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High-fidelity universal quantum gates are widely acknowledged as essential for scalable quantum
computation. However, in solid-state quantum systems, which hold promise as physical implementa-
tion platforms for quantum computation, the inevitable ZZ crosstalk resulting from interqubit interactions
significantly impairs quantum operation performance. Here we propose a scalable protocol to achieve
ZZ-crosstalk mitigation in universal quantum gates. This method converts the noisy Hamiltonian with ZZ
crosstalk into a framework that efficiently suppresses all ZZ-crosstalk effects, leading to ideal target quan-
tum operations. Specifically, we first analytically derive the ZZ-crosstalk mitigation conditions and then
apply them to enhance the performance of target universal quantum gates. Moreover, numerical simula-
tions validate the effectiveness of ZZ-crosstalk mitigation when multiple qubit gates operate concurrently.
As a result, our protocol presents a promising approach for implementing practical parallel quantum gates

in large-scale quantum computation scenarios.
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I. INTRODUCTION

Quantum computation is an emerging technology that
leverages the principles of quantum mechanics to tackle
problems that are intractable for classical computation,
such as factorization of large integers [1,2] and database
searching [3]. The success of quantum computation relies
on the implementation of high-fidelity quantum operations.
However, quantum crosstalk in large-scale quantum sys-
tems influences parallel quantum operations, leading to
error accumulation and propagation [4], which can ulti-
mately cause the quantum computation process to fail. The
ZZ crosstalk resulting from interqubit interactions is preva-
lent in various quantum systems, such as semiconductor
and superconducting qubits [5—8], and leads to correlated
and nonlocal errors [9,10], as well as spectator errors
[11-13]. Therefore, the development of methods to imple-
ment universal quantum gates that can withstand the effects
of ZZ crosstalk is crucial, particularly in quantum systems
where that effect is significant.
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Recently, significant efforts have been devoted to mit-
igating the ZZ-crosstalk effect in quantum information
processing. Firstly, various hardware-based strategies have
been proposed, including the integration of tunable cou-
plers or buses [14-21], and the utilization of qubits with
opposite anharmonicity [22—24]. However, these strategies
heavily rely on the precision of hardware manufacturing,
posing substantial challenges. Secondly, quantum control
strategies, such as the simultaneous ac Stark effect on cou-
pled qubits [25-29] and dynamical decoupling [30-33],
offer alternative approaches that can alleviate hardware
requirements while suppressing ZZ crosstalk. However,
due to the lack of freedom of control, the extensibility of
the Stark method [25-28] is limited. Besides, the dynami-
cal decoupling method needs to apply the decoupling pulse
sequence independently to all spectators to eliminate the
ZZ-crosstalk errors [33], resulting in more resource con-
sumption. Recently, an analytical condition for achieving
crosstalk-robust control has been proposed [34], which is
applicable only to single-qubit cases.

In this paper, we address the above obstacles by pre-
senting a scalable protocol for implementing universal
quantum gates with ZZ-crosstalk mitigation (ZZCM) in
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large-scale quantum systems. The quantum system with a
ZZ-crosstalk Hamiltonian is transformed into a framework
that suppresses all ZZ-crosstalk effects between qubits,
yielding ideal quantum operations. We analytically derive
the conditions that the transformed operator must satisfy
and apply it to enhance the performance of universal quan-
tum gates. We demonstrate that, for single-qubit gates, the
application of a continuous external drive field to the gate
qubit can effectively suppress ZZ crosstalk from all nearby
qubits, significantly reducing experimental complexity and
yielding high-fidelity quantum gates. For parallel quan-
tum gates, the mitigation of ZZ crosstalk between adjacent
qubits can be achieved by applying continuous external
driving fields only to the next-nearest-neighbor qubits.
Furthermore, our scheme does not need additional physical
qubits or circuits and is suitable for all quantum proces-
sors. Consequently, this approach holds great promise for
practical large-scale parallel quantum computation.

II. QUANTUM GATES WITH ZZCM

In this section, we first present the considered lattice
model for universal quantum gates with specification on
the explicit form of the ZZ crosstalk. Then, we propose the
general scheme for constructing universal quantum gates
with ZZCM.

A. ZZ-crosstalk model

We consider a general two-dimensional lattice model
for scalable quantum computation. Here, scalable quan-
tum computation refers to the ability to efficiently apply
our scheme to large-scale quantum systems, requiring only
local control, in the presence of residual connections. For
demonstration purposes and without loss of generality, we
assume the lattice consists of N x N physical qubits, as
depicted in Fig. 1(a). In this lattice, we label the qubit
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FIG. 1. Construction of single-qubit gate with ZZCM. (a)
Schematic illustration on a two-dimensional N x N physical
qubits lattice. (b) Gate infidelity of o*/2 gate on the qubit Q;;
as a function of 1.,/ Q¢ for different values of k. The solid pur-
ple line represents the result obtained from the dynamical (DY)
scheme.

at the ith row and jth column as Q;;. For typical solid-
state quantum systems, two nearest-neighbor qubits are
coupled through the XY type of interaction [35,36], and
each qubit can be driven independently. The static ZZ
coupling is considered as one of the dominant sources of
noise [5—8]. The dynamics of the system is governed by
the total Hamiltonian H,(t) = Hy(t) + H,,, with Hy(¢) =
Hy(t) + H;(f), where H;(f) represents the Hamiltonian
with individual single-qubit drives, H,(f) describes the
interaction between nearest-neighbor qubits of the system,
and H_, accounts for the ZZ-crosstalk Hamiltonian. Setting
h = 1 hereafter, in the interaction picture, the Hamiltonian
of a single-qubit under resonant driven is given by

