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Active interference suppression in frequency-division-multiplexed quantum gates
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The increasing number of control lines connecting quantum processors to external electronics constitutes a ma-

jor bottleneck in the realization of large-scale quantum computers. Frequency-division multiplexing is expected
to enable control of multiple qubits through a single microwave cable; however, interference from off-resonant
microwave tones hinders precise qubit control. Here, we propose an active interference suppression method for
frequency-division-multiplexed simultaneous gates on microwave-controlled qubits. We demonstrate that the
deliberate incorporation of off-resonant microwave tones improves single-qubit gate fidelity. In particular, the
gate infidelity scales inversely with the square of the number of microwave tones when off-resonant orthogonal
or quasi-orthogonal tones are incorporated. Furthermore, we show that fast oscillations, neglected under the
rotating wave approximation, degrade the gate fidelity, and that this degradation can be mitigated through
optimized frequency allocation. The proposed approach is simple and effective for improving the performance

of frequency-division-multiplexed quantum gates.
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I. INTRODUCTION

In recent years, significant efforts have been directed
toward developing fault-tolerant quantum computers [1-9],
which have potential applications in prime factorization [10],
linear system solvers [11], and computer-aided engineering
[12]. Among the various available platforms, superconducting
circuits are highly promising; notably, quantum supremacy
and error correction based on surface codes have been experi-
mentally demonstrated [13—15]. However, achieving quantum
advantage in practical applications requires millions of qubits
[16,17]. Building a quantum computer at such scales demands
not only improved qubit performance but also substantial ad-
vances in the associated control electronics.

Currently, the control architectures for solid-state quantum
processors commonly generate microwave signals at room
temperature [18-22]. These signals are routed to individ-
ual qubits in a dilution refrigerator using one-to-one coaxial
cables. However, this wiring model is not scalable, as the
number of required control wires increases with the number of
qubits. Increasing the number of control wires adds hardware
complexity and costs. Moreover, additional heat loads are
introduced through physical interconnections, thereby threat-
ening the cooling capacity of the dilution refrigerator [19].
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Hence, reducing the number of control wires is critical
for scaling quantum computing systems [23-27]. Frequency-
division multiplexing (FDM) enables a single microwave
cable to control multiple qubits simultaneously [28-30],
thereby reducing the number of required control wires.
However, a microwave tone intended for a qubit is off-
resonant with other simultaneously driven qubits and can
induce unwanted crosstalk, which hinders precise parallel
gate operations [26,31]. Suppressing these crosstalk ef-
fects is therefore essential for achieving high-fidelity gates
in FDM schemes. Several studies have combined FDM
with cryogenic qubit controllers [22,28,29]. For example, a
frequency-division-multiplexed qubit controller based on adi-
abatic quantum-flux-parametron logic has been previously
demonstrated [22]. However, developing cryogenic qubit con-
trollers remains technically challenging. Recent studies have
explored pulse spectral engineering, which can circumvent
these challenges [32,33]. For instance, selective gate opera-
tions enabled by pulse shaping have been demonstrated [32].

In this study, we propose an active interference sup-
pression (AIS) method for simultaneous gate operations in
FDM schemes. The proposed method is based on the recent
observation that the incorporation of appropriately selected
off-resonant tones can suppress interference [33]. We show
that the deliberate incorporation of off-resonant orthogonal or
quasi-orthogonal microwave tones improves the single-qubit
gate fidelity. Specifically, for qubits that are arranged at regu-
lar intervals in the frequency domain, the gate infidelity scales
inversely with the square of the number of applied microwave
tones. We further demonstrate that fast-oscillating terms ne-
glected under the rotating wave approximation (RWA) affect
the gate fidelity in the AIS method. By shifting the central fre-
quency of the off-resonant microwave tones, we compensate
for this effect and achieve higher fidelity.

Published by the American Physical Society
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FIG. 1. Conceptual illustration of a model comprising N, in-
dependent qubits with transition frequencies wqy,, driven by
microwaves via a shared control line. The controller produces Ny mi-
crowave tones at distinct frequencies wq x,, which are then combined
and routed to a quantum processor via the shared line. The combined
signal is applied uniformly to all qubits. In this figure, Ny = 5 and
Nd =17.

