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Achieving fast and high-fidelity qubit operations is crucial for unlocking the potential of quantum com-
puters. In particular, reaching low gate errors in two-qubit gates has been a long-standing challenge in the
field of superconducting qubits due to their typically long duration relative to coherence times. To real-
ize fast gates, we use the hybridization between fixed-frequency superconducting qubits with a strongly
interacting coupler mode that is tunable in frequency. To reduce population leakage during required adia-
batic passages through avoided level crossings, we employ a sensitivity-adaptive closed-loop optimization
method to design complex pulse shapes. We compare the performance of Gaussian-square, Fourier-series,
and piecewise-constant-slope pulse parametrizations and are able to reach 99.9% controlled-Z-gate fidelity
using a 64-ns-long Fourier-series pulse defined by only seven parameters. These high-fidelity values are
achieved by analyzing the optimized pulse shapes to identify and systematically mitigate signal-line distor-
tions in the experiment. To improve the convergence speed of the optimization, we implement an adaptive
cost function, which continuously maximizes the sensitivity. The demonstrated method can be used for
tune-up and recalibration of superconducting quantum processors.

DOI: 10.1103/pckq-2csc

I. INTRODUCTION

In the rapidly developing field of quantum comput-
ing, superconducting qubits have emerged as a promising
architecture for scalable quantum processors that operate
with high speed [1–3]. Superconducting qubits provide a
complete gate set by using single-qubit gate rotations of
fixed angle, arbitrary Z rotations, and an entangling gate
between the individual qubits. Despite significant improve-
ments in coherence times of these qubits [4–8], the fidelity
of two-qubit operations such as the controlled-Z (CZ) gates
remains a limiting factor.

Many different schemes for realizing two-qubit gates on
superconducting qubits have been demonstrated, including
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those using parametric coupler interactions [9–11], cross-
resonance drives [12,13], microwave-activated controlled
phases [14], resonator-induced phase gates (RIP) [15],
and the use of higher qubit states [16–18]. To implement
CPHASE gates with the latter, the transition between the
states |11〉, where both qubits are excited, and |20〉, where
one qubit is in its second excited state, is used by tuning the
frequency of the qubits and potentially also the coupler. In
this scheme, high-fidelity gates, with fidelities exceeding
99.8%, have been demonstrated using analytically derived
pulse shapes [18].

We investigate an alternative implementation using
fixed-frequency qubits that are not affected by flux noise
[19] and, therefore, achieve long coherence times.

To realize fast gates, we use the adiabatic hybridiza-
tion between fixed-frequency superconducting qubits with
a strongly interacting coupler mode [20–25]. By varying
the frequency of the coupler mode, a ZZ-type interaction
between the qubits is activated. This interaction is quanti-
fied by the conditional frequency shift ξ = (ω̃11 − ω̃01 −
ω̃10 + ω̃00) of the double-excited state, |11〉 → eiξ t |11〉,
where ω̃n1n2 denote the eigenfrequencies of the basis states
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|n1n2〉. To realize a high on-off ratio, ξ must be small dur-
ing idling operation and as large as possible during gate
operation. The requirement for small ξ during idling can
be satisfied by exploiting the cancelation of two coupling
paths between the qubits: one indirect via the tunable cou-
pler and one through direct capacitive coupling. Due to
their opposite signs, a zero ξ configuration can be found
with a suitable tunable-coupler frequency in the idling state
[23,26,27].

The second condition is realized by the hybridization of
higher excited qubit and coupler states. The adiabatic tun-
ing of the coupler frequency then allows adjustment of the
conditional frequency shift ξ over several orders of magni-
tude [21–23,28]. For high-fidelity operation, the coupler
trajectory must be shaped such that the correct amount
of phase is accumulated and any state transfers caused
by energy-level hybridizations are reversed. One option
is to use analytically derived pulse-shape descriptions for
adiabatic CZ gates [17,23,29]. These, however, typically
consider only a single avoided energy-level crossing to
derive the pulse description.

Identifying general analytical formulas suitable for the
more complex energy structure that arises due to the
higher qubit state interactions remains challenging, and
one typically resorts to numerical open-loop optimization
to efficiently compute pulse shapes [30–32]. In the transfer
to experiments, mismatches between models and hard-
ware, such as transfer functions and uncertainties in model
parameters may, however, lead to systematic deviations
from the targeted system dynamics [33–35]. Although the
parameters of the system model and transfer functions
can, in principle, all be calibrated individually [36], the
large number of potentially correlated parameters leads to
a complex optimization problem with low convergence. To
overcome these challenges, we instead perform a closed-
loop pulse optimization of the CZ gate. Based on a prior
pulse shape with low complexity, we optimize pulse shapes
with an extended number of parameters on the device,
using a global cost function based on randomized bench-
marking. This allows us to find optimal parameters even
in the presence of strong correlations between parame-
ters. The optimization is able to converge to high-fidelity
pulse shapes, correctly considering all avoided crossings
and intrinsically correcting for the transfer functions of the
control lines.

II. COUPLER-ACTIVATED CONDITIONAL
PHASE

The CZ gate is realized in a unit cell of a superconducting
qubit architecture with a pair of fixed-frequency transmon-
type qubits (Q1, Q2) coupled via a flux-tunable coupling
element C. The corresponding circuit diagram shown in

(a)

(c)

(b)

FIG. 1. (a) Lumped-element circuit diagram of the system
with two qubits (Q1, Q2) and a frequency-tunable coupler (TC).
External drives are applied to each qubit for single-qubit control.
The coupler is controlled via a current-driven flux line gener-
ating an external flux �ext through the SQUID loop. The three
elements are capacitively coupled with coupling strength gij .
(b) Energy-level diagram of the two-qubit system in the one-
excitation and two-excitation manifolds. The solid lines show the
adiabatic computational states |n1n2〉 as a function of the exter-
nal flux �ext. The dotted lines show the system’s bare states
|nc, n1n2〉0. The gray shaded area indicates the flux-dependent
frequency shift ξ . The dashed line indicates the idle position of
the coupler. (c) Frequency shift ξ measured as a function of the
external flux �ext.

