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Mitigation of quantum crosstalk in cross-resonance-based qubit architectures
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The cross-resonance gate (CR gate) architecture that exploits fixed-frequency transmon qubits and
fixed couplings is a leading candidate for quantum computing. Nonetheless, without the tunability of
qubit parameters such as qubit frequencies and couplings, gate operations can be limited by the pres-
ence of quantum crosstalk arising from the always-ON couplings. When increasing system sizes, this can
become even more serious, considering frequency collisions caused by fabrication uncertainties. Here, we
introduce a CR-gate-based transmon architecture with passive mitigation of both quantum crosstalk and
frequency collisions. Assuming typical parameters, we show that ZZ crosstalk can be suppressed while
maintaining XY couplings to support fast, high-fidelity CR gates. The architecture also allows one to go
beyond the existing literature by extending the operating regions in which fast, high-fidelity CR gates are
possible, thus alleviating the frequency-collision issue. To examine the practicality, we analyze the CR-
gate performance in multiqubit lattices and provide an intuitive model for identifying and mitigating the
dominant source of error. For the state-of-the-art precision in setting frequencies, we further investigate
its impact on the gates. We find that ZZ crosstalk and frequency collisions can be largely mitigated for
neighboring qubits, while interactions beyond near-neighbor qubits can introduce new frequency colli-
sions. As the strength is typically at the submegahertz level, adding weak off-resonant drives to selectively
shift qubits can mitigate the collisions. This work could be useful for suppressing quantum crosstalk and
improving gate fidelities in large-scale quantum processors based on fixed-frequency qubits and fixed
couplings.
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I. INTRODUCTION

Achieving high-fidelity qubit operations in scaling up
qubit architectures is one of the most fundamental chal-
lenges in quantum computing [1]. With demonstrations
of long coherence times, ease of control, and flexibil-
ity in design, superconducting qubits hold great promise
for implementing large-scale quantum processors. Accord-
ingly, diverse qubit architectures based on superconducting
qubits have been developed during the past two decades
[2,3]. However, until now, very few of those have demon-
strated significant improvements in both system sizes and
gate fidelities. Besides qubit decoherence, the main obsta-
cle is due to the presence of quantum crosstalk arising
from residual qubit-qubit couplings [4]. This highlights
the importance of understanding the quantum crosstalk
and figuring out how to address this issue for building
large-scale superconducting quantum processors.

The cross-resonance gate (CR gate) is an all-microwave-
controlled two-qubit gate for superconducting qubits,
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which is implemented by driving the control qubit at the
frequency of the target qubit [5–8], and has been shown to
have considerable potential for building large-scale quan-
tum processors based on transmon qubits [9]. For instance,
the past decade has witnessed tremendous progress toward
improving both the system size and gate performance for
the CR-gate-based transmon architecture, which has led to
the demonstrations of small-scale error-correction codes
[10,11] and the exploration of quantum advantage before
fault tolerance [12]. To be more specific, the system size
can reach the 100-qubit level [12], and the typical single-
qubit gate error is close to 10−4 while the two-qubit gate
error is below 10−2 [10–13].

This progress mainly benefits from the appealing fea-
ture of the CR architecture, i.e., universal qubit operations
are solely based on microwave drives [14]. Compared
to qubit architectures with tunable elements [2,3], this
feature supports the practical advantage offered by com-
bining the long coherence time of nontunable elements
such as single-junction transmons [15–17] and the low
overhead of all-microwave control [2,14,18]. This even-
tually yields the most widely explored CR architecture
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FIG. 1. (a) The heavy-hexagonal qubit lattice. The circles
denote transmons while the edges represent couplers, which
could be either a capacitor (b) or a resonator (c). Here, a three-
frequency pattern indicated in three colors (dark blue, light gray,
and dark gray) is employed to avoid frequency collisions. For CR
architectures, the dark-blue circles denote the control qubits, e.g.,
Qj with the typical frequency ωj , and the light (dark) gray cir-
cles denote the target qubits, e.g., Qi(k) with the typical frequency
ωi(k). (d) Typical distributions of qubit frequencies in the existing
literature, where, to ensure fast gates, the control qubit frequency
is higher than the target qubit frequency (ωj > ωi > ωk), giving
positive control-target detunings. (e) Typical frequency alloca-
tion for the proposed architecture, where qubits are coupled via
a resonator, as in (b), and the three distinct frequencies satisfy
the condition ωi > ωj > ωk, allowing for further mitigating fre-
quency collisions. This is enabled by an appealing feature of
the proposed architecture, e.g., even under conditions of nega-
tive control-target detunings, high-fidelity CR gates can still be
achieved with gate speeds comparable to those with positive
detunings.

wherein fixed-frequency transmons are fixedly coupled via
a coupling capacitor [19,20] or a bus resonator [14,21], as
shown in Fig. 1. However, as one might expect, there is no
such thing as a free lunch: the lack of frequency-tunable
elements also means that, unlike qubit architectures with
tunable elements, generally, there is no active approach
available for mitigating undesirable effects, such as qubit
frequency collisions owing to the inaccuracy in setting
qubit frequencies [22–25] and quantum crosstalk arising
from residual couplings and the weak anharmonicity of
transmons [18,26–31]. To this end, within the CR archi-
tecture, one has to devise passive approaches to addressing
these challenges.

For the CR architecture, quantum crosstalk can be man-
ifested in many forms, such as ZZ crosstalk [18,26–28],
next-neighboring interactions [29–31], and undesirable

multiphoton transitions [29,31]. More importantly, it can
become even more serious when qubit frequency collisions
happen [29–31]. To alleviate such concerns, considerable
efforts have been made, such as improving the accuracy
in setting qubit frequencies [24,25], optimizing frequency
allocation [23–25,32], and decreasing qubit connectivity
[24,33], as shown, for example, in Fig. 1. Basically, as the
quantum crosstalk comes from the always-ON interqubit
coupling, lowering the strength can suppress it. However,
this will lead to slow two-qubit gates, increasing gate errors
from qubit decoherence. Thus, it is highly desirable to find
a better solution to address this crosstalk issue without
sacrificing gate speeds and fidelities.

Going beyond the CR architecture with fixed-frequency
transmons and fixed couplings, several architectures have
been proposed for addressing this issue, such as cou-
pling qubits with opposite-sign anharmonicity [34–36] or
introducing frequency-tunable elements [37,38]. However,
generally, these approaches will introduce new decoher-
ence channels and increase the control complexity. Within
the present CR transmon architecture, several alternative
approaches have also been developed, such as using opti-
mized pulses [13,39], the ac-Stark shift [36,40,41], and the
multipath coupler [42,43], yet it is still an outstanding chal-
lenge for suppressing quantum crosstalk while maintaining
fast, high-fidelity gates in a robust and scalable manner.

In this work, we introduce a CR architecture based on
fixed-frequency transmons and fixed couplings, which can
passively mitigate both quantum crosstalk and frequency-
collision issues. In such architecture, transmon qubits are
coupled by a bus resonator, as shown in Fig. 1(c). In
particular, unlike the setting in other existing literature
[14,18,21,44], here the qubit-resonator detuning is compa-
rable to the qubit anharmonicity αq and the qubit-resonator
coupling grq is more than about an order of magnitude
smaller than the anharmonicity, i.e., |αq/grq| � 10, retain-
ing the dispersive condition. For the typical transmon
anharmonicity of −330 MHz, here, the qubit-resonator
coupling is below 30 MHz. It is, in this sense, that we
nickname it the “lightweight” resonator coupler.

Within the architecture, the lightweight coupler allows
one to address two main challenges in scaling up qubits,
i.e., the speed-fidelity trade-off imposed by ZZ crosstalk
and frequency collisions due to fabrication uncertainty.
For the former, as the coupler-mediated XY and ZZ cou-
plings are mainly enabled by virtual transitions in sub-
spaces with different excitations, i.e., one-excitation and
two-excitation subspaces, respectively, this enables one
to engineer quantum interference to mitigate ZZ coupling
while retaining XY coupling to support fast CR gates [42–
47]. For the latter, to ensure fast CR gates, the other existing
literature often favors the operating regime with posi-
tive control-target detunings [29,48–50]. By contrast, here,
even under conditions of negative control-target detunings,
high-fidelity CR gates can still be achieved with gate speeds

054033-2



MITIGATION OF QUANTUM CROSSTALK. . . PHYS. REV. APPLIED 20, 054033 (2023)

comparable to those with positive detunings. As a result,
besides the positive detuning regions, the proposed archi-
tectures allow one to go beyond the existing literature by
operating the qubit system in negative detuning regions,
thereby mitigating the frequency-collision issue further, as
illustrated, for example, in Figs. 1(d) and 1(e).

In addition, to assess the practicality, we systemati-
cally analyze the performance of the direct CX (CNOT)
gate [13,51] on multiqubit lattices and study the effect
of the qubit frequency uncertainty on the gates, assum-
ing state-of-the-art precision in setting frequencies [24].
We find that, while ZZ crosstalk and frequency collisions
for neighboring qubits can be largely mitigated, frequency
collisions beyond nearest-neighbor qubits can exist due to
the presence of submegahertz couplings, and can degrade
gate performance. In particular, the frequency collisions
could be classified into two major types: type 1 is the
static frequency collision, such as on-resonance couplings
of next-neighboring qubits, which can lead to strong state
hybridization, degrading individual qubit addressability;
and type 2 is the dynamic frequency collision, e.g., CR
drive-induced multiphoton transitions. To address such
collisions, we provide an intuitive model mainly based on
the dressed state picture for identifying the primary error
source. Then, we show that, by optimizing system parame-
ters or adding weak off-resonant drives to selectively shift
the qubits [40,41,52–56], the leading frequency collisions
can be avoided.

The rest of the paper is organized as follows. In
Sec. II A, we first provide a brief overview of CR-gate-
based transmon architectures and then discuss ZZ crosstalk
and frequency collisions. In Sec. II B, we give detailed
descriptions of the introduced architecture, mainly focus-
ing on ZZ suppression and revisiting the negative control-
target detuning regime, which is previously identified as
a slow gate regime. Within the architecture and assum-
ing typical parameters, in Sec. III, we numerically analyze
the performance of CX gates, including both isolated and

simultaneous gates, on multiqubit lattices. Moreover, we
also examine the impact of frequency uncertainty on gates.
In Sec. IV, we provide discussions of frequency collisions
and the resulting challenges to be faced when scaling up
the architecture. Finally, in Sec. V, we provide a summary
of our work.

II. CR ARCHITECTURE WITH “LIGHTWEIGHT”
RESONATOR COUPLER

In this section, for easy reference and to set the notation,
we first briefly review the basic principle of CR gates and
discuss the issues of ZZ crosstalk and the frequency col-
lision in CR-gate-based transmon architectures. Then, we
give a detailed description of the introduced architecture
and show how it can address the two issues.

A. Overview of the CR-gate-based transmon
architecture

1. Fixed-coupled transmons and effective Hamiltonians

The CR gate is an all-microwave-activated two-qubit
gate for fixed-coupled qubits, and, within the CR archi-
tecture based on fixed-frequency transmons, qubits can be
fixedly coupled via a coupling capacitor or a bus resonator,
as depicted in Figs. 1(b) and 1(c). Note here that, for real
qubit devices with capacitive coupling, besides the desired
couplings, stray couplings, due to stray capacitances or
effective capacitances mediated by coupling circuits [34,
57–59], can exist and have non-negligible contributions to
interqubit couplings.

