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We present a scheme to implement a universal set of quantum gates based on achievable interactions,
and the gates can be protected against decoherence through a dynamical-decoupling approach without
encoding. By properly designing system evolution, the desired system interactions commute with the
elements forming dynamical decoupling pulses. Thus, the effect of decoherence can be eliminated by
repeatedly applying the pulses, without noticeably affecting the system evolution governed by the desired
system interactions given a small enough time interval between pulses. Moreover, due to the commutation
between the elements forming the pulses and the desired system interactions, our scheme is resistant to
different types of decoherence, and so not limited to specific decoherence. Our scheme also works well in
the case that the desired system interactions cannot be achieved ideally due to imperfect control of system
parameters, through the action of dynamical-decoupling pulses.
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I. INTRODUCTION

Realizing noise-resistant quantum operations at the level
of physical qubits is essential for further development of
quantum computation. This is one of the main challenges
faced by researchers to achieve fault-tolerant quantum
computation, even though quantum error-correction codes
(QECCs) have been extensively explored for actively
detecting and correcting errors [1–16]. On the negative
side, the success of QECCs replies on the requirements
of physical-qubit resource and small enough errors [6–9].
Because of the requirements, fault-tolerant quantum com-
puter is beyond our reach with state-of-the-art technolo-
gies, still awaiting future developments in both theories
and experiments.

Besides the QECCs, dynamical decoupling (DD) is also
an active approach to fight against decoherence due to
the interaction between system and environment [17–20].
Specifically, DD fights against errors by using external
pulse sequences to eliminate unwanted couplings, with-
out observably causing impacts on the system dependent
on the time interval between the pulses. Compared with
QECCs, the DD approach does not require a large num-
ber of physical qubits for encoding or measurement qubits
for detecting errors, but needs a relatively acceptable num-
ber of control pulses, which are achievable in different
quantum systems [21–25].

*chunfeng_wu@sutd.edu.sg

DD makes it possible to decouple physical qubits from
the environment with comparably modest resource, ensur-
ing the protection of the coherence of the qubits. However,
applying the DD technique to the implementation of quan-
tum gates cannot be achieved with ease since the DD
pulses may aimlessly remove both the interaction between
the system and environment, and the desired system inter-
actions for executing quantum gates. How to make the DD
technique compatible with quantum operations is the key
task in achieving decoherence-protected quantum gates.
The issue can be resolved through properly proposed
system interactions [26], or by encoding [27–31] or by
specially designed DD pulses [32–34] to average out unde-
sired terms and keep the terms required for implementing
quantum gates. The general idea in the schemes is based
on the harmony of gate Hamiltonians and DD pulses, for
ensuring excellent performance of different gates in the
presence of noises.

In this work, we present a scheme for executing
decoherence-protected quantum gates formulated on prop-
erly designed system interactions, without encoding or
specific DD pulses. Both single-qubit and two-qubit gates
in our scheme can be actively preserved by different DD
pulses. Our scheme is based on two types of qubit-qubit
interactions, and the desired interactions are achievable in
superconducting systems with controllable system param-
eters [35–39]. Two types of auxiliary qubits are needed
for realizing a universal set of quantum gates. The use
of auxiliary qubits preserves single-qubit gate operations

2331-7019/23/19(3)/034069(7) 034069-1 © 2023 American Physical Society

https://orcid.org/0000-0003-2670-1481
https://orcid.org/0000-0002-3411-6015
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.034069&domain=pdf&date_stamp=2023-03-21
http://dx.doi.org/10.1103/PhysRevApplied.19.034069


WU, SUN, CHEN, and YI PHYS. REV. APPLIED 19, 034069 (2023)

from the disturbance caused by DD pulses. Meanwhile, the
auxiliary qubits remain in their initial states after the evo-
lution of system, and their coherence will be protected by
the DD pulses as well. Neither measurement of auxiliary
qubits nor replacement of used auxiliary qubits with fresh
qubits is required. The desired system interactions com-
mute with the elementary operations forming DD pulses.
Thus, the effect of decoherence on both data qubits and
auxiliary qubits can be eliminated by repeatedly apply-
ing the pulses, without evidently affecting quantum gate
operations given small enough interval between the DD
pulses. Moreover, due to the commutation between the
decoupling elementary operations and the desired sys-
tem interactions, our scheme is resistant to different types
of decoherence and any DD approach constructed from
the decoupling elementary operations is workable. Our
scheme performs excellently even with some residuals in
free system Hamiltonian, which may be caused by imper-
fect control of system parameters, due to its compatibility
with the DD approach. The merit eases the requirement
of strictly adjusting system parameters in actual experi-
ments. Another useful merit possessed by our scheme is
that we do not need to change to the interaction picture
to get desired gate Hamiltonians and as a result, the quan-
tum gates in our scheme are preserved from decoherence
in every step. Or else, further exploration is required for
the protection of the system at the step of changing it back.