Fig. 1(a) is described by the Hamiltonian
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∑
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with creation and annihilation operators â†
i and âi, fre-

quencies ωi, and anharmonicities αi, with i ∈ {1, 2} for the
qubits and i = c for the tunable coupler. The frequency
ωc (�ext) of the coupler is tuned by threading an external
magnetic flux �ext through the superconducting quantum
interference device (SQUID) loop of the coupler [37]. The
setup is described in Appendix A, and the experimen-
tally realized parameters are summarized in Table I. The
elements are capacitively coupled with an asymmetric cou-
pler design [27], shown in Appendix A. The qubits have
strong couplings gic ∼ 60 MHz to the coupler, while the
direct coupling between the qubits g12 = −5.5 MHz was
designed to be small and of opposite sign to reduce the ZZ
interaction in the idle state [27].

The conditional frequency shift ξ is tunable from
ξ/2π = 20 kHz to ξ/2π > 100 MHz via selective energy
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TABLE I. Parameters of the device with two qubits Q1 and Q2
and a tunable coupler C.

Q1 Q2 C

ωi/2π 4.115 GHz 3.651 GHz 3.7–6.3 GHz
αi/2π −261 MHz −275 MHz −124 MHz
gic/2π 67 MHz 61 MHz
g12/2π −5.5 MHz
T1 (51±6) μs (125±25) μs (16±7) μs
T E

2 (90±30) μs (30±4) μs
T R

2 (23±3) μs (6.6±1.4) μs
F SQ (99.93±0.01)% (99.7±0.1)%

shifts caused by avoided crossings with tunable coupler
states, as shown in Fig. 1(b). At the idle position (�i =
�ext = 0.285�0), far detuned from any avoided cross-
ing, the eigenstates |n1n2〉 of the Hamiltonian in Eq. (1)
are approximately equal to the corresponding bare states
labeled |nc, n1n2〉0, where n1 and n2 are the excitation
numbers for the qubits and nc is the excitation number
of the tunable coupler. At this point, coherence-limited
single-qubit gate fidelities FSQ above 99.7% are measured
in simultaneous randomized benchmarking experiments
(Table I).

Adiabatically lowering the coupler frequency ωc by a
change in �ext leads first to an adiabatic excitation trans-
fer between qubit Q1 and the coupler C via the interac-
tion of the |0, 1 n2〉0 and |1, 0 n2〉0 states at �� = �ext =
0.408�0 [indicated by � in Fig. 1(b)]. At this point, the
energy shift is largely independent of the state of qubit
Q2. Only when tuning the frequency ωc lower such that
the second excited coupler state |2, 00〉0 hybridizes with
the |0, 11〉0 and |1, 01〉0 states, the conditional frequency
shift becomes large. The interaction between these states,
indicated by in Fig. 1(b), is present only in the double-
excitation manifold, i.e., it is conditional on Q2 being
in the excited state. At the point �f = �ext = 0.456�0,
we observe a conditional frequency shift ξ/2π > 75 MHz,
which enables the implementation of conditional phase
rotations within nanosecond timescales.

To measure ξ as a function of external flux, we perform
Ramsey measurements interleaved by adiabatic flux pulses
[see black circles in Fig. 1(c)]. The resulting values agree
well with a numerical diagonalization of the Hamiltonian
in Eq. (1) using the parameters in Table I. In the numeri-
cal simulations, the Hamiltonian is truncated to three qubit
levels and four coupler levels. To implement a controlled-Z
operation, the flux pulse must be chosen such that the accu-
mulated conditional phase is φZZ = ∫

ξ(t)dt = π . Note
that the single-qubit phases ϕ1 and ϕ2 accumulated during
the gate operation are corrected using virtual-Z rotations
[38,39].

To realize short gate times, the coupler needs to be tuned
past the avoided crossings �ext > �� to an interaction

(a)

(b)

FIG. 2. Population leakage and retrieval. (a) Simulated popu-
lation transfer to other states for two Gaussian-square pulses with
pulse widths w1 and w2. The curves show the population trans-
ferred from the |11〉 state to the |1, 01〉 and |2, 00〉 states. (b) Pulse
waveforms of the Gaussian-square pulses are shown. The dotted
line indicates the flux amplitude at the avoided crossing ��.

region with a large conditional frequency shift ξ ; how-
ever, to remain in the adiabatic regime, the pulse cannot
be arbitrarily short [21], as the adiabatic condition lim-
its the slope of the pulse to dω/dt � g2 with coupling g
between two interacting states. Relaxing the adiabaticity
condition results in a population transfer between the inter-
acting eigenstates [17,21,40]; however, population loss can
be minimized by choosing a suitable pulse width, ensur-
ing that any population lost while passing the avoided
crossing is recovered when returning to the idle posi-
tion �i. This coherent effect is known as Landau-Zener-
Stückelberg (LZS) interference [41–43] and depends in
particular on the relative accumulated phase differences

 = ∫ (

ωi (t)− ωj (t)
)

dt of the populated eigenstates |i〉
and |j 〉. Using the Landau-Zener model, the remaining
population P(te) after the return passage is periodic in

, with Pe = 1 − Lm sin2(
). The maximal population
loss 1 − Pm = 4Pm (1 − Pm) is given by the population
transferred following a single passage of the avoided cross-
ings (1 − Pm). In Fig. 2, two pulses with pulse width
w1 = 39.67 ns and w2 = 41.39 ns are shown, along with
a simulation of the population loss from the |11〉 state to
the |1, 01〉 and |2, 00〉 states. This simulation highlights
how the evolved phases, influenced by the pulse width,
determine whether population loss occurs or is mitigated.

To realize a high-fidelity gate, the errors due to leak-
age must be minimized while at the same time collect-
ing correct phases. For a calibration using a Gaussian-
square pulse shape with three pulse-shape parameters
(�f , w, τr), we achieve a gate fidelity of 95%, as discussed
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in Appendix B. To further increase the fidelity, more con-
trol parameters are needed to simultaneously reduce both
leakage errors and phase-accumulation errors.

III. PULSE-SHAPE PARAMETRIZATIONS

To realize a gate with a minimal error rate, we explore
the following pulse parametrizations, which we cali-
brate using a closed-loop optimization algorithm [35,
44]: a five-parameter Gaussian-square pulse for a basic
implementation of the CZ gate, a piecewise-constant-
slope (PiCoS) parametrization with 21 parameters, and a
Fourier-component decomposition with eight parameters.

The Gaussian-square pulse serves as a benchmark-
ing baseline, with a minimal parameter set KGS =
{A, w, τR,ϕ1,ϕ2}, where A denotes the amplitude scaling,
w is its pulse width, and τR is the rise-time. ϕ1,2 are
single-qubit Z rotations for the qubits Q1 and Q2.

