Practical Methods for Efficient Analytical Control
in Superconducting Qubits

Boxi Li

Schlisseltechnologien / Key Technologies
Band/Volume 290
ISBN 978-3-95806-807-0

lJ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Forschungszentrum Jilich GmbH
Peter Griinberg Institut (PGI)
Quantum Control (PGI-8)

Practical Methods for Efficient Analytical
Control in Superconducting Qubits

Boxi Li

Schriften des Forschungszentrums Jilich
Reihe Schliisseltechnologien /Key Technologies Band/Volume 290

ISSN 1866-1807 ISBN 978-3-95806-807-0



Contents

Abstract
1 Introduction

2 Quantum control
2.1 Introduction to quantum control . . . . . ... ... .. ... ...
2.1.1 Formulation of the quantum control problem . . .. .. ..
2.1.2  Open- and closed-loop quantum control . . . . . ... ...
2.2 Numerical quantum control algorithms . . . . . . ... ... ....
2.2.1 GRadient Ascent Pulse Engineering algorithm . . . . . ..
2.2.2  Chopped RAndom Basis algorithm . . . . . . .. ... ...
2.2.3  Gradient Optimization of Analytic conTrols algorithm . . .
2.3 Analytical quantum control for diabatic error . . . . . . .. .. ..
2.3.1 Coherent error and decoherence . . . . . . . ... ... ...
2.3.2 Adiabatic theorem . . . . . . .. .. ... L.
2.3.3 Shortcuts to adiabaticity . . . . . ... ... 0oL
2.3.4  Derivative Removal by Adiabatic Gate . . . . . . ... ...
2.4 The concept of recursion . . . . . . ...

3 Nonperturbative analytical diagonalization
3.1 Introduction . . . . . . . . ... Lo
3.2 Mathematical methods . . . . . . ... ... L oo
3.2.1 Non-perturbative Analytical Diagonalization . . .. .. ..
3.2.2  Recursive Schrieffer-Wolff perturbation method . . . . . . .
3.2.3 Block diagonalization . . . . ... ... .. ... ...

—

(O IN0JEN >IN, V) |

Ne]

11
11
13
13
15
16



3.2.4 Comparison between different methods . . . . . . ... ... 30

3.3 Physical applications . . . . . .. ... 0 oo 32
3.3.1 Effective ZZ entanglement from non-dispersive interactions 32
3.3.2 77 coupling suppression in the quasi-dispersive regime . . . 35
3.3.3 The cross-resonance coupling strength . . . . . . ... ... 41

3.4 Conclusion and outlook . . . . . . .. ... ... 42

3.5 Appendix . ... 44
3.5.1 The error bound for truncating the BCH expansion . . . . . 44
3.5.2 Efficiency comparison between RSWT and SWT . .. ... 45
3.5.3 RSWT results for the ZZ interaction strength . . . . . . .. 45
3.5.4 Effect of higher-order perturbation on the zero points of ZZ

interaction . . . . . .. ..o o Lo 49

Revisiting the single-Transmon DRAG pulse 51

4.1 Introduction to DRAG . . . . . . . . . ... .. ... ... ... 51

4.2 Notations . . . . . . . . . L 53

4.3 First-order DRAG correction . . . . . ... ... ... . ...... 53

4.4 Detuning and phase ramping . . . . . .. ... 55

4.5 The Y-only DRAG correction . . . . . ... ... ... .. ..... 56

4.6 An alternative derivation of the first-derivative DRAG . . . . . .. 56

4.7 High-order DRAG correction . . . . . . .. ... ... ... .... 57

Experimental error suppression in Cross-Resonance gates via

DRAG 61
5.1 Introduction . . . . . . . . . . ... 62
5.2  Multi-derivative pulse shaping . . . . . . . ... ... oL 64
5.3 Application to control-qubit errors . . . . ... ... 65
5.4 Application to multi-qubit operator errors . . . . . . .. ... ... 70
5.5 Benchmarking the improved CR gate . . . . . . . .. .. ... ... 73
5.6 Discussion . . . . . . . ..o 76
5.7 Methods . . . . . . . . 77
5.7.1 Derivation of the recursive DRAG pulse . . . . . .. .. .. 77
5.7.2  Numerical simulation of the CR gate . . . . . . ... .. .. 80
5.8 Appendix . . .. ... 81
5.8.1 Partial suppression of transition errors . . . . . . ... . .. 81
5.8.2 Robustness of the recursive pulse . . . . . . ... ... ... 81
5.8.3 Amplifying the transition error . . . . . . . ... ... ... 82
5.8.4 Data of the used Transmon qubits . . . . .. .. ... ... 84
5.8.5 Additional data on the transition error suppression . . . . . 86