AIS offers an alternative perspective to the prevailing no-
tion that off-resonant microwave tones are detrimental to qubit
control. Our results are consistent with those of recent studies
that highlight the constructive role of carefully engineered off-
resonant components [33,34]. Moreover, the applicability of
the proposed framework is not limited to FDM-based simulta-
neous gate operations. The method can be readily extended to
other tasks in qubit manipulation, such as selective excitation
[32] and microwave crosstalk mitigation [35].

II. MODEL

A. System Hamiltonian

Figure 1 illustrates a system of N, independent qubits
driven by a frequency-division-multiplexed microwave signal.
The controller generates Ny microwave tones, which are com-
bined and transmitted to a quantum processor through a shared
control line. The synthesized signal is applied uniformly to all
the qubits. The Hamiltonian of this system is given by

How(t) = Y Hy, (1

kq€Kq

with single-qubit Hamiltonian

Wq,k
q, .
Hkq(t) = — 5 q 07,k + Z o, s(t) sin (a)d,kdt)oy,kq, 2)
kaeKy

where wq x, and oy, denote the frequency and amplitude of the
kqth microwave tone, respectively. The index kq, which labels
the drive microwave tones, is a member of the set Ky defined
by

Kqg ={—|Na/2], —|Na/2] + 1, ..., [(Ng — 1)/2]
— 1, L(Na — 1)/2]} + Sa,
where, for a set A and an integer b, A + b denotes the trans-
lated set {a + b | a € A}. The shift parameter Sy is introduced

to allow asymmetric allocation. The transition frequency of
the kqth qubit is Oq.kys where kq € K is the qubit index. Here,
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FIG. 2. Illustration of the sets K, and Kj. (a) Set of qubit indices
K, for Ny = 5. (b) and (c) Sets of indices of drive microwave tones Ky
for Ny = 9. The set Ky shown in panel (b) corresponds to symmetric
allocation, i.e., S4 = 0. The set shown in panel (c) corresponds to
weakly asymmetric allocation with §4 = —1.

the set K is defined by

Ky ={—WNg— 1)/2, —(Ng — 1)/2 + 1,
o (Ng—1)/2 =1, (N — 1)/2}

for odd Ny. In what follows, we consider only odd N, for
convenience. Figure 2(a) shows an example of K, for Ny = 5.
The operators oy x,, Oy, and o, are the Pauli operators
associated with the kqth qubit. The function s(¢) represents
the pulse envelope. Since arbitrary single-qubit gates can be
implemented using X > and virtual Z gates [36], we consider
only the driving terms involving oy . .

We now focus on the kqth qubit and analyze its dynam-
ics using Eq. (2). We allocate qubit frequencies wq, and
drive frequencies wqy, at regular intervals A, where A <
@q k> Wd kg and select these frequencies such that wg, =
Wd kg for kq = kd. This yields Wd kg = wq,kq + (kd — kq)A. In
addition, we assume that s(¢) is constant when the control is
active and set o, = o for all k4. Under these assumptions,
the system Hamiltonian in the frame rotating at the qubit
frequency is given by

Hy i, (1)

- %sm 3 [onke] €08 (20, + i, )1) — €08 (Mg 1) }

kq€Ky

+ Oy,kq { sin ((2qukq + Akqu)t) + sin (Akqut) }]’ (3)
where Ay = (k — j)A,

0<r<r,
otherwise,

(1) = {(1) )
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FIG. 3. Absolute values of the normalized spectra of
s(t)sin(wqg,t) for kg e{-2,-1,0,1,2} with 7 =1 Each
drive frequency wqy, is located at a zero crossing of the spectral
components of all the other microwave tones.

and t denotes the pulse width. Equation (3) can be simplified
by applying the RWA:

Hyx, (1) ~ %S(t) D [ ok, 008 (Argeyt)+0yk, sin (Mg t)].

ka€Ky

&)

Equation (5) is used in the theoretical analysis presented
in Sec. III.

B. Orthogonal and quasi-orthogonal pulses

For the Hamiltonian given in Eq. (3), the gate fidelity im-
proves at specific values of the pulse width t. In this context,
we introduce orthogonal and quasi-orthogonal pulses, which
are defined in terms of the pulse width t [33].