The PiCoS parametrization is a simplification of the
widely used piecewise-constant (PWC) parameterization
for pulses digitized at the device sampling rate [30,35]. It
is defined by NY amplitudes Yi with equal spacing w/NY
across the pulse width w. The NY nodes are interpolated
via a constant slope, as shown in the inset of Fig. 3(c).
This approach significantly reduces the O(100) parame-
ters of the PWC parameterization, which are determined
by the sampling rate of the arbitrary-waveform generator
(in our experiment 2 GS/s [45]) and the pulse duration
(typically around 50 ns). Additional parameters included
in the optimization are a global amplitude scaling A, the
pulse width w, and Z rotations ϕ1 and ϕ2 applied on the
respective qubits. This results in a parameter set KPiCoS =
{Yi, A, w,ϕ1,ϕ2}. Although parameters such as A and w
are redundant with the PiCoS approach, they allow for
global adaptations to rescale the pulse, adding significant
robustness to the calibration.

A less complex yet similarly versatile pulse-shape
parametrization is provided by a decomposition of the
envelope into a sum of Fourier components

�(t) = A
N∑

n=1

λn

(
1 − cos

(
2πn

t − tp/2
w

))
, (2)

with the maximum amplitude A, the width of the pulse
shape w, within a total sampled pulse duration tp , and
the normalized Fourier coefficients λn. This parametriza-
tion results in a parameter set KFourier = {A, w, λn,ϕ1,ϕ2}.
Using only low-frequency Fourier coefficients, smooth
pulse shapes can be ensured. Numerical open-loop opti-
mizations indicate that a good balance between the number
of control parameters and sufficient controllability can be
achieved with five Fourier coefficients [28,46].

For the calibration of the pulse shapes, we employ a
closed-loop optimization based on the covariance matrix
adaptation evolution strategy (CMA-ES) algorithm, which

(a)

(b)

(c)

(d)

FIG. 3. Exemplary optimization curves for a PiCoS pulse-
shape parametrization. (a) Number of CZ gates and single-qubit
gates (SQG) per sequence, averaged over the 80 measured ran-
domized sequences. (b) Measured sequence infidelity Ek

j during
the optimization. Blue points show the sequence infidelities of
each candidate. The red line shows the mean value over the
candidate solutions of each evolution. The change in shading
indicates increases in cost function sensitivity S. (c) Convergence
of normalized sequence infidelity Ek

norm,j = Ek
j /N on a logarith-

mic axis. The inset illustrates a schematic of the PiCoS pulse
shape with the nodes Yi, the amplitude A, and the width w. (d)
Evolution of selected nodes Yi during the optimization of the
PiCoS parametrization.

converges efficiently even in the presence of noise [47].
Because, in contrast to simple one-parameter sweeps, it
simultaneously optimizes all pulse parameters, it can effi-
ciently cope with parameter correlations, as detailed above
and in Appendix B. We take the sequence fidelity of ran-
domized benchmarking sequences as the cost function
and enhance the optimization procedure by adapting the
number of Clifford gates during the optimization. Starting
from a roughly calibrated gate, the gate fidelity can then
be continuously optimized without requiring additional
restarts.

In each optimization iteration (evolution) k the opti-
mizer chooses P parameter-combinations {Kk

j , j ∈ [1, P]}
to be probed. The parameters are sampled from Gaussian
distributions, defined via a mean m(k) for each parameter
and a covariance matrix. We use the optimized randomized
benchmarking for immediate tune-up (ORBIT) protocol to
determine a cost Ek

j for each candidate solution Kk
j , which
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reflects the performance of the resulting gate [35,44].
The cost measures the qubit population after randomized
benchmarking sequences comprising N Clifford gates. We
measure M = 80 different randomizations that are each
averaged over 128 shots. For every parameter combination
Kk

j of the CZ gate, the cost Ek
j is measured. The weighted

average and the covariance of Kk
j with respect to Ek

j are
then used to update the sampling distribution’s mean and
covariance matrix. This process is iterated until the dis-
tribution has converged to a minimum. This makes the
optimizer generally well suited to experimental optimiza-
tion, as it provides robustness to slow drifts in the cost
function [47]. If possible, all j evaluations should be per-
formed within a single experiment to distribute system
fluctuations evenly across all cost-function values Ek

j . Fur-
thermore, the classical processing overhead is reduced by
using a single experiment per evolution [35].

The measured cost functions Ek
j are influenced by exper-

imental noise, making it essential to maximize the sen-
sitivity Sk during each evolution. The sensitivity of the
cost function with respect to changes in the CZ gate error
ε is defined as Sk(N ) =

(
dEk

j /dε
)
N−1, where N is a

normalization constant. The maximum sensitivity depends
on the number of Clifford gates N and the average gate
errors ε for a given parameter combination {Kk

j }. Although
the exact error of the gate is not known during the opti-
mization, the ideal sensitivity Sk can be approximated
based on the value of the cost function Ek

j , as discussed
in more detail in Appendix C 1. Generally, the sensitivity
Sk(N ) remains above 90% of its maximum value for cost-
function values Ek

j ranging between 0.2 and 0.4. In contrast
to other works [22,44], we employ a dynamic update of the
number of Clifford gates N during the optimization pro-
cess. In particular, the number of Clifford gates is increased
if the mean cost-function value across the evolution Ēk

falls below 0.2.
As this changes the actual value of the cost function,

an optimization procedure capable of handling changes to
the investigated cost function is needed. This is in contrast
to an update rule where only the number of repetitions is
adjusted [48], which, however, increases the run time for
both low- and high-fidelity evaluations.

In the CMA-ES algorithm, the cost function can be
rescaled during the optimization process as it compares
values within each set of parameter combinations Kk

j of
a single evolution. This contrasts with commonly used
optimizers, such as Nelder-Mead [49] or L-BFGS [50],
where the cost Ek

j of parameter combinations is added
individually and compared with previous evaluations. For
additional details on the algorithm, see Appendix C.