II. DECOHERENCE-PROTECTED QUANTUM
GATES

Our scheme is based on two types of system interac-
tions:
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where ε and � describe the energy of qubits, Jz is the
coupling strength in z direction, and Jx is the coupling
strength in x direction. The two types of interactions can be
implemented in superconducting qubits with controllable
parameters ε, �, Jx, and Jz [35–39].

To implement single-qubit rotations about the z axis, we
employ H1 as

H 1&A
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The Hamiltonian describes the coupling between data
qubit 1 and auxiliary qubit A. We adjust the values of ε
and � such that ε,� � Jz during the system evolution.
The evolution operator according to H 1&A

1 is then of the

form, e−iθ1σ 1
z σ

A
z with θ1 = Jzt, where t is the evolution time.

If initially the auxiliary qubit A is in its ground state |1〉A,
we get single-qubit rotations about the z axis on data qubit
1 as U1 = eiθ1σ 1

z .
Single-qubit rotations about the x axis on data qubit 1

can be achieved by utilizing another auxiliary qubit B from
the evolution governed by H2 of the following form:
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which represents the interaction connecting data qubit 1
to auxiliary qubit B. Similarly we make the values of ε
and � small enough to neglect the terms according to the
condition ε,� � Jx. The resultant evolution operator is
e−iθ2σ 1

x σ
B
x with θ2 = Jxt. If we set the auxiliary qubit B to

be in its initial state |−〉B = 1/
√

2(|0〉B − |1〉B), we obtain
single-qubit rotations about the x axis on data qubit 1 and
that is U2 = eiθ2σ 1

x .
Two-qubit quantum gates can also be realized on the

basis of H1 expressing the interaction between two data
qubits,
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Again, we control the parameters ε and � properly to
get an evolution operator U3 = e−iθ3σ 1

z σ
2
z with θ3 = Jzt,

without using any auxiliary qubit. The U3 is locally
equivalent to control-Z gate, namely UCZ = e−i(π)/4(S ⊗
S)U3|θ3=−π/4 with S = ei(π)/4U1|θ1=−π/4. Moreover, the
Hadamard gate can be achieved through the combination
of the rotations about x and z axes in sequence, H =
−iU2|θ2=π/2U1|θ1=−π/4U2|θ2=−π/4U1|θ1=π/4. The control-
NOT (CNOT) gate is hence executable given the control-Z
gate and the Hadamard gate, UCNOT = (I2 ⊗ H)UCZ(I2 ⊗
H) (where I2 is the 2 × 2 identity matrix).

Moreover, another type of two-qubit quantum gate
is achievable according to H2 with the below coupling
between qubits 1 and 2,

H 1&2
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x σ
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In the case that ε and� are adjusted to be small enough, we
obtain an evolution operator U4 = e−iθ4σ 1

x σ
2
x with θ4 = Jxt.

Therefore, we can implement a universal set of quan-
tum gates on data qubits, including both Clifford and
non-Clifford gates.

The reason that we employ auxiliary qubits is to make
the DD approach compatible with the universal set of
quantum gates. In other words, the auxiliary qubits are
required to ensure that the desired coupling terms for
implementing single-qubit gates will not be canceled out
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by the DD pulses. Given the auxiliary qubits, the system
evolution to realize single-qubit gates on the data qubit is
governed either by Hamiltonian (3) or (4). The two types
of Hamiltonians approximately commute with the decou-
pling group G = {1⊗N , σ⊗N

x , σ⊗N
y , σ⊗N

z } [28,29], when ε
and � are small enough. Even in the case that the two
parameters cannot be effectively neglected, our scheme is
still workable with the DD techniques. This is because the
unwanted terms with the two parameters can be diligently
eliminated during the system evolution with the applica-
tion of DD pulses, while the desired terms for quantum
gates commute with the above decoupling group. Simi-
lar reasoning goes to two-qubit quantum gates, which are
based on Hamiltonians (5) and (6). Therefore, desired cou-
pling terms in Hamiltonians [(3), (4), (5), (6)] will not
be eliminated by the DD pulses and meanwhile undesired
terms or decoherence will be effectively removed, leading
to decoherence-protected quantum gates.

From the above explanations, it is easy to see that our
quantum gates are achieved in the Schrödinger picture and
we control only experimentally accessible system param-
eters to engineer the quantum gates. We do not need to
change to the interaction picture to get desired gate Hamil-
tonians. This merit is helpful to protect quantum gates as
the additional step of evolution to change the system back
to the Schrödinger picture is not required. Otherwise, we
need to additionally explore how to protect the quantum
gates when we change the system back to the Schrödinger
picture in order to fully preserve the quantum gates from
noises.