The Fourier transform of the pulse s(¢)sin(wq,t) in
Eq. (2) is proportional to a sinc function, which has zero
crossings at regular intervals of 2w /T, except at its center.
For t = 79, where 1y = 27/ A, the spacing between adjacent
zero crossings coincides with the drive and qubit frequency
intervals A. Consequently, as shown in Fig. 3, the spectral
peak of each microwave tone aligns with the nulls of all
the other tones, thereby suppressing interference and yielding
high gate fidelity [33]. This mechanism is conceptually analo-
gous to orthogonal frequency-division multiplexing (OFDM)
[37-39], which is widely used in wireless communication
systems. Reference [33] further showed that high gate fidelity
is also achievable for T = /2.

Similar fidelity improvements can be obtained for nonzero
integer multiples of these pulse widths. Let m be a positive
integer. We refer to pulses with widths t = mty/2 as “orthog-
onal” when m is even and “quasiorthogonal” when m is odd.

III. THEORY OF ACTIVE INTERFERENCE SUPPRESSION

The average gate fidelity F(U;,U,) is defined as
follows [40]:

ITr(U,U)? +d

FO. = —007 D

) (6)
where U; and U, are unitary operators, and d is the dimension
of the Hilbert space. To quantify the impact of interfer-
ence on gate performance, we use the average gate infidelity
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FIG. 4. Illustration of y, which represents the set of indices
of drive microwave tones lacking a corresponding element with
respect to kg = k. The orange and blue arrows denote the drive
microwave tones that correspond and do not correspond to the set
v, respectively. In this figure, kg = 1, Ny =7, and Sq = 0, yielding
y = {kq — 4, kg — 3} = {—3, —2}. These indices have no counter-
part with respect to kg; i.e., there are no arrows at kg +3 =4 and
kg +4=35.

i .
1 — F (Uigeal, U), where Uigea = €7 '2%% denotes the desired
unitary operator with the rotation angle ¢. The operator U
denotes the actual evolution operator, which is defined as

[Y1(7)) = Ulyn(0)).

For an analytical estimate of the infidelity, we expand the
time-evolution operator using the Magnus expansion [41]. We
define the resulting approximate operator Unagnus as follows:

UMagnus(t) = exp [—i{€2; (1) + Q2(1)}], @)

where () and 2,(¢) are the first and second terms of the
Magnus series, respectively. Using Eq. (5), €2;(¢) and 2,(¢)
take the following forms [33]:

Qi(r) ~ _(O'x,kq)‘-x + Uy,kq)\y)’ 3
QZ(T) ~ _Gz,kq)\za (9)

where Ay, Ay, and A, are real coefficients. Using Egs. (7)—(9),
the infidelity becomes [33]
2
+ 1) 9

1 - F(Uidealv UMagnus(T))
10)

X

lplA

cos A — sin |—|sin A

2

1(
~1-=(2
3

where A = V)Lf + )\3 + A%. Thus, A, ~ —¢/2and Ay, A, ~ 0
lead to high-fidelity gates.

We now introduce the AIS method and theoretically
analyze its effects on gate infidelity. For orthogonal or quasi-
orthogonal pulses, i.e., T = m1y/2, the coefficients A4, Ay, and
A, become [33]

¢

A== Y
p - (-l g

by =5 : (12)

2nm = kg — kg

¢2 (_ 1 )m(kdfkq)

A, = Z . (13)

drm P kg — kq
Here, we set « = —¢p/7, and y C Ky denotes the set of in-

dices of the drive microwave tones lacking a corresponding
element with respect to kg = kq (see Fig. 4). We clearly have
Ax = —¢/2. However, nonzero Ay and A, degrade the fidelity.
In particular, gate operations on qubits near the left or right
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ends [kq ~ £(Ng — 1)/2] show lower fidelity due to the large
cardinality |y|.