An exemplary optimization run for the PiCoS parametri-
zation is shown in Fig. 3. The optimization begins with low
sensitivity S and N = 2 Clifford gates for an initial parame-
ter combination {K0

j }, where individual candidate solutions

with two-qubit gate errors up to ε ∼ 50% are measured.
As the optimizer identifies combinations with higher fideli-
ties, the sensitivity S and, therefore, the number of gates,
is incremented in steps of N → N + 1 to N = 12 Clif-
ford gates [Fig. 3(a)]. This stepwise increase allows for
the separation of small variations between the high-fidelity
candidate parameters, as the mean cost per evolution Ēk

remains between 0.2 and 0.4 [Fig. 3(b)].
The optimization of the PiCoS pulse with 21 parameters

converges after 265 evolutions and a total time of 12 h to
a gate error of εPiCoS = 0.25 ± 0.09%. The optimization
is terminated if Ēk remains steady over multiple evolu-
tions k. The final result of the optimization is chosen as
the parametrization Kk

j with the lowest Ek
j within all evo-

lutions since the last sensitivity update. To illustrate the
convergence of the protocol, we compute the normalized
Clifford infidelity Ek

norm,j = Ek
j /N by dividing the mea-

sured sequence infidelity Ek
j by the number of Cliffords per

sequence. After 200 evolutions, Ek
norm,j is reduced by an

order of magnitude, as shown in Fig. 3(c). A select set of
amplitude values Yi is shown in Fig. 3(d).

The required number of evolutions kmax and param-
eter combinations per evolution P depend on the num-
ber of pulse-shape parameters, as further discussed in
Appendix C 4.

IV. HIGH-FIDELITY CZ GATE OPTIMIZATION

We apply the optimization algorithm described above to
different pulse parametrizations. Initially, the pulse shapes
are coarsely calibrated in amplitude, pulse width, and
single-qubit phases ϕ1 and ϕ2, ensuring an error of �10%.
The gates are then optimized using the optimization pro-
cedure described above. Following the optimization, we
evaluate the gate error ε using interleaved randomized
benchmarking [51]. The performance of the different pulse
implementations, along with their respective pulse dura-
tions, is summarized in Table II.

The calibrated Gaussian-square pulse parametrization
with a pulse width w = 60 ns results in a gate error
of εG-Sq = 4.79(19)%. This high error indicates that the
gate is strongly limited by coherent processes, suggesting

TABLE II. Characteristics of optimized gates. Performance of
the discussed gates—Gaussian-square (GS), Fourier-series, and
PiCoS pulses—with number of optimized parameters np , fixed
pulse length tp , CZ gate error ε, and applied precompensation for
(Fourier, C) and (PiCoS, C).

np tp tb ε

GS 5 50 ns 50 ns (4.79±0.19)%
Fourier 8 60 ns 0 ns (0.52±0.15)%
PiCoS 21 60 ns 0 ns (0.25±0.09)%
Fourier, C 8 64 ns 0 ns (0.09±0.10)%
PiCoS, C 21 20 ns 12 ns (0.21±0.09)%

024048-5



N. J. GLASER et al. PHYS. REV. APPLIED 24, 024048 (2025)

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

FIG. 4. Optimized pulse-shape parametrizations and interleaved randomized benchmarking results comparing (a),(c) the Fourier-
series parametrization and (b),(d) the PiCoS parametrization, with gate errors denoted as ε. Panels (a),(b) display the results before
applying pulse precompensation, while panels (c),(d) show the results after the implementation of precompensation.

that this parametrization is not well suited to achieving
high-fidelity coherence-limited gates. In contrast, gates
with the Fourier-series parametrization with five Fourier
components and a pulse width w = 60 ns achieve an
optimized gate infidelity of εFourier = 0.62 ± 0.15% [see
Fig. 4(a)]. This is a significant improvement in compar-
ison to the Gaussian-square pulse and the coarse cali-
bration. This optimization converges after 80 evolutions,
requiring a calibration time of 142 min. With the PiCoS
pulse parametrization, the gate error is further reduced by
a factor of 3 to εPiCoS = 0.25 ± 0.09% [see Fig. 4(b)].
Moreover, interleaved randomized benchmarking mea-
surements for the PiCoS pulses show a lower spread
between randomizations compared to the Fourier-series
pulse, indicating a reduction of unitary errors [52].

Comparing the Fourier-series and PiCoS pulses, the
pulse shape is similar, with a distinct slowdown of the
trajectories upon entering the interaction region near �.
This aligns with the expectation that reducing the slope
at an avoided crossing helps to minimize leakage. The
Fourier-series pulse exhibits signs of leakage out of the
qubit subspace, as indicated by the population deviating
from the fully depolarized value in the limit of large NC
[35,53,54]. In contrast, the PiCoS pulse mitigates leak-
age due to its additional degrees of freedom. Most leakage
will occur into the coupler states, as confirmed by numer-
ical simulations; however, since the coupler states are not
directly measurable on the current device, an experimen-
tal verification of the leakage channels remains outside the
scope of this work.

The optimization of the PiCoS pulse also results in
asymmetric shoulders and introduces negative flux values
in place of the zero-amplitude regions [see Fig. 4(b)]. This
suggests that the optimization routine seeks to compensate
for distortion effects in the control line; however, due to
the slow response time, of the order of microseconds, the
routine cannot fully eliminate all distortion effects within
the pulse duration. Therefore, memory effects influencing
subsequent pulses in the experimental sequence remain

uncorrected [55]. To address these limitations and fur-
ther enhance gate quality, we characterize the line-transfer
function using an extension of the cryoscope protocol
described in Ref. [56]. The extension is adapted to our
architecture, which does not allow direct readout of the
coupling element. Instead, we use the interaction between
the qubit and the tunable coupling element, as described
in more detail in Appendix D. The characterization reveals
significant low-pass filtering effects that limit the fidelity of
consecutive CZ gates. To counteract the signal distortion,
we systematically correct the transfer function by employ-
ing on-device signal predistortion using an HDAWG from
Zurich Instruments [57]. With this, we suppress low-pass
filtering, reducing the characteristic timescales from 2.5
μs to 10 ns. The optimizer can then adapt the pulse
shapes more effectively, fully compensating for remaining
distortions within the pulse duration.

Reoptimization of Fourier-series pulses with 64 ns dura-
tion, now incorporating predistortions, achieves signifi-
cantly reduced gate errors of εFourier, C = 0.09 ± 0.1% [see
Fig. 4(c)]. Based on the experimental data, the gate fidelity
is predominantly limited by the dephasing of the qubit
states. Repeating the procedure for the PiCoS pulse reveals
that, while the gate fidelity has reached its optimal level,
there remains potential to reduce the gate duration. In fact,
for pulses with a length of 20 ns followed by a 12-ns buffer
period of zero signal amplitude, we achieve a gate error as
low as εPiCoS, C = 0.21 ± 0.09%, as shown in Fig 4(d). Fur-
ther reducing the pulse length, however, leads to increased
gate errors, which we attribute primarily to line distortions
occurring on similar timescales. For the presented pulse,
we observe minimal indications of leakage from the inter-
leaved randomized benchmarking experiment, particularly
when compared to the Fourier-series pulse.