Hy(h) =) Qi (1)(cos ¢y + singyjol), (1)
i!j

where Q;; (f) (¢;;) are the time-dependent driving ampli-
tude (phases) acting on the Q;; individually, and o;; =
(o, o o) is the Pauli operator. The XY interaction
between nearest-neighbor qubits is

ij° ij°
WANG))
HJ(t)zz 12/2 (o’u ,+1J+ i ,+1J)

iy

,]l.y. 0)
+ Z JT (UZJGIJ+1 to t,/ t,/+l) (2)

iy

where {i,j} € {1,2,...,N} and J; (t) and J. (t) being the
controllable coupling strength between 0ij and its nearest-
neighbor qubits along the row and column direction,
respectively. The adjacent ZZ-crosstalk Hamiltonian is

Hy = Z (nld GIJ l+1,j + nlJGzJ 11+1> (3)

i

where 777 characterize the coupling strength of ZZ inter-
actions between nearby qubits.

B. The general scheme

To eliminate the unwanted ZZ crosstalk, we rotate the
system to the framework defined by a time-dependent
unitary transformation A(¢) as

HAt) = AT H,0)AW +iAT(0)A®@). (4)

Our goal is to devise the form of A(f) such that the
resulting evolution operator of H 4(¢) yields an ideal gate
operation at the final moment, i.e.,

UA(T,0) = Te il Hadr — g, (5)
where 7 denotes time ordering, T represents the duration

of the gate operation, and U signifies the ideal gate oper-
ation free from the influence of ZZ crosstalk. By imposing
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the boundary condition of A(T) = A(0) = I, the evolution
operator generated by H,(¢) in the interaction picture can be
expressed as

U(T,0) = A(DUA(T,0) =1 x Uy, (6)

which implies that we eliminate the adverse effect of ZZ
crosstalk and realize the ideal gate operation.

To determine the specific form of A(¢) satisfying
Eq. (6), we divide the evolution into £ segments (k is a pos-
itive integer), that is 7' = kt with k being positive integer,
and expand U 4 (T, 0) as

k
U(T,0) = [ [ Ualnt, (n — D). (7

n=1

For the nth period U4[nt, (n — 1)t] = 7T exp [—if(':f_l)r

Hy (t)dt], by using the Magnus expansion [37,38], the uni-

tary evolution operator U 4[nt, (n — 1) ] corresponding to
a time-dependent Hamiltonian is

U_A[Vlf, (n - 1)'[] = eiif(H(0>+1:1(l)+...)’ (8)

where HY) is characterized by an order of /. Here,
we restrict to the first-order term H©, which is known
as a lowest-order approximation. It is noteworthy that
this approximation becomes exact in the limit of 7 is
infinitesimal. In practical situations, we impose the con-
dition that t is significantly smaller than the gate time.
In the lowest-order approximation, the evolution operator

becomes Uy[nt, (n — 1)t] = exp’i’H(o), with

_ 1 nt
HY = —/ H 4 (¢)dt
T (n—)t

nt

_! [ / " H a0(dt + / AT(z)HZZA(t)dt],
T LJn-11 (=1t
9)
where
Hao(t) = AA(OH (OAWD +iAT(0)A@)  (10)

is the target Hamiltonian without ZZ crosstalk for Hy(?), in
the A(?) framework, which can realize the ideal gate Uj.

To eliminate the influence of H,,, we impose two condi-
tions to A(?), i.e.,

At = At + 1), (11a)

/ ) AN (WH. A(dt = 0, (11b)
0

which indicate that A(¢) is periodic with its period being
7, and the integral of H,, in the framework of A(¢) is zero,

within any periods. By these settings, Eq. (7) becomes

k
U (T, 0) ~ l‘[e—if(ff_m Hpo0dr Uo, (12)

n=1

which is the ideal rotation operation. Imposing the bound-
ary condition A(7T) = A(0) =1, and move back to the
interaction picture, we obtain the evolution operator gener-
ated by H,(¢) is U/(T,0) = A(T)U4(T,0) = Uy. Overall,
the key to mitigating ZZ crosstalk and realizing ideal
quantum gates is to find a transformed operator A(¢) that
satisfies the boundary condition A(T) = .A(0) =1 and

Eq. (11).

III. EXAMPLES OF UNIVERSAL QUANTUM
GATES

In this section, we exemplify the construction of uni-
versal quantum gates with ZZCM in the considered lat-
tice model, which can support scalable universal quantum
computation. While our simulations are based on a sim-
plified qubit case, techniques for mitigating gate error
induced by low anharmonicity of qubits can also be incor-
porated in our scheme.

A. Single-qubit gate

As shown in Fig. 1(a), we utilize the construction of
a single-qubit o*/2 gate on qubit Q;; as an example to
provide a detailed explanation of how to eliminate ZZ
crosstalk from the surrounding four spectator qubits, i.e.,
Oi—1j, Oiv1> Qij—1, Qij+1. We start from Eq. (10), where
the single-qubit driven Hamiltonian in the framework of
Aj (f) reads

