
 

 

 

Diagnosing quantum crosstalk in superconducting quantum chips by using 

out-of-time-order correlators 

Yujia Zhang(张宇佳), Yu Zhang(张钰), Shaoxiong Li(李邵雄), Wen Zheng(郑文), and Yang Yu(于扬) 

Citation:Chin. Phys. B, 2024, 33 (11): 110306.   DOI: 10.1088/1674-1056/ad73b3 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb  

 

What follows is a list of articles you may be interested in  

 

Remote entangling gate between a quantum dot spin and a transmon qubit mediated 

by microwave photons 

Xing-Yu Zhu(朱行宇), Le-Tian Zhu(朱乐天), Tao Tu(涂涛), and Chuan-Feng Li(李传锋) 

Chin. Phys. B, 2024, 33 (2): 020315.   DOI: 10.1088/1674-1056/ad1747 

Fast and perfect state transfer in superconducting circuit with tunable coupler 

Chi Zhang(张驰), Tian-Le Wang(王天乐), Ze-An Zhao(赵泽安), Xiao-Yan Yang(杨小燕), Liang-Liang Guo(郭亮亮), 

Zhi-Long Jia(贾志龙), Peng Duan(段鹏), and Guo-Ping Guo(郭国平) 

Chin. Phys. B, 2023, 32 (11): 110305.   DOI: 10.1088/1674-1056/acf496 

Realization of high-fidelity and robust geometric gates with time-optimal control 

technique in superconducting quantum circuit 

Zhimin Wang(王治旻), Zhuang Ma(马壮), Xiangmin Yu(喻祥敏), Wen Zheng(郑文), Kun Zhou(周坤), Yujia 

Zhang(张宇佳), Yu Zhang(张钰), Dong Lan(兰栋), Jie Zhao(赵杰), Xinsheng Tan(谭新生), Shaoxiong Li(李邵雄), 

and Yang Yu(于扬) 

Chin. Phys. B, 2023, 32 (10): 100304.   DOI: 10.1088/1674-1056/ace15b 

Entanglement properties of superconducting qubits coupled to a semi-infinite 

transmission line 

Yang-Qing Guo(郭羊青), Ping-Xing Chen(陈平形), and Jian Li(李剑) 

Chin. Phys. B, 2023, 32 (6): 060302.   DOI: 10.1088/1674-1056/acc0fa 

Quantum computation and simulation with superconducting qubits 

Kaiyong He(何楷泳), Xiao Geng(耿霄), Rutian Huang(黄汝田), Jianshe Liu(刘建设), and Wei Chen(陈炜) 

Chin. Phys. B, 2021, 30 (8): 080304.   DOI: 10.1088/1674-1056/ac16cf 

 

-------------------------------------------------------------------------------------------------------------------- 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad73b3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad73b3
https://doi.org/10.1088/1674-1056/ad73b3
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1747
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1747
https://doi.org/10.1088/1674-1056/ad1747
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acf496
https://doi.org/10.1088/1674-1056/acf496
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ace15b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ace15b
https://doi.org/10.1088/1674-1056/ace15b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc0fa
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc0fa
https://doi.org/10.1088/1674-1056/acc0fa
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac16cf
https://doi.org/10.1088/1674-1056/ac16cf


Chin. Phys. B 33, 110306 (2024)

Diagnosing quantum crosstalk in superconducting quantum chips
by using out-of-time-order correlators

Yujia Zhang(张宇佳)1,2,3, Yu Zhang(张钰)1,2,3,†, Shaoxiong Li(李邵雄)1,2,3,4,
Wen Zheng(郑文)1,2,3, and Yang Yu(于扬)1,2,3,4

1National Laboratory of Solid State Microstructures, School of Physics, Nanjing University, Nanjing 210093, China
2Shishan Laboratory, Suzhou Campus of Nanjing University, Suzhou 215163, China

3Synergetic Innovation Center of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei 230026, China

4Hefei National Laboratory, Hefei 230088, China

(Received 11 June 2024; revised manuscript received 19 August 2024; accepted manuscript online 27 August 2024)