V. DISCUSSION AND CONCLUSION

We have demonstrated a closed-loop optimization
of parametrized pulses in combination with a signal
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predistortion to correct on timescales exceeding the gate
duration. This approach achieves two-qubit gate fidelities
around 99.9% in less than 64 ns, a significant improvement
compared to Gaussian-square pulses, which yield error
rates of around 5% but can be optimized using conven-
tional tune-up methods based on individual parameter cal-
ibrations. Our approach of a closed-loop CMA-ES-based
simultaneous parameter optimization in conjunction with
increased-complexity pulse shapes, i.e., Fourier-series and
PiCoS pulses, enables gate errors to be reduced below
0.3%. Notably, we have demonstrated that the optimized
PiCoS parameterization allows us to reduce leakage and
intrinsically correct flux-line distortions.

In addition, optimization results have been used to iden-
tify systematic errors. In particular, flux-line distortions are
reflected in the pulse shapes after the optimization rou-
tine has converged to a high-fidelity gate. This inference
of system properties through black-box optimal control,
followed by the subsequent compensation of systematic
deviations, enables the realization of control pulses with
reduced complexity, a cornerstone of optimal control the-
ory [33–35]. System identification, as demonstrated in this
work, will facilitate more accurate open-loop optimal con-
trol and provide an improved understanding of the system
parameters.

As part of the systematic distortion mitigation, we
extended the cryoscope protocol [56] to indirectly measure
flux-line distortions via nontunable elements. By inverting
the system transfer functions directly on the classical con-
trol hardware [57], we compensate for these distortions.
This approach suppresses long-term memory effects on the
scale of the experimental sequences, which allows us to
reach average gate fidelities above 99.9%.

Furthermore, the closed-loop optimal control scheme
shows promise for a quantum processor tune-up applica-
tion. For this, the required time per optimization has to be
further reduced. We have shown that this can be achieved
through system identification, reducing the optimization
time from 12 to 4.5 h by using a pulse shape with less com-
plexity. We have analyzed the primary factors contributing
to optimization run time, including classical processing
time and passive reset, as detailed in Appendix C 3. There,
we outline strategies to decrease the run time by more than
a factor of 100.

This optimization method is also well suited to recal-
ibration tasks, where metaparameters such as previous
parameter spreads and covariance matrices can be retained.
This allows the recalibration process to convergence
rapidly, especially when only minor adjustments to the
optimal parameters are required. This approach could
ensure high system uptime by interleaving optimization
evolutions with algorithmic tasks, thereby tracking and
compensating for small parameter drifts in real time. Such
a strategy would preserve high-fidelity operations through-
out the algorithm’s run time.
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APPENDIX A: EXPERIMENTAL SETUP

The qubits are controlled and measured using a Super
High Frequency Qubit Controller (SHFQC) from Zurich
Instruments. A schematic of the experimental setup is
shown in Fig. 5. We use charge-coupled direct drive lines
on the chip for qubit control. The readout resonators are
coupled to a common feedline. The feedline is attenu-
ated by −80 dB distributed over the temperature stages
and filtered with a 5.5-GHz high-pass filter (VHF-5050+).
The drive lines are attenuated by −60 dB distributed over
the different temperature stages and filtered with a 3.5- to
4.5-GHz bandpass filter (VBFZ-4000-S+).

We use two 4–12 GHz isolators on the output line.
The output signal is amplified by a 4–8 GHz 40-dB
HEMT cryogenic low-noise amplifier (LNF-LNC4_8G)
thermalized at the 3-K stage. The signal is ampli-
fied by a 40-dB low-noise room-temperature ampli-
fier (DBLNA104000800A) before being digitized at the
SHFQC input. The flux offset and drive to the coupler
are generated using one channel of a Zurich Instruments
HDAWG. The flux line is attenuated at room temperature
by −10 dB and by −20 dB at the 3 K stage and filtered
using a 1.35 GHz low-pass filter (VLFX-1350+).
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FIG. 5. Experimental setup and schematic of the wiring for the
superconducting qubit experiment.

APPENDIX B: ZZ PHASE AND LEAKAGE

We illustrate the effect of coherent errors emerging from
nonideal pulse shapes and their correlated dependence on
pulse-shape parameters using simple pulse parametriza-
tions. As discussed in the main text, the hybridization
with the avoided crossings may lead to population losses.
We tune the flux of the coupler, and thereby the coupler
frequency, using a Gaussian-square pulse defined as

�(t) = �f

∏

±

1
2

(
1 + erf

(
±t+w/2
τR

))
, (B1)

where w is the pulse width, �f is the maximal flux value,
τR is the rise time, and erf is the Gauss error function. An
illustration of the parametrization is shown in the inset of
Fig. 6(c). We measure the population Pn1n2 after applying a
flux pulse to the coupler, with the system initialized in one
of the computational basis states |ψ〉i = ∣∣Pn1n2

〉
. Figures

6(a) and 6(b) depict the final populations of |ψ〉2 = |10〉
and |ψ〉3 = |11〉 as functions of the pulse width w and the
flux amplitude �f . For these states, we observe a pop-
ulation transfer indicating stronger interactions between
the coupler and the qubit states for increasing flux pulse
amplitude �f . A significant increase in population trans-
fer occurs when the system enters the regime beyond the

avoided crossing at�f > 0.43�0 [see Fig. 1(b)]. The pop-
ulation transfer exhibits coherent oscillations with respect
to the pulse width w, consistent with LZS oscillations. For
short gate times w < 20 ns, no leakage is observed, as the
maximum pulse amplitude is constrained by the pulse rise
time. For the states |ψ〉0 = |00〉 and |ψ〉1 = |01〉, the pop-
ulation transfer is within the measurement errors and is
therefore not shown.