By considering this, Table I lists four main types
of architectures for coupling transmons, which can be
described by the static Hamiltonian (hereinafter, � = 1)

H = H0 + Hint, (1)

H0 =
∑

q=1,2

(
ωqa†

qaq + αq

2
a†

qa†
qaqaq

)
+ ωra†

r ar. (2)

TABLE I. Typical qubit parameters and approximations used in analyzing CR-gate-based transmon architectures. Here, the qubit
parameters are similar to those extracted from experimental works and the coupling strength is given with the reference frequency
of 5 GHz. In column (a), qubits are coupled directly via a capacitor [20]. In column (b), qubits are coupled via a resonator [18].
Here, to account for results in Ref. [18], direct coupling due to an effective capacitance is also taken into consideration [34,57]. In
column (c), qubits are coupled via a multipath coupler [42,43,58]. In column (d), qubits are coupled by the lightweight resonator
coupler introduced in the present work. Additionally, to reduce computation costs while maintaining sufficient accuracy, especially for
analyzing multiqubit systems, the rotating-wave approximation is employed for columns (b) and (d).

Coupler

Layout (a) Capacitor (b) Resonator (c) Multipath (d) Lightweight
resonator

Qubit-resonator coupling, grq/2π (MHz) 0 78 78 25
Qubit-resonator detuning, �q/2π (GHz) · · · 1.0 1.0 0.25
Qubit-qubit coupling, g12/2π (MHz) ∼ 2 2gr1gr2/ωr 6 0
Qubit anharmonicity, αq/2π (MHz) −330 −330 −330 −330
Rotating-wave approximation with without without with
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Here ωq and αq are the frequency and the anharmonicity
of transmon Qq with the annihilation (creation) operator
aq (a†

q), and ωr is the frequency of the resonator with
the annihilation (creation) operator ar (a†

r ). The interaction
Hamiltonian is

Hint =
∑

q,p=1,2,r
q�=p

gqp(aq + a†
q)(ap + a†

p), (3)

where gr1 (gr2) denotes the strength of the coupling
between the resonator (R) and qubit Q1 (Q2), while g12 is
the direct qubit-qubit coupling strength.

Truncated to the computational subspace, the static sys-
tem Hamiltonian can be approximated by an effective
Hamiltonian based on the two-level qubit model and is
given as [43,50]

H̃ = ω̃1
ZI
2

+ ω̃2
IZ
2

+ Jxy
XX + YY

2
+ ζzz

ZZ
4

, (4)

where (X , Y, Z, I) denote the Pauli operators and ω̃q is
the dressed qubit frequency. Here, the third term describes
the XY coupling resulting from the direct qubit-qubit cou-
pling and the resonator-mediated indirect coupling, and,
accordingly, the net coupling strength can be approximated
by [58]

Jxy = Jdirect + Jindirect,

Jdirect = g12,

Jindirect = gr1gr2

2

(
1

�1
+ 1

�2

)
,

(5)

where �q = ωq − ωr denotes the qubit-resonator detuning.
The last term is ZZ coupling, which results mainly from the
interactions among two-excitation subspaces spanned by
{|101〉, |200〉, |020〉, |002〉} (hereafter, the two-qubit sys-
tem state is denoted by the notation |Q0, R, Q1〉) and is
defined as [26,57]

ζzz = (E101 − E100) − (E001 − E000), (6)

where Emnl denotes the eigenenergy of the static Hamil-
tonian of Eq. (1) with eigenstate |mnl〉 and m, n, l =
{0, 1}. Note that qubit operations, such as gate operations
and measurements, are commonly performed in terms
of the eigenbasis of static (idle) Hamiltonians (see, e.g.,
Ref. [57]); hereinafter, our analysis thus takes this into
consideration implicitly.

As the direct qubit-qubit coupling in general is far
smaller than the qubit-resonator coupling, the ZZ coupling

strength can be approximated as [43,45]

ζzz � ζ200 + ζ002 + ζ020,

ζ200 = −J 2
002

� + α1
with J002 �

√
2Jxy ,

ζ020 = J 2
200

� − α2
with J200 �

√
2Jxy ,

ζ002 = J 2
020

�1 + �2
with J020 �

√
2Jindirect,

(7)

where � = ω1 − ω2 is the qubit detuning and each term
comes from the interaction between the qubit state |101〉
and the high-energy states {|200〉, |020〉, |002〉} with the
corresponding coupling strengths {J200, J020, J002}.

2. CR gate speed and ZZ crosstalk

Here we now turn to briefly review the CR gate scheme
for the coupled transmons discussed above (for more
details, we refer the reader to Refs. [29,48,50]). The CR
gate is implemented by applying a microwave drive, i.e.,
CR drive, to the control qubit at the target qubit frequency.
For the two-qubit system described by the Hamiltonian in
Eq. (1), we consider that Q1 is the control qubit while Q2
is the target, thus giving the following drive Hamiltonian:

Hd = �d(t) cos(ωdt + φ0)(a1 + a†
1), (8)

where ωd is the drive frequency, and �d(t) and φ0 are
the drive amplitude and initial phase, respectively. For
simplicity, hereafter, we have φ0 = 0.

Before going into details of CR gates based on Eq. (8),
we consider a more simple drive model based on the
effective two-qubit system described by Eq. (4), giving

H̃d = �d(t) cos(ωdt)XI . (9)

As we will show, this model allows for a concise picture
of the relation between CR gate speeds and ZZ crosstalk,
and, by combining with the following analysis based on
Eqs. (1) and (8), this model will provide a direct insight
into the effect of the qubit high-energy levels on CR gates.

By diagonalizing the effective Hamiltonian in Eq. (4)
and then rewriting the drive Hamiltonian of Eq. (9) in the
eigenstates, the full system Hamiltonian can be approxi-
mated by [8]

H̄full = ω̄1
ZI
2

+ ω̄2
IZ
2

+ ζzz
ZZ
4

+ H̄d,

H̄d = �d(t) cos(ωdt)
[

XI + Jxy

�̃
ZX

]
,

(10)

where �̃ = ω̃1 − ω̃2 is the dressed detuning. Here, the XI
term denotes the off-resonance drive on the control qubit,
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mainly shifting the qubit frequency and thus finally con-
tributing to a ZI term, while the ZX term is the core of
the gate scheme, enabling CR (ZX) gates with gate speeds
determined by the prefactor �dJxy/�̃. Note that, to miti-
gate the off-resonance error on the control qubit [51], the
drive amplitude is generally smaller than the qubit detun-
ing; thus the gate speed can be limited by the interqubit
coupling Jxy .

In Eq. (10), as the ZZ term does not commute with the
ZX term, it can degrade CR gates. To be more specific,
for the typical CR architecture with capacitor or resonator
couplers (see Table I), Eqs. (5) and (7) suggest that the
ZZ coupling strength is typically an order smaller than the
XY coupling strength. And to mitigate the error induced by
the XI term in Eq. (10), the gate speed should be below
Jxy . Considering these findings, typically, an XY coupling
of 1.25 MHz can allow for a 200-ns CX gate and mean-
while leads to a residual ZZ coupling of ∼ 125 kHz, which
contributes a gate error of ∼ 0.004 (note that this is only
a rough estimation without considering the effect of high-
energy levels on gate speeds) [42]. Moreover, the ZZ term
can also cause idle errors and degrade individual qubit
addressability [27,28]. In this sense, the ZZ coupling acts
as quantum crosstalk, degrading the operational fidelity in
CR architectures. Indeed, according to Eq. (7), while the
crosstalk can be suppressed by decreasing the interqubit
coupling, this, in turn, slows down the CR gate speed.
In essence, this means that there exists a speed-fidelity
trade-off imposed by the ZZ crosstalk.

In the above discussion, while the effect of the high-
energy levels has been taken into account in analyzing ZZ
crosstalk, their effect on the CR gate speed has not been
explored. Here, based on the drive Hamiltonian, Eq. (8),
we summarize the main results on this subject. To simplify
the analysis, we consider that two transmons are coupled
directly via a capacitor coupler, as indicated in Table I,
and the static system Hamiltonian is given by Eq. (1)
with grq = 0. Again, by rewriting the drive Hamiltonian
in the eigenstates of the static Hamiltonian and then trun-
cating to the qubit subspace, the drive Hamiltonian has the
approximate form

H̄d = �d(t) cos(ωdt)[XI + μixIX + μzxZX ], (11)

where the prefactors of the IX and ZX terms are

μix = 〈101|(a1 + a†
1)|100〉 + 〈001|(a1 + a†

1)|000〉,
μzx = 〈101|(a1 + a†

1)|100〉 − 〈001|(a1 + a†
1)|000〉.

(12)

By expanding to the first order in Jxy/�, the above expres-
sions can be approximated by [29,48,50]

μix = −Jxy�

�(α1 + �)
and μzx = Jxyα1

�(α1 + �)
. (13)

From Eqs. (10)–(13), different from the result based on
the two-level qubit model, there exists an additional term
IX , which commutes with the ZX term and thus does not
degrade the CR gate and its speed. Importantly, assuming
fixed Jxy , for positive control-target detunings, μzx, can
have a larger magnitude than that with negative detun-
ings, due to the negative transmon anharmonicity. As a
result, to ensure fast gates, the positive detuning is favored
while the negative detuning is identified as the slow gate
condition [23,24]. Besides, from Eq. (13), μzx can be sup-
pressed with large detunings. Thus, the straddling regime,
i.e., 0 < � < −α1 [9], is often preferred for fast CR gates.
Note that assuming an infinite anharmonicity α1 → ∞, the
above expression reduces to Eq. (10), confirming that the
main difference between the result based on the two-level
qubit model in Eq. (4) and the result shown here comes
from the qubit high-energy levels.

3. Frequency collisions and frequency allocation

The above discussions mainly focus on the most basic
unit, which comprises two fixed-frequency transmons with
fixed coupling, of CR-gate-based transmon architectures.
Here, we briefly discuss one of the most fundamental
challenges in scaling up this architecture, i.e., frequency
collisions. To start, we consider a fixed-coupled system
of three transmons, labeled by Qi, Qj , and Qk, as shown
in Fig. 1(a), where Qj is the control and Qi and Qk are
targets. We further assume that the typical interqubit cou-
pling and the detuning for control-target qubit pairs are J
and �, respectively, and the typical CR drive magnitude
is �. As mentioned above, to ensure fast gates, the qubit
system is operated with positive control-target detunings
(ωj > ωi(k)) in the straddling regime.

Generally, frequency collisions can be classified into
two major types: static frequency collision due to always-
ON couplings and dynamic frequency collision related to
CR drive-induced transitions. As in the existing literature
[23,24], here we list six main types of frequency collisions
(S1, S2, D1–D4), which are caused by qubit-qubit cou-
plings with strengths of ∼ J and by transitions with rates of
∼ J�/� or ∼ �2/� (to achieve high-fidelity gates, these
couplings and transitions give larger collision bounds than
that arising from even higher-order couplings and transi-
tions with strengths of, e.g., J 2/� and J 2�2/�3, which
will be discussed in Sec. III):

(1) Static frequency collision. Because of the always-
ON couplings: (i) for the static systems, any degeneracy
in qubit state transitions, such as |0〉 ↔ |1〉, can lead to a
strong state hybridization between qubits, degrading indi-
vidual qubit addressability; and (ii) for systems under CR
drives, off-resonance drive can shift qubit frequencies and
can cause qubits on-resonance with others, resulting in
population swaps between qubits. For neighboring qubits
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with coupling strengths of ∼ J , there exist two most likely
cases: (S1) ωj = ωi(k), and (S2) ωj = ωi(k) + αi(k).