In the literature, different methods of encoding logical
qubits have been proposed to make the DD techniques
adaptable with implementing quantum gates. Minimally,
two physical qubits are required for encoding one logical
qubit [30]. While in our scheme, the required computa-
tional resource can be reduced by removing encoding, but
relying on auxiliary qubits. This is because one auxiliary
qubit can be shared by different data qubits, as illustrated
in Fig. 1. There are two types of auxiliary qubits required
in our scheme. We need to ensure each data qubit is con-
nected to both types of auxiliary qubits, in order to achieve
arbitrary decoherence-protected single-qubit gate on any
data qubit. As shown in Fig. 1, eight auxiliary qubits
are needed for a quantum network with 12 data qubits,
and hence a total of 20 physical qubits are needed. With
the encoding protocol [30], a set of 24 physical qubits
are required to achieve a quantum network with 12 log-
ical qubits. Moreover, without the need of encoding, the
complexity of measuring data qubits can also be mitigated.

III. NUMERICAL RESULTS

In this section, we explore the performance of our
decoherence-protected quantum gates by randomly choos-
ing 50 initial states to find average fidelities, where

Data qubit

Type A auxiliary qubit (AQ)

Type B auxiliary qubit (AQ)

coupling between data qubits

coupling between data qubit and type A AQ

coupling between data qubit and type B AQ

FIG. 1. Illustration of the couplings among data qubits and the
two types of auxiliary qubits. Each data qubit is connected to
one type A auxiliary qubit and one type B auxiliary qubit, and as
a result, the arbitrary single-qubit gate can be achieved on each
data qubit. Two neighbor data qubits are connected to each other
in the form of σzσz interaction or σxσx interaction (this interaction
is not demonstrated in the figure), in order to execute two-qubit
gates on them.
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i,j =0,1 aij |i〉1 |j 〉2 for U3 and
U4 with a0,1 or aij ∈ C. In our numerical codes, partial
trace function is from the online resource [40]. Specifi-
cally, we numerically calculate four types of gate fideli-
ties, in the absence of decoherence, in the presence of
decoherence but without applying DD pulses, in the pres-
ence of decoherence by applying periodic DD (PDD)
pulses. PDD can be expressed by PDDnp = (UBlk)

np ,
where np is the number of times repeating UBlk and
UBlk = σ⊗N

z U(T0)σ
⊗N
x U(T0)σ

⊗N
z U(T0)σ

⊗N
x U(T0) formed

by U(T0) (describes the evolution of the system with deco-
herence over T0 with T0 = t/(4np), where t is desired
evolution time) and the elements in the decoupling group
[31]. We choose np = 3 in the calculations, and round the
fidelities up to four decimal places.

In the presence of system-environment coupling, we
assume the total Hamiltonian is written as HT = HS + He,
where HS and He are system Hamiltonian and the stochas-
tic error term. In our calculations, HS is H 1&A

1 , H 1&B
2 ,H 1&2

1 ,
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TABLE I. The fidelities of a universal set of quantum gates in the absence (presence) of decoherence in case 1, with ideal initial
states of auxiliary qubits. Some fidelity is approximately equal to 1 as we round the numbers up to four decimal places.

Gate Without decoherence With decoherence

Fidelity Fidelity without DD Fidelity with ideal DD Fidelity with nonideal DD

σx = −iU2|θ2= π
2

0.9970 0.9491 0.9997 0.9992
S = ei π4 U1|θ1=−π/4 0.9988 0.9779 0.9998 0.9995
T = ei π8 U1|θ1=−π/8 0.9997 0.9951 ≈ 1 0.9996
U3|θ3=−π/4 0.9972 0.9657 0.9997 0.9993
U4|θ4=−π/4 0.9976 0.9575 0.9999 0.9994

or H 1&2
2 , and

He =
N∑

k=1

δx
k(t)σ

k
x + δ

y
k (t)σ

k
y + δz

k(t)σ
k
z , (7)

where N is the number of physical qubits and δ
x,y,z
k (t)

describe the time-dependent strength of stochastic errors
in different directions. In our calculations, we numeri-
cally solve the dynamics governed by HT and δx,y,z

k (t) are
randomly selected from a uniform distribution [J0, 10J0]
where J0 = 2π × 2 MHz to describe stochastic time-
dependent broadband errors. The time dependence is
modeled by generating the random numbers at different
moments. According to MATLAB, ode45 solver solves a
differential equation by choosing N steps in numerical
integration (where N is dependent on specified precision).
When we add random numbers in odefun, random numbers
are created at every step with respect to time, indicating
the random numbers δx,y,z

k (t) are dependent on time. By
this way, we approximate the errors that are varying at any
moment.