Achieving a high-fidelity gate requires carefully select-
ing the amplitude �f and pulse width w to minimize
leakage while ensuring the correct acquired ZZ phase φZZ .
The ZZ phase φZZ is measured via Ramsey-type experi-
ments, following a protocol similar to that in Ref. [39]. The
control qubit is initialized in either |0〉 or |1〉, while the tar-
get qubit is set to the |−Y〉 state using an RX

π/2 rotation. The
CZ gate, consisting of the flux pulse on the coupler and Z
rotations on the qubits, is then applied. A final Rθπ/2 pulse
maps the evolved state back to the z axis for measurement.
The rotation axis angle θ is swept over ten points from
−1.1π to 1.1π , and the resulting population is fitted to a
cosine function to extract the acquired phase. The ZZ phase
φZZ is determined as the difference between the acquired
phases with the control qubit in |1〉 and |0〉.

The errors in leakage and ZZ phase φZZ are estimated
using the average gate fidelity [58]. The phase-mismatch
error was derived to be

Eϕ = 1 −
(

2(d − 1)
d2 + d

cos δϕ + d(d − 1)+ 2
d2 + d

)
, (B2)

and the population-loss error is

EP = 1 − 1
(d2 + d)

(
d +

∣∣∣d −
∑

1 − Pn1n2

∣∣∣
2
)

, (B3)

where d is the Hilbert space dimension. Simultaneously
minimizing both errors is essential for a high-fidelity pulse.
As shown in Fig. 6(d), for a slice at�f = 0.44�0, the esti-
mated errors exhibit unsynchronized oscillations, making
it difficult to identify parameters for a common mini-
mum error. As discussed in the main text, employing more
complex pulse shapes with additional parameters helps to
mitigate both errors simultaneously.

APPENDIX C: OPTIMIZATION

This appendix outlines the optimization process, detail-
ing the ORBIT cost function and its sensitivity, the opti-
mization algorithm and its parameters, a run-time analysis,
and the convergence time as a function of the parameter
count.

1. ORBIT cost function

The cost function for the optimization is derived from
randomized benchmarking sequences of fixed length [44].
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(a) (b) (c) (d)

FIG. 6. Leakage induced by the CPHASE gate pulse measured from the (a) |10〉 and (b) |11〉 states, alongside the (c) accumulated ZZ
phase ϕZZ . Measurements are shown as functions of pulse width w and amplitude �f . (d) Error rates E for population loss from the
|11〉 (1 − P11) and |10〉 (1 − P10) states, along with the accumulated ZZ phase φZZ , at a fixed amplitude of �f = 0.44�0. Note that
the error is truncated at 20%.

The sequence fidelity of the Clifford-based cost function
depends on the number of Clifford gates N and follows the
form F(N ) = A (FC)

N + B [51]. The fidelity per Clifford
gate, FC , is approximated as FC = (FSQ

)n̄SQ × (FCZ)
n̄CZ,

where FSQ and FCZ are the single- and two-qubit gate
fidelities, respectively, and n̄SQ = 8.5 and n̄CZ = 1.5 rep-
resent the average number of gates per Clifford. This
approximation is based on a Clifford-gate decomposition
that includes Xπ , Yπ , Xπ/2, Yπ/2, X−π , Y−π , X−π/2, Y−π/2,
and CZ gates, under the assumption of uncorrelated errors.

The sensitivity S of the sequence fidelity F(N ) to
parameter changes depends on the number of Clifford gates
and the fidelity of the individual gates in the sequence. The
sensitivity S to changes in the CZ gate fidelity, normalized
by the CZ gate error, is evaluated with

S = 1
1 − FCZ

dF
dFCZ

(C1)

and is shown in Fig. 7 for various CZ and single-qubit gate
fidelities. For CZ gates with FCZ ≈ 50%, optimal sensitiv-
ity S is achieved using short sequences of N = 2 Clifford
gates. As gate fidelities improve, achieving maximal sen-
sitivity requires longer sequences, with N determined by
N = −1/ log(FC).

Because single-qubit gates are part of the Clifford
decomposition, their fidelity FSQ also influences the opti-
mal choice of N . As shown in Figs. 7(b) and 7(c), errors
in the single-qubit gates reduce the optimal N and weaken
the sensitivity to changes in FCZ.

2. Optimization algorithm

The pulse-optimization procedure is carried out using
the CMA-ES optimizer [47], as outlined in Algorithm 1.
First, the CMA-ES optimizer is initialized with the param-
eter set Kk

j to be optimized, along with the respec-
tive hyperparameters, such as their initial values and
search range. The parameters are normalized based on

the expected optimization range. The choice of the ini-
tial parameter spread σ strikes a balance between global
exploration and local exploitation, with its exact value
depending on the particular pulse optimization.

A batch of candidate solutions Kk
j with population size

P is sampled by the optimizer based on a Gaussian distri-
bution. The cost value Ek

j is computed for each candidate
solution by applying the gate parametrized according to
Kk

j in the decomposition of the Clifford sequences (Fig. 8).
We prepare M = 80 Clifford sequences, each consisting
of N Clifford gates. The last Clifford gate is chosen to
invert the operation of the previous gates, so that the entire

(a)

(b)

(c)

FIG. 7. Sensitivity S of the Clifford sequence to fidelity
changes plotted as a function of the Clifford gate count N
using Eq. (C1) for CZ gate errors εCZ ∈ [0.5, 0.001]. Different CZ
gate errors are indicated by the color shading. For single-qubit
gate fidelities we choose (a) FSQ = 100%, (b) FSQ = 99.99%,
and (c) FSQ = 99.9%. Red dots indicate the points of maximal
sensitivity.
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ALGORITHM 1. Optimization.

sequence effectively implements a pseudoidentity opera-
tion. For interleaved randomized benchmarking [51], half
of the M sequences are interleaved with two CZ gates,
placed between each decomposed Clifford gate. The set
of Clifford sequences remains unchanged for all candidate
solutions probed with the same N .

The cost value Ek
j is calculated as the average final

ground-state population of Q1 over M sequences, each
repeated 128 times (shots). We use LabOne Q [59] to
compile the instruction set for the control devices based
on the candidate solution parameters Kk

j and the Clifford
sequences before execution on the control hardware. If
the mean cost Ēk = meanj (Ek

j ) of the evolution k falls
below 0.2, the number of Clifford gates per sequence is
increased by one to enhance the sensitivity S of the cost
function. The execution is terminated when the mean cost

FIG. 8. Illustration of the execution flow of the quantum cir-
cuits. The process involves N Clifford gates Cm

i followed by
a measurement, iterated over multiple shots. This procedure is
repeated for M randomized sequences, indexed by m. Addition-
ally, the process is repeated for J candidate solutions, indexed by
j , to evaluate the parameter set Kk

j in each evolution k.