5.8.6 Calibration of the CNOT gate . . . .. .. ... ... ... 87



6 Leakage suppression in transmon qudits with DRAG 95

6.1 Introduction. . . . . . . . . .. . 96
6.2 Qudit Model for universal quantum gates . . . .. .. ... .. .. 97
6.2.1 Native gate set for superconducting qudit . . . . .. . ... 97
6.2.2 The transmon Hamiltonian . . . . . . ... ... ... ... 97
6.2.3 Four-level effective model . . . . . ... .. ... ... ... 101

6.3 Recursive DRAG pulse for qudit gates . . . . ... ... ... ... 102
6.3.1 Single-derivative DRAG and its limitation . . . . . . . . .. 103
6.3.2 General DRAG correction for a n-photon transition . . .. 103
6.3.3 First-order (linearized) solution for qudits . . . . . . . ... 106
6.3.4 Second-order solution for qudit . . . .. ... ... .. ... 107
6.3.5 Performance benchmarking . . . .. .. .. ... ... ... 108

6.4 Error beyond the targeted two-level subspace . . . . . .. ... .. 110
6.4.1 Phase error beyond the two target levels. . . . .. ... .. 110
6.4.2 Leakageon |[k+2) < |k+3) . .. ... ... ... ..., 111
6.4.3 Three-photo leakage |k — 1) <> [k +2) . . . ... ... ... 111

6.5 Conclusion and discussion . . . . . . .. ... L. 112
6.6 Appendix . . . ... 112
6.6.1 Universality of the ladder transition . . .. ... ... ... 112
6.6.2 Transmon circuit in the charge representation . . . . . . . . 114
6.6.3 Derivation of the Leakage manifold . . . . . . . . ... ... 116
6.6.4 Derivation of recursive DRAG pulse . . . . ... ... ... 117

7 Quantum crosstalk suppression with DRAG 123
7.1 Introduction . . . . . . . . .. Lo 123
7.2 Model of quantum crosstalk . . . . . ... ... L. 124
7.3 First-derivative DRAG pulse . . . . .. .. ... ... ... .... 125
7.4 Second-derivative DRAG pulse . . . . . . ... .. .. ... .... 126
7.5 Numerical simulation . . . . . ... ... .0 000 128
7.6 Analytical expression for the gate error . . . . . . .. ... ... 130
7.7 Discussion . . . . . . .. 132
8 Pulse-level quantum circuit simulation with QuTiP 135
8.1 Introduction . . . . . . . . . . ... 136
8.2 Software information . . . . . . ... ... L L oL 137
8.3 Quantum circuits and open quantum dynamics . . . . .. . .. .. 139
8.3.1 Quantum circuits and gate-level simulation . . . .. .. .. 139
8.3.2 Continuous time evolution and pulse-level description . . . 140

8.4 Pulse-level quantum-circuit simulation framework . . . . . . . . .. 143
8.4.1 Processor . . . . ... 144
8.4.2 Model . . . .. .. 146
8.4.3 Compiler . . .. .. ... 150
8.4.4 Scheduler . . . . .. ... .. 151
8.4.5 Optimal control . . . . . . . ... ... 153

8.4.6 Noise . . . . . . . . e 154



84.7 Pulse . . . .. 157

8.4.8 Adding custom hardware models . . . . .. ... ... ... 158
8.5 Importing and exporting circuits in QASM format . . . .. .. .. 159
8.6 Conclusion . . . . . . . ... 160
8.7 Data availability . . . ... ... ... 0 oo 161
8.8 Appendix . . . .. ... 162
8.8.1 Simulating the Deutsch-Jozsa algorithm . . . . .. ... .. 162

8.8.2 Compiling and simulating a 10-qubit Quantum Fourier Trans-
form (QFT) . . . . . ... 163
8.8.3 Customizing the physical model and noise . . . . . .. ... 166
9 Summary and Outlook 173
9.1 Summary and conclusions . . . . .. .. ... L L Lo, 173
9.2 Future work . . . . . . . .. 175
References 179
Acknowledgement 203
List of Publications 205