To compensate for this reduction in fidelity, we introduce
additional off-resonant drive tones. In Eqgs. (12) and (13),
the coefficients [Ay| and [A,| take smaller values when (1)
the cardinality |y| is small or (2) the members of y are
far from the qubit index kq. While condition (1) cannot be
satisfied simultaneously across all qubits, condition (2) can be
fulfilled by adding off-resonant tones symmetrically relative
to the central qubit’s frequency wg0. Upon selecting Sq = 0,
which corresponds to Ky shown in Fig. 2(b), |A,| and |A,]| for
Ny > |kq| become

||
Ayl ~ N 1 = Glhg, m. )l (14)
¢2
ol ~ e |G ke m ) (15)
where
Glhkg,m,y) =Y _(—1y"taho), (16)
kacy

Assuming Ax = —¢/2 and |Ay[, |A;| < |Ax], Eq. (10) reduces
to

A+
322
Thus, substituting Egs. (11), (14), and (15) into Eq. (17), the

infidelity can be rewritten as

1 — F (Uigea, UMagnus(l’))

1 — F (Uigeal, UMagnus(T)) ~

a7

[4{ly| — Glkq, m, y)}* + ¢*G*(kq, m, y)].
(18)

Here, G(ky, m, y) = |y| for an even m, whereas for an odd
m, it takes the values 0, —1, or 1. Additionally, |y| differs by
only 1, depending on whether Ny is even or odd. Therefore,
fixing m, kg, and S4, the infidelity is expected to scale as
Ny 2 when orthogonal or quasi-orthogonal microwave tones
are incorporated.

372m?N?

IV. NUMERICAL RESULTS

In this section, the effectiveness of the AIS method intro-
duced in Sec. III is validated. We also identify the pulse width
conditions required by AIS. For this purpose, we obtain the
exact evolution operator U numerically from the Hamiltonian
in Eq. (2).

A. Reduction of gate infidelity with AIS

Figure 5 shows the average gate infidelity 1 — F (Uigeal, U)
for each qubit as a function of the number of drive mi-
crowave tones Nq. We set T = 19, S¢ =0, and Ny = 7. The
black dotted line represents 1 — Fiean(Uidear, U ), Which is the
mean infidelity over all qubits k4 € K. Here, Fipean (Ui, Us) =
]%q quexq F(U,, U,). In Fig. 5, the infidelity decreases with
increasing Ny. Fitting a linear function to the black dotted
line in the range 11 < Ny < 21, we obtain a slope of ap-
proximately —2.2. This result is consistent with the scaling

— kq=-3
1072 kqg=—-2
1073 o oA e L ] kq=0
= e kg =1
S 10 | o kg =2
E iy - = kq=3
a 10*5 E i -;. _ """ 1-— Fmean
. L

10* 2 x 10!
Number of microwave tones Ng

FIG. 5. Average gate infidelity 1 — F (Uigea, U) as a function
of the number of drive microwave tones Ny for T = 7y. Parame-
ters are set as Ny = 7, Sq = 0, wq,0/27m = 5GHz, A/2m = 10 MHz,
¢ =m/2, and ¢ = —¢/t. The black dotted line indicates 1 —
Frcan(Uigear, U), which is the mean value of 1 — F (Uigea, U) over
kqy € Ky =1{-3,-2,—1,0,1,2,3}. The operator U is obtained nu-
merically from the Hamiltonian in Eq. (2).

predicted using Eq. (18), indicating that the infidelity scales
as Ny 2 Here, the data for Ng < 11 are excluded because
Eq. (18) assumes Ny > |kq|. The jagged features of the in-
fidelity curves reflect the changes in |y|, which differs by 1
between even and odd values of Ny.

Note that, for k4 =0, the theoretical infidelity 1 —
F (Uideat; UMagnus (7)), given by Eq. (10), vanishes when N is
odd because the coefficients in Eqgs. (11)—(13) satisfy Ax =
—¢/2, Ay =0, and A, = 0. However, the numerical value
1 — F (Uigear, U) remains nonzero, as shown in Fig. 5. This
discrepancy originates from the RWA employed to derive
1 — F (Uigeal, UMagnus (7). The fast-oscillating terms neglected
under the RWA cause residual crosstalk in the numerical
evolution, resulting in a nonzero value of the infidelity 1 —
F (Uigear, U).