FIG. 9. Breakdown of the time required per evolution during
the optimization process, categorized into qubit reset, sequence
execution, device communication, and compilation duration, as
a function of the number of Clifford gates in the executed
sequences.

Ēk remains steady over multiple evolutions k. Alterna-
tively, to improve the signal-to-noise ratio, the number of
Clifford sequences M itself or the number of experimen-
tal repetitions can be increased; however, this comes at
the expense of a longer run time per evolution due to the
increased number of measurements, while maintaining a
constant trigger rate.

3. Optimization run time

The optimization duration is primarily determined by
the number of evolutions kmax and the time required per
optimization step, i.e., per evolution k. The duration is lim-
ited from below by the time needed to execute the quantum
circuits, including single- and two-qubit gates, measure-
ments, and reset operations, multiplied by the number of
experimental repetitions and sequence randomizations. To
evaluate the overhead caused by device-instruction prepa-
ration and communication, we consider an optimization
with a repetition rate of 1.4 kHz, M = 80 sequence ran-
domizations, 128 single-shot repetitions, and 13 candidate
solutions, resulting in a measurement time of 93 s for one
evolution k (blue and red bar in Fig. 9). In our experiment,
the repetition rate is primarily bound by the time required
for thermal qubit reset (blue bar in Fig. 9), while the actual
sequence duration, including measurements and pulses, is
almost negligible (red bar in Fig. 9).

The communication time required for control-device
programming and data transfers adds a constant offset to
the time spent per evolution. This time scales only mini-
mally with sequence complexity and, therefore, the num-
ber of Clifford gates per sequence (green area in Fig. 9);
however, the compilation of waveforms and instructions
in LabOne Q [59] for device control scales linearly with
the number of Clifford gates per sequence (orange area in
Fig. 9).
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The run time can in the future be reduced by employing
active reset mechanisms [60–63]. Assuming measurement-
based active reset, the on-device measurement time,
including reset pulses, corresponds to 0.85 s per evolution
for the given number of repetitions, meaning that the total
measurement time of the presented PiCoS pulse optimiza-
tion would be under 4 min; however, due to the limited
readout fidelities, which can be improved by an increased
resonator coupling, this was beyond the capabilities of the
device under investigation.

Furthermore, a full compilation of instructions and
waveforms is used. If only minimal updates (atomic wave-
forms and virtual-Z rotation values) were required, the
classical processing time could be drastically reduced. By
using efficient processing methods, the classical process-
ing time could in the future be reduced from 120 s to
(0.72±0.01) s. This has been validated in a proxy setup
with reduced experimental complexity and now needs to
be implemented at the full algorithmic scale.

4. Convergence speed

Increasing the complexity of the pulse shape can yield
a higher-fidelity solution; however, the increased num-
ber of parameters to be optimized also affects the evo-
lutions kmax required for convergence, thereby impacting
the overall optimization duration. To guide hyperparam-
eter selection, we examine the scaling behavior of the
algorithm’s required iterations using several standard opti-
mization problems. For the CMA-ES optimizer, we numer-
ically optimize over test functions with added normally
distributed noise. We evaluate the number of evolutions
kmax required until the variance of the cost function results
Ek

j across the candidate solutions j becomes smaller than
the variance of the added noise. For the evaluation of
the performance of optimization algorithms, a variety of
test functions are commonly used as benchmarks [64,65].
Using such test functions, we observe that the number of
evolutions follows a power-law dependence kmax ∼ Dν +
k1, where D is the dimension of the parameter space and
k1 is an offset according to the single parameter cases [see
Fig. 10]. For the Spherical, Styblinski-Tang, and Rastri-
gin test functions, the increase is sublinear with ν ≈ 0.65.
In contrast, for the Rosenbrock function and a polyno-
mial function, the scaling factors are ν = 1.7 and ν = 1.5,
respectively. These scaling factors align with the experi-
mental observations. We observe an approximately linear
relationship between the required evolutions kmax and the
number of parameters in the pulse optimization, using
different parametrizations.

The population size P of the candidate solutions eval-
uated per evolution k is also influenced by the number
of parameters Np = |K| and is determined as P(Np) =
4 + 4 log

(
Np

)
[47], resulting in a logarithmic scaling of the

required candidate points, as shown in Fig. 10(b).

(a)

(b)

FIG. 10. (a) Scaling of the required number of optimization
evolutions kmax with the number of parameters D for various test
functions, including Rastrigin, Sphere, Rosenbrock, Griewank,
Styblinski-Tang, and Polynomial. (b) Population size Pk per
evolution as a function of D, following the logarithmic scaling
Pk(Np) = 4 + 4 log

(
Np

)
.

APPENDIX D: FLUX DISTORTION

1. Signal-line characterization

The transients of the flux pulses are characterized by an
extension of the cryoscope protocol described in Ref. [56].
The original protocol determines the response of the flux
line by measuring the change in the frequency of the qubit
connected to it.

In this work, however, the response of the coupler
instead of the qubit has to be measured. Since the cou-
pler is not directly connected to a readout line, the protocol
has been extended, and the response is measured via the
coupled fixed-frequency qubit Q1. The eigenstate of the
fixed-frequency qubit Q1 experiences a frequency shift due
to the hybridization with the coupler state (see Fig. 1 in the
main text).

The phase shift of the qubit state is measured using
a Ramsey-type experiment. Qubit Q1 is initialized in the
ground state and then placed into a superposition state
by an RX

π/2 pulse. A nominally rectangular flux pulse
is applied via the arbitrary-waveform generator (Zurich
Instruments HDAWG), tuning the coupler’s frequency
close to the fixed-frequency qubit’s frequency. The qubit
frequency ω̃1 is shifted by the interaction with ωc(�). A
final Rθπ/2 pulse with a variable rotation-axis angle θ is
applied after a fixed interval following the initial RX

π/2 gate.
In our experiment, we use nine linearly spaced axis

angles θ in the range [0, 2π ], which allows us to extract
the phase shift via a cosine-function fit. With the indi-
vidual phase fits per time step, the data is robust against
fluctuations of the coherence time and population loss of
the qubit. The flux pulse length tp is varied from 0 to
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(a)

(b)

FIG. 11. Measurement of the coupler flux response. (a)
Schematic of the sequence used to measure the response of the
flux to the applied pulse. The qubit drive sequence is depicted,
including the initial RX

π/2 rotation, the coupler flux pulse of dura-
tion tp , and the final Rθπ/2 rotation. (b) Measured flux responses.
The response is plotted as a function of time, normalized to
the calibrated nominal amplitude. The uncorrected flux response
is shown in blue, showing significant deviation from the tar-
get pulse due to distortions over various timescales. The flux
response after applying long-timescale corrections (red curve)
using two exponential infinite impulse response (IIR) filters
improves the alignment with the target pulse. The fully cor-
rected flux-response, incorporating four exponential IIR and
finite impulse response (FIR) filter corrections, is depicted by
the green curve. Due to the finer temporal resolution and less
adiabatic hybridization, the extracted step-response function is
noisier. We present only the measurement up to 500 ns due to the
increased number of sampling points and the good agreement of
the long-term correction for longer times. The black dashed line
shows the nominal pulse sent to the AWG. The inset provides an
enlarged view of the initial 30 ns of the response.

