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Achieving precise control over quantum systems presents a significant challenge, especially in many-
body setups, where residual couplings and unintended transitions undermine the accuracy of quantum
operations. In superconducting qubits, parasitic interactions—both between distant qubits and with
spurious two-level systems—can severely limit the performance of quantum gates. In this Letter, we
introduce a pulse-shaping technique that uses spectrally balanced microwave pulses to suppress undesired
transitions. Experimental results demonstrate an order-of-magnitude reduction in spurious excitations
between weakly detuned qubits as well as a substantial decrease in single-qubit gate errors caused by a
strongly coupled two-level defect over a broad frequency range. Our method provides a simple yet
powerful solution for mitigating adverse effects from parasitic couplings, enhancing quantum gate fidelity.
The pulse-shaping technique can be readily adapted to various physical systems.

DOI: 10.1103/h4xf-vq2l

Introduction—Quantum information processing technol-
ogies have made significant progress, achieving coherent
control over systems with about 100 qubits [1-6]. In super-
conducting quantum processors, qubit-qubit interactions are
typically mediated by engineered coupling elements, such as
coplanar capacitors. However, due to the long-range nature of
electromagnetic interactions and design constraints, parasitic
or residual couplings can exist between qubits that are
intended to be uncoupled. These parasitic interactions, known
as quantum crosstalk [7], pose a challenge to the execution of
independent operations, as they can interfere with transitions
close in frequency. This phenomenon degrades the perfor-
mance of quantum operations, limiting the scalability of
quantum computing systems.

Compounding this issue is the presence of uncontrolled
microscopic degrees of freedom, often referred to as two-
level defects or two-level systems (TLSs), which are
ubiquitous in many quantum platforms [8]. When frequen-
cies of TLSs come close to those of the qubits, they can
significantly interfere with qubit operations. Excitations
into a long-lived TLS can be particularly harmful as they
can accumulate over time and deteriorate subsequent
operations, causing correlated or non-Markovian errors
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[9]. Without reset capability, this may be a potential threat
to quantum error correction [10]. Moving the qubit fre-
quency away from these TLSs can reduce their impact.
However, this approach is not directly available for fixed-
frequency qubits. Even for tunable qubits, the available
frequency options are often severely constrained by the
presence of multiple TLSs, complicating the calibration of
large-scale processors [11].

Various techniques have been developed to address these
challenges [12-15]. The derivative removal by adiabatic
gate (DRAG) method [16-19], in particular, was a pulse-
shaping technique designed to suppress leakage transitions
to higher-energy states during single-qubit operations. By
adding the derivative of the original pulse envelope to the
quadrature component, DRAG removes unwanted diabatic
leakage transitions, which, in the weak drive regime, show
up as a spectral hole at a frequency determined by the
prefactor of the derivative. The versatility of DRAG has
been investigated in a variety of scenarios, including three-
level lambda systems [20], cross-resonance gates [21-23],
and frequency-crowded multilevel systems [24]. However,
traditional DRAG corrections face challenges when dealing
with weakly detuned transitions, as they struggle to
effectively remove spectral components close to the target
transition [22].

In this Letter, we propose and experimentally demon-
strate a robust approach to mitigating undesired transi-
tions caused by quantum crosstalk during single-qubit
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operations. Unlike conventional DRAG techniques, our
method employs the dual-DRAG protocol, which creates
symmetric spectral holes around the target transition fre-
quency. This approach significantly reduces off-resonance
effects during pulses and enables the pulse calibration to
suppress unwanted transitions that are only slightly detuned.
Residual off-resonance effects are further corrected using
compensatory virtual-Z (VZ) gates. Experimental results
validate the technique, demonstrating an order-of-magni-
tude suppression of crosstalk-induced excitations between
two superconducting qubits detuned by approximately
40 MHz with a 25-ns pulse across various coupling
strengths. Furthermore, we show its effectiveness in reduc-
ing excitations from a strongly coupled TLS and enhancing
single-qubit gate fidelity across a broad frequency range,
extending down to 20 MHz.

