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Realisation of high-fidelity nonadiabatic CZ gates with
superconducting qubits
Shaowei Li1,2, Anthony D. Castellano1,2, Shiyu Wang1,2, Yulin Wu1,2, Ming Gong 1,2, Zhiguang Yan1,2, Hao Rong1,2, Hui Deng1,2,
Chen Zha1,2, Cheng Guo1,2, Lihua Sun1,2, Chengzhi Peng1,2, Xiaobo Zhu 1,2* and Jian-Wei Pan1,2

Entangling gates with error rates reaching the threshold for quantum error correction have been reported for CZ gates using
adiabatic longitudinal control based on the interaction between the |11〉 and |20〉 states. Here, we design and implement
nonadiabatic CZ gates, which outperform adiabatic gates in terms of speed and fidelity, with gate times reaching 1:25=ð2 ffiffiffi
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g01;10Þ,
and fidelities reaching 99.54 ± 0.08%. Nonadiabatic gates are found to have proportionally less incoherent error than adiabatic
gates thanks to their fast gate times, which leave more room for further improvements in the design of the control pules to
eliminate coherent errors. We also show that state leakage can be reduced to below 0.2% with optimisation. Furthermore, the gate
optimisation process is highly feasible: experimental optimisation can be expected to take less than four hours. Finally, the gate
design process can be extended to CCZ gates, and our preliminary results suggest that this process would be feasible as well, if we
can measure the CCZ fidelity separate from the initialisation and readout errors in experimental optimisation.
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INTRODUCTION
Motivated by the quest for quantum error correction and
expanding the set of realisable circuits,1,2 there has been a great
effort to improve the design of entangling gates,1–11 and by now
there is a rich array of design choices in a variety of quantum
computing modalities, including superconducting quantum cir-
cuits,12 trapped ions,13 quantum dots14 and NV diamonds.15,16

Notable designs for entangling gates in superconducting circuits,
include fast adiabatic gates,17 frequency modulation,11,18 cross
resonance19,20 and resonator-induced phase,21,22 which effect the
gates using longitudinal (first two) or transverse (last two) control
of the qubits. Currently, the best results for entangling-gate
fidelity using longitudinal control is 99.44%,3 and using transverse
control is 99.1%.20 The former result reaches the surface code
threshold error rate.3,23

Precision control of qubit states is hindered by coherent and
incoherent errors. Coherent errors, comprised of phase errors and
leakage errors, can be eliminated in principle by improving the
gate design and by calibration of nonideal factors such as cross-
talk, pulse distortion, energy drift and readout drift. Incoherent
errors, on the other hand, can not normally be eliminated within
the domain of designing and calibrating pulses, and the best,
most direct way to mitigate this source of error is to make the gate
as fast as possible. The information loss due to decoherence
during the gate time thus sets an upper limit on the achievable
fidelity of the operation.
The highest gate fidelities reported to date use fast adiabatic

gates.3 The principle of the fast adiabatic design is to change the
frequency of the qubits slowly enough that Landau–Zener
transition probability is minimised. The speed of the gate is
maximised, all while maintaining the population stability provided
by the adiabatic theorem. Barends et al. provide an analysis of the
sources of coherent and incoherent errors in these gates, and

conclude that 55% of the error comes from decoherence. The
other errors are reported to be from coherent sources: phase error
(29%) and state leakage (21%).3 Our work aims to address the
dominant source of error, and improve on this leading gate
design. We design and implement nonadiabatic gates and show
that this design can achieve performance parity with the reported
fidelities of adiabatic gates. Normalised by the coupling strength
Ts= 1/(2g11,20), our gates are significantly faster than their
adiabatic counterparts, reaching 1.25Ts (40 ns), compared to
adiabatic gate times, which range from 1.66 to 1.87Ts.

3 The faster
gate times mean the upper bound set by decoherence during the
operation is higher, which leaves more room for improvement of
overall gate fidelity by focusing on coherent errors. Our analysis
shows that approximately 48% of the error is incoherent. Our
simulations also find that the fastest possible gate is 1.06Ts, but in
practice, technical limitations will cause the gate time to increase.