(2) Dynamic frequency collision. This arises from
unwanted transitions activated by CR drives and thus both
the transition rates and the collision conditions (i.e., con-
sidering that the drive itself can Stark-shift system energy
levels) depend on the drive. For a CR gate applied to Qj
and Qi, a drive at the frequency of Qi should be applied
to Qj . For Qj itself, when the drive is on-resonance with
its transitions, this will lead to three collisions, and two of
the three also cause the static collisions, i.e., (S1) and (S2)
(note that, depending on the specific (static or dynamic) sit-
uation, there should be different bounds on � in achieving
high-fidelity gates). The newly added one is: (D1) the two-
photon transition |0〉 ↔ |2〉 with the condition of ωi(k) =
ωj + αj /2. Besides, similar to Qi, the drive can also be felt
by the neighboring spectator Qk, due to the always-ON cou-
pling between Qj and Qk. Thus, when the frequency of Qi,
i.e., the CR drive frequency, is on-resonance with any tran-
sitions of Qk, this can cause unwanted transitions of Qk.
This leads to two collision cases: (D2) the transition |0〉 ↔
|1〉 with ωi = ωk, and (D3) the transition |1〉 ↔ |2〉 with
ωi = ωk + αk(ωk = ωi + αi). Finally, there exists another
condition: (D4) 2ωj + αj = ωi + ωk, which corresponds
to the drive-assisted transition |100〉(|001〉) ↔ |020〉.

From the above discussion, one can find that, similar to
the ZZ crosstalk, these frequency-collision issues mainly
arise from the always-ON interqubit couplings and the
weak anharmonicity of transmons. More importantly, most
of them can act as quantum crosstalk, limiting gate per-
formance and imposing speed-fidelity trade-offs. Thus, to
ensure fast, high-fidelity operations for multiqubit lattices,
these frequency-collision conditions should be avoided,
further reducing the usable frequency range determined by
the weak transmon anharmonicity. For example, assuming
a typical 250 ns CR gate, the qubit-qubit couplings and
the rates of the drive-induced transitions are generally of
the order of 1 MHz; thus, to ensure gate error of ∼ 0.01
(0.001), the qubit system should be operated outside of
the bound of about ±10 MHz (±30 MHz) around each
frequency collision.

To this end, scaling up the CR-gate-based transmon
architectures requires a minimum of five distinct frequen-
cies, i.e., ω5 > ω4 > ω3 > ω2 > ω1, for square qubit lat-
tices [23,24,33], while for heavy-hexagonal qubit lattices,
as shown in Fig. 1(a), a minimum number of three, i.e.,
ω3 > ω2 > ω1, is required [24,33]. However, considering
fabrication uncertainty, whether such frequency allocation
can successfully mitigate frequency collisions depends on
how precise the setting of qubit frequencies is, as shown,
for example, in Fig. 1(d). Recent studies show that, for
a heavy-hexagonal qubit lattice, the state-of-the-art pre-
cision in setting frequencies allows the CR architecture
to scale up to the 100-qubit size while roughly a factor

of 2 further improvement is needed for 1000-qubit size
[24]. Overall, these findings suggest that frequency colli-
sion is still the major challenge for scaling up the CR-based
transmon architecture.

B. CR architecture with passive mitigation of ZZ
crosstalk and frequency collisions

As discussed above, in the context of CR-gate-based
transmon architecture, quantum crosstalk and frequency
collisions are two major challenges to be faced when scal-
ing up this architecture. In the following discussion, we
will show how to passively mitigate both issues by intro-
ducing a promising CR architecture based on lightweight
resonator couplers. Additionally, note that, as mentioned
before, the straddling regime is preferred to ensure fast
CR gates. Thus, hereafter, unless otherwise specified, we
always consider this implicitly.

1. System Hamiltonian and ZZ suppression

As mentioned in Sec. I, in our proposed CR architec-
ture, the fixed-frequency transmon qubits are coupled via a
lightweight resonator, and the typical coupling parameters
are tabulated in column (d) of Table I. For two transmons
coupled via such a coupler, the static system Hamiltonian
can be described by Eq. (1) with g12 = 0. After applying
the rotating-wave approximation (RWA), the Hamiltonian
is given by

Hstatic =
∑

q=1,2

(
ωqa†

qaq + αq

2
a†

qa†
qaqaq

)
+ ωra†

r ar

+
∑

q

grq(ara†
q + a†

r aq). (14)

As in Sec. II A, truncated to the qubit subspace, the above
Hamiltonian can be approximated by Eq. (4) with the XY
and the ZZ coupling strengths given as [26]

Jxy = Jindirect = gr1gr2

2

(
1

�1
+ 1

�2

)
,

ζzz = 2J 2
xy

[
1

� − α2
− 1

� + α1
+ 1

�1 + �2

]
.

(15)

Note that, as already mentioned in Sec. II A, stray cou-
plings between qubits are ubiquitous in real devices. In
Appendix A, we provide specific cases for illustrating their
effects in the currently studied architecture and show that
their presence does not change the main results based
on Eq. (14). Accordingly, in the following discussion, to
avoid repetition, we will focus only on the qubit architec-
ture described by Eq. (14), in which the direct qubit-qubit
coupling is not included.

From Eq. (15), there are two essential features in the
current architecture: (1) a ZZ-free point can exist due to
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the destructive interference of ZZ coupling contributing
from interactions between computational state |101〉 and
high-energy states {|200〉, |002〉, |020〉} [45,46,60]; and (2)
its existence does not depend on the XY coupling strength
Jxy . The two features allow us to suppress ZZ coupling
while retaining XY coupling. For instance, considering
that when the qubit detuning is far smaller than the qubit
anharmonicity (i.e., |�| � |αq|), according to Eq. (15),
the ZZ-free point exists when the qubit-resonator detuning
is comparable to the qubit anharmonicity, i.e., �q � αq.
Accordingly, the strength of the maintained XY coupling
is about gr1gr2/αq. For the typical transmon anharmonic-
ity of −330 MHz and within the dispersive regime, i.e.,
|�q/grq| � 10, XY couplings with the strengths of 1–3
MHz can be obtained, potentially allowing fast CR gates.

By contrast, according to Eqs. (7) and (15), the ZZ
expression for direct-coupled qubits is then expressed
as [61]

ζzz = 2J 2
xy

[
1

� − α2
− 1

� + α1

]
with Jxy = g01, (16)

which illustrates that no ZZ-free point exists in the direct-
coupled architectures. Meanwhile, for the architecture with
resonator couplers shown in Table I, when one allows
this architecture to be operated outside of the disper-
sive regime, i.e., quasi-dispersive regime, |�q/grq| < 10,
the ZZ coupling can also be suppressed while maintain-
ing even larger XY couplings [44,46]. However, in this
situation, besides the fact that ZZ suppression depends
strongly on system parameters (e.g., is very sensitive to
small drifts in qubit and resonator frequencies), the strong
state hybridization between qubits and the resonator will

degrade individual qubit addressability and aggravate the
frequency-collision issues.

We now turn to give a more quantitative analysis of the
introduced architecture. Moreover, for ease of comparison,
we also show the results for the existing architectures tab-
ulated in Table I. Within the CR architecture, Fig. 2 shows
contour plots of the ZZ (filled contours) and XY (dashed
contours) coupling strengths as functions of system param-
eters, with the control qubit frequency of 5.15 GHz and the
other qubit parameters listed in Table I. Here, according to
Eq. (6), ZZ coupling strengths are extracted by numerical
diagonalization of the static system Hamiltonian, while,
similar to Eqs. (12) and (13), XY coupling strengths are
inferred from the following approximation [48]:

−Jxy

�
� 〈001|(a1 + a†

1)|000〉. (17)

To verify this, Fig. 2(a) shows both the inferred Jxy val-
ues and the setting values, Jxy = g12. One can note that the
inferred values mostly agree well with the setting values.
This justifies the estimation of Jxy based on Eq. (17).

From the results shown in Figs. 2(a) and 2(b), as
expected, in architectures with capacitor or resonator cou-
plers, no ZZ-free points exist and the ZZ coupling strength
is typically 10-fold smaller than that of the XY cou-
pling, giving rise to |Jxy/ζzz| ∼ 10. However, as shown in
Fig. 2(d), for the lightweight resonator coupler, ZZ-free
points exist and the ZZ coupling can be heavily sup-
pressed in a wide frequency range while the maintained
XY coupling strength typically ranges from 1 to 3 MHz.
Remarkably, compared to the capacitor and resonator cou-
plers, this gives rise to |Jxy/ζzz| > 102, providing at least
one order-of-magnitude improvement in ZZ suppression.

(a) (b) (c) (d)

FIG. 2. Landscapes of ZZ coupling ζzz (filled contours) and XY coupling Jxy (dashed contours). Here, the control qubit frequency is
ω1/2π = 5.15 GHz, and the coupling parameters and the qubit anharmonicity are listed in Table I. (a) For qubits coupled via capacitor
couplers, the contours show the ZZ and XY coupling strengths as functions of the target qubit frequency and the direct coupling
strength. (b)–(d) The ZZ and XY coupling strengths as functions of the target qubit frequency and the resonator frequency, for qubits
coupled via (b) resonator couplers, (c) multipath couplers, and (d) the introduced lightweight resonator couplers, respectively. Vertical
cuts, indicated by the solid and dashed orange lines, denote the result plotted in Figs. 3(a) and 3(b), respectively.
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(a) (b)

FIG. 3. The magnitudes of the ZZ coupling strength ζzz , the XY
coupling strength Jxy , and the ZX rate Vzx (inferred by assuming
a CR drive magnitude of 50 MHz) as functions of the resonator
frequency in the proposed architecture. Here, plots of ζzz and
Jxy denote two one-dimensional vertical cuts through Fig. 2(d)
(indicated by the solid and dashed orange lines) at the target
qubit frequencies of (a) ωk/2π = 5.05 GHz and (b) ωi/2π =
5.25 GHz, respectively, and at the control qubit frequency of
ωj /2π = 5.15 GHz. The dotted lines represent the results for
direct-coupled qubits with the target ZX rate of 1.25 MHz,
allowing 200-ns CX gates without rise-fall times.

More specifically, vertical cuts through Fig. 2(d) at the
target qubit frequencies of 5.05 and 5.25 GHz are shown
in Fig. 3, where dotted lines denote the results for direct-
coupled qubits with the target of ensuring 200-ns CX gates
(assuming the CR drive amplitude of 50 MHz and ignor-
ing rise-fall times). In contrast to the direct-coupled case,
where the residual ZZ coupling strength is typically in the
range of 50–100 kHz, the lightweight resonator coupler
can allow the ZZ suppression to below 10 kHz, in both
the positive [see Fig. 3(a)] and negative [see Fig. 3(b)]
control-target detuning regions.

As shown in Fig. 2(c), and demonstrated in the previous
works [42,43], similar improvements can also be available
for architectures with multipath couplers. In particular, as
the design of multipath couplers generally increases the
circuit complexity, so their success on ZZ suppression is
potentially more prone to imperfections attributable to the
design itself and fabrications. Meanwhile, the result shown
in Fig. 2(d) demonstrates that, even with a simpler cou-
pling circuit, ZZ suppression could still be achieved while
maintaining large XY couplings. However, note that the
lightweight resonator coupler also has its own drawbacks
as well, which will be discussed in Sec. IV.