Ha () = Qo (Do), (13)

where Qq; (7) = Q; sin’ (mt/Ty) with Qg being the pulse
amplitude, and 7 being the gate operation time satis-
fied forl Qo1 (H)dt = /4. Note that, our scheme does not
impose limitations on the shape of €2 (¢). Here, we chose
Q1 (f) to be a commonly used time-dependent waveform
in experimental settings. This waveform exhibits a con-
tinuous transition from zero to zero, minimizing abrupt
changes, and has practical advantages in experimental
implementation, such as reducing undesirable transients.
The nearest ZZ-crosstalk Hamiltonian can be written as

z
H; = nzzo'i,jZ[,ja (14)
where
_ .z z z z
Zij =0_1; 07 ; +0i_1+0i4

are the summation of the o“ operators of the four nearest-
neighbor qubits for Q;;, and we assume that the ZZ-
crosstalk strengths are the same for the sake of simplicity.
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For elimination of ZZ crosstalk, we choose the time-
dependent transformed operator A, (¢) to be

Ai(H) = exp [—iw;:l sin’ <71_t) olf/-:| , (15)

7]

where t; = Ty /k is the period, and w; being the param-
eter used to satisfy Eq. (11b). It is obvious that A;(?)
satisfies the boundary condition A;(0) = A(7}) = I and
Eq. (11a). In addition, the condition in Eq. (11b) can be
written as

nty
/ Al H..1 Ay (0dt
(n—1)m

nty
= s /( (cos xo7; + sin x0;,)Z;;dt, (16)

n—1)ty

where x =2w7/7 sin? (wt/t)). We define the error
cumulant during the nth period as

nty nty
/ cos xdt / sin x dt
(n—1)7y (n—1)7y

Through the numerical simulation, it can be concluded that
w) = 4.81k is the optimal choice for making the error
cumulant to be zero, see Appendix A for details. Note that,
as shown in Eq. (17), n,, appears outside of the integrals.
Therefore, as long as the integrals evaluated to be zero over
the duration of interest, the error cumulant will be zero,
i.e., independent on the value of 7,, for different qubits.
The assumption of equal 1, for all neighbors is set only for
the sake of simplicity and clear representation. Meanwhile,
Eq. (17) is applicable for the slowly varying drift case, i.e.,
Nz < 1/11, this assumption is held for solid-state quantum
systems [29,39].

Once the form of A;(¢) is determined, we can obtain
the total Hamiltonian H;(¢) in the interaction picture by
inverting Eq. (4), i.e.,

+

E=nzz[ } (17)

A
Hi(t) = A OHA O A @) + i dlt(”

= Ql(t)o',f/ +H., (18)

-’4.1r (t) + szl

with Qi () = Qqy sin®(t/T}) + w; sin2t/7;). Note
that, to meet the conditions in Eq. (11) and the bound-
ary condition A(T) = A(0) = I, the form of A;(¢) is not
fixed, we choose the sine square form aimed to set the
added waveform, the second term in €2;(?), to be a simple
sine function. This indicates that we can mitigate the ZZ
crosstalk from all spectators only by modulating the shape
of the external drive on the gate qubit from 2y () to Q2 (¢),
and the term i/ll (t).AT(t) serves as the additional cor-
rection Hamiltonian, which consists of only single-qubit
terms.

It is worth noting that the target ZZCM Hamiltonian in
Eq. (10) is consistent with the type of quantum gate under
consideration. However, on constructing other types of
quantum gates, the target ZZCM Hamiltonian in Eq. (10)
will be changed accordingly. In this case, the form of
Eq. (15) for A, (¢) will also be changed in order to suppress
ZZ crosstalk. After setting the target ZZCM Hamiltonian
and it corresponding A, (¢), the resulting Hamiltonian in
the interaction picture can still be obtained using the for-
mula in the first line of Eq. (18). Generally, the design
of A(f) needs careful consideration to ensure that the
Hamiltonian in the interaction picture, namely Eq. (18),
possesses a concise form and retains practical feasibility.

We numerically quantify the gate robustness by using
the gate fidelity of F(Up) = |Tr(US U..)|/| T+ (UL Up)| [40],
where Uy and U,, are the ideal and error-affected evo-
lution operators, respectively. Figure 1(b) shows a com-
parison of the robustness to ZZ crosstalk of ZZCM
schemes with different £ and the DY scheme, where
the DY scheme is implemented by using a pulse of
Qu(H) = Qo sin® (t/T4), with T, being the gate time,
see Appendix B for details. The numerical results reveal
a positive correlation between an increase in k£ and an
enhancement of the resilience to ZZ crosstalk. This rela-
tionship stems from the fact that, larger £ corresponds to
smaller t; = T /k, which leads to an improved precision of
the lowest-order Magnus expansion approximation. This
heightened precision in representing the system’s dynam-
ics results in a more efficient mitigation of ZZ crosstalk.
Additionally, we can observe that the gate infidelity as a
function of 1.,/ Qo1 (n.:/ Ro1 € [—0.5,0.5]) can be smaller
than 10~ throughout the entire range of errors for k > 4.
Notably, compared to the DY scheme, the gate infidelity
of the ZZCM schemes reduces by at least 2 orders of
magnitude when the error ratio exceeds |0.02].

It is noted that, from a general theoretical perspective, it
is true that smaller values of t; (or larger k) lead to a more
accurate lowest-order approximation of Magnus expan-
sion, which, in turn, results in a more effective suppression
of ZZ crosstalk. However, we can infer from Eq. (18)
that the modulated coupling strength €2;(f) increases as
k increases, which is not favorable for implementation in
an actual experimental setup. Therefore, when selecting
k, one needs to balance the ZZ crosstalk suppression and
experimentally feasibility for the control pulses. This bal-
ance will depend on the specific physical system under
investigation. To address this issue, we set the maximum
value of Q(#) as ,, with 1.,/ <, ranging from —0.05
to 0.05. Under these conditions, the optimal choice of & is
found to be 4, as shown in Appendix C.