A. Ideal initial states of auxiliary qubits and DD pulses

In the following, we study two cases of selecting differ-
ent system parameters with ideal initial states of auxiliary
qubits and DD pulses to show that quantum gates with
desired fidelities are accomplishable in our scheme with
applying DD pulses, no matter the term with ε or� can be
neglected or not when DD techniques are employed.

Case 1. In this case, we choose the following parameters
to investigate the performance of different gates, ε = 2π ×
10 MHz, and � = 0, Jx = Jz = 2π × 100 MHz. Here,
we purposely set the value of ε to be small compared
with Jx = Jz and � to be zero. The numerical results are
summarized in Table I. With small value of ε and zero
value of �, we can ignore the effect of the free Hamilto-
nian and obtain very good performance of the gates when
decoherence is not taken into account. With decoherence,
the performance of the gates is negatively affected with-
out applying DD pulses. With DD pulses, we observe
that PDD preferably protect the quantum gates from the
decoherence caused by the system-environment interaction
in all x, y, and z directions. The results are understand-
able since our desired interaction terms commute with the
decoupling group. Any DD technique based on the decou-
pling group elements should be accomplishable in our
scheme to eliminate the effect of the decoherence. Depen-
dent on the values of δx,y,z

k (t), we can correspondingly
adjust the number of the DD pulses to attain excellent gate
fidelities in practical experiments. Moreover, we observe
that the gate fidelities with enough DD pulses are even
better than those without the decoherence. This is because
the nonzero free Hamiltonian term can be removed by the
DD pulses too and hence the gate fidelities are further
improved.

Case 2. We then revise ε = 2π × 100 MHz and keep
the other parameters unchanged in the second case. Now
the value of ε is not small enough to be ignored, compara-
ble to Jx = Jz. We similarly find the average gate fidelities
and the numerical results are summarized in Table II. It is

TABLE II. The fidelities of a universal set of quantum gates in the absence (presence) of decoherence in case 2, with ideal initial
states of auxiliary qubits. Some fidelity is approximately equal to 1 as we round the numbers up to four decimal places.

Gate Without decoherence With decoherence

Fidelity Fidelity without DD Fidelity with ideal DD Fidelity with nonideal DD

σx = −iU2|θ2= π
2

0.7534 0.6723 0.9984 0.9978
S = ei π4 U1|θ1=−π/4 0.8884 0.8342 0.9998 0.9994
T = ei π8 U1|θ1=−π/8 0.9708 0.9541 ≈ 1 0.9995
U3|θ3=−π/4 0.7677 0.7063 0.9997 0.9993
U4|θ4=−π/4 0.8124 0.7204 0.9999 0.9993
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TABLE III. The fidelities of a universal set of quantum gates in the absence (presence) of decoherence in case 2, provided nonideal
initial states (Fg = Fe = 0.995) with ideal or nonideal DD pulses.

Gate Without decoherence With decoherence

Fidelity Fidelity without DD Fidelity with ideal DD Fidelity with nonideal DD

σx = −iU2|θ2= π
2

0.7524 0.6690 0.9986 0.9978
S = ei π4 U1|θ1=−π/4 0.8914 0.8413 0.9962 0.9968
T = ei π8 U1|θ1=−π/8 0.9676 0.9513 0.9980 0.9981

understandable that the performance of the quantum gates
is not as good as that in the first case when decoherence is
not considered, due to the effect of the term with parame-
ter ε. In this case, our scheme is still workable to achieve
desirable gate fidelities with applying DD pulses since the
undesired term with parameter ε can be canceled out dur-
ing the system evolution by the DD pulses. Repeat the base
pulse sequence of PDD, it is shown clearly that the effect
of the undesired term is almost not visible given sufficient
DD pulses for gates S, T, U3, and U4. While for σx gate,
the negative influence by the undesired term is noticeable
and this may be because a longer evolution time is needed
to achieve the gate. Therefore, the DD pulses can elim-
inate the effects due to the term with parameter ε (and
similarly �) and decoherence. With increasing value of ε
or �, a greater number of times of repeating base PDD
sequence will be required to eliminate the unwanted terms.
The result is friendly and useful in practical experiments if
there are some uncontrollable residuals even though ε and
� are adjustable.

B. Ideal initial states of auxiliary qubits but nonideal
DD pulses

In actual experiments, DD pulses are implemented via
evolution operators over certain time intervals. Therefore,
we may not have ideal DD pulses due to unexpected
errors occurred in the evolution, and we then explore
the performance of our scheme with nonideal DD pulses
applied.