Quantum crosstalk—Parasitic couplings are a common
challenge in practical quantum hardware, often arising
between qubits that are not intentionally connected. For
example, in solid-state devices like superconducting quan-
tum processors, qubits are typically designed for nearest-
neighbor connections. However, the long-range nature of
electromagnetic interactions can lead to unintended cou-
plings between physically distant qubits, as shown in
Fig. 1(a). These interactions can also occur through shared
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FIG. 1. (a) Schematic diagram illustrating the unintended cou-

pling (g) that can occur between two qubits or between a qubit and a
spurious TLS. (b) Energy-level diagram for the combined system of
Qo and Q; (or TLS). Because of state dressing, driving Q, with an
amplitude Q also cross-drives Q; with a reduced amplitude of
+gQ/ A, in the weak coupling limit (g < |Ag|). Cross-driving can
induce unwanted transitions in Q; when using a pulse with finite
width. (c) Time-domain pulse profiles and (d) their normalized
Fourier spectra for a 25-ns pulse, showing its original sine-to-the-
fourth-power form (Q(©), the first-order DRAG-corrected pulse
(QM), and the spectrally balanced pulse with dual-DRAG correc-
tions (Q)). Note that, in the time domain, the real part of Q(®
overlaps with that of Q("), while the imaginary part of Q) overlaps
with that of Q. The vertical dashed lines in (d) indicate the
corresponding peak positions. In this case, the frequency to block is
assumed to be A/2z = 40 MHz.

modes, such as chip or box modes. Additionally, unwanted
couplings can exist between qubits and spurious quantum
systems in the environment, such as TLSs. These uncon-
trollable systems present a major obstacle in the develop-
ment and calibration of state-of-the-art quantum hardware.

Consider a parasitic exchange-type coupling g between
Qp and Q; (or a TLS). Because of the hybridization of the
|ge) and |eg) states, driving one qubit inevitably induces a
cross-driving effect on the other qubit or TLS, but with a
reduced amplitude of gQ/A,, where Q is the original drive
amplitude applied to Qy and Ay = @,y — @, is the detun-
ing between the unwanted and target transitions, as
illustrated in Fig. 1(b). Natural spectral broadening caused
by finite pulse widths can lead to unwanted transitions,
such as |gg) <> |ge), which degrade the performance of
quantum operations. This crosstalk phenomenon is inher-
ently quantum mechanical; the crosstalk Hamiltonian is of
the ZX type, exhibiting opposite signs depending on the
state of Q. This contrasts with classical signal crosstalk,
where the Hamiltonian is of the /X type. As a result,
quantum crosstalk cannot be simply corrected by applying
a cancellation signal [25]. Interestingly, this crosstalk effect
can be leveraged to construct a type of two-qubit entangling
gate, the cross-resonance gate [26-28].

Dual-DRAG—A straightforward solution to suppress an
unwanted transition is to remove the spectral components at
that transition frequency. A famous example is the DRAG
method, which adds a first-order derivative of the pulse
envelope as a quadrature component, with an amplitude
factor 1/A, where A is the DRAG parameter in angular
frequency units. An example is illustrated in Fig. 1(c). This
creates a spectral hole at frequency A relative to the drive
frequency, as depicted in Fig. 1(d), effectively reducing
spectral components near the qubit’s |e)-|f) transition—
typically, 200-300 MHz below the |g)-|e) transition for
transmon qubits—and suppressing leakage transitions.

Avoiding weakly detuned transitions during single-qubit
operations, which are only a few tens of megahertz away,
has proven to be challenging [22]. For instance, as shown in
Figs. 1(c) and 1(d), a 25-ns pulse with a single DRAG
correction of A/2x = 40 MHz shifts the drive frequency
by approximately 30 MHz. When the DRAG-induced oft-
resonance effect is this large, the perturbative treatment in
the DRAG theory breaks down, often causing the conven-
tional mitigation approach which introduces a constant
drive frequency detuning # [18] to fail.

To address this issue, we adopt the recursive DRAG
scheme, where DRAG corrections are applied sequentially
according to

On=1)

Q) = -1 _ ;2% 1
l A 4 ( )

using a set of DRAG parameters {A, A,, ..., A, } [23,29].