B. Parallel single-qubit gates

In the context of scalable quantum computation, paral-
lel quantum gates play a pivotal role. In the absence of ZZ
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crosstalk, simultaneously constructed single-qubit gates
are trivial, which can be induced by independent driving
fields. However, in the presence of ZZ crosstalk, parallel
single-qubit gates are no longer trivial, as manipulating
one of the qubits will also lead to unintended operation
on its nearby qubits, leading them to be entangled with
gate qubits. Therefore, we now focus on the suppression of
interqubit ZZ crosstalk during the construction of parallel
single-qubit gates.

Here we take the parallel single-qubit gates o* on Q;;
and 0¥ on Q1,41 simultaneously as an example, as
shown in the dotted box in Fig. 2(a). Note that, parallel
single-qubit gates on nearest-neighbor qubits can also be
implemented, as detailed in Appendix D. Starting from
Eq. (10), the individual single-qubit driven Hamiltonian is

Hup(1) = Q)05 + 07,141 (19)

with Q2 (7)) = Qo sin’ (wt/T,), where the gate operation
time 7, satisfies f0T2 Qo (H)dt = /2. In this case, the
Hamiltonian of nearest ZZ crosstalk can be written as

H., = nzz(GiZJZiJ + aiz+1J+1Zi+l,j+1)- (20)

When we choose the transformed operator as

LTy . wt .
Ay (f) = exp [—1% sin’ (T—2> (o7, + crinJH):| ,
(21)

the Hamiltonian in the interaction picture can be obtained
by inverting Eq. (4), i.e.,

Hy (D) = 00 + 0 4) + Haao  (22)
where the equivalent coupling strength is €2,(¢) =
Qo2 sinz(m‘/Tz) + wy sin(2rwt/1y). Here, 1) = T, /k is the
period, and w;, is the parameter used to satisfy Eq. (11Db).
By utilizing numerical simulations, we can determine the

(a) (b) 1.000
Qi1
Qij-1 Qij Qg é\‘ 0.995
©
=
Qit1j*Qirrjir = Qivigs ~ 0.990
Z7ZCM
Qiszji1 DY
0.985
—0.050 —0.025 0.000 0.025 0.050
nzz/nm

FIG. 2. Construction of parallel single qubit with ZZCM. (a)
The lattice structure for constructing single-qubit gates o, ®
Olp1, 415 1€, 0 on qubit O;; and o on qubit Oj41+1. (b) Gate
fidelity of parallel gates as a function of 1,/ €2,,.

optimal value of w; is 2.4k2(,, which ensures the error
cumulant to be zero, see Appendix A for details. By set-
ting the maximum value of ©,(f) to €2, and imposing
a constraint on 7.,/ $2,, in the range of [—0.05, 0.05], we
can identify the optimal value of & to be 4. A comparison
between the robustness of the ZZCM scheme with k£ = 4
and the DY scheme against ZZ crosstalk is presented in
Fig. 2(b), where the DY scheme is implemented by using
a pulse of Qupn () = Ry, sinz(rrt/ Tp), with T being the
gate time, see Appendix B for details. The results indicate a
meaningful increase in robustness for the entire error range
when implementing the ZZCM proposal.

C. The two-qubit SWAP gate

Compared to single-qubit gates, two-qubit gates are
more susceptible to parasitic ZZ crosstalk, significantly
challenging the attainment of high-performance two-qubit
gates. Therefore, suppressing ZZ crosstalk is crucial for
implementing high-performance two-qubit gates. In this
regard, we devise the two-qubit SWAP gate with ZZ-
crosstalk mitigation effects. Considering a quantum system
consisting of eight physical qubits enclosed in a dotted
box in Fig. 3(a), where the SWAP gate U(Sl. ).j+1) are acted
on qubits Q;; and Q;;4, and the remaining six qubits,
Oi1)50i-1j+1,Qij—1, Oij+2, Qi1 Qiv1,+1, denote the
spectators. The interaction between qubits is indicated by
the solid and dashed lines, which correspond to the XY and
ZZ interactions, respectively.

It is worth noting that, unlike the approach taken for
constructing single-qubit gates, when building two-qubit
gates, we follow the general principles outlined in Sec. II,
i.e., we start with the Hamiltonian in the interaction pic-
ture. When constructing single-qubit quantum gates, we
start from the target Hamiltonian in Eq. (13), in the frame-
work of A;(?), to obtain the interaction Hamiltonian in
Eq. (18) in a reverse way. This reverse approach allows
us to establish the relationship between the Hamiltonian in

(a) (b) 1.00
Qic1 -+ Qirsn 0.99
>
Qijo17* Qi “=Qij1+ Qijee T—; 0.98
=]
= 0.97
Qit1,**Qingn
0.96 77CM
DY
0.95
-0.050 -0.025 0.000 0.025 0.050
7]:2/J0

FIG. 3. Simultaneously construction of single- and two-qubit
gates with ZZCM. (a) The lattice structure for constructing gates
of Ufi,/),(i,/'ﬂ) ® 71,41 ® 074, ®Liy1,41, which construct a
SWAP gate on qubits Q;; and Q;, 41, a o* gate on qubit Q;_y 41,
a o’ gate on qubit O;;42, and the identity operation on qubit
Oiy1,+1, simultaneously. (b) Gate fidelity as a function of 1. /Jy.
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the interaction picture and the rotation operator A(¢). This
approach is applicable for single-qubit gate construction,
as arbitrary direction of single-qubit control is experi-
mental achievable. However, when constructing two-qubit
gates, the form of the two-qubit coupling is in specific
forms for different quantum systems. Here, as shown in
Fig. 3(a), we consider the conventional XY interactions
between nearby qubits, and use only single-qubit opera-
tions to suppress ZZ crosstalk. Therefore, we initially set
the form of the interaction Hamiltonian, to avoid intro-
ducing two-qubit interactions beyond the intended XY
coupling. Inspired by Eq. (18), we represent the interaction
Hamiltonian as