Performance of a scalable quantum processor critically relies on minimizing crosstalk and unwanted interactions
within the system, as it is vital for parallel controlled operations on qubits. We present a protocol not only to provide
information about residual coupling but also to effectively discriminate it from the influence of classical crosstalk. Our
approach utilizes out-of-time-order correlators (OTOCs) as a signal of quantum crosstalk, making it applicable to various
coupling forms and scalable architectures. To demonstrate the effectiveness of our protocol, we provide a theoretical
analysis and simulate its implementation in coupled superconducting qubits.
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1. Introduction
High-precision quantum operation is vital for perfor-

mance of quantum information processors (QIP) in the noisy
intermediate-scale quantum era. Accurately calibrating the pa-
rameters of a QIP is essential to attain such high precision.
With increasing number of qubits and complexity of circuitry,
it is a big challenge to calibrate those parameters involving
multiple qubits. Among others, crosstalk not only distorts
the state of individual qubits but also leads to decreased per-
formance in parallel gate operations. For instance, isolated
single-qubit gates in superconductor qubits exhibit fidelities
exceeding 99.9% and even 99.99%,[1–3] while two-qubit gates
also achieve 99.9% fidelity.[4,5] However, when performing
gate operations in parallel, it has been commonly observed that
the gate performance deteriorates.[6–8]

In the superconducting QIPs, the crosstalk can be catego-
rized into two distinct types based on their origins. The first
type is classical crosstalk, the effect on qubit i by a classical
control signal applied on another qubit j, which can be gen-
erally expressed as a single qubit operator si jσ̂i, where si j is
the crosstalk matrix and σ̂ represents the Pauli operator. For
superconducting QIPs, the classical control signal can be a
flux bias or a microwave field. The second type is quantum
crosstalk, arising from parasitic interaction between qubits,[7]

which can be represented as σ̂iσ̂ j for two-qubit interaction.
Quantum crosstalk, in particular, introduces unwanted corre-
lations that can be highly detrimental to error correction.[9–12]

Two types of crosstalk are usually minimized by exploiting

difference strategies. The classical crosstalk can effectively be
identified and mitigated by compensating with opposing con-
trol signals, as demonstrated in the studies of Refs. [13–16].
On the other hand, the quantum crosstalk can be minimized
by carefully designing the layout of the qubits and incorpo-
rating additional elements such as couplers.[17,18] There also
frequently appears that two types of crosstalk are interwinded
together when operating entangling gate. It is therefore desir-
able to find a way that can be used to distinguish these two
crosstalks clearly and is also sensitive for crosstalks at the
same time.

In this work, we propose to use out-of-time-order corre-
lators (OTOCs) as a signal to single out quantum crosstalk,
which is also a sensitive tool for diagnosing crosstalk. The
OTOC is overlapping between two quantum states. One quan-
tum state is obtained by applying an operator V̂ on the sys-
tem, evolving for time t, applying an opeartor Ŵ , and fi-
nally evolving for time −t. The other state is obtained by
evolving for time t, applying Ŵ , evolving for time −t, and
finally applying V̂ . The concept of OTOC was initially in-
troduced in the field of superconductivity literature.[19] In re-
cent years, it has been found that the decay of OTOC can
be used as a metric characterizing the spreading of quan-
tum information in various domains. Examples include the
study of the black hole information problem,[20,21] many-
body localization (MBL) systems,[22–32] and the quantum be-
havior of chaotic systems.[33,34] Compared to previous pro-
posals, such as process tomography, simultaneous gate set

†Corresponding author. E-mail: smutnauq@nju.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

110306-1

https://doi.org/10.1088/1674-1056/ad73b3
mailto:smutnauq@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 33, 110306 (2024)

tomography,[35] many-qubit randomized benchmarking,[36] si-
multaneous randomized benchmarking,[6] and Hamiltonian
tomography,[37,38] etc., our approach offers three notable ad-
vantages. First, our approach eliminates the requirement for
entanglement gates, making it more convenient for experimen-
tation. Second, the decay rate of the OTOC can reflect the
strength of residual coupling. Third, the OTOC allows us to
eliminate the interference caused by classical crosstalk and fo-
cus exclusively on quantum crosstalk.