B. Pulse width requirements for AIS

Here, we present the pulse width requirements for AIS.
Figure 6(a) shows the infidelity 1 — Fean(Uideal, U) as a
function of the number of drive microwave tones Ny and
normalized pulse width 7 /7. Figure 6(b) presents an enlarged
view of Fig. 6(a) in the range 0.9 < t/79 < 1.1, correspond-
ing to the region outlined by the orange dashed lines. Note that
we set the pulse amplitude « according to the pulse width t to
satisfy the condition T = ¢, where ¢ is the desired rotation
angle. Thus, if the interference from off-resonant microwave
tones is negligible, the fidelity should remain high regardless
of the pulse width. For t = mty/2, i.e., in the orthogonal
and quasi-orthogonal cases, the infidelity decreases as Ny
increases; thus, AIS has a beneficial effect. This result is
consistent with the analytical predictions presented in Sec. II1.
However, for t # mty/2, the infidelity remains almost con-
stant over the entire range of Ny. This is because, in this
case, the unwanted terms in the coefficients Ay, Ay, and A,
do not vanish, thereby limiting the effectiveness of AIS (see
Appendix).

This result significantly restricts the choices of 7. However,
T is already selected from the set {mty/2} to achieve high
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FIG. 6. (a) Infidelity 1 — Fyean(Uideal, U ) as a function of the number of drive microwave tones Ny and the normalized pulse width 7 /7, for
0.01 < /7 < 3.1. (b) Enlarged view of panel (a) in the range 0.9 < 7/7 < 1.1, corresponding to the region outlined by the orange dashed
lines. Parameters are as follows: Ny =7, Sq = 0, wq,0/2n = 5GHz, A/27 = 10MHz, ¢ = /2, and @ = —¢/7. Frean(Uigear, U ) denotes the
mean of F' (Ujgea, U ) over all qubits ky € Ky = {3, -2, —1,0, 1, 2, 3}. The operator U is derived numerically from the Hamiltonian in Eq. (2).

fidelity in the underlying OFDM scheme [33]. Therefore, this
restriction does not constitute a significant limitation of AIS.

V. COMPENSATING FOR THE EFFECTS
OF FAST-OSCILLATING TERMS

In this section, we numerically demonstrate that fast-
oscillating terms degrade the overall gate fidelity. Although
Eqgs. (10)—(13) show that the infidelity for t = mt,/2 with odd
Ng and S4 = 0 is symmetric about k; = 0 under the RWA, this
symmetry is broken beyond the RWA. In particular, the terms
involving 2wqx, + Ay, in Eq. (3) introduce slight asym-
metry, leading to a degradation in the overall gate fidelity.
Consequently, we show that fine-tuning the drive frequency
allocation can compensate for this effect and improve the
overall gate performance.

A. Dependence on qubit frequency

In Fig. 7(a), we plot the infidelity 1 — F (Uigea;, U) as a
function of the qubit index kq for wqo/2m =1, 2.5, and
5 GHz. Here, as described in Sec. II A, we choose the drive

frequencies such that wq 1, = wqx, for kg = kq. We set Ny =7
and Ny = 21 and place the microwave tones symmetrically
with respect to the central qubit k; =0, i.e., S¢ =0. The
evolution operator U is obtained numerically from the Hamil-
tonian in Eq. (2). Notably, the infidelity is asymmetric about
kq = 0; the infidelity for negative kq is larger than that for
positive kq. Therefore, we expect the mean infidelity over
kq € K4 to decrease when the centroid of the microwave tones
is shifted slightly toward lower frequencies. In addition, this
asymmetry increases as wqo decreases; therefore, a larger
shift is required for a smaller w 0.

Figure 7(b) shows the infidelity 1 — Fiyean(Uidea, U) as a
function of the shift parameter Sq and wq,0/27 for Ny = 7 and
Ny = 21. The microwave tones are symmetrically allocated
with respect to kg = Sq [see Fig. 2(c) for an example of K4
with Ny =9 and S4 = —1]. The crosses correspond to the
minimum infidelity for each value of wg o. The shifts yielding
the minimum infidelity move to the left as wq o decreases.
Specifically, for wq0/2m =1, 1.5, and 2 GHz, we observe
the minimum infidelity at S = —1, whereas it is at Sq = 0
for wq,0/2m > 2.5 GHz. For wq,0/2m = 1GHz, we observe

(@) (b) 6x 1073
< 90
m =]
&, o 4% 107 §
4 £
| & LB
2 %3 —
5 3 S
e > 2x107° =
= & <
= g 2 =
o A
()
'
1 1 ? 1 1 m 1 1073

