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Robust and high-fidelity control of electron spins in solids is the cornerstone for facilitating appli-
cations of solid-state spins in quantum information processing and quantum sensing. However, precise

control of spin systems is always challenging due to the presence of various noises originating from the
thermal environment and control fields. Here, noise-resilient quantum gates, designed with robust optimal
control (ROC) algorithms, are demonstrated experimentally with nitrogen-vacancy centers in diamond
to realize tailored robustness against detunings and Rabi errors simultaneously. In the presence of both
10% off-resonance detuning and 10% deviation of a Rabi frequency, we achieve an average single-qubit
gate fidelity of up to 99.89%. Our experiments also show that, ROC-based multipulse quantum sensing
sequences can suppress spurious responses resulting from finite widths and imperfections of microwave
pulses, which provides an efficient strategy for enhancing the performance of existing multipulse quantum

sensing sequences.

DOI: 10.1103/PhysRevApplied.19.034068

I. INTRODUCTION

Quantum optimal control (QOC) provides a power-
ful strategy to improve process performance in quantum
technologies by designing efficient control fields against
pulse errors in quantum operations. Fundamental quan-
tum operations, such as state preparations, noise suppres-
sion, and high-fidelity quantum gates [1,2], play significant
roles in magnetic resonance spectroscopy and imaging [3],
quantum information processing [4—6], and quantum sens-
ing [7—12], which may benefit from recent advances of
QOC [13].
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To date, various methods have been developed to
achieve high-fidelity operations such as composite pulses
[14]. However, for conventional composite pulses, such as
broadband number 1 pulse (known as BB1 [15]) and com-
pensation for off-resonance errors with a pulse sequence
(known as CORPSE [16]), they are robust against a sin-
gle type of pulse errors; for concatenated composite pulses,
such as BB1inC [17], although it can simultaneously cor-
rect various types of existing errors but at the price of large
pulse widths.

In this work, by exploiting robust optimal control (ROC)
algorithms [18,19] in pulse-sequence designs, we exper-
imentally demonstrate ROC as a simple, effective, and
hardware-friendly approach of quantum optimal control
for realizing high-fidelity quantum gates and extensive
robustness to multiple pulse errors. The ROC approach
enables suppression of pulse errors to the second order

© 2023 American Physical Society
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FIG. 1. (a) Comparison of the robustness of square and ROC
pulses against pulse imperfections. The blue (red) curve is sim-
ulated fidelities of square (ROC) 7 pulses with detunings of
MW frequency ranging from —Q to €2, where 2 is the Rabi
frequency. (b) Schematic of detecting and manipulating weakly
coupled spins with dynamical decoupling (DD) sequences. Typ-
ical square-based and ROC-based DD sequences are shown in
the left part. The spectra derived from the two DD sequences
are shown in the right part. The real peak at w; results from sur-
rounded nuclear spins and the spurious peak at w, results from
the finite pulse length width and imperfections of square pulses
whereas the ROC pulses strongly suppress spurious peaks.

and provides an all-round robust region for quantum oper-
ations compared with conventional approaches, as shown
in Fig. 1(a). Additionally, combining dynamical decou-
pling (DD) sequences with ROC, spurious peaks arising
from finite pulse widths and pulse imperfections can be
suppressed, as shown in Fig. 1(b).

II. QUANTIFICATION OF SYSTEM ERRORS

ROC-based high-fidelity single-qubit gates are demon-
strated on a single electron spin of a negatively charged
nitrogen-vacancy (N-V) defect center in diamond. The
ground state of the N-J center (S = 1) is an electron-spin
triplet state with three sublevels |m; = 0) and |m; = £1).
A bias magnetic field of By = 510 Gauss is applied to sep-
arate the degenerate levels. The spin states |[m; = 0) and
|ms = —1) are encoded as a qubit. The general Hamilto-
nian of the N-¥ center with microwave (MW) control is

Hy_y = (A 4+ 80)S:

+ (Q + 81)(cos(@ + 84S + sin(¢ + 8,)S,),
M

where A is the detuning of MW control relative to the
N-V center’s resonance frequency, which we take as con-
stant here, 2 and ¢ are the Rabi frequency and phase of
MW pulse, respectively. The corresponding errors result-
ing in gate errors are dyp, 81, and Jg4, respectively. &g
represents static field errors arising from the Overhauser
field, magnetic fluctuations, and unstable MW frequencies.
81 consists of two parts, namely, (i) MW-amplitude errors
mainly arising from static fluctuations of MW powers;
(i) errors of random noise caused by fluctuations of tem-
perature and instability of radiation efficiency of coplanar
waveguides. The phase error 4 is attributed to imperfect
MW generation. After optimizing the microwave circuits
in Appendix A, we quantify the errors resulting from the
fluctuations of the experimental parameters. We assume
that the timescale of §y and §; were much longer than
that of the single experiment, so the two errors are taken
as quasistatic random contrasts. The distribution of §y is
measured by free induction decay (FID) experiments with
a pulse sequence in the form of R,(;r/2) — t — R, (7 /2),
in which R,(w/2) was a rotation around x axis by an
angle 7 /2 under the rotating frame and t is the free-
evolution time. As shown in Fig. 2(a), oscillatory FID
signals are observed with the detuning of MW frequency
A = 2w x 2 MHz. We assume that §, satisfies a Gaus-
sian distribution, so the probability distribution function is

fo(8p) = 1/0/2m 5%/ 2"2, where o stands for the standard

(3)10 T T T T T T
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FIG. 2. Characterization of the noises in experiments. (a)
Results of the FID experiment, with corresponding pulse
sequence in the form of 7 /2 — t — /2. Experimental data is
shown as orange circles and the blue solid line is the fit of the data
with f5(8¢). The decay time of FID signal is T, = 0.99(4) ps. (b)
Results of Rabi experiment. The increment of MW pulse length
is set to be 100 ns. The experimental data is fit with function
f1(81) (blue line). The decay time is 50(14) ws. Error bars on the
data points are standard deviations from the mean.

034068-2



ROBUST QUANTUM CONTROL FOR THE MANIPULATION...

PHYS. REV. APPLIED 19, 034068 (2023)

deviation of the distribution. The statistical probability of
preserving the final state |m; = 0) is

00
p :/ f(50)Psingled80
—00

1 1
=5- 5e‘(’/7”2¥)2 cos(2m At), (2)

% — %cos(Zn(A + 8¢)t) is the probability
of state |m, = 0) in a single experiment, 7, =1/ (W2ro)
is the decay time of FID signals. The fitting results
shown in Fig. 2(a) (the blue curve) illustrated that o =
0.226(2) MHz and 75 = 0.99(4) ws. The error of Rabi
frequency &; is quantified via Rabi experiments where §;
satisfies a Lorentzian distribution of f;(6;) = y/(m ((Sf +
¥?)), and y stands for the half-width at half-maximum of
the distribution and is inversely proportional to the decay
time 7). The results of Rabi experiment are shown in
Fig. 2(b). In order to quantify the MW field noise, we
adjust the length of MW pulses from 10 ns to 20 s with
an increment of 100 ns. The best fitting result [blue curve
in Fig. 2(b)] is achieved with 7%, = 50(14) us.

where P single =

IT1. HIGH-FIDELITY QUANTUM GATES

After optimizing the microwave circuits and quantify-
ing errors, we demonstrate high-fidelity single-qubit gates
implementing four types of pulses, which are square, BB1,
CORPSE, and ROC pulses. The pulse shapes are schemat-
ically depicted in Appendix B. Among different types of
pulses, square pulses are widely used in quantum control
protocols but are not sufficiently robust to detunings and
Rabi errors. CORPSE and BB1 are both composite pulses;
the former normally resists detunings whereas the latter is
robust against Rabi errors. ROC pulses, as shaped pulses
[19], can enhance robustness of quantum control against
both detunings and Rabi errors. The procedure of generat-
ing a ROC pulse is described in Appendix D, Fig. 10. To
quantify the fidelity of a quantum gate, we use the Clifford-
based randomized benchmarking (RB) method [20-22]. A
N-V electron spin is initialized to the ground state with a
532-nm laser pulse, followed by a predetermined sequence
of randomized Clifford gates. Each Clifford gate is chosen
randomly from the Clifford group [20], which is a set of
rotations that evenly samples the Hilbert space. For single
qubits, the Clifford gates comprise 7, 7 /2, and 277/3 rota-
tions (see Appendix E, Table II). After applying m random
Clifford gates, a unique recovery Clifford gate is applied to
invert the sequence. The sequence fidelity is defined as the
probability of preserving the final state |m; = 0). By aver-
aging the experimental sequence fidelities over different
sequences, the resulted fidelity, Fiq is fitted with