2. Model and proposal
The OTOC is derived from the squared commutator

which can quantify the impact spreading of a local operator
in a quantum lattice:

CW,V (t) = ⟨[Ŵ (t),V̂ ]†[Ŵ (t),V̂ ]⟩, (1)

where V̂ denotes a local operator applied at one lattice site,
which can cause perturbation spreading throughout the lattice.
Similarly, Ŵ represents another local operator applied at a dif-
ferent site, evolving for time t, and then evolving back for time
−t, expressed as Ŵ (t) = eiĤtŴe−iĤt . This evolution causes
Ŵ (t) to propagate across multiple sites, and if V̂ lies within its
light cone, the commutator C(t) will be nonzero. Both V̂ and
Ŵ are assumed to be Hermitian and unitary operators. The
commutator C(t) can be expressed as C(t) = 2− 2Re[F(t)],
where FW,V (t) = ⟨Ŵ (t)V̂ †Ŵ (t)V̂ ⟩ is known as the OTOC. The
decay of the OTOC from 1 is the only factor that allows the
correlator to increase.

For concreteness of discussions, we discuss our proposal
on superconducting quantum circuits, a rapidly developing
and extensively studied area. However, it is important to note
that the principles of our proposal are applicable to any quan-
tum information processor. Since the convenient architecture
of a superconducting quantum chip is two-dimensional (2D),
here we consider 2D qubit grids as shown in Fig. 1, where V̂
and Ŵ are applied to two distinct grid points, respectively. If
there is no effective coupling between these points, regardless
of the placement and types of V̂ and Ŵ , the OTOC will remain
at 1. However, in the presence of effective coupling between
qubits, V̂ will become nonlocal and propagate across the en-
tire system. As the time-evolved operator Ŵ (t) overlaps with
V̂ and generates noncommuting terms, the OTOC begins to
decay. The closer Ŵ (t) is applied, the earlier the decay of the
OTOC occurs. Furthermore, the strength of the effective cou-
pling g determines the rate of decay in the OTOC over time.
By applying Ŵ (t) and V̂ at two different positions of inter-
est, we can utilize the decay rate of the OTOC to character-
ize the presence of quantum crosstalk between qubits. Since
the classical crosstalk manifests itself as a single Pauli oper-
ator at another grid point, rather than a direct product of two

Pauli operators, the classical crosstalk does not introduce non-
commutative terms and therefore does not lead to the decay of
OTOC. Based on its distinct properties on quantum and clas-
sical crosstalk, OTOCs could be instrumental for calibrating
crosstalk in quantum chips.

V

W

t

V

W

t

(a) (b)
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Fig. 1. Probing quantum crosstalk via OTOCs in 2D qubit grids. (a) A
2D qubit grid with coupling. (b) The initial perturbation V̂ scrambled
into non-local qubit lattice. If an additionally perturbed Ŵ applied be-
fore rewinding time and falls within the light cone of V̂ , the scrambling
will be captured by the squared commutator C. (c) A 2D qubit grid
without coupling. (d) The initial perturbation V̂ remains localized, and
the squared commutator C retains a value of 1.

To verify our proposal, we numerically investigate
OTOC’s distinct behaviors of quantum and classic crosstalk.
We focus our analysis and calculations on the smallest build-
ing block of the 2D qubit grids:[39,40] four fixed-frequency
qubits arranged in a rectangular configuration with control-
lable coupling between them, as depicted in Fig. 2(a). The
Hamiltonian of the system can be expressed as

Ĥ = ∑
l
[ωl â

†
l âl +

η

2
â†

l â†
l âl âl +gl(â

†
l âl+1 + âl â

†
l+1), (2)

where the subscript l ∈ {0,1,2,3} represents l-th oscillator
{Q0, Q1, Q2,Q3} with anharmonicity ηl and frequency ωl ;
âl (â

†
l ) is the associated annihilation (creation) operator, and

gl denotes the nearest-neighbor (NN) coupling strength. The
qubits are resonant at ω/2π = 5.0 GHz. Both couplers and
qubits are three-level truncated. The initial state is |1000⟩.
Note that the typical arrangement of the qubit frequencies
in a chip is staggered. The choice of the resonant qubits
here is intended to conveniently demonstrate the impact of the
crosstalk. Moreover, our numerical simulation indicates that
it does not bring in any qualitatively differences with the stag-
gered frequencies.