2. Revisiting the slow gate region

The above discussions have illustrated that, with
lightweight resonator couplers, ZZ crosstalk can be miti-
gated while maintaining large XY couplings. More impor-
tantly, in contrast to the cases with capacitor or resonator
couplers [see Figs. 2(a) and 2(b)], here one can find a
remarkably strong dependence of the XY coupling strength
Jxy on the control-target detuning, as shown in Fig. 2(d).

This can be more specific, in that, as illustrated in Fig. 3,
compared to that in positive detuning regions, a typical
twofold increase in Jxy can be obtained without affecting
the ZZ suppression within the negative detuning regions.
As expected from Eq. (13), the increased XY coupling can
compensate for the loss in gate speed due to the negative
transmon anharmonicity. Therefore, fast CR gates could
also be available within the negative detuning regions,
which have previously been identified as forbidden zones
with slower gate speeds [23,24].

The origin of the above appealing features can be ratio-
nalized by noting that from Eq. (15), when the qubit-
resonator detuning is comparable to the qubit-qubit detun-
ing (as in the currently studied architecture), i.e., |�q| ∼
|�|, then Jxy will depend strongly on the detuning sign. By
assuming a fixed control qubit frequency, having negative
control-target detunings means that the detuning between
the resonator and the target qubit is smaller than that with
positive detunings, enabling larger resonator-mediated XY
couplings. By contrast, if |�q| � |�| (as in the archi-
tecture with resonator couplers), whether the detuning
changes its sign, there is little effect on Jxy , as shown in
Fig. 2(b). Therefore, in architectures with capacitor and
resonator couplers, to increase XY coupling, one has to
increase the direct coupling or the qubit-resonator cou-
pling, and this will inevitably increase ZZ couplings. For
example, under the conditions with negative detunings,
to ensure gate speed comparable to that in the positive
detuning regions, the direct coupling strength should be
increased from 1.7 to 3.1 MHz and, accordingly, the ZZ
coupling will increase from 41 to 142 kHz, as shown by
the dotted lines in Fig. 3. This further explicitly explains
why the negative detuning was previously identified as the
slow gate condition [23,24]. On the contrary, here all the
benefits from the increased XY coupling can be achieved
without sacrificing ZZ suppression. Additionally, Fig. 2(c)
also shows similar appealing behavior, suggesting that the
multipath coupler can be an alternative for achieving fast
gate speed in negative detuning regions.

In particular, Fig. 3 also shows the ZX rate Vzx as a
function of the resonator frequency. Here, according to
Eq. (12), Vzx is determined by

Vzx = 1
2�μzx, (18)

with the assumption of the CR drive magnitude �/2π =
50 MHz. As expected, even under the condition of nega-
tive detunings, the resulting ZX rate is comparable to that
within the positive detuning regions. While here the typical
ZX rate is about 1 MHz, allowing 250-ns CX gates with-
out rise-fall times, even higher ZX rates may be possible
by increasing the qubit-resonator coupling grq. However,
increasing grq generally will increase the residual ZZ cou-
plings. For example, when increasing the qubit-resonator
coupling from 25 to 30 MHz, the typical ZX rate becomes
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1.5 MHz while the typical ZZ coupling has increased to
20 kHz (see Appendix B for details). Given that the state-
of-the-art gate performance is still limited by qubit deco-
herence, presently unitizing larger qubit-resonator cou-
plings could help increase the gate speed and reduce the
incoherent error. This highlights the importance of bal-
ancing incoherent errors and coherence errors arising, for
example, from ZZ crosstalk, to achieve high-fidelity gates.

Below, to provide a more direct verification, we turn to
study the implementation of CX gates within the introduced
architecture. In particular, we will focus on both the con-
ditions of positive and negative control-target detunings.
Here, based on the CR gate scheme, we consider the real-
ization of direct CX gates [13,51]. Besides the CR drive
on the control qubit, here, an additional cancelation drive
is also applied to the target qubit at its frequency. This
additional drive is introduced to ensure no operation on
the target qubit when the control qubit is in state |0〉 [51].
Accordingly, within the RWA, the drive Hamiltonian can
be expressed as

Hdrive =
∑

q=1,2

1
2�q(t)(a

†
1e−iωdt + a1eiωdt), (19)

where �q(t) denotes the amplitude of the drive on Qq.
Hereafter, we consider using cosine-decorated square
pulses with fixed ramp times of 20 ns, which are defined
as

�d(t) ≡

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1
2
�

[
1 − cos

(
π

t
tr

)]
, 0 < t < tr,

�, tr < t < tg − tr,
1
2
�

[
1 − cos

(
π

tg − t
tr

)]
, tg − tr < t < tg ,

(20)

where � denotes the peak drive amplitude, tr = 20 ns is
the ramp time, and tg represents the gate length. A detailed
procedure on the gate tune-up and the characterization for
the CX gate can be found in Appendix C.

Figure 4 shows both the CX gate error (intrinsic error,
i.e., excluding the gate error from qubit incoherence) [62]
and the CR drive amplitude as functions of the gate length
with varying resonator frequencies. As expected from the
above analysis, under the conditions of negative detun-
ings, high-fidelity CX gates can still be achieved with a
gate speed comparable to that within the positive detuning
regions. Moreover, the results shown in Fig. 4 also illus-
trate that, within the typical range of 20–70 MHz drive
amplitude, CX gates with gate errors approaching 10−4

could be obtained with a gate length of 250–450 ns. In
addition, as studied in previous works [51,63–65], by opti-
mizing the drive parameters, the pulse ramp time can be
shorter and the off-resonance error due to the CR drive

(a)

(b)

FIG. 4. CX gate errors (in the absence of decoherence) and
peak drive amplitudes as functions of the gate length with vary-
ing resonator frequencies. Here, the control qubit frequency is
ωj /2π = 5.15 GHz, and the coupling parameters and the qubit
anharmonicity are listed in Table I. Orange dash-dotted lines
denote the incoherence error εincoh versus the gate length (the
coherence times are assumed to be the same for both the control
and target qubits and T2 = T1, with different T1). (a) The target
qubit frequency is ωk/2π = 5.05 GHz, giving rise to the con-
dition of positive control-target detunings. (b) The target qubit
frequency is ωk/2π = 5.25 GHz, giving rise to the conditions of
negative control-target detunings.

can be further suppressed. Moreover, as mentioned before,
even higher ZX rates (e.g., 1.5 MHz, allowing for a 200-
ns CX gate with a ramp time of 20 ns) can be obtained
by increasing the qubit-resonator coupling. Meanwhile, the
resulting ZZ coupling can be suppressed below 20 kHz,
contributing to the gate error at the level of 10−4 [42].
Thus, CX gates with even faster gate speed and higher gate
fidelity should be possible within the currently studied CR
architecture.

Furthermore, in Fig. 4, we also show the incoher-
ence error versus the gate length for the CX gate. Here,
the coherence times are assumed to be the same for
both the control and target qubits with T2 = T1 [12,51],
and the incoherence error can be estimated by εincoh ≈∑

q=1,2[ 1
5 (tg/T(q)

1 ) + 2
5 (tg/T(q)

2 )] [51]. One can clearly see
from Fig. 4 that there exists a trade-off between the intrin-
sic (control) gate error (mainly dominated by the control
error from the off-resonance CR drive) and the incoherence
error. Given the state-of-the-art coherent times of fixed-
frequency qubits [15–17], the gate error should be limited
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by the qubit incoherence in both the negative and positive
detuning regimes.

As in various qubit architectures with superconducting
qubits, gate speeds and operational performance generally
hinge on the ability in setting qubit parameters. Specif-
ically, in the currently studied CR architecture and for
fixed resonator-qubit couplings (see Figs. 3 and 4), the
gate speed is mainly determined by the qubit-resonator
detuning. Accordingly, assuming the drive amplitude of
50 MHz, to ensure 300-ns CX gates (with a ramp time of
20 ns), the usable range of the qubit-resonator detuning
is about 200 MHz for the positive detuning case, while
it reduces to about 100 MHz for the negative detuning
case, as shown in Figs. 3 and 4. In contrast to the archi-
tecture with resonator couplers, where the XY coupling
(thus also the CR gate speed) shows less sensitivity to the
variation in qubit-resonator detuning [see Fig. 2(b)], this
generally introduces an additional constraint for achiev-
ing fast CR gates. However, as illustrated in Appendix B,
increasing resonator-qubit couplings could help relieve
this constraint. Moreover, since currently the reproducibil-
ity of the resonator frequency is much better than that of
qubits (see, e.g., Ref. [66]), this constraint could be largely
addressed by improving the accuracy in setting qubit fre-
quencies (as for addressing the frequency-collision issue,
but with less stringent requirements on accuracy).

Given the above illustration of fast CX gates in the neg-
ative detuning region, we now go back to the frequency-
collision issue. As discussed in Sec. II A, the qubit fre-
quency allocation should be optimized to balance gate
errors due to frequency collisions and incoherence errors
resulting from slow gate speeds. Since, currently, gate per-
formance is most likely to be limited by qubit decoherence,
the positive detuning region is preferred for ensuring fast
gates. However, this in turn decreases the usable range
of qubit detunings, making the frequency-collision issue
more prominent. Thus, mitigating frequency collisions and
improving the collision-free yield of large-size systems put
stringent requirements on the accuracy in setting qubit fre-
quencies [23,24,32]. Even with sparse connectivity, e.g.,
the heavy-hexagonal lattice topology shown in Fig. 1(a),
the state-of-the-art accuracy is still not enough to support
1000-qubit systems [24]. Within the currently studied CR
architecture, we show that fast gates are also available in
the negative detuning regions, extending the usable detun-
ing range. As a consequence, we expect that this could
largely mitigate the frequency-collision issue and relax the
stringent requirement on the accuracy for scaling up to
large system sizes.

III. CROSSTALK MITIGATION IN MULTIQUBIT
SYSTEMS

In this section, to examine the practicality of the archi-
tecture, we intend to investigate the CX gate performance

0123

0 1 2

30 1 2

3

(a)

(b) (c)

2 1 0

0

0

1

1

22

FIG. 5. Typical four-qubit units in the heavy-hexagonal qubit
lattice with the three-frequency pattern shown in Fig. 1(a). The
three four-qubit systems, i.e., (a) “−” shape, (b) “�” shape, and
(c) “⊥” shape, are also shown in the pale shading in Fig. 1(a).
Here, the arrows indicate the direction of the CR gates, i.e., from
control to target.

and the impact of quantum crosstalk on it in the typical
four-qubit units of the heavy-hexagonal qubit lattice, as
shown in Fig. 5. Then, we turn to give schemes mitigating
the crosstalk effect on gates. As shown in Fig. 1(e), unlike
in other existing literature [see Fig. 1(d)], here the three-
frequency pattern is given as ωi > ωj > ωk. Following the
above discussion, here we consider that the desired con-
trol frequency is ωj /2π = 5.15 GHz while the target qubit
frequency is ωi(k)/2π = 5.25 (5.05) GHz. This frequency
allocation scheme is expected to mitigate the frequency-
collision issue within the current architecture, as illustrated
in Figs. 1(d) and 1(e).

In the following discussion, we first study the gate per-
formance of isolated CX gates in the four-qubit systems
and then turn to study the simultaneous gates. Moreover,
we also provide a preliminary study to determine the
effect of frequency variations on ZZ suppression and gate
performance.