1 1
P+ 5 )

F‘seq:2 )

where p is the sequence decay and the average fidelity per
Clifford gate is given by F, =1 — (1 — p)/2 [20].

To verify that ROC pulses are robust against detunings
and Rabi errors, we demonstrate RB experiments based
on the four different types of pulse shapes with various
detunings and Rabi errors. The ranges of detunings are
427 x 2 MHz for square, 2w x 4 MHz for CORPSE
and BB1, and +£27 x 5 MHz for ROC, respectively. The
ranges of Rabi errors are £20% of Rabi frequency for
square, £40% for CORPSE and BB1, and +50% for ROC.
Each RB sequence consisted of ten Clifford gates and the
sequence fidelities are calculated by averaging over 20
different sequences. Variations of the average fidelity per
Clifford gate with respect to different detunings and Rabi
errors are shown in Fig. 3(a), which agree with the theo-
retical fidelity landscapes well [see Fig. 3(b)]. It is clear
that the robustness of square pulses is the worst. Mean-
while, CORPSE and BB1 reveal only selective robustness
against detunings and Rabi errors, respectively. The best
performance is achieved with the ROC pulses: a large flat
central area with the fidelity greater than 0.99 covers the
error range of £2m x 3 MHz detunings and +30% Rabi
frequency deviation.

IV. RANDOMIZED BENCHMARKING

We further demonstrate RB experiments with three
types of pulses (square, BB1, and ROC pulses) under
resonant and off-resonance conditions (see Fig. 4). The
measured sequence fidelity is averaged over 50 differ-
ent sequences. Under the resonant condition, the aver-
age fidelity per Clifford gate is 0.99918(5) for square,
0.99941(5) for BBI1, and 0.99941(4) for ROC, respec-
tively, showing no advantages of ROC, while under the
off-resonance condition in which detunings and Rabi errors
are both set to be —10% of €2, the highest fidelity of
0.99891(9) is achieved when ROC pulses are applied.

V. DETECTION OF NUCLEAR SPINS

The ROC algorithm is applied for improving dynami-
cal decoupling sequences in the task of detecting weakly
coupled nuclear spins. Nuclear spins exist naturally in
abundance in diamonds functioning as additional quantum
resources [23,24]. A prerequisite to exploit nuclear spins’
quantum properties is to detect and characterize the nuclear
spins, which can be realized by utilizing the electron spins
[25]. The Hamiltonian of the N-J spin system under the
rotating frame is given by [25]

He Hiree

H= Q(x(t)Sx +y(t)Sy) + aHSzIz +a, 8.1 + wl,, (4)

where Hc and Hy.. are the Hamiltonians of control fields
and free evolution, respectively. x(¢) and y(¢) are amplitude
modulations of MW pulses, a)(a ) represents the parallel
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FIG. 3. Comparison of average fidelities obtained with four types of 7 pulses. From left to right are square, CORPSE, BB1, and

ROC pulses, respectively. Measured (a) and simulated (b) average fidelity per Clifford gate obtained by RB experiments. Each fidelity
is quantified with Eq. (3). The resulting sequence fidelities are averaged over 20 different sequences and the number of Clifford gate is
set to 10. White lines are contour lines at a fidelity of 0.99. The ranges of detunings and Rabi errors correspond to +20% of the Rabi
frequency for square, £40% for CORPSE and BB1, and £50% for ROC.