Here, Q) represents the original pulse shape without
DRAG. The final pulse Q") generates multiple spectral
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holes at the specified frequencies. By two successive
DRAG applications at +A, we obtain a pulse envelope
that involves a second derivative:

0O

Q2 =QO 4 N (2)
As shown in Fig. 1(d), the spectrum Q(z)(a)) remains
centered at g, while spectral components at w, + A are
eliminated. This dual-DRAG application at mirrored
frequencies suppresses weakly detuned transitions and
significantly reduces drive-induced off-resonance [30]. In
the example presented, we choose the original pulse shape
to be a sine raised to the fourth power. This ensures that the
first three derivatives vanish at the pulse’s beginning
and end, thereby avoiding sharp edges or the need for
truncation.

Notably, Ref. [19] reports remarkable leakage suppres-
sion through their implementation of multiple derivative
techniques. Their method, while not explicitly discussed,
effectively utilizes an in-phase component analogous to
Eq. (2), applying successive DRAG corrections at o
followed by an additional correction at a. Crucially, this
arrangement naturally improves spectral symmetry—a
fundamental property that, as we have identified, plays a
pivotal role in mitigating DRAG-induced off-resonance
effects and enabling their successful high-order derivative
suppression.

Correcting  off-resonance  error using virtual-Z
compensation—Although the dual-DRAG method substan-
tially reduces the deviation of spectral weighting, system
nonidealities such as the presence of higher energy levels
and pulse distortions can lead to residual off-resonance
effects. To address this, we adopt a postcorrection approach
that compensates for the overall effect of an off-resonant
pulse by appending a VZ gate. We validate this protocol on
a device similar to that described in Ref. [31] (see
Supplemental Material [30] for more information). For
all experiments in this Letter unless specified otherwise, we
constantly apply one DRAG correction at the qubit anhar-
monicity a/2x ~ —190 MHz to prohibit leakage transition
to the |f) state.

Throughout our Letter, we employ the U3 decomposi-
tion rule to synthesize arbitrary single-qubit operations
using two /X gates interspersed with VZ gates [32].

Consequently, it suffices to calibrate only the /X gate.
It can be shown that any rotation R, which maps the qubit
from its ground state to the equator (XY plane) of the Bloch
sphere, plus a virtual Z or phase rotation, can be equiv-
alently used as a v/X gate (see Supplemental Material [30]
and Ref. [32]). Thus, calibrating such an R operation
suffices to synthesize any single-qubit gate with the aid
of VZ gates.

To calibrate the R gate for a given pulse shape, duration,
carrier frequency, and DRAG parameters, we scan the drive
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FIG. 2. (a) Calibrating the pulse amplitude of the R gate
(t, = 25 ns) which drives the qubit from its ground state to an
equator state, as indicated by the arrow. The drive detuning is set
at n/2m = 23 MHz. The inset plots are the circuit and a sketch of
the state evolution on the Bloch sphere. (b) Calibrating the
compensating virtual-Z phase after the R gate, which yields an
VX gate. By applying the combination twice, the qubit is rotated
from the ground state to the excited state, as indicated by the
arrow. The inset is the circuit. (¢) Experimental results (top panel)
showing the calibrated drive amplitude and virtual-Z phase for
different drive detunings, compared with numerical simulations
(bottom panel). (d) Measured error per Clifford (EPC) from
randomized benchmarking using pulses with virtual-Z compen-
sation (blue) for different drive detunings. Results using detuning
compensation (without the appended virtual-Z phase, shown in
red) are also included for comparison.

amplitude until the excited-state population of the qubit
(initialized in its ground state) reaches 0.5 [Fig. 2(a)]. We
then concatenate two R gates with VZ gates to determine
the necessary VZ phases for maximal excitation [Fig. 2(b)].
After fine-tuning these parameters using standard pulse
techniques [30], we validate the calibrated parameters
(drive amplitude) and ¢ (VZ phase) under intentional
detunings, with results closely matching numerical simu-
lations [Fig. 2(c)]. Using these VZ-compensated /X gates,
we perform randomized benchmarking (RB) [33]. The
errors per Clifford (EPC), shown in Fig. 2(d), demonstrate
consistent performance over a detuning range of
420 MHz, showing that the VZ compensation method is
suited for more general scenarios.

Suppressing spurious transitions between qubits—Next,
we validate the dual-DRAG method’s effectiveness in
suppressing unwanted transitions due to quantum crosstalk.
We use two frequency-tunable transmon qubits, with a
tunable coupler (another transmon) adjusting the effective
qubit-qubit coupling strength g via the coupler frequency
w, [Fig. 3(a)]. At first, we set the qubit-qubit detuning
Ay/27 = 45 MHz and the coupling g/27z = 1 MHz.

