =
(

∆3 s1c2g
s1c2g −∆3

)
=
(

∆3 geff
geff −∆3

)
. (A.55)

In the regime where ∆ is small, we can have the following Taylor expansion of
∆3 = ∆3(∆) and geff = geff(∆) to the second order:

∆3 = d∆3

d∆

∣∣∣∣∣∣
∆=0

∆ + ∆3(∆ = 0) = k1∆ + b1, (A.56)

geff = dgeff

d∆

∣∣∣∣∣∣
∆=0

∆ + geff(∆ = 0) = k2∆ + b2, (A.57)

where

k1 = d∆3

d∆

∣∣∣∣∣∣
∆=0

, (A.58)

k2 = dgeff

d∆

∣∣∣∣∣∣
∆=0

, (A.59)

b1 = ∆3(∆ = 0), (A.60)
b2 = geff(∆ = 0). (A.61)

Thus, We can obtain the eigenenergies given this approximation:

E± = ±
√

(k2
1 + k2

2)∆2 + 2(k1b1 + k2b2)∆ + b2
1 + b2

2. (A.62)

By dropping the linear term in Eq. (A.62), we arrive at the expression of factor χ
and effective coupling rate geff in Eq. (A.43):

χ =
√
k2

1 + k2
2, (A.63)

geff =

√√√√ b2
1 + b2

2
k2

1 + k2
2
. (A.64)
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