A. Error analysis with typical qubit parameters

1. Isolated CR gates

Given the system parameters listed in Table II, Fig. 6
shows both the isolated gate error 1 − F and leakage L1
[67] as functions of the gate length for the three four-
qubit systems shown in Fig. 5. Here, the ZZ coupling
between near-neighbor qubits ranges from 1 to 13 kHz and
is expected not to limit the following CX gate performance.

TABLE II. Typical qubit and resonator parameters used in
studying the four-qubit units shown in Fig. 5. The other system
parameters are listed in Table I and the resulting ZZ couplings
range from 1 to 13 kHz for near-neighbor qubits. Here, the qubit
and resonator frequencies are given in units of gigahertz.

Layout Q0 R0 Q1 R1 Q2 R2 Q3

“−” shape 5.15 5.40 5.05 5.41 5.14 5.47 5.25
“�” shape 5.15 5.40 5.05 5.41 5.14 5.39 5.16
“⊥” shape 5.14 5.47 5.25 5.48 5.15 5.49 5.16
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(a)

(b)

(c)

FIG. 6. The isolated gate error 1 − F (left panels) and leakage
L1 (right panels) as functions of the gate length. Panels (a), (b),
and (c) correspond to the four-qubit systems shown in Figs. 5(a),
5(b), and 5(c), respectively. The used parameters are listed in
Table II. Hereafter, for example, CX −

21 denotes the CX gate for
the control qubit Q2 and the target qubit Q1 of the “−” shape
four-qubit system shown in Fig. 5(a). The black circles highlight
the spikes of gate errors and leakage.

Note that hereafter the isolated gates are characterized by
assuming all the spectator qubits in their ground states
[60]; see Appendix C for more details.

From the result shown in the left panels of Fig. 6, as
expected, increasing the gate length can generally reduce
gate errors (mainly due to the off-resonance CR drive
[51,65]). However, unlike isolated two-qubit systems (see
Fig. 4), the gate error can show spikes (highlighted by
black circles) at specific gate lengths, which is coincident
with the increase of leakage, as shown in the right pan-
els of Fig. 6. For instance, in Fig. 6(a), the gate error of
CX −

21 shows a spike at the gate length of 250 ns, coincid-
ing with the peak of leakage. This suggests that the spikes
of the gate error dominantly arise from leakage related to
spectator qubits.

Inspired by the crosstalk analysis of baseband flux-based
gate operations [60], here we use a similar approach based
on the dressed states picture to identify the leading source
of the isolated gate errors. Note that here we focus only
on the driven system with a single drive frequency, while
for driven systems with multiple distinct drive frequen-
cies (i.e., related to simultaneous CR gates), the analysis
given in Floquet theory could be devised for this pur-
pose [31,68–70]. By moving into the rotating frame at the
CR drive frequency and within the RWA, the full system

Hamiltonian, for example, describing the implementation
of CX −

21 on the four-qubit system shown in Fig. 5(a), can
be expressed by

H =
∑

q

(
ωqa†

qaq + αq

2
a†

qa†
qaqaq

)
+

∑

n

(ωr,na†
r,nar,n)

+
∑

q,n

[gr,nq(ar,na†
q + a†

r,naq)] + �

2
(a†

2 + a2), (21)

with the qubit and the resonator labeled by q = {0, 1, 2, 3}
and n = {0, 1, 2}, respectively. Here, to simplify the discus-
sion, we neglect the cancelation drive term [see Eq. (19)].

By numerical diagonalization of the Hamiltonian in
Eq. (21), Fig. 7(a) shows the dressed eigenenergies of
the “−” shape four-qubit system under the drive on Q2
as a function of the CR drive amplitude. One can find

(a)

(b)

(c)

FIG. 7. Dressed spectrum of the four-qubit systems under the
CR drive, showing the dressed eigenenergies of the driven sys-
tem as a function of the CR drive amplitude. Here, the parameters
used are the same as in Fig. 6. (a) For the “−” shape system with
the drive applied to Q2. (b) The left and right panels denote the
dressed spectrum for the “�” shape system with the drive applied
to Q2 and Q0, respectively. (c) The left and right panels denote
the dressed spectrum for the “⊥” shape system with the drive
applied to Q2 and Q3, respectively. The insets enlarge the areas
within the black circles and highlight the level anticrossings aris-
ing from next-nearest-neighbor interactions, which lead to the
spikes of gate errors and leakage shown in Fig. 6.
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that, near the drive amplitude of ∼ 42 MHz, there exist
level anticrossings arising from the resonance interaction
between Q2 and its next-nearest-neighbor Q0 with the
strength of ∼ 55 kHz (in line with the strength of the
next-nearest-neighbor interaction mediated by Q1). Mean-
while, for CX −

21 with the gate length of 250 ns shown in
Fig. 6(a), the peak drive amplitude is about 45 MHz [see
also Fig. 4(a)]. These two observations indicate that, dur-
ing the implementation of 250-ns CX −

21, the qubit system
is operated near the anticrossing, thus enabling the popula-
tion swap between Q2 and Q0 and causing the increase in
leakage and gate errors. By contrast, for shorter gates (e.g.,
200 ns) or slower gates (e.g., 300 ns), the qubit system is
operated far away from the anticrossing, allowing the sup-
pression of the population swap. In this situation, the gate
error and leakage will be restored to the level, which is lim-
ited mainly by the off-resonance error within the isolated
two-qubit system itself, as illustrated in Fig. 6(a).

Similarly to CX −
21, the spikes of gate error and leakage

in the “�” shape and “⊥” shape four-qubit systems, as
shown in Figs. 6(b) and 6(c), also arise due to the parasitic
interactions between the control qubits and their next-
nearest-neighbor qubits, highlighted in Figs. 7(b) and 7(c).
Thus, in essence, the increased gate errors shown in
Fig. 6 are caused by the static frequency collision resulting
from the next-nearest-neighbor interaction, as discussed in
Sec. II A.

2. Modeling the formation of frequency collisions

To get further insight into the underlying physics of the
above collision processes, we consider a more intuitive
model based on the dressed state picture. For a multilevel
quantum system under an off-resonance drive, as shown in
Fig. 8(a), moving into the rotating frame at the drive fre-
quency gives a dressed multilevel system, whose spectrum
as a function of the drive amplitude is sketched in Fig. 8(b).
Through the ac-Stark effect, the off-resonance drive can
shift the levels lower or higher in frequency, which is
determined by whether or not the drive is blue-detuned
or red-detuned from the transitions in the multilevel sys-
tem. As a consequence, by increasing the drive amplitude,
one shifted level can sweep through the other shifted one,
as shown, for example, in Fig. 8(b). Furthermore, when
the two levels are coupled together, there can exist a level
anticrossing, whose size is determined by the coupling
strength, at the resonance point, as shown in the inset of
Fig. 8(c). Basically, these two factors together lead to the
formation of frequency collisions. In this context, accord-
ing to the primary mechanism underlying the coupling, the
frequency collision can be classified into static or dynamic,
as discussed in Sec. II A.

Similar to the above model, in the context of CR
gate architecture, the off-resonance CR drive will shift
the control qubit frequency, causing accidental frequency

(a) (b)

(c)

ac-Stark

FIG. 8. Modeling the formation of frequency collisions based
on the dressed state picture. (a) For a multilevel quantum system,
wherein energy levels are labeled by |i〉, |j 〉, |k〉, . . ., subjected
to an off-resonance drive, moving into the rotating frame at
the drive frequency can give a dressed system. (b) The typical
dressed spectrum as a function of the drive amplitude, show-
ing that, through the ac-Stark effect, the off-resonance drive can
cause blue-shifted and red-shifted energy levels. When increas-
ing the drive amplitude, the shifted levels, e.g., |j 〉, can sweep
through the others, e.g., |i〉. (c) Because of the interactions
between levels, anticrossings (highlighted by insets) can exist at
the resonance points.

collisions between the control qubit and its neighbors.
Specifically, we consider the collision process underlying
the results shown in Figs. 6 and 7. As listed in Table II,
the typical magnitude of the control-target (i.e., near-
neighboring qubit pairs) detuning is 100 MHz while the
control qubit and its next-nearest neighbors (i.e., another
control qubit) are only detuned by 10 MHz. Thus, given the
typical drive amplitude of �/2π = 50 MHz and the detun-
ing magnitude of �/2π = 100 MHz, the ac-Stark shift can
be approximated by [71]

δs ≈ αq�
2

2�(� + αq)
, (22)

giving rise to 16 MHz and −9 MHz for the positive and
negative detuning conditions, respectively. Moreover, the
control qubit and its next-nearest neighbors, e.g., Q2 and
Q0 in Figs. 6(a) and 7(a), can be coupled via the media-
tor, e.g., Q1, with the typical strength of ∼ J 2/� (see also
Sec. II). Given these considerations, the static frequency
collision due to the on-resonance coupling between neigh-
boring control qubits can explicitly explain the presence
of the spikes in gate errors and leakage at specific drive
amplitudes shown in Fig. 6.

In essence, this frequency collision is caused by the
always-ON qubit-qubit couplings (in this sense, we call
it a static frequency collision). But the condition for the
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FIG. 9. Gate errors of the simultaneous CX gates (CX −
01 ⊗

CX −
23) in the “−” shape four-qubit system as a function of the

gate length. Here, the parameters used are the same as in Fig. 6(a)
and the isolated gate errors are obtained by adding the errors
of the constituent isolated gates (i.e., CX −

01 and CX −
23) shown in

Fig. 6(a).

occurrence of such a collision depends on the CR drive
amplitude (gate length). This in turn allows one to avoid
such collision issues by optimizing drive amplitudes (gate
lengths), as suggested in Fig. 6.

3. Simultaneous gate operations

To further examine whether there exists additional quan-
tum crosstalk for implementing CX gates in parallel, here
we provide an analysis of the fidelity of simultaneous CX
gates [60]. With the typical parameters listed in Table II,
Fig. 9 shows the performance of simultaneous gates
(CZ−

01 ⊗ CZ−
23) in the “−” shape four-qubit system shown

in Fig. 5(a). Here, by adding the errors of the constituent
isolated gates CZ−

01 and CZ−
23, we also show the isolated

gate errors (1 − Fisol) and the added errors (Fisol − Fsimul)
when gates are implemented in parallel. Similar to isolated
gates (see Fig. 6), increasing the gate length can reduce
the simultaneous gate error. Moreover, the typical added
error is below 10−4, suggesting that there exists no addi-
tional quantum crosstalk that contributes significantly to
gate errors. This shows that, within the currently studied
CR architecture, high-fidelity simultaneous gates may be
possible, but, as we will show, this is far from the whole
story. We will go back to this subject in the following
section.

B. Challenge from fluctuations in qubit parameters

Below, to study the effect of frequency uncertainty
on the currently studied architecture, we consider that
control and target qubit frequencies are randomly dis-
tributed around their designed values, i.e., the control
frequency of ωj /2π = 5.15 GHz and the target frequency
of ωi(k)/2π = 5.25 (5.05) GHz, with the standard devia-
tion of σf = 15 MHz [24]. With 100 distinct repetitions,
we provide analysis of both the ZZ suppression and the
performance of CX gates (including both isolated gates

and simultaneous gates) for the four-qubit systems shown
in Fig. 5. Accordingly, Figs. 10(a)–10(c) show the qubit
frequencies of 100 repetitions for the four-qubit systems
shown in Figs. 5(a)–5(c).