(transverse) component of hyperfine coupling strength wy,
and wj; is the Larmor frequency of nuclear spins, S, Sy,

the experiment at By = 510 Gauss, under the approxi-
mation that w; > wy, the effective Larmor frequency of

and S; are electron-spin operators, /. and I, are nuclear-
spin operators. The Hamiltonian of free evolution can be
reformed as

nuclear spins is wg = w; + a; /2. Thus the effects of the
surrounding nuclear-spin-bath can be considered as an ac
signal whose frequency is wy and amplitude is proportional

to a  acting on the electron spin [25].

By applying DD sequences (with a basic unit in the form
of t —m — 2t — w — 1) on the electron spin, a resonance
peak indicating the coupling between the N-J electron
spin and the nuclear spin should occur when the interpulse
delay 2t = kmr/wy (k is odd). However, in realistic experi-
mental implementation, each & pulse has a finite width and

Hiree = 10) (0l anlz + |1) (1] [(@; + ap) Lz +aL L],  (5)

where |0) (|]1)) is the electron-spin state of |m; = 0)
(Jmg = —1)). Itis clear that nuclear spin evolves condition-
ally according to the electron-spin state. Since we perform

(a) On Resonance (b) Off Resonance
1.0 ¥ 1 - 1
I
L.0or . i .
z
2o08r : 3 — square -
§ — BB1
g 0.7F T B - ROC ]
o
]
? 0.6 — square 7 r T
— BB1
05F — ROC 1 i ¥ + 1
1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 0 20 40 60 80 100

Number of Clifford Gates

FIG. 4. (a) Results of resonant randomized benchmarking for a single qubit. Data points represent average fidelities of the final
states obtained from each of the individual sequences of gates. The error bars are standard deviations from the mean. Solid lines are
fit to experimental data using Eq. (3). The averaged 7 -pulse fidelities of square, BB1, and ROC pulses are 0.99918(5), 0.99941(5),
and 0.99941(4), respectively. (b) Results of off-resonance randomized benchmarking. Both MW detunings and Rabi errors are —10%
of @, with Q = 2w x 10 MHz. The average gate fidelities of square, BB1, and ROC pulses are 0.982(2), 0.977(5), and 0.99891(9),
respectively.
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(a) Experiment (blue line) and simulation (orange line) of detecting nuclear spins with XY8-2 sequence. The simulation

is based on five '3C nuclear spins coupled with a N-¥ center and their coupling strengths are shown in Table I. Experiments and
simulations of detecting nuclear spins with XY4-40 sequences implemented with square (b) and ROC pulses (c¢) under an off-resonance

condition. Both detunings and Rabi errors are set to 8% x 2. The detection frequency is f =

1/(4t). A spurious peak at 1.39 MHz

resulting from the resonant peak at 0.69 MHz [shown in (b)], is suppressed by ROC-based DD sequences [shown in (c)].

imperfections, thus when interpulse delay satisfies 2t =
km/(2wyp), phase accumulation occurs during 7 pulses
[26,27]. The phase accumulation at the second harmonic
grows as the number of 7 pulses increases and introduces
spurious peaks in the detected spectrum, which leads to
difficulties in identifying resonance peaks. To avoid false
identifications, substantial robust DD sequences have been
proposed [28—32]. When the pulse imperfections are rela-
tively large, our previous theoretical work [18] indicates
that the performance of reported robust DD sequences
can be further improved by combining with ROC pulses,
resulting in a rather distinguishable spectrum.