RESULTS
Simulation of nonadiabatic CZ gate
A CZ gate design we used in this experiment works by adjusting
the frequency of the qubits so that the two-qubit state |11〉
interacts with the noncomputational state |20〉24 (Fig. 1a). In our
case, we only tuned one the frequency of qubit a, without
changing qubit b (Fig. 1b). The |11〉–|20〉 interaction will cause a
phase difference of π relative to the three other two-qubit states,
thus implementing a CZ gate. In the nonadiabatic case, the
detuning from the energy eigenstate is made rapidly, making |E20−
E11|—the energy difference between the two interacting states—go
to the order of g11,20. Once qubit a is rapidly detuned to the
interaction point, the |11〉–|20〉 subspace of the two-qubit state
processes around the Bloch sphere for one revolution (Fig. 1c), after
which time the adjusted qubit is rapidly tuned back to its idle point.
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Analysis shows that when the pulse shown in Fig. 1b is applied, a
large part of the population leaves the eigenstate before returning
nearly in full (Fig. 1d). This is a distinguishing characteristic of
nonadiabatic gates.
Ideally, the population of the |11〉 state instantly goes to the

interaction point, gains the phase of π and returns instantly. But in
practice, the bandwidth of the control pulses limits the speed of
the detuning. To find a waveform that minimises population
leakage to noncomputational states in the realistic situation where
bandwidth is finite, we first search for a waveform without
applying bandwidth restrictions, then take that result and restrict
the waveform bandwidth. The waveform search is done with the
conventional differential evolution (DE) optimisation method,25–27

using the simulated fidelity as the fitness function.
During the search, the waveform is parametrised by the total

time of the operation and by relative weights of different
frequencies that make up the pulse.28–30

Waðt;~x; tgateÞ ¼ x0 þ x1sinðπ t
tgate

Þ þ x2cosðπ t
tgate

Þ

þ P2
n¼1

x2nþ1sinð2nπ t
tgate

Þ þ x2nþ2cosð2nπ t
tgate

Þ
h i : (1)

Fidelity is defined as the normalised trace distance in the
computational subspace between the desired unitary operation,
and the one resulting from the simulated applied pulse.

Fð~x; tgateÞ ¼ 1
4
TrðUþ

CZUPð~x; tgateÞÞ
����

����
2

: (2)

Here, UCZ is the ideal operation, and UP is the evolution in the
computational subspace caused by the detuning pulse.

Searching over the seven-parameter search space resulted in a
parameters for W with a maximum fidelity of 99.97%. To adapt the
ideal pulse to the experiment, we applied a 300MHz Gaussian
bandpass filter and added a 3 ns rising time and falling time for
detuning. Doing so distorts the pulse, so the Nelder Mead (NM)
algorithm31 was then used to maximise the fidelity of the
modified waveform, reaching a final fidelity of 99.95%.
Theoretical analysis of the modified pulse shows that the

theoretical finite-bandwidth waveform can reduce state leakage
to 0.05% and phase error to 0.005 rad. The gate operation time is
1.06Ts for infinite bandwidth and 1.25Ts for 300 MHz bandwidth.

Experiment of nonadiabatic CZ gate
Our experiment uses two qubits from a 12-qubit superconducting
quantum processor (Fig. 2a). The qubits32,33 are arranged in a
linear array and are capacitively coupled to their neighbours, and
the coupling strength is measured to be 11.0 MHz, corresponding
Ts= 32.1 ns. Each qubit is also capacitively coupled to a readout
resonator. Parameters for qubits used in the experiment are listed
in Table 1 and illustrated in Fig. 2b.
Once the theoretical waveform for a CZ gate has been found in

simulation, its actual fidelity is measured experimentally. First we
measure and correct the dynamic single-qubit phase of two qubits
using quantum process tomography34,35 (QPT). Once this is
corrected, randomised benchmarking (RB) is used to optimise
the fidelity of CZ gate by NM. To maximise error contrast during
optimisation, we select the number of Clifford gate to be 15 and
the interleaved gate to be CZ (Fig. 3a), then generate interleaved
sequences to measure gate fidelity. We observe saturation of the
NM optimisation algorithm in less than 120 evaluations (resulting