1. ZZ suppression

As shown in Fig. 3, for isolated two-qubit systems with
the desired setting in qubit frequencies, the ZZ coupling
can be suppressed below 10 kHz. However, as we will
show, the deviation from the target setting in multiqubit
systems will make the ZZ suppression more complicated.

Figures 10(d)–10(f) show the ZZ couplings of 100 rep-
etitions; the maximum (median) values of the ZZ coupling
are 26 (3), 38 (3), and 33 (7) kHz for the four-qubit sys-
tems shown in Figs. 5(a)–5(c), respectively. Moreover, it
is also shown that the “exceptional” points with large ZZ
couplings almost appear in pairs, as shown in Fig. 10(e). To
check their dependence on the qubit frequencies, the insets

(a) (d)

(e)(b)

(f)(c)

FIG. 10. Qubit frequencies and ZZ couplings of 100 repeti-
tions. The control and target qubit frequencies are randomly
distributed around their designed values, i.e., the control fre-
quency ωj /2π = 5.15 GHz and the target frequency ωi(k)/2π =
5.25 (5.05) GHz, with the standard deviation of 15 MHz. (a)–(c)
The qubit frequencies of 100 repetitions for the three four-qubit
systems shown in Figs. 5(a)–5(c); (d)–(f) the associated ZZ cou-
plings. Here, the other parameters are the same as in Fig. 6.
The insets show the distributions of the ZZ coupling over the
control-target detunings.
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also show the distributions of the ZZ coupling over the
control-target detunings. We find that these “exceptional”
points arise mainly from static frequency collisions due
to interactions between next-nearest-neighboring control
qubits.

To be more specific, similar to the frequency colli-
sion of (S1) mentioned in Sec. II A 3, when the control
qubit is on-resonance with its neighboring control qubit,
the strong state hybridization due to the next-nearest-
neighboring couplings can degrade qubit addressability
and result in prominent quantum crosstalk. This is rea-
sonable, as the frequencies of all the control qubits are
distributed around the same value, making them more
prone to this frequency-collision issue. For instance, in
Fig. 10(e), the maximum ZZ coupling of 38 kHz is caused
by the nearly on-resonance coupling of neighboring con-
trol qubits Q2 and Q3. By excluding these “exceptional”
points arising from these static collisions, we find that the
typical ZZ coupling could be below 20 kHz. Similar to the
deterioration of ZZ suppression, as we will show, such col-
lisions can also limit the CX gate performance and cause
spikes of gate errors appearing in pairs.

2. Isolated CX gates

The “violin” plots in Fig. 11 show the distributions of
isolated CX gate errors with varying gate lengths. Similar
to isolated two-qubit systems (see Fig. 4), here the median
gate errors (indicated by dashed lines) are reduced by
increasing the gate length, and the typical gate error ranges
from 10−4 to 10−3. Moreover, as shown in the insets of
Fig. 11, when increasing the gate lengths, almost all qubits
show decreasing trends in gate errors, suggesting that the
gate error mainly comes from the CR drive. Besides, three
main types of features deserve to be discussed in more
detail.

(i) As shown, for example, in Fig. 11(a), under the pos-
itive detuning condition, large gate errors can be found
near the detunings of 50 and 150 MHz. Following the
discussion in Sec. II A, here the gate error is mainly dom-
inated by the off-resonance transitions, i.e., the transition
|0〉 ↔ |1〉 and the two-photon transition |0〉 ↔ |2〉 of the
control qubit, which correspond to the frequency collisions
(S1) and (D1). As expected, prolonging the gate length
(i.e., decreasing the drive amplitude) or increasing ramp
time (i.e., mitigating nonadiabatic transitions in the dressed

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 11. Isolated CX gate errors versus gate lengths of 100 repetitions. Here, the used parameters are the same as in Fig. 10. The
“violin” plots in (a)–(c), (d)–(f), and (g)–(i) show the distributions of isolated gate errors versus gate lengths for the four-qubit systems
shown in Figs. 5(a), 5(b), and 5(c), respectively. The dashed lines denote the median gate error as a function of the gate length, and the
insets give the error distributions over the control-target detunings. The black (gray) circles highlight the spikes of gate errors arising
from frequency-collision issues.
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picture, as discussed in Sec. III A), these transitions can
be suppressed. Furthermore, as already discussed in pre-
vious works [51,65], we expect that off-resonance errors
shown in Fig. 11 can be largely suppressed by optimizing
the control pulse shape in Eq. (20).

In addition, as shown in Figs. 11(g)–11(i), under the
negative detuning conditions, large gate errors can also
be found near the detunings of 50 MHz. Similar to that
within positive detuning conditions, this arises from the
transition |0〉 ↔ |1〉 related to the frequency collision (S1).
Meanwhile, in contrast, as here the control-target detuning
is negative, the two-photon transition |0〉 ↔ |2〉 is signif-
icantly suppressed by the large detuning of ∼ 265 MHz.
Thus, with the negative detuning condition, the frequency-
collision issue of (D1) can be safely omitted for ensuing
high-fidelity gates.

(ii) Similar to the prominent ZZ crosstalk, indeed, the
static collision arising from on-resonance coupling of
neighboring control qubits can account for the spikes of
gate errors appearing in pairs, as highlighted, for example,
by the gray circles in Figs. 11(d)–11(f). More importantly,
different from the dynamic collisions and the static colli-
sion discussed in Figs. 6 and 7, the current collision is
almost independent of the CR drive, explaining why the
resulting gate errors are not reduced by increasing the gate
length, as shown in Figs. 11(d)–11(f). More specifically,
Fig. 12(a) shows the CX gate errors versus the detun-
ing between neighboring control qubits with different gate

(a)

(b)

FIG. 12. (a) CX gate errors versus the detuning between neigh-
boring control qubits (Q0 and Q2) with different gate lengths
for a three-qubit subsystem of the “�” shape system. Here, the
qubit frequencies of Q0 and Q1 are 5.15 and 5.05 GHz, respec-
tively, and the other parameters are the same as in Figs. 11(d)
and 11(e). (b) CX gate errors with the presence of an always-ON
off-resonance drive applied to Q0. Here, the frequency of Q2 is
5.15 GHz and the Stark drive frequency is 5.20 GHz. The inset
shows the ac-Stark shift δs versus the drive amplitude �s.

lengths for a subsystem (consisting of Q0, Q1, and Q2)
of the “�” shape qubit system. One can find that, when
the two control qubits are on-resonance, the spikes of gate
errors appear in pairs (see the left and right panels) and
peak values are almost independent of the gate length.
Additionally, it is also shown that, since the typical cou-
pling strength between neighboring control qubits is of the
order of 50 kHz (see Sec. III A), a small detuning from the
frequency collision, i.e., ∼ 0.5 (2.0) MHz, is adequate to
ensure gate error of ∼ 0.01 (0.001).

Besides, as one might expect, the on-resonance coupling
of control qubits can lead to worsening qubit addressability
and will inevitably complicate almost all qubit operations
(such as qubit readout), not only restricted to gate oper-
ations. It is in this sense that we argue that this type of
static frequency collision deserves to be addressed with
a high priority. In the current CR architecture, to avoid
such static collision, one possible approach is by adding an
additional always-ON off-resonant drive to selectively shift
qubits [41,55]. As shown in Fig. 12(b), by applying a Stark
drive to Q0 with the detuning of 50 MHz, ensuring gate
errors of 0.001 only requires an amplitude of ∼ 15 MHz.
As shown in the inset of Fig. 12(b), this drive induces
a frequency shift of ∼ 1.9 MHz, agreeing well with the
estimated collision bound [see Fig. 12(a)]. Additionally,
as already studied in the previous work [55], the Stark
drive itself could also introduce additional error sources;
this can explain why generally the performance of CX �

01 is
worse than that of CX �

21, as shown in Fig. 12(b). Moreover,
with the mitigation of the frequency-collision issue, the
qubit addressability could be improved and high-fidelity
readout could also be possible, even under the always-
ON off-resonance drive [10,72]. Similarly, as shown in
Figs. 11(g)–11(i), such static collision issues also exist for
the “⊥” shape system, and, in Appendix D, we also show
the results for addressing this issue based on the ac-Stark
effect.

(iii) Compared to other existing CR architectures listed
in Table I, the most peculiar feature of the currently stud-
ied architecture is that the magnitude of the qubit-resonator
detuning is comparable to that of the control-target detun-
ing, as well as that of the qubit anharmonicity. This can
raise a crucial question, whether this setting will introduce
an additional leakage channel or error source. To answer
that question, similar to the discussion of frequency colli-
sion for qubits given in Sec. II A, it should be necessary
to analyze the frequency-collision issue associated with
both the qubits and the resonators, which could potentially
cause leakage and gate errors. Since the typical detun-
ing between the qubit and its resonator coupler is larger
than 250 MHz, frequency collisions similar to that given
in Sec. II A, i.e., (S1) and (S2) and (D1) to (D4), can be
ignored for the present purpose. Moreover, as it is gener-
ally assumed that all the resonator couplers are initialized
in their ground states, the frequency collision should be
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enabled by the CR drive-induced multiphoton process,
thus acting as a dynamic one.

Accordingly, considering the present frequency setting
(i.e., ωi > ωj > ωk) and the typical parameters listed in
Table II, we can expect that the leading frequency collision
should satisfy the following relation Dr (see Appendix E
for details):

ωr + ωj = 2ωi. (23)

This describes the two-photon transition |0000〉 ↔ |1100〉
in the coupled qubit-resonator system, wherein the state
is denoted by |R1, Qj , R2, Qi〉, and the transition rate can
be approximated by (applying second-order perturbation
theory) [48,73,74]

V00↔11 � 2grq�
2αq

(αq + �q)�2
q

. (24)

Similarly, the two-photon transition |0100〉 ↔ |1200〉 with
the condition ωr + ωj + αj = 2ωi can occur, but the tran-
sition is heavily suppressed by the large qubit-resonator
detuning �rq and the negative anharmonicity of transoms
in our setting [60] (see Appendix E for details).

Indeed, the dynamic frequency collision Dr causes the
spikes of gate errors highlighted by the black circle in the
inset of Fig. 11(c). To provide a more detailed analysis
of the collision issue, Fig. 13(a) shows the gate errors as
a function of Q3 for a subsystem (consisting of Q1, Q2,
and Q3) of the “−” shape qubit system. As expected [see
Eq. (E3)], the presence of this dynamic collision does not

(a)

(b)

FIG. 13. (a) CX gate errors as a function of the frequency of
Q3 with different gate lengths for a three-qubit subsystem of the
“−” shape system. Here, the qubit frequencies of Q1 and Q2 are
5.05 and 5.15 GHz, respectively, and the other parameters are the
same as in Fig. 11(c). (b) CX gate errors with increased frequency
of the lightweight resonator. Here, the frequency of resonator R1
is 5.45 GHz.

affect the performance of CX −
21 while it can significantly

degrade the CX −
23 gate performance. Moreover, it also

illustrates the typical features of dynamic frequency colli-
sions, i.e., both the collision condition and the induced gate
error (transition rate) show a dependence on the CR drive
amplitude (gate length). This suggests that, to avoid the
detrimental impact of such collision, one can optimize the
gate length, similar to the case discussed in Fig. 6. Besides,
according to Eq. (E3), increasing the resonator frequency
can be an alternative approach for this purpose, as shown
in Fig. 13(b), which shows the CX gate errors with a larger
resonator frequency. Additionally, in Appendix D, we also
show that such collisions can also be mitigated through the
ac-Stark shift, similar to the one illustrated in Fig. 12(b).