For efficient detection of weak transitions (g€/ Ay < Ag),
we employ a protocol similar to the interference error filter
[34,35] [Fig. 3(b)]. An even number (2N) of X gates are
applied to the control qubit Q,, keeping it in the ground
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FIG. 3. (a) Experimental setup consisting of two transmon

qubits and a tunable coupler, which is also a transmon qubit. The
coupler is used to modulate the effective coupling strength
between the qubits by adjusting its frequency. (b) Pulse sequence
designed for detecting spurious transitions in a nearby qubit
during single-qubit gate operations. Repeated z gates, each
consisting of two z/2 pulses and spaced by a waiting time ,
are applied to Q. (c) Measured excited-state populations of Q,,
(top panel) and Q; (bottom panel) using the detection sequence,
as a function of the waiting time z. Results are shown with and
without dual-DRAG. Both cases include DRAG correction at the
leakage transition to the second excited state |2). The number of z
gate pairs is N = 50. Here, g/27 = 1 MHz, Ay/2z = 45 MHz,
and 7, = 25 ns. (d) Randomized benchmarking results for Qy,
comparing cases with and without dual-DRAG. (e) Simultane-
ously monitored excited-state populations of Q;. The excitation
rates per Clifford gate (ExPC) are (0.8 £ 0.3) x 107> with dual-
DRAG and (1.6 & 0.2) x 10~* without dual-DRAG. (f) Error per
Clifford for different coupling strengths, with a fixed detuning of
Ay/2m = 45 MHz. (g) Excitation per Clifford for varying cou-
pling strengths. The solid lines are the simulated ExPC averaged
over 24 single-qubit Cliffords implemented with the U3 decom-
position. The excitation rates are proportional to ¢* (see Supple-
mental Material [30] for details).

state. Because of nonzero coupling, the spectator qubit O,
is coherently excited by these pulses. A uniform waiting
time 7 is added after each z gate, during which the wave
function amplitude of Q,’s excited state (e.g., |ge))
accumulates a relative phase e 2%, At specific 7, the
transition amplitudes interfere constructively, amplifying
0,’s excitation.

Figure 3(c) shows the measured total populations of all
excited states (P, i = 0, 1), including |e) and |f), for both
qubits as a function of z. Without dual-DRAG correction,
strong periodic peaks appear on both qubits at intervals of
~22.2 ns, matching 2z/A, and confirming our expect-
ation. Since X gates are applied in pairs, transitions to
the excited state of Q,—whether through |gg) — |ge)
or |eg) — |ee)—result in the |ee) state in the end.
Additionally, smaller secondary peaks on (Q,, halfway
between primary peaks and sharing the same periodicity,
are attributed to residual /X interaction arising from both
quantum and classical crosstalk [30].

We repeat measurements with dual-DRAG correction at
+A. The parameter A is initially set to A, and fine-tuned by
minimizing excitation peaks. Using three DRAG para-
meters {a, A, —A}, all prominent excitation peaks
vanish [Fig. 3(c)], demonstrating effective suppression.
Randomized benchmarking on Q, [Figs. 3(d) and 3(e)]
shows a slight error reduction (error per Clifford:
1.60 x 1073 — 1.42 x 1073). Simultaneously, Q,’s excita-
tion rate per Clifford (ExPC) drops by an order of ma-
gnitude from (1.6 +£0.2) x 10™* to (0.8 4+0.3) x 1075.
Although the effect in EPC does not seem to be significant,
the induced correlated excitations, in particular between
distant qubits, complicate the error model and may severely
affect error correction codes.

We further test the method across coupling strengths
using the tunable coupler. The improvement in gate error
rates using dual-DRAG becomes more pronounced at
larger g [Fig. 3(f)]. This trend aligns with the measured
spurious excitation rates, which scale quadratically with g
as expected from the cross-driving amplitude that scales
with g/A,. At large g, these spurious excitations dominate
the gate errors, yet dual-DRAG consistently suppresses
them by an order of magnitude across the whole range
[Fig. 3(g)]. These results demonstrate the effectiveness of
spectrally balanced DRAG in suppressing weakly detuned
transitions and enhancing gate fidelities.