Fig. 1 Nonadiabatic CZ gate design. a Principle of nonadiabatic CZ gate. |11〉 is moved rapidly to the interaction point and interacted with
|20〉 for period of time and then moved back to the idle point. b Detuning pulse. The ideal, infinite-bandwidth pulse (green) moves
instantaneously the interaction point. The realistic, 300 MHz-bandwidth pulse (red) has added edges on either side. The ideal (realistic) pulse
takes 34 ns (40 ns) in theory. c Swap space. The green (red) circle shows the evolution resulting from the ideal (realistic) control pulse. The
small green and red diamonds in x–z plane are the eigenstates during each of these evolutions. After the operation, the |11〉 has gained a
phase of π relative to the other states. d State population in the eigenstate during the pulse. A large part of the population can be seen exiting
and then re-entering the eigenstate
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pulse shown in Fig. 3b), which implies this scheme is efficient (Fig.
3c, d). The resulting fidelity of the CZ is 99.54 ± 0.08%, which is
measured by interleaved RB and fitted by the formula shown in
(Fig. 3e). The result is robust and stable for more than one week
(see Discussion).

To reduce the effect of noise and maintain highly accurate
pulses during the optimisation, we calibrate the readout and
energy levels as the RB is taking place. Readout is calibrated by
measuring the distribution of |0〉 and |1〉, while Ramsey measure-
ments are used to determine the frequencies of each qubit. This

Table 1. q3, q4 information for CZ

Qubit Sweet point f01 (GHz) Idle point f01 (GHz) CZ point f01 (GHz) Idle point T1 (μs) Idle point Tφ (μs) CZ point T1 (μs) CZ point Tφ (μs)

q3 4.776 4.765 4.405 40 185 35 39

q4 4.146 4.146 4.146 42 110 42 110

Fig. 3 Nonadiabatic CZ optimisation. a Reference and interleaved sequence used for RB. The two-qubit Clifford gate C2,i is chosen randomly
and C2,r is chosen such that all the gates together are equivalent to the identity. G is the gate we want to benchmark. b Control pulse applied
to qubit 3 to realise nonadiabatic CZ gate after optimisation in experiment. Here, the CZ detuning pulse is given by f01,CZ(t)− f01,idle. c, d The
convergence rate of waveform parameters and fidelity. e RB fitting result for nonadiabatic CZ gate. Here, A, pref, pint are obtained by the fit.
d ¼ 2Nqubits , rref= (1− pref)(d− 1)/d, rint= (1− pint)(d− 1)/d

Fig. 2 Superconducting quantum processor. a Superconducting quantum circuit. Our qubits are capacitively coupled to their neighbours.
Each qubit is capacitively coupled to an XY control line and a readout resonator, and inductively coupled to a Z control line. b Energy level at
idle point and CZ swap point. Left shows energy levels without frequency tuning; right shows energy levels at the interaction point
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data is collected and used to calibrate the measured state
population in post processing and also to calibrate qubit
frequencies by adjusting the DC current for the next NM
evaluation. Including this calibration, the resulting optimised
pulse takes around 2 h to calculate the RB pulse sequences and to
allow for communication between the control hardware, and two
more hours of on-chip operation.

Expanding to CCZ gate
Simulation. This scheme proves useful not only for CZ gates, but
also achieves good results optimising CCZ gates.27,36 By applying a
control pulse on qubit 3, the |111〉, |021〉, |030〉 populations will go
to the interaction point where they can mutually exchange
population nonadiabaticly (Fig. 4a–d). To expand the search space
of waveform, we add third- and fourth-order Fourier components
to Eq. (1), increasing the number of waveform parameters to 11.
Including two parameters to select the frequencies of qubit 2 and
4, the total number of variables is 13. By applying such a pulse,
|111〉 will get an added phase of (2n+ 1)π, and |110〉 will get an
added phase of 2nπ (n being an integer). The other six bases have
almost no interaction, so they gain almost no extra phase. The DE
algorithm is again used to optimise the CCZ waveform, obtaining
a fidelity of 99.3% in simulation.