3. Simultaneous CX gates

Here, we turn to study CX gates implemented in parallel,
especially focusing on simultaneous CX gates in the “−”
shape four-qubit system shown in Fig. 5(a). In Fig. 14(a),
the violin plot shows the distributions of simultaneous
gate errors 1 − Fsimul versus the gate length. Similar to
that shown in Fig. 9, the median gate errors (indicated by
dashed lines) decrease when increasing the gate length,

(a) (b)

(c) (d)

FIG. 14. Gate errors of the simultaneous CX gates (CX −
01 ⊗

CX −
23) in the “−” shape four-qubit system versus gate lengths

of 100 repetitions. Here, the parameters used are the same as in
Figs. 11(a) and 11(c). (a) Violin plot of the distributions of simul-
taneous gate errors (1 − Fsimul) versus gate lengths. The dashed
line denotes the median gate error as a function of the gate length.
(b) Scatter plot of the distributions of simultaneous gate errors
over the isolated errors. Here, the isolated error is obtained by
adding the errors of the constituent isolated gates in Figs. 11(a)
and 11(c). (c) Cumulative distribution of the added gate errors
Fisol − Fsimul (excluding negative values, see text). (d) Scatter
plot of the distributions of the added gate errors over the isolated
errors.
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in line with the expectation that the dominant gate error
comes from the CR drive. Moreover, the simultaneous gate
errors show a clear linear dependence on the isolated gate
errors, as shown in Fig. 14(b).

Besides, a close look at Fig. 14(b) also shows us
that, while the simultaneous gate performance is gener-
ally worse than that of the isolated one, in some cases
(especially for isolated gates with the fidelities limited by
leakage), the simultaneous gate can show better perfor-
mance. As already noted in the previous work [60], here
the isolated gates are characterized by assuming spectator
qubits in ground states. Thus leakage that occurs during
isolated gate operations (such as, see Fig. 6, when qubits
are on-resonance with spectator qubits) will contribute
to the control error of simultaneous gates. In this sense,
the presence of such a situation is partly due to our ill-
defined metric and thus the added error is only indicative.
Excluding such cases, Fig. 14(c) shows the cumulative dis-
tribution of the added gate errors Fisol − Fsimul. It is shown
that the median added error is below 10−3 and can further
reduce by increasing the gate length. For instance, with a
gate length of 350 ns, the median error can be suppressed
below 10−4.

To further evaluate the effect of quantum crosstalk resid-
ing in the currently studied architecture, in Fig. 14(d) we
also show the distributions of added errors over the iso-
lated gate errors. One can see that, in almost all the cases,
the added errors are smaller than that of the associated
isolated gates. This suggests that, in the currently studied
architecture, there exists no additional quantum crosstalk
that contributes significantly to gate errors for CX gates
implemented in parallel.

IV. DISCUSSION

In this section, we briefly summarize the main
frequency-collision issue in the currently studied CR archi-
tecture and give potential approaches to address this issue.
Then, we provide a discussion of parameter sensitivity in
the current architecture.

A. Revisiting the frequency-collision issue

As discussed in Secs. II A and III, according to the
underlying mechanism, the frequency collision can be
classified into two main types, static and dynamic. Accord-
ingly, near frequency-collision regions, the two types of
collisions can be described by the following effective two-
level Hamiltonian given in the dressed state picture (see
Fig. 8):

Hsc = δs0 + δs(�)

2
Z + λs

2
X , (25)

Hdc = δd0 + δd(�)

2
Z + λd(�)

2
X , (26)

where Hsc and Hdc are for describing the static and the
dynamic collisions, respectively. Here, δs0 (δd0) denotes
the two-level detuning without the CR drive, while
δs(�) (δd(�)) is the ac-Stark shift, generally displaying
a quadratic dependence on the drive amplitude � [see
Eq. (22)]; λs denotes the coupling enabling the static col-
lisions and is almost independent of the drive amplitude,
while λd(�) is the coupling for the dynamic collision and
strongly depends on the CR drive amplitude. Below, based
on Eqs. (25) and (26), we give more detailed discussions
on the frequency collision.

(i) Static frequency collision. As in Eq. (25), the
static collision and the associated frequency bound mainly
depend on the static couplings λs, such as couplings
between near-neighbors or beyond. To mitigate such col-
lisions, a finite detuning of δs0 should be retained with
the highest priority. Otherwise, this will worsen qubit
addressability and significantly complicate almost all of
the qubit operations. On the other hand, even with the
predefined detuning δs0, the CR drive can shift qubits,
giving rise to the additional detuning δs(�). This means
that the on-resonance condition can be achieved at spe-
cific drive amplitudes, as shown in Figs. 6 and 7. Thus,
to further avoid such situations, the drive amplitude (gate
length) should be optimized, keeping away from the on-
resonance point (see Figs. 6 and 7). In the currently studied
CR architecture, the collision issue for neighboring qubits
can be largely mitigated by using the three-frequency allo-
cation scheme on the heavy-hexagonal qubit lattice, as
illustrated in Figs. 1(a) and 1(e). However, given the three-
frequency pattern, neighboring control qubits are prone
to such collision issues. Hopefully, the typical coupling
is at the submegahertz level, thus, according to Eq. (25),
a small detuning is adequate for addressing such issues
[see Fig. 12(a)]. Meanwhile, even without the predefined
detuning δs0, adding a weak off-resonant drive to selec-
tively shift qubits can mitigate this issue, as demonstrated
in Fig. 12(b).

(ii) Dynamic frequency collision. From Eq. (26), both
the detuning and the coupling depend on the CR drive
amplitude [69]. In essence, this issue is generally mani-
fested as drive-induced single- or multiphoton transitions,
which are absent when the drive is turned off, and the main
types are summarized in Sec. II A. Accordingly, both the
resulting gate error and the occurrence condition can show
a clear dependence on the drive amplitude, as shown, for
example, in Fig. 13(a). Thus, generally, to mitigate the
issue, one can keep a predefined detuning δd0 and decrease
the drive amplitude. On the other hand, besides improving
the accuracy in setting δd0, one might prefer to optimize the
control pulse for ensuring fast gates [51,65]. In the dressed
state picture, this corresponds to suppressing the nonadi-
abatic transitions which are dominated by the collisions
with large couplings. Note that, similar to baseband flux-
control gate operations [60], in the long term, one should
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balance gate errors due to frequency collisions with small
couplings (submegahertz, favoring fast gates) and with
large couplings (few megahertz, preferring slow gates).

In the present architecture based on the heavy-hexagonal
layout and the allocation scheme shown in Figs. 1(a)
and 1(e), the dynamics collision issue for neighboring
qubits can be largely mitigated by assuming the state-of-
the-art accuracy in setting qubit frequencies [24], as shown
in Fig. 10. But, indeed, new frequency collisions can be
introduced here, as indicated by Eq. (E3), due to the small
qubit-resonator detuning (note that, as shown in Fig. 2(c),
within the architecture with the multipath coupler, this
issue should be heavily suppressed). In Fig. 13(b), we
show that increasing the resonator frequency, i.e., increas-
ing δd0 in Eq. (26), can address this issue while it does not
seriously affect the gate speed [see also Fig. 4(a)]. Addi-
tionally, as illustrated in Appendix D, this issue can also be
mitigated by adding off-resonance drives. Note that, unlike
the static collision, here the dynamics collision is acti-
vated by the CR drive. Thus, in principle, the off-resonance
drive could only be applied during gate operations [55,56],
rather than being applied in an always-ON manner. In
this scenario, to ensure high-fidelity state maps between
the computational basis and microwave-dressed basis, the
Stark drive should be slowly ramped up or down [55].

B. Parameter sensitivity

As illustrated in Secs. II and III, in the currently stud-
ied architecture, the realization of fast CR gates with ZZ
suppression depends strongly on the accuracy in setting
qubit parameters. For instance, assuming the control-target
detuning of 100 MHz and the ZZ coupling suppressed
below 10 kHz, the typical usable range of qubit-resonator
detuning for ensuring fast gates (here we consider that,
assuming a CR drive amplitude of 50 MHz, the target
ZX rate is 1 MHz) is only about 100 MHz, as shown in
Figs. 2(d) and 3. Considering the fabrication uncertainty,
within the current architecture, ensuring the successful
realization of fast gates with ZZ suppression should be a
nontrivial task.

Generally, there are two kinds of solutions for this issue:
(i) Optimizing system parameters. For instance, by increas-
ing the qubit-resonator coupling, the useful regime can
increase to ∼ 200 MHz with the ZZ coupling suppressed
below 20 kHz (see the figure in Appendix B). In addi-
tion, decreasing the control-target detuning could be an
alternative approach, but, to ensure high-fidelity gates,
the detuning should be far away from the on-resonance
condition (S1). (ii) Adjusting qubit or resonator param-
eters after fabrication. For example, similar to the miti-
gation of the frequency-collision issue, this issue can be
largely addressed by improving the precision in setting
qubit frequencies with laser-annealing techniques [24,75].

Besides, given that the frequency reproducibility of res-
onators can be far better than that of qubits (see, e.g.,
Ref. [66]), the qubit and the resonator coupler could be
placed in separate chips within flip-chip architectures. As
a consequence, each qubit can have its dedicated resonator
coupler for realizing a fast gate with ZZ suppression.

V. CONCLUSION

We introduce a CR architecture based on fixed-
frequency transmons and fixed qubit-qubit couplings for
mitigating both quantum crosstalk and frequency-collision
issues. Within the CR architecture, we show that the pro-
posed lightweight resonator coupler allows us to address
the speed-fidelity trade-off issue imposed by quantum
crosstalk and extend the usable operating region with siz-
able ZX couplings. Given typical qubit parameters, we
demonstrate, both analytically and numerically, that ZZ
quantum crosstalk can be suppressed and fast, high-fidelity
CR gates can also be achieved with the condition of
negative control-target detunings.

Accordingly, we move beyond the existing literature
by operating the qubit system at both the positive and
negative detuning regions. This could largely mitigate
the frequency-collision issue in existing architectures. To
assess the feasibility and utility, assuming the state-of-the-
art precision in setting frequencies, we systematically ana-
lyze the CX gate performance in the proposed architecture
and show that quantum crosstalk and frequency-collision
issues can be largely mitigated, while the remaining colli-
sion issue can be addressed by adding weak off-resonance
drives. This suggests that the architecture proposed here
could be feasible, even considering practical challenges,
especially fabrication uncertainties.

Although here we mainly focus on the heavy-hexagonal
layout, one can reasonably expect that, within the intro-
duced CR architecture, the quantum crosstalk and the
frequency-collision issues in square qubit lattices can also
be suppressed. However, as studied in previous works
[24,33], to avoid frequency collisions and to improve the
fabrication yield, more stringent requirements, especially
in setting the qubit frequency, would be required for the
square layout than for the heavy-hexagonal layout.