H3(t) = H; () + Hoo3 + Hyz (1), (23)
where
J(t
Hy(t) = %(O—zyfj Oij+1 +o, z,] z,j+1) (24)

is the XY interaction Hamiltonian between qubits O;;
and Q;j41, with J() =Jp sin?(t/T3) being the time-
dependent interaction strength. The Hamiltonian

sz3 = nzZ[GiZJZiJ + O'iZJ+1(Zi,/+l - O'i,)] (25)

represents the ZZ crosstalk between qubits. The addi-
tional Hamiltonian Hy3(f) = iAg (t)Al (%) is introduced to
suppress the ZZ crosstalk.

To achieve the SWAP gate while suppressing ZZ
crosstalk by only single-qubit gate correction, we divide
the evolution into two steps. In the first step, we choose

Asz1() = exp [—ia)3t3/n sin? (7t/13) (U;ZIJH + o7 +

al?;+2 + al?;l’jH)], with 73 = T3/4 (meaning k = 4), and
w3 = 4 x 2.4J,y. Similar to the singe-qubit case, the choice
of Aj;(¢) is still not fixed, it needs to only satisfy the
boundary conditions and Eq. (11). Here, for the sake of
simplicity, we set A3; in a single-qubit rotation form,
making the additional correction term, which is Hy3(¢) in
Eq. (23), just contain single-qubit operations. By rotating
the system to the framework defined by A3 (¢), we obtain

Hy (1) = AL (0Hs (1) A3 (1) + 1AL (0 A1 (1)

_JO t (1)
5 Ul,/ l,/+l +./431(t) |: ly/ ly]+1 +sz3]
x Az (9), (26)

where (;:zrjl)r (t) [J(I)O-IJ ij +1/2 + sz3]-’431 (t)dt

0. Hence, when fo J(@®dt =m/2, in the framework
of Ajzi(f), the evolution operator in the first step is
U}AS(TLO) = exp[—inafJUf‘J+1/4], which represents a

nontrivial two-qubit gate, i.e., we can perform a two-qubit
gate with suppression of ZZ crosstalk in only one step.
By combining arbitrary single-qubit gate operations, we
can achieve universal quantum computation. However, to
enable direct comparison with the dynamical gate scheme,
we target to construct a SWAP gate. This is because under
XY interactions, the dynamical gate scheme can directly
implement a SWAP gate instead of ULB(T 3,0). To build
the SWAP gate, we need to proceed with the next step.

In the second step, we choose Az, (7) = exp [—iwg 73/
sin®(7¢/73) (aﬁlwl +0l 0+ UZV+1,/+1)]’ and the

Hamiltonian H,3(#) in Eq. (23), in the framework defined
by A3 (1), is

H25(0) = AL (0 H3 (0 Asa (1) + 1AL (0 A3 (1)
J(
= %Uiy,joiy,/ﬂ 20) |: () 070741 +sz3:|
X .A32(t). (27)
Since [1%y AL [J 003051 /2 + Hes | Asa (07t =

0, the evolutlon operator in the second step becomes
Ui¥3 (273, T3) = exp[—inay, O—iy,j+l/4].' As a result, the evo-
lution operator of the whole process is

Ua3(2T5,0) = U3 (213, T3)U 43(T35,0) =

(t/) (ij+1)°

which is a SWAP gate between qubits Q;; and Q;; 1. Mov-
ing back to the interaction picture, the evolution operator
generated by H3(¢) at the end time reads

Us(2T5) = A32(2T3)U(,J) Gj+1) — U(l,]) (ij+1)" (28)
Therefore, we realize the two-qubit SWAP gate with ZZCM.

It should be noted that, to suppress ZZ crosstalk, an addi-
tional Hamiltonian H;(7) = iA; (Z)AT(t) is introduced, as
shown in Eq. (23). This extra Hamiltonian requires addi-
tional drives not only on qubit Q;; but also on specta-
tor qubits Q;_1,41, Qij+2, and Qjy1,41. We emphasize
that these spectator qubits do not represent any addi-
tional physical qubits overhead on the quantum proces-
sor, as we can still perform independent quantum gate
operations on them. This means that while implement-
ing the SWAP gate, parallel single-qubit gates on the three
qubit can also be obtained simultaneously. To demonstrate
this, we introduce a parallel gate U?;’,j),(i A ®0L 1 ®
G;VJ 42 ® lit1j+1, which consists of a SWAP gate on qubits
Q;; and Q;;41, a 0¥ gate on qubit Q;_;11, a o gate
on qubit Q;; >, and an identity gate on qubit Qi ;41.
In this scenario, the total Hamiltonian is represented as
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Hi(t) = H3(t) + H,(t), where

J(?)

H () = T(Oix—l,/‘—t-l + US}J+2) (29)

is the Hamiltonian for constructing the single-qubit gates.