Experiment. We used QPT to measure the fidelity of the CCZ gate
for on-chip optimisation and the parameters for qubits are shown
in Table 2. Using the simulation result as initial pulse and after
about 50 NM evaluations, the CCZ fidelity was measured to be
93.3% (Fig. 4e) and the gate time was the same as simulation
(78.5 ns). The discrepancy of fidelity between simulation and
experiment is mainly caused by the initialisation and readout
error, which limits the ability of the NM algorithm to converge
accurately toward the optimal point.

DISCUSSION
Our result demonstrates that the difficulties of nonadiabatic gates
can be overcome to the point that gate fidelities exceed those of
adiabatic gates reported in the literature, which themselves have
already passed the threshold for quantum error correction using
the surface code.
We notice that there has been much focus on adiabatic CZ

gates, and there is theory developed to reduce the state
population leakage throughout the entire pulse.17 But our work
shows that as long as the population returns to the computational
subspace by the end of the pulse, having population exit the
eigenstate is acceptable. In practice, we find that state leakage is
easily suppressed if the Z-pulse distortion calibration is performed
well. Calibration and stabilisation of the qubits is therefore more
worth considering.
Our experiment has proved that finding high-fidelity pulses is

realistic and viable. We tried NM optimisation for different qubit
frequencies and found that we were always able to reach fidelities
of 99% in about 150 evaluations even in a noisy electromagnetic
environment, which is comparable to adiabatic implementa-
tions.37 Continuing the investigation, we varied the energy level
structure (frequency difference of two qubits, anharmonicity, and
coupling strength) and searched for the theoretical detuning
pulses. We found nonadiabatic CZ gates with fidelities higher than
99.9% and gate times lower than 1.1Ts after 50–200 evaluations of
the NM algorithm. Due to the NM algorithm’s sensitivity to initial
points, sometimes fidelities higher than 99.95% can not be
obtained only using NM. However, using DE and NM together, we
have always found fidelities high than 99.95% after 200 DE
iterations which implies that a good practical nonadiabatic pulses
exist and can be found with sufficiently sophisticated search
techniques. The difference between experimental and theoretical

fidelity is caused by the imperfect calibration of pulse distortion
and the finite accuracy of practical control pulses.
We also investigated the robustness of CZ gate under control

parameter fluctuations. We changed simulated waveform para-
meters by up to 1 MHz, and randomly adjusted each point on the
resulting pulse according to a Gaussian distribution a with
standard deviation of 1 MHz. The fidelity of the gate was found
to never fall below 99.9%. Experimentally, the fidelity of
interleaved sequences (m= 15, G= CZ) dropped from 68 to
65% after varying the waveform parameters in the same way. Also,
the sequence fidelity (of the unaltered pulse) did not fall below
67% after one week. We conclude that high frequency noise and
long time drift of control equipment do not significantly affect the
CZ gates.
We expect nonadiabatic gates to be more effective in the future.

Although it is very likely that superconducting qubits with
coherence times exceeding hundreds of microseconds will be
regularly fabricated soon, the decoherence error always contributes
significantly to the total gate error. Our simulations show that the
relationship between nonadiabatic CZ gate and decoherence time
is given by rdecoherence= 0.38Tgate/T1,low+ 0.62Tgate/T1,high+
0.45Tgate/Tφ,low+ 0.93Tgate/Tφ,high, here, high (low) represents the
qubit that involves (does not involve) the
|2〉 state. According the decoherence time measured in experiment,
the incoherent error and control error is 0.22% and 0.24%,
respectively. The upper bound of |20〉 leakage error is 0.22% and
could be lower if we could measure the |20〉 population directly.
Control error is likely to be mitigated experimentally in the near
term by taking the following steps: First, reduce and characterise
the distortion of the waveform as it travels from the arbitrary
waveform generators (AWG) to the qubits and do the correspond-
ing calibration more accurately. Second, improve the voltage
resolution and sampling resolution of the AWG. Lastly, design a
more efficient search algorithm which includes resistance to noise,
as well as find a different definition for the waveform parameters.38