The required DD pulses can be realized by σz ∝
exp(−iHzt) and σx ∝ exp(−iHxt) up to a constant of −i,
where Hz = 1/2(ωz + δωz)σz and Hx = 1/2(ωx + δωx)σx
with δωz,x describing possible errors, which may be caused
by the control of parameters or decoherence, when ωzt =
ωxt = π . We choose ωz,x = 2π × 5 GHz and δωz,x =
0.002ωz,x to numerically explore the performance of the
quantum gates with the parameters illustrated in both case
1 and case 2, and summarize the results in Tables I and II
as well. As expected, the nonideal DD pulses cause nega-
tive impacts on the fidelities of the quantum gates. When
the errors δωz,x are sufficiently small, the negative impacts
are not that noticeable. Thus, the success of our scheme
depends on nearly ideal DD pulses.

C. Nonideal initial states of auxiliary qubits

One more point about the feasiblity of our scheme
in practical experiments is dependent on the preci-
sion in preparing initial states of auxiliary qubits.
As initial states may not be perfectly prepared, the
fidelity of the initial states would adversely influ-
ence the performance of single-qubit gates in our
scheme. In this subsection, we assume the initial states
of auxiliary qubits are not well prepared and they
are described by |g〉im = √

Fg |g〉 + √
1 − Fge−iθe |e〉 and

|−〉im = √
F− |−〉 + √

1 − F−e−iθ+ |+〉, where Fg,− indi-
cate the fidelities of the initial states and θe,+ are random
phases. The single-qubit gates are then investigated in
numerical ways with the parameters illustrated in case
2, given the nonideal initial states. The numerical results
are shown in Table III, where Fg = Fe = 0.995. Without
doubt, we observe unfavorable influences by the nonideal
initial states on the performance of the quantum gates. The
gate fidelities saved by DD pulses are comparable to Fg
and Fe, given enough ideal or nonideal DD pulses. Thus,
our scheme requires high-fidelity initiallization of the aux-
iliary qubits in order to achieve desired single-qubit gate
fidelities. The high-fidelity initialization of the auxiliary
qubits may be achievable by resorting to machine-learning
technique [41,42].

IV. DISCUSSION AND CONCLUSION

We explore the implementation of a universal set of
quantum gates that can be protected against decoherence
by the DD techniques, based on achievable interactions.
The compatibility of implementing quantum gates and
the DD techniques is on the basis of employing auxil-
iary qubits, rather than encoding. For single-qubit gates,
we utilize auxiliary qubits and proper system interactions
to execute decoherence-protected rotations about x and z
axes, ensured by the fact that the desired system interac-
tions commute with the elements forming DD pulses. For
two-qubit gates, no auxiliary qubit is needed for imple-
menting decoherence-protected nontrivial quantum gates.
Because of the commutation between the elements forming
DD pulses and the desired system interactions, the effect
of different types of decoherence can be eliminated by
repeatedly applying DD pulses, without manifestly affect-
ing the system evolutions. Moreover, compared with the
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protocols with encoding, our scheme relaxes the need of
qubit resource and reduces the complexity of measur-
ing data qubits. In practical experiments due to control
capabilities, there may be some residuals in free system
Hamiltonian besides the desired interactions. We illustrate
that our scheme is not sensitive to the residual terms,
with DD pulses applied properly. On another positive
side, our scheme is based on the Hamiltonians in the
Schrödinger picture rather than in the interaction picture
and thus, there is no need of an additional step of evolu-
tion back to the Schrödinger picture. This merit simplifies
the process of protecting the quantum gates from decoher-
ence. Otherwise, we need to explore the protection of the
quantum gates in the additional step of evolving back to
the Schrödinger picture as well, in order to achieve full
protection of the quantum gates.

Given the decoherence-protected Clifford and non-
Clifford gates in our scheme, arbitrary quantum operation
can be protected actively against decoherence. Thus our
scheme is of practical relevance in resolving various quan-
tum computation tasks. Here as an example, we would like
to discuss the application of our protected quantum gates in
the implementation of QECCs. As mentioned in Ref. [43],
the integration of the DD and QECCs leads to more pow-
erful platform for preserving quantum information from
errors due to the (dis)advantages of either method.

The first example to discuss is surface codes that are
widely explored for achieving fault-tolerant quantum com-
putation [10,11]. The syndrome measurements are crucial
for surface codes since the implementation of surface
codes depends on the syndrome measurements aided by
desired quantum operations acting on computational qubits
[11]. The syndrome measurements can be executed by
acting Hadamard and CNOT gates in sequence on measure-
ment and data qubits, together with certain measurements
[10]. Therefore, based on our protected quantum gates, it
is possible to achieve protected implementation of surface
codes.