Figure 3(b) displays the numerically simulated gate
fidelity as a function of ZZ crosstalk. The comparison
between the performance of ZZCM and DY schemes is
presented, where the latter is implemented via the Hamil-
tonian of

J0
Hd3(l) = T(GiJaiJ+1 +O—I'J/Jal‘)},j+l)

+J O 41 + aiyJ+2), (30)

see Appendix B for details. Figure 3(b) demonstrates
that the ZZCM scheme exhibits remarkable robustness
against ZZ crosstalk, outperforming the DY scheme. The
results reveal that the two-qubit gate is much more sen-
sitive to ZZ crosstalk than the single-qubit gate and that
the incorporation of the ZZCM method can efficiently
mitigate this issue. Specifically, the incorporation of the
ZZCM approach reduces the infidelity of the parallel
gate Uj ) ;41 ® 07141 ®0;, 1, ® L1411 by 3 orders
of magnitude, compared to the DY scheme, when the ZZ
crosstalk ratio is 0.05. Parallel SWAP gates can also be
implemented, see Appendix E for details.

IV. DISCUSSION AND CONCLUSION

We have presented a protocol for implementing ZZ-
crosstalk-mitigation universal quantum gates in a two-
dimensional square lattice. This approach is also appli-
cable to other kinds of lattices, encompassing three-
dimensional qubit arrays. It eliminates the need for aux-
iliary qubits, simplifying the implementation process and
reducing resource requirements. Moreover, the method is
compatible with different types of quantum processors,
accommodating both direct and bus-based qubit inter-
actions. These features contribute to the versatility and
scalability of the ZZ-crosstalk mitigation scheme, making
it a promising approach for a wide range of quantum com-
putation platforms. By employing a time-dependent uni-
tary transformation operator, we successfully realize high-
performance isolated and parallel quantum gates while
mitigating the ZZ crosstalk between qubits. Notably, the
ZZCM proposal can be utilized to prevent the accumula-
tion and propagation of errors induced by ZZ crosstalk,
making it a promising solution for constructing deep quan-
tum circuits and simulating quantum algorithms. Conse-
quently, our protocol may lay the groundwork for practical,
scalable, and fault-tolerant quantum computation.
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APPENDIX A: NUMERICAL SIMULATION FOR
THE ERROR CUMULANT

To mitigate the influence of ZZ crosstalk, the time-
dependent transformed operator A(f) needs to satisfy
the requirement stated in Eq. (11) of the main text.
For single-qubit gates Uy=12) (U =0%*/2, U, =0%) on
qubit Q;;, the corresponding operation duration satisfy

1 2
1 Qo sin?(rt/Thdt =1/4 and [ ' 2y sin (/T2 dt =
/2, respectively. The Hamiltonian describing the ZZ
crosstalk between nearest qubits reads in Eq. (14).
To mitigate the ZZ crosstalk from nearest qubits, we

choose Al (t) = exp [—ia)ll tl/m sinz(nt/t{)al?fj], where
tl = T! /k is the period, and ! = y/kQ (k is posi-
tive integer) is the parameter used to satisfy Eq. (11b).
Therefore, the condition in Eq. (11b) can be expressed as

S I
/( Al Aode
n— Tl

!

n‘rl
= ;722/ (cos Xllain + sin X{a[yJ )Zijdt,  (Al)
(n—l)rll

where Xf = nykar{/n sin’ (th/rf). We define the error
cumulant during the nth period as

}’I'L'II 'l'({
El =n.. / cos x'dt / sin xldt
(n—Dyr! (n—Dyr!
(A2)

Figures 4(a) and 4(b) display the error cumulant as a func-
tion of yll, indicating that for the 0¥/2 (%) gate, yll =
|4.81] ()/12 = |2.4|) is the optimal choice for eliminating
the ZZ crosstalk.

After setting y), the shape of the modulated amplitude
Q (¢) for different values of £ can be determined, as shown
in Fig. 5. The modulated €2 (¢) is presented in Eq. (18),
with Q1 (1) = Qo sin®(t/Ty) + w; sin(27t/1), and w; =
k1. As w, is proportional to %, the effective maxi-
mum amplitude of 2;(f) will be larger than the original
driving field. Despite this limitation, as numerically ver-
ified, the gate performance can still be greatly improved.
In addition, the modulated drive maintains the waveform

+
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(a) 0.06— PR (b)o.12 with yo = 21kQup /7 sinz(nt/rz). We can also define
a_ = o k=2 . .
2 k=4 ’ L—d the error cumulant during the nth period as
0.04 k=6 008 k=6
K nty nty
0.02 0.04 E, =1, [ / cos ydt| + / sin y,dt ] , (A4)
(n—1)1y (n—1)1y
0.00 0 0 0 0.00
10 ! > 1 =50 =25 (;Eg) 2530 which is consistent with the error cumulant in isolated o*
1

FIG. 4. The error cumulant as a function of y/, where the opti-
mal values of yll for isolated 0*/2 and o~ gates are yll = |4.81|
and ylz = |2.4|, respectively, when setting 1., = 0.052;.

of the original field as a simple periodic function and can
be readily obtained experimentally by arbitrary waveform
generators [41,42].

For the parallel single-qubit gate on next-nearest-
neighbor qubits Q;; and Qi1 41, the ZZ-crosstalk Hamil-
tonian is in the form in Eq. (20). The gate operation time 75
satisfies fOTz Qoo sin®(rwt/To)dt = /2. When we choose
the transformed operator in the form in Eq. (21), with
1, = T»/k being the period, and w, = y,k2; used to sat-
isfy Eq. (11b). In this case, the condition in Eq. (11b) can
be written as

n‘L’2 B
/ AL (O H..p Ay (0dt
(n—1D1y
02 dt

nr2
=Nz [ / (cos x20;; + sin x20,
(-,

nty
b X
+/ (COS X207, 141 — SlnX2Ui+1J+1)Zi+1J+ld{|a
(n—11y

(A3)
(@)1.0 oY (b)1.0 /,\_\ =3
[ [ Y
508 0.5 ,'i \_‘ ".’ \“
i | ! A
o6 A N
= 0.0 4 ! \
04 Vo
1 : \
02 -0.5 ‘\‘" I,l" \‘“ ,,'
0.0 -1.0 i
0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
(c)1.0 (1o PEY;
£ 05 0.5
c
== 0.0 0.0
>
S-05 0.5

-1.0 -1.0
0.0 02 04 06 0.8 1.0 0.0 02 04 0.6 0.8 1.0
t/T t/T

FIG. 5. The waveform of the modulated drive 2(¢) for the
0¥ /2 gate, (a) in the dynamical gate scheme and (b)—~(d) in our
ZZCM scheme with y| = 4.81 and different .

gate.