Finding high quality control pulses and improving complex
multi-qubits gates under experimental conditions remains challen-
ging, as evidenced by continued research in this field.21,36 We
believe that nonadiabatic detuning can be a powerful
method21,26,27,36 for two- and three-qubits gates. The errors in the
simulated gates are of the same order of magnitude as the errors
from incoherent errors; additionally, the gate time is acceptably
short (78.5 ns, 1.73/(2g01,10)). For these two reasons, our simulated
pulses meet our experimental needs. However, as the initialisation
and readout errors in QPT limit the experimental optimisation, it is
essential to find a way to separate these errors and efficiently get
the valid CCZ fidelity to further improve the CCZ gate.
Nonadiabatic CZ and CCZ gates can be extended into medium-

scale quantum computation. The time that the system can stably
work is two orders of magnitude longer than the time required for
optimisation and the optimisation time can be significantly
shortened by applying active reset technology.39 By setting
qubits’ frequencies appropriately and designing tunable coupling
strength qubits, we can realise the CZ (CCZ) gate in any adjacent
two (three) qubits for quantum processors that contain hundreds
of qubits or more. The CZ (CCZ) pulses only involve adjacent
qubits and the nonadjacent CZ (CCZ) can be optimised parallel if
the influence of cross-talk can be neglected. Hopefully nonadia-
batic CZ (CCZ) gates in quantum processors with hundreds qubits
can be completely optimised within an hour.

METHODS
Hamiltonian and control pulse for CZ in simulation
The total system Hamiltonian is the sum of the static Hamiltonians, and
each qubit is controlled independently by a tuning pulse. Qubits are
modelled as three-level systems and qubit frequencies are 5.3 and 4.7 GHz,
for qubit a and qubit b, respectively. Both qubits have an anharmonicity of
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Fig. 4 CCZ result. a–d for simulation and e for experiment. a Qubits energy level as a function of qubit 3 detuning. At around 160MHz
detuning of qubit 3, the |111〉, |021〉, and |030〉 states interact strongly (interaction point). b CCZ pulse applied to qubit 3, which obtains
fidelity of 99.3%. c Evolution of each state under CCZ pulse. Dotted (solid) lines show the evolution when the initial state is |110〉 (|111〉). Both
black lines (dotted and solid) hovering near unity for the entire pulse duration the means that pulse can be analysed by separating the
evolution into two (nearly) independent subspaces. Note that |110〉 interacts strongly with |020〉, and that |111〉 interacts strongly with |021〉
and |030〉. |111〉 also interacts slightly with |120〉 in the |111〉-|021〉-|030〉-|120〉 subspace. d State population in the eigenstate during the pulse
for |110〉 and |111〉 being input. e Process tomography of CCZ in experiment. The clear bars represent the ideal matrix and the solid bars
represent the experimental matrix
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250MHz. Their coupling strength g01,10/(2π) is 11 MHz.

Ĥqi ;driven ¼ P2
n¼0

nWqi ðtÞjnihnj

Ĥdriven ¼ Ĥqa ;driven � Îqb þ Îqa � Ĥqb ;driven

: (3)

The AWG we used has a sampling rate of 2 GHz. So, when simulating the
evolution, we sample the continuous waveform W every 0.5 ns, and
interpolate linearly between the sampled points to approximate the
limitations of the hardware.