Curriculum vitae 207



Schlisseltechnologien / Key Technologies
Band/Volume 290
ISBN 978-3-95806-807-0

9 JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



	Abstract
	Introduction
	Quantum control
	Introduction to quantum control
	Formulation of the quantum control problem
	Open- and closed-loop quantum control

	Numerical quantum control algorithms
	GRadient Ascent Pulse Engineering algorithm
	Chopped RAndom Basis algorithm
	Gradient Optimization of Analytic conTrols algorithm

	Analytical quantum control for diabatic error
	Coherent error and decoherence
	Adiabatic theorem
	Shortcuts to adiabaticity
	Derivative Removal by Adiabatic Gate

	The concept of recursion

	Nonperturbative analytical diagonalization
	Introduction
	Mathematical methods
	Non-perturbative Analytical Diagonalization
	Givens rotations
	Simplified formulation
	The iterative method

	Recursive Schrieffer-Wolff perturbation method
	Givens rotation in the perturbative limit
	The RSWT iterations

	Block diagonalization
	Comparison between different methods

	Physical applications
	Effective ZZ entanglement from non-dispersive interactions
	ZZ coupling suppression in the quasi-dispersive regime
	The cross-resonance coupling strength

	Conclusion and outlook
	Appendix
	The error bound for truncating the BCH expansion
	Efficiency comparison between RSWT and SWT
	RSWT results for the ZZ interaction strength
	4-perturbation
	6-perturbation

	Effect of higher-order perturbation on the zero points of ZZ interaction


	Revisiting the single-Transmon DRAG pulse
	Introduction to DRAG
	Notations
	First-order DRAG correction
	Detuning and phase ramping
	The Y-only DRAG correction
	An alternative derivation of the first-derivative DRAG
	High-order DRAG correction

	Experimental error suppression in Cross-Resonance gates via DRAG
	Introduction
	Multi-derivative pulse shaping
	Application to control-qubit errors
	Application to multi-qubit operator errors
	Benchmarking the improved CR gate
	Discussion
	Methods
	Derivation of the recursive DRAG pulse
	Numerical simulation of the CR gate

	Appendix
	Partial suppression of transition errors
	Robustness of the recursive pulse
	Amplifying the transition error
	Data of the used Transmon qubits
	Additional data on the transition error suppression
	Calibration of the CNOT gate
	Hamiltonian tomography
	Calibration of the echoed CNOT gate
	Calibration of the direct CNOT gate



	Leakage suppression in transmon qudits with DRAG
	Introduction
	Qudit Model for universal quantum gates
	Native gate set for superconducting qudit
	The transmon Hamiltonian
	Four-level effective model

	Recursive DRAG pulse for qudit gates
	Single-derivative DRAG and its limitation
	General DRAG correction for a n-photon transition
	First-order (linearized) solution for qudits
	Second-order solution for qudit
	Performance benchmarking

	Error beyond the targeted two-level subspace
	Phase error beyond the two target levels.
	Leakage on k+2k+3
	Three-photo leakage k-1 k+2

	Conclusion and discussion
	Appendix
	Universality of the ladder transition
	Decomposition of arbitrary unitary to Givens rotation
	Virtual phase gate in a qudit

	Transmon circuit in the charge representation
	Derivation of the Leakage manifold
	Derivation of recursive DRAG pulse
	Single-photon correction
	Two-photon correction
	Three-photon correction



	Quantum crosstalk suppression with DRAG
	Introduction
	Model of quantum crosstalk
	First-derivative DRAG pulse
	Second-derivative DRAG pulse
	Numerical simulation
	Analytical expression for the gate error
	Discussion

	Pulse-level quantum circuit simulation with QuTiP
	Introduction
	Software information
	Quantum circuits and open quantum dynamics
	Quantum circuits and gate-level simulation
	Continuous time evolution and pulse-level description
	Unitary time evolution
	Open quantum system dynamics


	Pulse-level quantum-circuit simulation framework
	Processor
	Model
	Spin Chain model
	Qubit-resonator model
	Superconducting qubit model

	Compiler
	Scheduler
	Optimal control
	Noise
	Pulse
	Adding custom hardware models

	Importing and exporting circuits in QASM format
	Conclusion
	Data availability
	Appendix
	Simulating the Deutsch-Jozsa algorithm
	Compiling and simulating a 10-qubit Quantum Fourier Transform (QFT)
	Customizing the physical model and noise


	Summary and Outlook
	Summary and conclusions
	Future work

	References
	Acknowledgement
	List of Publications
	Curriculum vitae
	Leere Seite
	Leere Seite
	Leere Seite