To further improve gate performance and mitigate fre-
quency collisions, we give an intuitive model based on
the dressed state picture. Accordingly, we illustrate the
general underlying mechanism of frequency collisions and
show that frequency collisions can be classified into two
main types, i.e., static and dynamic. We further provide
dedicated schemes to mitigate the two types of frequency
collisions. While the analysis focuses on the CR architec-
ture with transmon qubits, we expect that these discussions
could also be useful for other qubit architecture with
all-microwave-activated gate operations [40,41,53,73].
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Supporting long coherence times and low control over-
head while protecting the qubit system from quantum
crosstalk effects should be one of the most crucial steps
toward large-scale quantum processors based on fixed-
frequency qubits and fixed couplings. The present work
could be helpful in guiding the design of CR-gate-based
architectures for this purpose.
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APPENDIX A: PARASITIC INTERACTIONS AND
THEIR IMPACT ON THE CR ARCHITECTURE

As mentioned in Sec. II A, stray couplings between
qubits are ubiquitous in real superconducting qubit
devices. Here, we turn to provide specific cases for illus-
trating their effects on ZZ suppression and ZX rates. As
mentioned in the second column of Table I, we consider a

(a) (b) (c)

FIG. 15. Effective interqubit couplings (ZZ and XY couplings)
and ZX rates versus the resonator frequency under the consider-
ation of stray qubit-qubit couplings. Here, we consider the direct
qubit-qubit coupling with the strength of g12 = 2gr1gr2/ωr. In
panels (a), (b), and (c), the strengths of the qubit-resonator cou-
plings are 25, 30, and 35 MHz, respectively. The other used
parameters are the same as in Fig. 3. The solid and dashed
lines denote the results for the system with positive and negative
control-target detunings, respectively.

direct qubit-qubit coupling arising from an effective capac-
itance [34,57], giving rise to g12 = 2gr1gr2/ωr. By includ-
ing such direct qubit-qubit coupling terms, we go back
to the generalized system model described by the Hamil-
tonian in Eq. (1). Following Eqs. (6), (12), and (17), in
Fig. 15, we show the ZZ coupling, XY coupling, and the ZX
rate as functions of the resonator frequency with different
qubit-resonator couplings. Here, the used parameters are
the same as in Fig. 3.

It is shown that, considering the direct couplings, sup-
pressing ZZ couplings and maintaining ZX couplings with
sizable strengths can still be achieved. While, for the
given qubit-resonator coupling, both the XY (ZZ) cou-
pling and the ZX rate strength are reduced compared to
that without taking into account the stray coupling [see
Figs. 15(a) and 3], increasing the qubit-resonator coupling
here should be a practical solution to such concern, as
shown in Fig. 15(b). Moreover, the usable frequency range
is comparable to that shown in Fig. 3.

APPENDIX B: EFFECT OF THE INCREASED
QUBIT-BUS COUPLING ON THE CR

ARCHITECTURE

Within the proposed CR architecture, as mentioned in
Sec. II B, increasing the qubit-resonator coupling could
be a practical solution to further improve the ZX rate, as
well as the usable parameter range. Meanwhile, this can
also give rise to larger ZZ couplings. Figure 16 shows
the effective interqubit couplings (ZZ and XY couplings)

(a) (b)

FIG. 16. Effective interqubit couplings (ZZ and XY couplings)
and ZX rates versus the resonator frequency with different qubit-
resonator couplings. (a) Positive control-target detunings. (b)
Negative control-target detunings. The solid, dashed, and dotted
lines denote the results with the qubit-resonator couplings of 25,
30, and 35 MHz, respectively. The other used parameters are the
same as in Fig. 3.
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and ZX rates versus the resonator frequency with dif-
ferent qubit-resonator couplings. It is shown that, when
increasing the qubit-resonator coupling, both the ZX rate
and the useful range of the qubit-resonator detuning can
also be enhanced. However, for instance, increasing the
qubit-resonator coupling from 25 to 30 (35) MHz, accord-
ingly, will increase the typical ZZ coupling from 10 to
20 (40) kHz. On the other hand, similar to the multipath
coupler [42,43], even in these cases, the typical magni-
tude of Jxy/ζzz can still reach the order of 102, suggesting
that the proposed architecture can still outperform other
existing architectures, such as architectures with capacitor
couplers or resonator couplers [see Figs. 2(a) and 2(b)].

APPENDIX C: THE TUNE-UP PROCEDURE AND
CHARACTERIZATION OF THE DIRECT CX GATE

In the present work, we consider the implementation
of the direct CX gate by simultaneously driving both the
control qubit Q1 and the target qubit Q2, as described by
the drive Hamiltonian given in Eq. (19). As mentioned in
Sec. II B, the used pulse shape is a cosine-decorated square
pulse with fixed ramp times of 20 ns, given in Eq. (20).
For tuning up CX gates with a fixed gate length of tg , we
consider numerically optimizing the two drive amplitudes
{�1, �2}, which are the peak drive amplitudes of the two
applied drives [see Eq. (20)], and the used loss function is
defined as

L(�1, �2) = 〈N00,01〉 + 〈1 − N10,11〉, (C1)

where N00,01 (N10,11) denotes the population in state |001〉
(|101〉) after the gate operation with the system initialized
in state |000〉 (|100〉). Here, |nml〉 denotes the eigenstate of
the static Hamiltonian in Eq. (14), which is adiabatically
connected to the bare state |nml〉. The first term in Eq. (C1)
has the effect of minimizing the excitation of Q2 when
Q1 is in state |0〉, while the second term is for ensuring
a complete flip of Q2 when Q1 is in state |1〉.

After obtaining the optimal drive amplitudes {�1, �2},
according to the full system Hamiltonian [see Eqs. (14)
and (19)],

Hfull = Hstatic + Hdrive, (C2)

and the pulse shape given in Eq. (20), the actual evolution
operator is given by

U = T̂ exp
(

−i
∫ tg

0
Hfull(t) dt

)
, (C3)

where T̂ denotes the time-ordering operator. Up to single-
qubit Z phases, the gate fidelity of the implemented CX gate

is [62]

F = Tr(Ũ†Ũ) + |Tr(U†
CXŨ)|2

20
, (C4)

where Ũ denotes the actual evolution operator, which
is truncated to the two-qubit computational subspace
spanned by {|000〉, |001〉, |100〉, |101〉}, and UCX denotes
the target CX gate:

UCX =

⎛

⎜⎝

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⎞

⎟⎠ . (C5)

In our analysis of the CX gate performance, the above pro-
cedure is applied to both the isolated two-qubit system
shown in Fig. 4 and the four-qubit systems shown in Fig. 5.
Additionally, for tuning up and characterizing an isolated
CX gate in the multiqubit system, we always assume that
all the spectator qubits are in their ground states. Then, the
simultaneous gates are characterized based on the pulse
parameters obtained from the tune-up procedure of the
constituent isolated gates. Lastly, note here that, in our
numerical analysis, each transmon qubit is modeled as
a four-level anharmonic oscillator and the resonator is
truncated to the lowest four energy levels.

APPENDIX D: MITIGATING THE
FREQUENCY-COLLISION ISSUE WITH THE

ac-STARK SHIFT

As illustrated in Sec. III B, the static collision arising
from weak qubit-qubit couplings can be avoided by adding
weak off-resonance Stark drives. Here, we provide addi-
tional illustrations on this subject. Similar to Fig. 12(a),
Fig. 17(a) shows that the static collision arising from the
always-ON weak coupling between neighboring control
qubits Q0 and Q2 can also exist for systems with nega-
tive control-target detunings. By applying an off-resonance
drive to Q0 at the frequency of 5.20 GHz, this collision
issue can also be mitigated by employing the ac-Stark
effect [see Fig. 17(b)].

In addition, while in Sec. III B, the dynamic collision
issue associated with the resonator is addressed at the
device level, i.e., by increasing the resonator frequency,
here we further show that this issue can also be miti-
gated by adding off-resonance drive to selectly shift qubit
frequencies. Accordingly, Fig. 18 shows the CX gate per-
formance in the subsystem (comprising Q1, Q2, and Q3)
of the “−” shape four-qubit system with the off-resonance
drive applied to Q3. It is shown that the gate performance
can indeed be improved. By optimizing the gate length and
the Stark drive parameters, we expect that even higher gate
fidelities can be achieved.
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(a)

(b)

FIG. 17. (a) CX gate errors versus the detuning between neigh-
boring control qubits (Q0 and Q2) with different gate lengths for
the subsystem of the “⊥” shape system. Here, the qubit frequen-
cies of Q0 and Q1 are 5.15 and 5.25 GHz, respectively. The other
parameters are the same as in Figs. 11(g) and 11(h). (b) CX gate
errors with the presence of an always-ON off-resonance drive
applied to Q0. Here, the frequency of Q2 is 5.25 GHz and the
Stark drive frequency is 5.20 GHz. The inset shows the ac-Stark
shift δs versus the drive amplitude �s.

Note here that, besides two-qubit gates, the impact of
the introduced off-resonance drive on single-qubit gates
should also be examined. As demonstrated theoretically
in the previous work [55], even in the presence of off-
resonance drives, single-qubit gates with gate errors below
0.0001 could still be achieved, especially when using a
small drive amplitude, as in the present work.

APPENDIX E: NEWLY ADDED FREQUENCY
COLLISIONS

Within the currently studied architecture, the magni-
tude of the qubit-resonator detuning is comparable to that

(a) (b)

FIG. 18. CX gate errors versus the Stark drive amplitude with
different gate lengths for the subsystem of the “−” shape sys-
tem. Here, the qubit frequencies of Q1 and Q2 are 5.05 and
5.15 GHz, respectively, while the frequency of Q3 is 5.28, 5.279,
and 5.2745 GHz for gate lengths of 400, 300, and 200 ns,
respectively (as here the collision condition depends on the drive
amplitude). The Stark drive is applied to Q3 at a frequency of
5.33 GHz and the other parameters are the same as in Fig. 11(c).

of the control-target detuning and the qubit anharmonic-
ity. This can thus introduce new frequency-collision issues
associated with both the qubits and the resonators. More-
over, since the resonator frequency is larger than the
qubit frequency, with the typical detuning of 250 MHz,
frequency-collision issues similar to (S1), (S2), and (D1)
to (D4) (see Sec. II A) can be ignored here. Considering
that the resonator couplers are generally initialized in their
ground states, the leading frequency collision should be
manifested as CR-drive-induced two-photon transitions.

To be more specific, we consider a coupled qubit-
resonator system, wherein �q = ωq − ωr and grq denote
the qubit-resonator detuning and the qubit-resonator cou-
pling, respectively, and the system state is labeled by
|Q, R〉. We further assume that a drive with frequency ωd
and drive magnitude � is applied to the qubit, which is a
transmon qubit with anharmonicity αq. Within such a cou-
pled qubit-resonator system, there are two main types of
two-photon transitions with the resonance conditions

ωr + ωq = 2ωd,

ωr + ωq + αq = 2ωd,
(E1)

which correspond to the two-photon transitions |00〉 ↔
|11〉 and |10〉 ↔ |21〉, respectively. By applying second-
order perturbation theory [48,73], the transition rate can be
approximated by

V00↔11 � 2grq�
2αq

(αq + �q)�2
q

,

V10↔21 � −√
2 �

�q + αq

[ −4grq�

�q + αq
+ grq�

�q
+ 3grq�

�q + 2αq

]
.

(E2)

As mentioned in Sec. III, considering the three-frequency
setting, i.e., ωi > ωj > ωk, for the heavy-hexagonal qubit
lattice and the typical parameters listed in Table II, we
find that, within the currently studied CR architecture, the
dominant frequency collision should be the two-photon
transition |00〉 ↔ |11〉 and the collision condition is given
by

ωr + ωj = 2ωi. (E3)

On the other hand, as indicated by Eq. (E2), the two-photon
transition |10〉 ↔ |21〉 is heavily suppressed by the large
qubit-resonator detuning and the negative anharmonicity
of transmon qubits.
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