Besides the possible application in surface codes, our
scheme is also beneficial for protecting the implementa-
tion of other types of QECCs. For most of the QECCs,
the implementation of the codes conventionally relies on
single- and two-qubit quantum gates acting on physical
qubits [3]. Specifically, 12 control-Z gates are needed
for generating the Steane code, and five control-phase
gates plus several single-qubit gates are employed in the
encoding circuit of the five-qubit code [44]. Consider the
number of quantum gates required, it is highly essential
to preserve quantum information from decoherence during
the multistep system evolution. The decoherence-protected
quantum gates presented in our scheme can enhance the
success probability of implementing the QECCs.

Our scheme is also helpful for executing quantum
machine learning in physical systems. In Ref. [45], the
authors explored the creation of handwritten digits with

high resolution on the basis of quantum circuits formed
by different gates, showing the power of quantum com-
puters in enhancing the performance of machine-learning
algorithms. The desired quantum gates in the quantum cir-
cuit are preservable from decoherence according to our
scheme. Therefore, the quantum machine-learning proto-
col can be protected by DD techniques.

To conclude, our scheme plays favorable roles in boost-
ing the success rate of performing different quantum-
computation tasks in the presence of decoherence. The
robust merit and the achievability of desired system inter-
actions in superconducting systems signify the scheme
as an useful step forward towards the development of
fault-tolerant quantum computation.

ACKNOWLEDGMENTS

C.W. is supported by the National Research Foundation,
Singapore and A*STAR under its Quantum Engineering
Programme (NRF2021-QEP2-02-P03). C.S. is supported
by the scientific research Project of the Education Depart-
ment of Jilin Province (Grant No. JJKH20231293KJ).
J.L.C. is supported by National Natural Science Foun-
dation of China (Grants No. 12275136, 11875167 and
12075001), the 111 Project of B23045 and the Fundamen-
tal Research Funds for the Central Universities (Grant No.
3072022TS2503). X.X.Y. is supported by National Natural
Science Foundation of China (Grant No. 12175033).

[1] D. P. DiVincenzo and P. W. Shor, Fault-Tolerant Error Cor-
rection with Efficient Quantum Codes, Phys. Rev. Lett. 77,
3260 (1996).

[2] D. Aharonov and M. Ben-Or, in Proc. 29th Annual ACM
Symposium on the Theory of Computation (ACM Press,
New York, 1997), p. 176.

[3] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, 2000).

[4] E. Knill, Quantum computing with realistically noisy
devices, Nature (London) 434, 39 (2005).

[5] J. Chiaverini, D. Leibfried, T. Schaetz, M. D. Barrett,
R. B. Blakestad, J. Britton, W. M. Itano, J. D. Jost, E.
Knill, C. Langer, R. Ozeri, and D. J.Wineland, Realization
of Quantum Error Correction, Nature (London) 432, 602
(2004).

[6] A. Y. Kitaev, Quantum computations: algorithms and error
correction, Russian Math. Surveys 52, 1191 (1997).

[7] E. Knill, R. Laflamme, and W. H. Zurek, Resilient quantum
computation: error models and thresholds, Proc. Roy. Soc.
A 454, 365 (1998).

[8] D. Wang, A. Fowler, and L. Hollenberg, Surface code quan-
tum computing with error rates over 1 %, Phys. Rev. A, 83,
020302 (2011).

[9] A. Fowler, S. Devitt, and C. Jones, Surface code imple-
mentation of block code state distillation, Sci. Rep. 3, 1939
(2013).

034069-6

https://doi.org/10.1103/PhysRevLett.77.3260
https://doi.org/10.1038/nature03350
https://doi.org/10.1038/nature03074
https://doi.org/10.1070/RM1997v052n06ABEH002155
https://doi.org/10.1098/rspa.1998.0166
https://doi.org/10.1103/PhysRevA.83.020302
https://doi.org/10.1038/srep01939


DECOHERENCE-PROTECTED IMPLEMENTATION. . . PHYS. REV. APPLIED 19, 034069 (2023)

[10] A. G. Fowler, M. Mariantoni, J. M. Martinis, and A. N. Cle-
land, Surface codes: Towards practical large-scale quantum
computation, Phys. Rev. A 86, 032324 (2012).

[11] C. Horsman, A. G. Fowler, S. Devitt, and R. V. Meter, Sur-
face code quantum computing by lattice surgery, New J.
Phys. 14, 123011 (2012).

[12] J. Pablo Bonilla Ataides, D. Tuckett, S. Bartlett, S. Flam-
mia, and B. Brown, The XZZX surface code, Nat. Commn.
12, 2172 (2021).

[13] A. M. Steane, Error Correcting Codes in Quantum Theory,
Phys. Rev. Lett. 77, 793 (1996).