Here, we first prepare a single N-J electron spin in a
superposition |x) = 1/4/2(]0) —i|1)) by applying a rota-
tional operation about the x axis by an angle /2. After
applying the XY8 sequence [33] twice (with a basic unit
in the form of 7 — 7, — 27 — 7, — 27 — 7, — 21 — W, —
2t —m, — 21 — 7y — 2t —m, — 21 — 7w, — 1), another
rotation about the x axis by an angle 7 /2 prepared the state
to |1). The resulted population probability in |1) as a func-
tion of 7 is shown in Fig. 5(a). According to the positions
and depths of the harmonics, we find five 1*C coupled with
the electron spin. Their coupling strengths and polar angles
are summarized in Table I. In order to observe the spuri-
ous harmonics, we choose the XY4 sequence [33] (with a
basic unit in the form of 1 — 7, — 27 — 7, — 27 — 7, —

2t — m, — 1) implemented with square and ROC under
an off-resonance condition. Both MW detuning and Rabi
error are set to be 8% x Q. By repeating the sequence
for 40 times, Fig. 5(b) shows a resonance peak at 0.695
MHz and a spurious peak at 1.39 MHz, which was induced
by a strongly coupled nuclear spin (spin 1 in Table I)
with its @y =305 kHz and a; = 136 kHz. In compari-
son, by applying ROC algorithms in DD sequences, the
background noise and spurious peaks caused by detunings
and Rabi errors can be suppressed significantly, giving rise
to a much more clear spectrum [Fig. 5(c)] revealing the
electron-nuclear couplings.

TABLE I. Hyperfine coupling strengths ), and polar angles 6
for four nuclear spins identified in Fig. 5. For each nuclear spin
these values are obtained by individually fitting a single well
isolated resonance.

Spin wp /27 (kHz) 0 (degrees)
1 360(9) 56(2)

2 46(1) 178.3(5)
3 152(5) 134(2)

4 107(1) 122(1)

5 67(4) 26(1)
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VI. CONCLUSION

Noise-resilient quantum gates devised by the robust
optimal control algorithm are demonstrated experimentally
with considerable improvement of gate fidelities. Unlike
hard pulses, shaped pulses with smooth constraints are
more friendly to hardware implementation. By generat-
ing quantum gates with ROC pulses, the errors introduced
by MW detunings and fluctuations of MW powers can
be suppressed. In addition, combining DD sequence with
ROC pulses can suppress all spurious peaks to a satisfac-
tory extent. Furthermore, our approach is fully compati-
ble with other quantum systems, such as superconducting
qubits, trapped ions, and Rydberg atoms. It would also be
an intriguing technique capable of improving solid-state
ensemble spin sensors, such as N-J centers in diamond,
Vsi in SiC and organic spin sensors [34], of which the sen-
sitivities are limited by inhomogeneous broadening [35] or
dynamic biological environment [36].
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APPENDIX A: OPTIMIZATION OF MW PULSES

In our experiments, manipulations of qubits are
achieved by microwave pulses, which are generated by
an arbitrary wave generator (AWG70001A, Tektronix),
amplified with a power amplifier (ZHL-15W-422-S+,
Mini Circuits) and applied through a coplanar waveguide
(CPW). In order to minimize the effects induced by both
the Overhauser field (caused by interactions with nuclear-
spin-bath) and the distortion of microwave amplitudes
(caused by limited bandwidth), we design and fabricate
an ultrabroadband CPW structure with a bandwidth up
to 6 GHz [37]. The scattering parameters of the CPW
shown in Fig. 6 are measured by a microwave analyzer
(N9917A, Keysight). We find that leakages and reflections
between microwave components resulting in extra distor-
tions of microwave pulses, which decreased the fidelity

521

0 1.44 25 5
Frequency (GHz)

FIG. 6. Scattering parameters of the CPW. The S11 and S$21
parameters at 1.44 GHz are —12.18 and —1.05 dB, respectively.

of quantum gates. Figure 7(a) shows the waveforms of
square, CORPSE, and BBI. It is apparent that there are
distortions at the beginning and the end of pulses. For
composite pulses, there are additional distortions between
each pulses. Additionally, noise and distortions of phase
are found in these pulses [Fig. 7(b)]. In order to suppress
the distortions and noises, we insert a 6-dB attenuator at the
output port of the microwave source. And at the output port
of the power amplifier, we insert attenuators and an isola-
tor with its frequency bandwidth ranging from 1.42 to 1.54
GHz. Comparisons of the waveforms and phases obtained
before and after the circuitry optimization are shown in
Fig. 7. The amplitude distortions and phase noises are
successfully reduced.