APPENDIX B: THE CONSTRUCTION OF
DYNAMICAL GATES

Here, we present the construction of dynamical (DY)
gates with simple resonant interaction. They are imple-
mented by using time-dependent driving ﬁelds, and the
corresponding Hamiltonians are Hy; () = Qd sin? (wt/Ta)
ijj and Hp () = Q4 sinz(nt/ng)(a + 0, .,) for single-
qubit gate on qubit Q;;, and parallel s1ngle qubit gate
0 ®a, ., between nearest or next-nearest neighboring
qubrts Ql ; and Qy s, respectively. To construct the iso-
lated gate o*/2 (ox), the corresponding evolution time
T, satisfies fOT‘” Qusin®(wt/Ty)dt = 7 /4 (7/2). Simi-
larly, for the parallel single-qubit gate, the evolution time
is fOTd2 Qusin®(wt/Tp)dt = /2. The amplitude of the
driven field is set to be equal to the amplitude of the
equivalent coupling strength in the ZZCM scheme, i.e.,
Qs = Q.

We also present the implementation of the two-qubit
SWAP gate using a simple XY interaction. The correspond-
ing Hamiltonian is given by

Hys(t) = Ju0) (07503, + 0300 )/2 (B)

where J;(1) = Jysin®(wt/Tz3) is the time-dependent XY
interaction between qubits Q;; and Oy ;, and the evolution
time satisfies fo B (tdt = /2.

Moreover we construct parallel gates of U i Gj+1) ®

1 ® 040 @11 and Uy oy @ Upy ) (+1j+1)
by using the DY method. The corresponding Hamiltonian

is given by Eq. (30) and

20

X X
Has(t) = b <01,1 z,/+1+ ij z,1+1+0i+1,/‘7i+1J+1

+ Uiy+1,j‘7iy+1,;+1> , (B2)

respectively, where the evolution time is chosen to sat-
isfy fOTd4(5> Ja(O)dt = /2. We note that the form of the
ZZ-crosstalk Hamiltonian is the same as in the ZZCM
scheme.
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APPENDIX C: THE OPTIMAL k£ FOR THE ZZCM
SCHEME

We draw attention to the incorporation of the ZZCM
control, which induces an increase in the effective cou-
pling strength as k grows, as established by Eq. (18)
in the main paper. The corresponding equivalent cou-
pling strength for the ZZCM approach is provided by
Qi) = Qo1 sinz(nt/Tl) + wy sin(2wt/Ty), where w; =
y1kQ01. To prevent excessive driving field amplitude in
experiments, the amplitude of the equivalent coupling
strength is constrained to €2,,, and the ZZ crosstalk ratio
N2/ 2y 1s within the range of [—0.05, 0.05]. Under these
conditions, as k increases, the gate-driven field amplitude
Qo1 diminishes, consequently resulting in increased rela-
tive noise, quantified by the parameter 1.,/ Q¢;. Therefore,
there exists a trade-off between the enhancement in robust-
ness with increasing & and the proportion of noise 1,/ Qo;.
Figures 6(a) and 6(b) depict the infidelities of ¢*/2 and
o* gates, respectively, as a function of 7./, with an
optimal value of k¥ = 4 identified for the ZZCM scheme.
Additionally, Figs. 6(c) and 6(d) contrast the robustness
of the ZZCM scheme, with & = 4, against the DY scheme
concerning ZZ crosstalk when the equivalent coupling
strength amplitude is €2,,. The plots distinctly showcase
the outstanding suppression of ZZ crosstalk achieved by
the ZZCM scheme.

APPENDIX D: THE CONSTRUCTION OF
PARALLEL GATES ON NEARBY QUBITS

Here, we present the construction of parallel single-qubit
gate between nearest-neighbor qubits in an eight-qubit

a 0 x b 2.0
@ o p—
/L: k=2 k=2
[ 2 k=4 k=4
= k=6 25 k=6
(=
& 4
<
-6 -3.0
-0.05 0.00 0.05 —-0.05 0.00 0.05
(c) 1.000 (d) 1.000
a Oz
2‘0‘998 2 0.998
_g 0.996 0.996
S5
0.994 77.CM 0.994 77CM
DY DY
0.992 0.992
—-0.05 0.00 0.05 —0.05 0.00 0.05
Y]ZZ/QIIL nZZ/QTH
FIG. 6. (a),(b) display the infidelity of isolated 6*/2 and o

gates for various & under the condition that the maximum equiv-
alent coupling strength is €2,,, as a function of 7.,/ <2,,. (c),(d)
compare the robustness of isolated */2 and o* gates of the
Z7ZCM scheme with k = 4 and the DY scheme.