Differential Evolution
The DE algorithm used in CZ has a population size NP= 25, number of
generations GEN= 200, differential weight F= 0.8, and crossover prob-
ability CR= 0.4. The lower and upper bounds of [tgate(ns);~x(GHz)] are [32;
−0.36, −0.1, −0.1, −0.1, −0.1, −0.1, −0.1] and [38; −0.335, 0.1, 0.1, 0.1, 0.1,
0.1, 0.1], respectively.
The DE algorithm used in CCZ has a population size NP= 50, number of

generations GEN= 300, differential weight F= 0.8, and crossover prob-
ability CR= 0.4. The lower and upper bounds of [tgate(ns); ~x(GHz);
Δf01q2(GHz), Δf01q4(GHz)] are [30; 0, −0.2, −0.2, −0.2, −0.2, −0.2, −0.2,
−0.2, −0.2, −0.2, −0.2, 0.1, 0.1] and [90; 0.4, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2,
0.2, 0.2, 0.2; −0.3, −0.3], respectively.

CZ waveform parameters transformation

t0gate ¼ g
g0 tgate

x00 ¼ x0 �ðE11 � E20Þ
g g0 þ ðE011 � E020Þ

x0i ¼ g0
g xi ; ði ¼ 1; 2; ¼ 6Þ

: (4)

Construction of Clifford gate
I, X/2, −X/2, Y/2, −Y/2 are the five single-qubit gates which together form
the 24-member single-qubit Clifford group: I, X/2, −X/2, Y/2, −Y/2, (X/2)(Y/
2), (X/2)(−Y/2), (−X/2)(Y/2), (−X/2)(−Y/2), (Y/2)(X/2), (Y/2)(−X/2), (−Y/2)(X/
2), (−Y/2)(−X/2), (X/2)(X/2), (Y/2)(Y/2), (Y/2)(Y/2)(X/2)(X/2), (−X/2)(Y/2)(X/2),
(−X/2)(−Y/2)(X/2), (X/2)(Y/2)(X/2), (−X/2)(Y/2)(−X/2), (X/2)(X/2)(Y/2), (X/2)
(X/2)(−Y/2), (Y/2)(Y/2)(X/2), and (Y/2)(Y/2)(−X/2).
By introducing a two-qubit entangling gate such as the CZ gate, we can

construct the two-qubit Clifford group containing 11,520 members. The
construction of this group can be found in the Supplementary Material of
ref. 3

On-chip optimisation and calibration
The time overhead for one function evaluation on-chip is 50 s. We use 25 s
to apply an RB sequence and 25 s to apply probing pulses, used for real-
time calibration. The whole optimisation takes 120 evaluations, which
amounts to 6000 s for on-chip optimisation. Considering data packet loss
and reoperation, total operation time may increase to about 2 h.

RB measurement. Each fidelity is obtained by averaging the fidelity of 100
random RB sequences and each fidelity of random RB sequences is
obtained by 1000 single-shot measurements. Each of single-shot
measurement takes 250 μs, including the RB sequence, readout and qubit
relaxation to zero. The total time to characterise one waveform takes up to
25 s.

Real-time calibration. During the 25 s of measuring fidelity, we alternately
insert Ramsey sequence, readout sample sequence, decoherence time
marked sequence for every 1 s and collect the data to do calibration, which
takes another 25 s.

Z-pulse predistortion. We input a square pulse, which becomes distorted
as it travels down the refrigerator, and measure the frequency of qubit by
Ramsey. Since a distorted pulse will be change the frequency of the qubit,
Ramsey measurments allow us to gain enough insight into the transfer
function to predistort the pulses. We calibrated the pulse such that 20 ns
after the pulse, the distortion is less than 10−4 times the pulse amplitude.

Estimation of decoherence error
We assume that every qubit has two decoherence channels: amplitude
damping and phase dampling, which can be quantified by T1 and Tφ. We
have analysed the effects of T1 and Tφ for idle gates. We define QPT fidelity
as F= Tr(χidleχdecoherence) and find F= 1− Tgate/(2T1)− Tgate/(2Tφ) when
Tgate≪ T1, Tφ. In experiment, we measured the T1 and idle gate fidelity (by
RB), and then calculated Tφ. We substituted the T1 and Tφ of both qubits
into the formula for nonadiabatic CZ gate decoherence error and found
the decoherent error to be 0.22% for the CZ gate.
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