APPENDIX B: HIGH-FIDELITY QUANTUM GATE

We denote a single-qubit gate as (0)y correspond-
ing to a rotation in the rotating frame of angle 6
around the axis in the equatorial plane with azimuth
¢. Waveforms of four types of (7w)¢ gate are shown
in Fig. 8(b). The CORPSE [16] is depicted as (6y)9 —
(62)x — (B3)9, with rotation angles 6; =2m +6/2 —
arcsin(sin(6/2)/2), 6, = 2x — 2 arcsin(sin(6/2)/2), and
03 = 0/2 — arcsin(sin(6/2)/2). The pulse sequence of
BBI [38] is (8/2)0 — (m)g — (27)3¢ — ()¢ — (6/2)0,

034068-6
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FIG. 7. Optimization of microwave pulses. (a) Waveforms of square, CORPSE, and BB1 before and after the optimization. (b)

Results of phase demodulation before and after the optimization.

where ¢ = arccos(—6/4m). ROC is generated by robust
optimal control methods [18]. Its amplitude and phase
varied with time. The in-phase components u, and quadra-
ture components u, of the four types of pulses are
shown in Fig. 8(a). A m pulse with an arbitrary phase
angle ¢ can be described with (u, cos¢ — u, sin ¢>)§x +

(uy sin g + u,, cos qﬁ)SAy.

APPENDIX C: NORMALIZATION OF
EXPERIMENTAL DATA

The general experiment schematic is shown in Fig. 9.
The photon number obtained in the first counting event was
recorded as g, and the one obtained in the subsequent
event is recorded as I is the reference. The experimen-
tal data is calculated by C = 1, sig — T'et/Ires, Where I, sig (Lref)

@) square CORPSE BB1 ROC
— 10 1 - - 4| ux
5 oy,
S o - P
Q.
£
<_10_ - - - - - N -
(b) T 1 1 1 1 1 T T T 1 1 1
—~ 10 . . - -
N
=
=~ 0r 1 r 1
Q.
£
< -0 1 F 1t - -

0 100 200 0 100 200 0 100 200 0 100 200

Time (ns)

FIG. 8. (a)Amplitudes of in-phase components (blue lines) and quadrature components (yellow lines) of ()¢ gates. (b) Waveform

schematics of square, CORPSE, BB1, and ROC.
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Polarize Read out Initialization: set (1) Uy; ) ull],l = 1,---, L;
'u‘z(mz) Y1, = 1a2;m =1,-+, Mmpax
Pulse sequence 172
MW | | v
Evolution simulation:
APD I J_ ™| Hl) = Ho(ull) + Vi + Vs

Sig Ref

FIG. 9. General experimental procedure for high-fidelity
quantum gates.

stands for the averaged value of /s (/i) collected in 8 x
10° datasets. The error for each experimental data can be
derived according to

AC — Alsig . I_ref:i_ AIref : I_Sig,
2
sig

(CD)

where AT, sig and Al s denote standard deviations of 7 sig
and /., respectively. In general, a quantum state tomog-
raphy [39,40] is normally used to get fidelity of final
state. However, in our experiments, final states are either
|ms = 0) or |my = —1), so we need only to obtain the diag-
onal elements of the density matrix. Normalization of the
experimental data is carried out by performing Rabi exper-
iments. By fitting the data obtained from Rabi experiments
with a sinusoidal function, the population probability of
|ms = 0) is given by

C—- Cmin

s C2
Cmax - Cmin ( )

Pim=0) =
where Cpin and Cpax are the maximum and minimum
values of the fitted curve.

APPENDIX D: ROBUST OPTIMAL CONTROL

The robust optimal control method that we adopt in
our work is based on Ref. [18]. Here we plot a flow
chart (see Fig. 10) to show the procedures of generating
a ROC pulse. The procedures start from initializing some
parameters including (1) the operator U, to be optimized
[here we take U; = (;r)¢]; (2) the pulse length L; (3) two
weights of noise, €; for detunings and €, for Rabi errors;
(4) the maximum order of directional derivatives myayx; (5)
a set of weights specifying the relevance of the associated
objective function /,Ll(lml)z Then according to the results of
evolution simulation, the fitness function is calculated by

@) = [Tr(Uc(t,)Ry(0))

Mmax 2

=0 w2 VL Vi) I

m=1 i] ,i2:1

(DI)

\ 4

Evaluation with fitness function

Update:

ull] « ufl] + a x g Converged?