Applications to the qubit-TLS system—We extend our
method to suppress spurious transitions in systems where
Qg is coupled to a parasitic TLS. Such TLSs with long
relaxation times are particularly problematic, as their
unintended excitations can accumulate over time and
persistently degrade subsequent gate operations. The spe-
cific TLS studied here exhibits a strong coupling
(9/27n =5 MHz) to a transmon qubit, as evidenced by
the avoided crossing in the measured qubit spectrum shown
in Fig. 4(a).

To characterize the dependence on detuning of our
method, we calibrate the /X gate at varying qubit-TLS
detunings A, using the same protocol developed for
coupled qubits. Figure 4(b) shows RB results comparing
dual-DRAG corrections (applied at +A) to uncorrected
pulses across 20 MHz < A,/2z < 85 MHz. For Ay/27 <
20 MHz, spectral overlap between the drive frequency and
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FIG. 4. (a) Spectroscopy of a tunable transmon qubit coupled to
a spurious TLS, showing an avoided crossing of approximately
10 MHz. The horizontal axis represents the voltage of the flux
bias pulse applied to the coupler qubit. (b) Error per Clifford of
the qubit as a function of detuning between the qubit and the TLS.
Here, 7, =25 ns. (c) Excitation per Clifford of the TLS for
different gate times at A,/2z = 42 MHz. The solid lines are
twice the simulated /X gate errors. (d) Excitation per Clifford of
the TLS for varying detunings. The solid lines are twice the
simulated v/X gate errors.

the TLS transition hinders the convergence of parameters
during calibration, and the dual-DRAG correction overcuts
the spectral components around the target frequency,
making the drive ineffective. At Ay/2z > 85 MHz, TLS-
induced gate errors diminish to a negligible level.

We further quantify TLS excitation rates across gate time
t, and detuning A, [Figs. 4(c) and 4(d)]. To measure TLS
excitations, we (i) reset the qubit to its ground state post-
RB, (ii) apply an iSWAP gate to transfer TLS excitations to
the qubit, and (iii)) perform qubit readout. In
20 ns <1, < 50 ns, dual-DRAG reduces TLS excitation
rates by an order of magnitude compared to uncorrected
pulses. Numerical simulations of single-pulse dynamics
reproduce the observed decreasing trend, though deviations
may arise from interference between pulses and spectral
smoothing due to the presence of dephasing noise.

The measured excitation rates for 20 MHz < A, /27 <
85 MHz show a comparable improvement from the use of
dual-DRAG. The rapidly enhanced suppression with
increasing A results from the diminishing spectral weight
at larger A, and the reduced cross-drive amplitude that
scales with g/A,.

Discussion—We have demonstrated a spectrally bal-
anced pulse-shaping technique that suppresses spurious
transitions in superconducting qubits. Our method reduces
crosstalk errors by an order of magnitude and mitigates

single-qubit gate errors from strongly coupled TLS. By
engineering symmetric spectral holes, it effectively sup-
presses weakly detuned transitions by mitigating the off-
resonance effect during pulses. The technique integrates
seamlessly with virtual-Z gates, further improving gate
fidelity.

This approach directly addresses key challenges in a
frequency-crowded quantum processor: parasitic qubit
couplings and TLS-induced errors, both of which hinder
frequency allocation. By mitigating these effects, our Letter
can enhance frequency planning flexibility and provide a
framework for modeling microwave gate errors in complex
environments.

We note that, while dual-DRAG pulses demonstrate
strong performance for small-scale systems (as experimen-
tally validated), their large-scale efficacy requires careful
frequency arrangement to avoid extreme conditions with
multiple near-resonant TLS (see Supplemental Material
[30]). Future work should systematically investigate these
scaling properties. However, this scheme can be effectively
combined with frequency-tuning approaches that isolate
TLS from qubits [36-38] to further enhance gate perfor-
mance, providing a comprehensive solution to the TLS
problem.

The hardware-agnostic nature of the dual-DRAG pro-
tocol makes it broadly applicable to other quantum archi-
tectures, including superconducting fluxonium qubits,
semiconductor quantum dots, NV centers, and trapped
ions, positioning it as a versatile tool for high-fidelity
quantum control [20,39-42].

Note added—Recently, we became aware of a concurrent
work [43] that independently develops a related pulse-
shaping technique using symmetrically filtered spectra to
address classical crosstalk.
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