For convenience, the operator V̂ is always applied at Q0
in our numerical simulations. To show the sensitivity of OTOC
on g, we apply probing operator Ŵ = σ̂z on the next near qubit
Q2 with V̂ = σ̂z. The dependence of OTOC with evolution
time for different g values is shown in Fig. 2(b). Since the
crosstalk is our concern, g takes the same and relatively small
value for all neighboring qubits here for simplicity. It is clear
that the impact of g on the decay rate of OTOC is evident in
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Fig. 2(b) at least for short time scale (t < 0.5 µs). Due to
the fact that the Hamiltonian we adopted is integrable,[28,41]

The OTOC exhibits certain oscillation for g/2π = 0.2 MHz.
Note that OTOC has been employed to characterize opera-
tor spreading and information scrambling, a faster decay of
OTOC with larger g indicates faster information propagating.
We also show the dependence of OTOC on coupling distance
in Fig. 2(c). For comparison, Ŵ is applied at Q1 and Q2, re-

spectively. When Ŵ is applied at Q1, regardless of its type, the

decay of OTOC occurs earlier than that with Ŵ at Q2, which

can be attributed to the fact that the spreading of Ŵ to Q0 re-

quires more time when Ŵ is further away from V̂ . In Fig. 2(c),

it can be found that the overall amplitude of FZZ is smaller than

that of FXX , which is due to the fact that FZZ involves more

high-order oscillation-in-time terms for the studied system.
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Fig. 2. Probing quantum crosstalk via OTOCs in a 2× 2 four-qubit square. (a) Sketch of a generic a 2× 2 four-qubit square, where
the connecting lines represent tunable couplings. Localization operators Ŵ and V̂ are applied to two specific qubits, respectively.
(b) OTOC versus evolution time t for different g/2π = 0,0.05,0.1,0.2 MHz, with V̂ , Ŵ = σ̂z applied at Q0 and Q2, respectively.
(c) OTOC versus t for a fixed g/2π = 0.2 MHz with Ŵ at Q1 or Q2. (d) OTOC versus t with (V̂ , Ŵ )=(σ̂x, σ̂x) and (σ̂z, σ̂z), Ŵ at Q2,
g/2π = 0.2 MHz and 0 MHz, respectively. (e) The inverse of the time at which FZZ reaches the first obvious local minimum τ versus
the effective coupling geff. Dots are the simulation results and solid lines are the linear fits to the data.

To demonstrate the distinct behaviors of the OTOCs for
quantum and classic crosstalk, Fig. 2(d) shows the calculated
dependence of OTOCs with quantum and classic crosstalk.
Here, Ŵ is applied at Q2, V̂ and Ŵ are chosen as σ̂x, σ̂x or
σ̂z, σ̂z. In the absence of coupling (g = 0), a perturbation ap-
plied to a single qubit does not disturb the commutator be-
tween qubits. Thus, in the case of classical crosstalk alone,
it can not influence the OTOC. However, if g ̸= 0, the OTOC
will begin to decay over time as the operator Ŵ eventually falls
within the light cone of the operator V̂ .

The strength of the residual coupling g can be inferred
from OTOCs. For the resonant qubits, the effective coupling
geff in 2D qubit lattice can be defined according to the propa-
gation velocity of quantum walk.[42,43] The effective coupling
is given by geff = 2

√
2g(1− 16g2

9η2 )/d, where d is the distance
between two coupled sites. For examples, d = 1 for the cou-
pling between Q0 and Q1, d =

√
2 for the coupling between Q0

and Q2. Our numerical simulations find that the inverse of the
time at which FZZ reaches the first obvious local minimum τ

is proportional to geff. For both FZ0Z1 and FZ0Z2 , 2/τ is linearly
related to geff, as illustrated in Fig. 2(e).

It is obvious that the term in the Hamiltonian, which can
contribute to OTOCs, does not commute with Ŵ and V̂ . We
have the flexibility to choose different Ŵ and V̂ in order to re-
solve special residual coupling. For example, (V̂ , Ŵ )=(σ̂z, σ̂z)

can be used to resolve transverse coupling (hereinafter referred
to as XX coupling).

To show this kind of distinguishing, we consider a spe-
cific qubit-coupler-qubit chain system with three qubits in to-
tal and the tunable coupler in between, where the qubit is
transmon,[44] the coupler is tunable with frequency below the
qubit frequency.[18,45] The qubits are also resonant at ω/2π =

5.0 GHz and labeled as 0, 1, and 2. The initial state is |100⟩.
The couplers are operated at the same frequency. A moving
average process is used to eliminate the obvious feature re-
lated to the detuning between the qubit and the coupler when
calculating the OTOC.