0 1
Qubit index kq

-1 0 1 2 3
Shift S4

-3 -2

FIG. 7. (a) Infidelity 1 — F (Ujgea, U) as a function of the qubit index k4 for ¢ = 0, where three curves are shown for wqo/2m =1, 2.5,
and 5 GHz. (b) Infidelity 1 — Fean(Uigeal, U) as a function of the shift parameter Sy and the central qubit frequency wq0. Fnean(Uidea» U)
denotes the mean of F'(Uigea, U) over all qubits kg € Ky = {—3, =2, —1,0, 1, 2, 3}. The parameters are Ny =7, Ng = 21, A/2mr = 10 MHz,
¢ =m/2, T =19,and @ = —¢ /7. In panel (b), the local minima of infidelity for each wg ¢ are plotted with crosses. The operator U is obtained
numerically from the Hamiltonian in Eq. (2).
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FIG. 8. (a) Infidelity 1 — F (Ujgeai, U) as a function of the qubit index kq for Sq = 0, where three curves are shown for Ny = 7, 19, and 31.
(b) Infidelity 1 — Fipean(Uigear, U) as a function of the shift parameter Sy and the number of drive microwave tones Ny. Fiean(Uidear, U) 1s the
mean of F'(Uigea, U) over all qubits kq; € Ky = {—3, -2, —1,0, 1, 2, 3}. The parameters are Ny = 7, wq0/2m = 1.5GHz, A/27 = 10 MHz,
¢ =m/2, T =19, and ¢ = —¢/7. In panel (b), the local minima of infidelity for each Ny are plotted with crosses. The evolution operator U is

obtained numerically from the Hamiltonian in Eq. (2).

a reduction in the mean infidelity 1 — Fean(Uigear, U) from
1.45%x 103 at S4 =0to 1.01 x 1073 at Sy = —1, a 30.3%
decrease.

B. Dependence on the number of drive tones

The number of drive microwave tones N4 also affects the
optimal value of the shift Sq. Figure 8(a) shows the infidelity
as a function of the qubit index kq for Ny =7, 19, and 31.
We set Ny = 7 and place the microwave tones symmetrically
with respect to the central qubit kq = 0, as in Fig. 7(a). The
asymmetry of the infidelity about k; = O increases for larger
Ny. This behavior arises because the contributions of the terms
neglected under the RWA (associated with 2wq x, + Ag,)
accumulate over all the drive microwave tones. Therefore,
a larger shift is required for a larger Ny to compensate for
the increased asymmetry, thereby improving the mean fidelity
over all qubits.

Figure 8(b) shows the mean gate infidelity 1—
Froean(Uigeal, U) as a function of the shift Sq and the number
of drive microwave tones N4. The optimal shift for each
Ny, plotted with a cross, tends to move to the left as Ny
increases. Notably, for Ny = 31, we obtain a mean infidelity
of 439 x 10~* at Sq = —2, a 52.3% reduction compared
with 9.22 x 10™* at Sq = 0.

VI. DISCUSSION

In Sec. V, we have shown that the infidelity can be reduced
by considering the effects neglected under the RWA. When
Ng = 1, which is a typical value for conventional one-to-one
wiring systems, the contributions of the fast-oscillating terms
to the fidelity are negligible because they are several orders of
magnitude smaller than those of the resonant terms. However,
as Vg increases, these contributions accumulate over all the
drive microwave tones. Therefore, their impact on gate per-
formance must be considered when adopting AIS, which uses
a large number of drive microwave tones.

Although we assumed rectangular envelopes in this paper,
the AIS framework is compatible with nonsquare envelopes in

the sense that fidelity can be improved by adding off-resonant
tones symmetrically relative to the central qubit’s frequency
at regular intervals. This is because AIS compensates for
the effects of off-resonant tones by balancing the drive fre-
quency allocation. Nevertheless, several properties, including
the scaling of the infidelity and the pulse width requirements,
may differ depending on the pulse envelope.

We have not considered leakage outside the computational
subspace to isolate and clarify the essential physics of the
AIS method. However, additional off-resonant drive tones can
increase leakage because their spectra can overlap with leak-
age transition frequencies. One possible measure to suppress
such leakage is to replace the edges of the rectangular pulse
envelope with a raised cosine envelope and employ derivative
removal by adiabatic gate pulses [42,43]. Furthermore, the
feasible values of Ny and N, are limited by the frequency
spacing A to avoid spectral overlap with the leakage transi-
tion frequency. This constraint represents a limitation of the
proposed approach.