[14] P. W. Shor, Scheme for reducing decoherence in quantum
computer memory, Phys. Rev. A 52, R2493 (1995).

[15] M. B. Ruskai, Pauli Exchange Errors in Quantum Compu-
tation, Phys. Rev. Lett. 85, 194 (2000).

[16] Y. Ouyang, Permutation-invariant quantum codes, Phys.
Rev. A 90, 062317 (2014).

[17] D. A. Lidar, Review of decoherence free subspaces, noise-
less subsystems, and dynamical decoupling, Adv. Chem.
Phys. 154, 295 (2014).

[18] L. Viola, E. Knill, and S. Lloyd, Dynamical Decoupling of
Open Quantum Systems, Phys. Rev. Lett. 82, 2417 (1999).

[19] D. Li, A. E. Dementyev, Y. Q. Dong, R. G. Ramos, and S.
E. Barrett, Generating Unexpected Spin Echoes in Dipolar
Solids with π Pulses, Phys. Rev. Lett. 98, 190401 (2007).

[20] J. J. L. Morton, A. M. Tyryshkin, R. M. Brown, S. Shankar,
B. W. Lovett, A. Ardavan, T. Schenkel, E. E. Haller, J. W.
Ager, and S. A. Lyon, Solid state quantum memory using
the 31P nuclear spin, Nature (London) 455, 1085 (2008).

[21] J. Morton, A. Tyryshkin, A. Ardavan, S. Benjamin, K.
Porfyrakis, S. Lyon, and G. Briggs, Bang–bang control of
fullerene qubits using ultrafast phase gates, Nat. Phys. 2, 40
(2006).

[22] M. J. Biercuk, H. Uys, A. P. VanDevender, N. Shiga, W. M.
Itano, and J. J. Bollinger, Optimized dynamical decoupling
in a model quantum memory, Nature 458, 996 (2009).

[23] H. Uys, M. J. Biercuk, and J. J. Bollinger, Optimized
Noise Filtration through Dynamical Decoupling, Opti-
mized Noise Filtration through Dynamical Decoupling,
Phys. Rev. Lett. 103, 040501 (2009).

[24] S. Damodarakurup, M. Lucamarini, G. D. Giuseppe, D.
Vitali, and P. Tombesi, Experimental Inhibition of Deco-
herence on Flying Qubits via “Bang-Bang” Control, Phys.
Rev. Lett. 103, 040502 (2009).

[25] Y. Sagi, I. Almog, and N. Davidson, Process Tomogra-
phy of Dynamical Decoupling in a Dense Cold Atomic
Ensemble, Phys. Rev. Lett. 105, 053201 (2010).

[26] C. Piltz, B. Scharfenberger, A. Khromova, A. F. Varón,
and C. Wunderlich, Protecting Conditional Quantum Gates
by Robust Dynamical Decoupling, Phys. Rev. Lett. 110,
200501 (2013).

[27] D. A. Lidar, Towards Fault Tolerant Adiabatic Quantum
Computation, Phys. Rev. Lett. 100, 160506 (2008).

[28] L. Viola, S. Lloyd, and E. Knill, Universal Control of
Decoupled Quantum Systems, Phys. Rev. Lett. 83, 4888
(1999).

[29] P. Zanardi, Stabilizing quantum information, Phys. Rev. A
63, 012301 (2000).

[30] M. S. Byrd and D. A. Lidar, Comprehensive Encoding
and Decoupling Solution to Problems of Decoherence and
Design in Solid-State Quantum Computing, Phys. Rev.
Lett. 89, 047901 (2002).

[31] J. R. West, D. A. Lidar, B. H. Fong, and M. F. Gyure, High
Fidelity Quantum Gates via Dynamical Decoupling, Phys.
Rev. Lett. 105, 230503 (2010).

[32] T. v. d. Sar, Z. H. Wang, M. S. Blok, H. Bernien, T. H.
Taminiau, D. M. Toyli, D. A. Lidar, D. D. Awschalom,
R. Hanson1, and V. V. Dobrovitski, Decoherence-protected
quantum gates for a hybrid solid-state spin register, Nature
484, 82 (2012).

[33] G.-Q. Liu, H. C. Po, J. Du, R.-B. Liu, and X.-Y. Pan,
Noise-resilient quantum evolution steered by dynamical
decoupling, Nat. Commun. 4, 2254 (2013).

[34] I. Cohen, S. Weidt, W. K. Hensinger, and A. Retzker, Multi-
qubit gate with trapped ions for microwave and laser-based
implementation, New J. Phys. 17, 043008 (2015).

[35] J. Q. You, J. S. Tsai, and F. Nori, Scalable Quantum Com-
puting with Josephson Charge Qubits, Phys. Rev. Lett. 89,
197902 (2002).