Gradient calculation:

glll = of/oull],i=1,---,L

Output: Ugpt [«

FIG. 10. Flow chart of generating pulses with the ROC
method.

where Uc(t,) is the evolution operator of control filed at
time 7,, Ry(9) is the ideal rotating operator, 7" (V;,, Vi,)
is the m-order directional derivatives of Uc. If ® is suffi-
ciently high, the shaped pulse u is output, otherwise, the
gradient of the fitness function with respect to the pulse
parameters g[/] = d®/du[l] is computed. By determining
an appropriate step length o along the search direction g[/],
we update the pulse parameters u[/] < u[/] + o x g[/] and
go back to the simulation step.

APPENDIX E: RANDOMIZED BENCHMARKING

The RB method [20] consists of a large number of
experiments. Each experiment includes the preparation of
an initial state |m; = 0), application of a sequence con-
taining m + 1 random Clifford gates, and measuring final
states. Each Clifford gate, except the last one, is chosen
randomly from the Clifford group, which contains 24 rota-
tions preserving the octahedron in the Bloch sphere [20].
Each rotation can be decomposed into rotations around the
X and Y axes, as summarized in Table II. The last Clifford
gate is chosen to ensure the final state is a ground state.
The average Clifford gate fidelity is achieved by

Feeq=A*p™ + B, (ED)
q

034068-8
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TABLE II. 24 Clifford gate representing with basic rotations.
Here, X and X/2 denote a 7 and 7r/2 rotation around the X axis
respectively. And I is an identity operator.

Paulies I
X
Y
X, Y
27 /3 rotations X/2, Y/2
X/2, -Y/2
-X/2, Y/2
—-X/2, -Y/2
Y/2, X/2
Y/2, —-X/2
-Y/2, X/2
-Y/2, —-X/2
7 /2 rotations X/2
—X/2
Y/2
-Y/2
—-X/2, Y/2, X/2
—-X/2, -Y/2, X/2
Hadamard-like X, Y/2
X, -Y/2
Y, X/2
Y, —-X/2
X/2, Y/2, X/2
-X/2, Y/2, -X/2

where Fyq is the resulting sequence fidelity obtained by
averaging k different sequences. p is the sequence decay,
and state preparation and measurement errors are cap-
tured in the parameters 4 and B. The average fidelity
per Clifford gate is F. =1— (1 — p)/2. Equation (E1)
can be simplified via a detuning experiment. The experi-
ment concept is shown in Fig. 11. We polarize an electron
spin to the ground state, a RB sequence whose frequency
had a 27 x 2 GHz detuning from resonance was applied.
After reading states population and repolarizing the spin, a
blank sequence, whose duration equal to that of the first
RB sequence, is inserted before readout of reference to
exclude the effects of longitudinal relaxation. Thus the
final sequence fidelity decreases only due to errors of state

Polarize Read sig Polarize Read ref

Laser - . - .

RB RB

MW s

APD I I_

Sig Ref

FIG. 11. Concept and experimental procedures of detuning
experiment for randomized benchmarking.

1.0015

1.0010 FT

1.0005

1.0000

0.9995 - .

Sequence Fidelity

0.9990

0.9985 4 -

0.9980

50 100 150 200
Number of Clifford Gates

FIG. 12. Experimental result of detuning experiment. The
number of samples to be averaged is set to be 100. Error bars
on the figure is the standard deviation from the mean.

polarization and measurements. The experimental result is
shown in Fig. 12 and we find the sequence fidelity did not
decrease even when the number of Clifford gates is set to
be 200. Thus we simplify Eq. (E1) into

1, 1
Fseq:EP _|__

5 (E2)
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