In practical implementations, increasing Ny increases the
total microwave power delivered through the shared control
line. Consequently, Ny is also limited by hardware constraints,
such as the dynamic range of the control electronics and
the cooling capacity of the cryostat. In addition, the present
AIS implementation relies on precise frequency and phase
relationships among microwave tones. Therefore, AIS may
be sensitive to parameter variations, such as qubit frequency
drift and microwave-tone phase offsets. This sensitivity may
require stringent specifications for the control electronics and
qubits. Developing AIS frameworks that are robust against
such parameter variations is an interesting direction for future
study.

VII. CONCLUSION

In this study, we developed an active interference suppres-
sion method for simultaneous gate operations based on the
OFDM scheme. We have demonstrated a reduction in the
infidelity of single-qubit gates by deliberately incorporating
off-resonant orthogonal or quasi-orthogonal microwave tones.
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Notably, we have analytically and numerically shown that the
infidelity scales as N =2 the inverse square of the number of
incorporated microwave tones.

Further, we have shown that fast-oscillating terms ne-
glected under the RWA affect gate fidelity. By shifting the
centroid of the off-resonant microwave tones in the frequency
domain, we mitigated this effect and achieved higher fidelity.

In Ref. [33], it has already been shown that the incorpora-
tion of appropriately selected off-resonant tones can suppress
interference. However, Ref. [33] primarily focused on the
utilization of spectral zero crossings under the assumption
of Ng = Ny. Thus, it lacked a quantitative investigation of
interference suppression using off-resonant tones. In contrast,
the present work extends the analysis to the regime of Ny > Ny
and investigates detailed characteristics that go beyond the
scope of the previous study.

We have focused on simultaneous gate operations based
on the FDM scheme. Nevertheless, we expect that the
AIS concept can be applied to related control problems,
such as selective excitation [32] and microwave crosstalk

APPENDIX: ORIGIN OF THE REDUCED EFFECTIVENESS
OF AIS FOR t # mt/2

As shown in Sec. IV B, the effectiveness of AIS decreases
for T % mty/2. In this Appendix, we examine this behavior
through the coefficients Ay, Ay, and A, introduced in Egs. (8)
and (9).

The first and second terms of the Magnus series, €21 (¢) and
Q,(t), introduced in Eq. (7), are given by

Q) = / Hiy (), (Al)
0

Qz(I)E—%// [Hik, (t). Hig, (02)]deadry. (A2)
0 Jo

Substituting Eq. (5) into Egs. (A1) and (A2), we obtain Ay, Ay,
and A, for arbitrary 7 [33]:

at )
mitigation [35]. = |1+ > sine(Ag,7) |- (A3)
This study used QuTiP [44] for numerical calculations. id illfd
d q
DATA AVAILABILITY
. . ot o Drk T . Dk, T
There are no publicly available research data or software Ay = 5 sin ) sinc ) ) (A4)
supporting this manuscript. Requests for further information kaey
or data should be sent to the authors.
r = % Z cos (Akqur)A gsmc Akdk r Z Z {sch iy 1:) N sinc[(AkzdkAq—i- Ajkq)r] }
kaey kakq kaey jeKq kakq Tkq
J#kq
_ Z Z SinC Akqu + A]kq Z Z 1 SinC(Akdj'C) (AS)
, 2A Aji 2
ka€Ky jey q kacy jeKq q
JFk q

J#ka
For 7 # mto/2, the terms proportional to the sinc function remain nonzero. In particular, the remaining sinc(Agy, 7) terms
appearing in the summation in Eq. (A3) cannot be suppressed using the AIS scheme, thereby reducing its effectiveness. In

contrast, these terms vanish for T = mty/2 because sin(nAty) = 0 and sin(n%) = 0 for all integers n. The explicit forms of Ay,
Ay, and A, for T = mto/2, shown in Eqgs. (11)—(13), are obtained by substituting @« = —¢/7 and t = m1o/2 into Egs. (A3)—(AS).
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