(a) (b) 1.000
Qi-1,j+++Qic1jn
0.995
>
Qm—L i i j+ Qv.jﬁ»? =
@@ 5 0.990
=
Qit1j**Qirrin B~
0.985
7ZZCM
DY
0.980
20.050 —0.025 0.000 0.025 0.050
nzz/Q'm

FIG. 7. Implementation of parallel single-qubit gates. (a)
Schematic diagram for o, ® 01{} 41 gates between nearest qubits
Qi and Q;; 1. (b) compares the robustness of the parallel gate
o ® ol.yJ 41 between the ZZCM scheme with k = 4 and the DY
scheme.

system, which is enclosed by the dotted box in Fig. 7(a).
We apply o and o” gates simultaneously on qubits Q;;
and Q;;11, and the remaining six qubits serve as specta-
tors. Starting from Eq. (10) in the main text, the individual
single-qubit-driven Hamiltonian in the A framework is
H'jy () = Qua sin’(1/T2) (0, + 07;,,), and the ZZ inter-
action Hamiltonian is

(D1)

HZ/ZZ = nZZ[UiZ’/'Zi,j + Uifj«i»l(zlj{»l — Ui])]

To suppress the ZZ crosstalk between qubits, we choose

LTy . mt
AL (1) = exp [_IT sin’ (—) (Ui)iljJrl + 075

T2

+ o2t ‘7211,/41) ] . (D2)
The total Hamiltonian,
HL(6) = Hoy + Q2007 + Qo sin® (21 ) o
L2() = Hoo + Q0(0)07; + Qo2 sin T I
+ QA(U:'{IJH + Uif/+2 + Uix+1,j+1), (D3)

in the interaction picture can be obtained by inverting
Eq. (4) of the main text, where Q24 = w; sin(2rw¢t/1;), and
Q) (1) = Qqp sin’ (wt/T,) + Q4 is the equivalent coupling
strength applying on qubit Q;;. It indicates that, for miti-
gating ZZ crosstalk, we need additional control fields apply
on qubits Q;_141, Qij, Qij+2, and QOiy141. However, it
is worth noting that qubits Qi1 11, Oij+2, and Q1,41
do not incur extra resource consumption on the quan-
tum processor as we can still implement single-qubit gates
independently on these qubits.

We conduct a comparative analysis of the ZZCM
scheme and the DY scheme, focusing on their robust-
ness against ZZ crosstalk. We here impose a constraint
on the maximum value of the equivalent coupling strength
Q,(#), limiting it to €2,,,. Comparing Fig. 7(b) and Figs. 6(c)
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and 6(d), we observe that the susceptibility of the paral-
lel single-qubit gate to ZZ crosstalk exceeds that of iso-
lated single-qubit gates. Fortunately, the proposed ZZCM
scheme effectively mitigates the adverse effects of ZZ
crosstalk. Consequently, the parallel single-qubit gate
achieves comparable performance to isolated single-qubit
gates.

APPENDIX E: THE CONSTRUCTION OF
PARALLEL SWAP GATES

We next demonstrate the application of the ZZCM con-
trol for realizing the parallel two-qubit SWAP gate in an
eight-qubit system, as shown in the dotted box in Fig. 8(a).
The SwAP gates on qubits Q;; and Q;;jy1, Oiy1, and
Qiy1,j+1 are implemented by turning on the XY interaction
between the respective qubit pairs. The total Hamiltonian
of this quantum system in the interaction picture is

Hy(t) = Hj () + Hzz4 + Hy (1), (ED)
which is composed of the XY interaction Hamiltonian
J(@)
Hj (1) = > (Uif/"f,jﬂ + 07307 41+ 0710
+ Uz‘y+1,j‘7iy+1,/+1> (E2)

between qubits Q;; and Qjj41, Oiyry, and Oitij41,
with J(¢)' = Jy sin’( t/Ty) as the time-dependent inter-
action strength. The ZZ-crosstalk Hamiltonian in this
system is described by H..4 = 1., [orlfj (Zij — O'fj—l) +
0O o) 0000 0 T o) +
0711419742 +11- To suppress the ZZ crosstalk, we use the
additional Hamiltonian H/,(r) = iA4().AL ().

The procedure of constructing the parallel SWAP gate
shares similarities with the construction process of an iso-
lated SWAP gate. However, there is a key difference lies in
the selection of transformed operator A(f). Specifically, we

(a) (b) 1.00
Q- @
0.98
Qi =@ 2z
ﬁ 0.96
Qig1;==Qinin A
0.94
7ZZCM
Qit2j  Qirzin DY
0.92
—0.050 -0.025 0.000 0.025 0.050
nzz/JO

FIG. 8.
schematic diagrams

Implementation of two-qubit gates. (a) shows the
S

for the parallel gated Ug;) ;i 1) ®

U(Si LG 4D (b) compares the robustness between the ZZCM

scheme with £ = 4 and the DY scheme, respectively.

select A4 (f) = exp [—iw4r4/n sinz(yrt/u)(af_lJH +

ol toiy; +1+0512J)] in the first step, followed

by A (f) = exp [—iw4t4/n sinz(yrt/m)((f;v_lszrl + UiyJ +

0’;:_u+1 + Ui);z,j)] in the second step, with 74 = Ty/k,
and w4 = 2.4kJy. Under these settings, the ZZCM scheme
exhibits superior robustness against ZZ crosstalk as
expected, as shown in Fig. 8(b). In contrast, the gate
fidelity experiences a rapid decline as 7.,/Jy increases
when the ZZCM control is absent. However, by employing
the ZZCM method, we successfully enhance the fidelity of
the parallel SWAP gate from an initial value of 93.02% to
99.99% when the ZZ-crosstalk ratio is 7, /Jy = |0.05].
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