[36] D. V. Averin and C. Bruder, Variable Electrostatic Trans-
former: Controllable Coupling of Two Charge Qubits,
Phys. Rev. Lett. 91, 057003 (2003).

[37] J. Q. You, X.-F. Shi, X. Hu, and F. Nori, Quantum emula-
tion of a spin system with topologically protected ground
states using superconducting quantum circuits, Phys. Rev.
B 81, 014505 (2010).

[38] J. Q. You, Z. D. Wang, W. Zhang, and F. Nori, Encoding
a qubit with Majorana modes in superconducting circuits,
Sci. Rep. 4, 05535 (2014).

[39] A. Kou, W. C. Smith, U. Vool, R. T. Brierley, H. Meier, L.
Frunzio, S. M. Girvin, L. I. Glazman, and M. H. Devoret,
Fluxonium-Based Artificial Molecule with a Tunable Mag-
netic Moment, Phys. Rev. X 7, 031037 (2017).

[40] https://www.dr-qubit.org/.
[41] J. M. Arrazola, T. R. Bromley, J. Izaac, C. R. Myers, K.

Brádler, and N. Killoran, Machine learning method for
state preparation and gate synthesis on photonic quantum
computers, Quantum Sci. Technol. 4, 024004 (2019).

[42] R. Porotti, A. Essig, B. Huard, and F. Marquardt, Deep
Reinforcement learning for quantum state preparation with
weak nonlinear measurements, Quantum 6, 747 (2022).

[43] H. K. Ng, D. A. Lidar, and J. Preskill, Combining dynam-
ical decoupling with fault-tolerant quantum computation,
Phys. Rev. A 84, 012305 (2011).

[44] T. H. Kyaw, D. A. Herrera-Marti, E. Solano, G. Romero,
and L. C. Kwek, Creation of quantum error correcting codes
in the ultrastrong coupling regime, Phys. Rev. B 91, 064503
(2015).

[45] M. S. Rudolph, N. B. Toussaint, A. Katabarwa, S. Johri,
B. Peropadre, and A. Perdomo-Ortiz, Generation of High-
Resolution Handwritten Digits with an Ion-Trap Quantum
Computer, Phys. Rev. X 12, 031010 (2022).

034069-7

https://doi.org/10.1103/PhysRevA.86.032324
https://doi.org/10.1088/1367-2630/14/12/123011
https://doi.org/10.1038/s41467-021-22274-1
https://doi.org/10.1103/PhysRevLett.77.793
https://doi.org/10.1103/PhysRevA.52.R2493
https://doi.org/10.1103/PhysRevLett.85.194
https://doi.org/10.1103/PhysRevA.90.062317
https://doi.org/10.1002/9781118742631.ch11
https://doi.org/10.1103/PhysRevLett.82.2417
https://doi.org/10.1103/PhysRevLett.98.190401
https://doi.org/10.1038/nature07295
https://doi.org/10.1038/nphys192
https://doi.org/10.1038/nature07951
https://doi.org/10.1103/PhysRevLett.103.040501
https://doi.org/10.1103/PhysRevLett.103.040502
https://doi.org/10.1103/PhysRevLett.105.053201
https://doi.org/10.1103/PhysRevLett.110.200501
https://doi.org/10.1103/PhysRevLett.100.160506
https://doi.org/10.1103/PhysRevLett.83.4888
https://doi.org/10.1103/PhysRevA.63.012301
https://doi.org/10.1103/PhysRevLett.89.047901
https://doi.org/10.1103/PhysRevLett.105.230503
https://doi.org/10.1038/nature10900
https://doi.org/10.1038/ncomms3254
https://doi.org/10.1088/1367-2630/17/4/043008
https://doi.org/10.1103/PhysRevLett.89.197902
https://doi.org/10.1103/PhysRevLett.91.057003
https://doi.org/10.1103/PhysRevB.81.014505
https://doi.org/10.1038/srep05535
https://doi.org/10.1103/PhysRevX.7.031037
https://www.dr-qubit.org/
https://doi.org/10.1088/2058-9565/aaf59e
https://doi.org/10.22331/q-2022-06-28-747
https://doi.org/10.1103/PhysRevA.84.012305
https://doi.org/10.1103/PhysRevB.91.064503
https://doi.org/10.1103/PhysRevX.12.031010

	I. INTRODUCTION
	II. DECOHERENCE-PROTECTED QUANTUM GATES
	III. NUMERICAL RESULTS
	A. Ideal initial states of auxiliary qubits and DD pulses
	B. Ideal initial states of auxiliary qubits but nonideal DD pulses
	C. Nonideal initial states of auxiliary qubits

	IV. DISCUSSION AND CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