2.5 µs, as shown in Fig. 11(a). The effective qubit fre-
quency change as a function of the flux pulse length tp is
estimated by the numerical derivative of the phases with
respect to the flux pulse length tp . Suddenly tuning the
coupler close to the avoided crossing induces nonadia-
batic transitions, leading to population exchange between
interacting states. These transitions introduce additional
amplitude and phase oscillations during the interaction
on timescales of nanoseconds. We employ a Savitzky-
Golay filter with a window length of 10 ns to smooth
out these oscillations, thereby limiting the resolution of
the flux-response measurement. To calibrate the applied
flux amplitude to the resulting qubit frequency change, we

TABLE III. Fitted parameters for the exponential IIR filter
corrections.

i 1 2 3 4

Ai −0.021 −0.012 −0.393 +0.595
τi (ns) 846 151 36.0 21.6

measure the frequency shift induced by various nominal
flux amplitudes for pulse lengths >300 ns. The nonlinear
relation between the applied flux and the qubit frequency
accurately resolves the coupler’s response near the qubit
while suppressing the contribution of turn-off transients
when the coupler is detuned from the qubit.

The measured flux-pulse step response [blue curve in
Fig. 11(b)] exhibits low-pass filtering characteristics, influ-
enced by various factors. These include the skin effect in
the cabling [66,67], which induces distortions on longer
timescales, as well as filters, packaging, and on-chip distor-
tions that predominantly impact shorter timescales. After
60 ns, the step response reaches 97% of the final flux value,
while reaching 99% requires over 650 ns, with residual
deviations persisting for up to 2.5 μs.

The measured flux response is modeled using exponen-
tial infinite impulse response (IIR) filters of the form

y(t) = yin(t)
∏

i

(1 + Aie−t/τi), (D1)

where Ai are the amplitudes and τi are the decay constants.
Long-time-scale distortions are corrected using two expo-
nential IIR filters (i ∈ [1, 2]), resulting in the red curve in
Fig. 11(b). Based on this corrected signal, the short-time-
scale behavior is addressed using two additional exponen-
tial IIR filters (i ∈ 3, 4). The parameters of the exponential
filters are provided in Table III. These field-programmable
gate array (FPGA)-based real-time distortion compensa-
tions of the HDAWGs [57] are constrained to a granularity
of 4 ns by the FPGA clock rate. The initial samples are fur-
ther corrected using a finite impulse response (FIR) filter,
which convolves the signal as follows:

y[n] =
M−1∑

m=0

l[m] yin[n − m], (D2)

with M = 72 calibrated coefficients l[m]. This process
results in the fully corrected signal, shown as the green
curve in Fig. 11(b), achieved using the full set of four
IIR filters (i ∈ 1, 2, 3, 4) and the FIR filter. The corrected
response aligns with the target response function within
±0.5%, with no resolvable distortions after 60 ns.

2. Gate-fidelity effects

Since flux pulses are exclusively used within CZ gates,
we evaluate the impact of flux distortions by interleaving
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FIG. 12. Relative increase in gate errors when using n = 2 CZ
gates in comparison to n = 1 CZ gates in interleaved randomized
benchmarking, separated for Fourier Series and PiCoS pulses.
The following cases with no correction, and flux distortion cor-
rections measured and corrected for up to (A) 500 ns, and (B)
2.5 µs.

two CZ gates—instead of a single CZ gate—between the
Clifford gates in the interleaved randomized benchmark-
ing sequence, such that the flux pulses directly follow each
other. With no correction, the total errors of the multigate
measurement are (16.6±2.4)% (up from the individual
error (0.62±0.15)%) for the Fourier-series pulses, respec-
tively. The relative increase in errors is shown in Fig. 12.
In contrast, the PiCoS pulse exhibits only a moderately
increased error of (1.6±0.4)% (up from the individual error
(0.52±0.19)%). This indicates that the PiCoS parameteri-
zation effectively reduces the impact of signal distortions;
however, it cannot mitigate distortion effects that occur
outside the pulse duration.

With the additional on-device flux-distortion correction,
the errors of the optimized pulses are reduced, partic-
ularly mitigating the error increase observed after the
second gate. Our analysis demonstrates the necessity of
integrating the complete system response into the evalua-
tion. During our experiments, the flux-pulse response was
measured and corrected twice: first with a 500-ns flux-
pulse length, and later with a 2.5-μs flux-pulse length. The
initial correction reduced flux distortions, leading to high-
fidelity CZ gates, assessed through interleaved randomized
benchmarking; however, errors accumulated when prob-
ing two successive interleaved CZ gates, suggesting that
immediately adjacent flux pulses still degrade the average
gate performance, and corrections on longer timescales are
needed (see Corr. A in Fig. 12). Later, the response func-
tion was measured over a longer time window of 2.5 μs,
close to the maximum time that could be reliably resolved
in the presence of decoherence and population transfer into
coupler states. This correction effectively eliminated the
error increase for successive CZ gates, as shown by Corr.
B in Fig. 12. The results also show that the PiCoS pulse
minimizes additional errors across all cases.

The error due to flux-pulse bleeding is most pronounced
in the accumulated phase ϕ1 of Q1, which is highly sen-
sitive to the exact coupler-frequency trajectory during the
pulse. Even minor changes caused by pulse bleeding can
result in significant variations in the acquired phases due to

the strong dependence of the state frequency on the coupler
frequency, as shown in Fig. 1(b).

Note that the immediate concatenation of two CZ gates
on the same control line is rarely encountered in practical
applications. The entangling gates are typically alternated
with single-qubit operations or operations on other qubit
pairs, which naturally mitigates long-term effects [68,69].
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