The typical tuning of the coupler is shown in Fig. 3(a).
The coupler tuned at certain frequencies (ωc/2π) can turn off
XX interaction (g) or ZZ interaction (ξ = E11 −E01 −E10 +

E00), while two types of off-points are not exactly coincidence.
The decay rate of the OTOC with (V̂ , Ŵ )=(σ̂z, σ̂z) qualita-
tively agrees with the corresponding XX-coupling strength.
When the coupler is tuned at the XX off-point, the OTOC
experiences little decay, as illustrated in Fig. 3(b). The re-
sults also show that, following a decay, OTOCs revive almost
back to the initial value +1, since the system’s Hamiltonian is
integrable.[28,41] The OTOC reflects the effective XX-coupling
between qubits, the trend of it changing with frequency is also
basically consistent with the tuning of the coupler, as depicted
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in Fig. 3(c).
In superconducting circuits the transverse coupling con-

tains both σ̂xσ̂x and σ̂yσ̂y. It is impossible to detect ZZ cou-
pling by simply using FXX or FYY only. However, by carefully
comparing FXX and FZZ , one can tell whether ξ approximates
zero. We numerically demonstrate the behaviors of FXX and
FZZ with ZZ coupling and without ZZ coupling. In our numer-
ical simulation, the couplers are tuned at ωc/2π = 4.1 GHz,
4.175 GHz, 4.45 GHz, corresponding to the couplings with
ZZ only, XX only, and both XX and ZZ, respectively. The
behaviors of FX0X1 and FZ0Z1 at these points are illustrated
in Figs. 3(d)–3(f). Fourier transforms are used to reveal the
frequency features of the calculated OTOCs, as depicted in
Figs. 3(g)–3(i). At the XX off-point, FZ0Z1 exhibits little de-

cay or oscillation with time, which indicates the absence of
the XX coupling. FX0X1 shows slight decay with time, which
is due to the residue ZZ coupling. The frequency domain data
confirms the features observed in the time domain. At the ZZ

off-point, FZ0Z1 displays a single-frequency oscillation for the
XX coupling. FX0X1 exhibits multiple frequency components.
The appearing multiple frequency components may be due to
incomplete suppression of the ZZ coupling. With the XX cou-
pling of 33 MHz and the ZZ coupling of 2.9 MHz, FZ0Z1 also
shows a clear oscillation. FX0X1 contains not only its fractional
or same frequency but also obvious other frequency compo-
nents, such as its second peak, an implication of the ZZ cou-
pling.
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Fig. 3. Discriminating only XX-coupling using OTOCs. (a) ZZ-coupling and XX-coupling tuning with a tunable coupler, where the off-point
of XX is at coupler frequency ωc/2π = 4.100 GHz. The off-points of ZZ are at ωc/2π = 3.913 GHz and ωc/2π = 4.175 GHz. (b) FZ0Z1 versus
ωc and t. (c) FZ0Z2 versus ωc and t. The red horizontal line indicates XX off-point. FZ0Z1 and FX0X1 versus t with (d) ωc/2π = 4.10 GHz,
(e) ωc/2π = 4.175 GHz and (f) ωc/2π = 4.45 GHz. (g)–(i) The corresponding frequency spectra obtained from Fourier transform.

The big challenge for measurement of OTOC with weak
residual coupling is evolving back [U(−t)] with high fidelity.
To find the accurate U(−t), we can try OTOC with Ŵ = I.
When U(t) =U(−t) accurately, the OTOC only decays due to
decoherence, does not oscillate. This method may also be uti-
lized to accurately find off-coupling points of couplers. When
U(−t) is deviated, there will be a discrepancy between the
slowest decay of OTOC and g = 0.

Though realizing time-reversal operations remains an
experimental challenge, various experiment implementations
across different systems have been successfully realized by
changing the sign of detuning between qubits and applying
specific gates,[30] changing the sign of coupling,[27,28] decom-

posing eiHt into either single-spin operation or coupled two-
spin operation.[25] Furthermore, alternative schemes that do
not necessitate actual time-reversal have been proposed.[46]

The impact of decoherence can be eliminated through a con-
trast experiment without Ŵ .[47]

3. Conclusion
In summary, we have proposed an experimentally feasible

approach to characterize residual coupling in quantum com-
puters of any scale by using OTOCs. The proposed method
could be used to effectively mitigate the disturbances caused
by classical crosstalk, decoherence, and diagnose weak resid-
ual coupling. We have conducted our analysis specifically
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within the superconducting transmon system.
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