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High-quality entangling gates are crucial for scalable quantum information processing. Implementing all-microwave
two-qubit gates on fixed-frequency transmons offers advantages in reducing wiring complexity, but the gate performance is
often limited due to the residual ZZ interaction and the frequency crowding problem. Here, we introduce a novel scheme that
enables a microwave drive-activated CZ gate compatible with the coupler structure to suppress the residual ZZ interaction.
The microwave drive is applied to the coupler and the microwave drive frequency remains far detuned from the system’s
transition frequency to alleviate the frequency crowding problem. We model the gate process analytically and demonstrate
a theoretical gate fidelity up to 99.9% numerically. Our scheme is compatible with current coupler-structure-based circuits,
and insensitive to microwave crosstalk, showing a possible path for all-microwave quantum operations at scale.
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PACS: 03.67.Lx
DOI: 10.1088/1674-1056/adb68a

The development of high-quality, scalable entangling
gates is essential for achieving large-scale fault-tolerant quan-
tum computing.!'=! Superconducting circuits represent a
promising approach due to their facile on-chip integration
and high gate fidelity.[*7! Fixed-frequency transmons boast
high connectivity and long coherence times, and are com-
monly used as basic modules in superconducting quantum

8,9

circuits.®°1 Consequently, various all-microwave two-qubit

gate schemes have been proposed based on fixed-frequency

transmons. [10-18]

All-microwave two-qubit gates utilize microwave
drives to monitor the system’s evolution along a specific

15-17,19]

trajectory! or activate interactions between computa-

tional states by creating adjustable virtual energy states.[!9-12]
In most schemes, residual ZZ coupling between qubits in-
duced by weak anharmonicities of transmons can cause co-
herent errors and decline the gate performance, and a widely
adopted solution is introducing the coupler structure.[29-24]
Considering all-microwave two-qubit gate schemes based on
the coupler structure, an ideal scheme should allow us to apply
the microwave drive on the coupler to achieve precise con-
trol and suppress microwave crosstalk in a large system.[!%]
Besides, the required microwave drive frequency should be
far-detuned from any possible transition frequency in the sys-
tem, and any higher energy levels of the transmon should be

avoided during the gate process due to their poor coherence
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time.

In this study, we propose a novel all-microwave two-qubit
gate scheme based on the coupler structure, with transverse
and longitudinal coupling between data qubits suppressed by
the coupler. The interaction is activated by applying a mi-
crowave pulse to the coupler with a frequency close to the fre-
quency difference between the |11) state of data qubits and the
coupler. This microwave pulse monitors the system’s evolu-
tion along a specific trajectory, while the |11) state acquires
a 7 phase during the process and enables a CZ gate.[>>%6]
This process can also be understood as a four-wave mixing
process at single-photon level, where two photons from each
data qubit convert to one photon stored in the coupler and the
other propagating along with microwave drive. Crucially, the
microwave drive is applied at a frequency far detuned from
any direct system transitions, offering a robust solution to the
pervasive issue of frequency crowding in large-scale quantum
computing. This innovative approach not only mitigates fre-
quency crowding but also enhances scalability, paving the way
for more compact all-microwave quantum computing architec-
tures.

Our scheme requires a pair of qubits coupled with a cou-
pler, as shown in Fig. 1(a), with circuit Hamiltonian modeled
as coupled Duffing oscillators

o
H/h = Z a)iajai—l-zaja;raiai
i=1.2,c
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+ ¥ g} +aj)(al +ac)
j=12

+gia(a) +ar)(a +as), 9]

where 7 is the reduced Planck constant, a; and aj (iel,2,0)
are the annihilation and creation operators of the i-th qubit, w;
and o; are the resonant frequency and anharmonicity of each
qubit, g;. is the transverse coupling strength between the i-
th qubit and the coupler, and g, is the direct transverse cou-
pling strength between the data qubits. This Hamiltonian can
be realized in a superconducting quantum circuit as shown in
Fig. 1(b).
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Fig. 1. Schematic and concept of the CZ gate scheme. (a) Schematic
of the CZ gate scheme. The scheme requires a pair of coupled qubits
(orange & yellow) and a coupler (blue), the gate is activated with a mi-
crowave drive applied to the coupler. (b) The diagram of a supercon-
ducting circuit realizing the system of a pair of coupled qubits and the
coupler. (c) Energy-level diagram of the system with microwave drive.
The microwave drive (red) frequency is close to the |101) < |010) transi-
tion frequency. A population exchange can take place between [101) and
|010), one possible path is shown in blue arrows.

To induce the interaction between data qubits, we apply a
microwave drive

Hy/h=Q(ale 1% 4 q ei%) 2)

to the coupler, with amplitude 4, and frequency @y close to
the |101) «» |010) transition frequency (eigenstate |ijk) stands
for |i), |j).|k),). The population of state |101) can be trans-
ferred to state |010) with this microwave drive, and be trans-
ferred back acquiring a 7 phase in this process. Note that a
similar mechanism can be used to exchange a single photon
between two cavities. >’ Multiple possible paths exist for this
process with different effective drive strengths, and the effec-
tive drive strength of one typical path (as shown in Fig. 1(c))
can be expressed as

V28168224
— ) (0 — e —0)’

3)

Qoath =
patl ((l_)dfa)l

The total effective drive strength can be therefore calculated by
adding the effective drive strength of all paths, with the total

effective drive strength expressed as Qa1 = ¥i—th path $2path-
As shown in Eq. (3), Qa1 is proportional to the coupling
strength gic, g2 and the microwave drive strength Q4. Qa
is also affected by factors related to the detuning between
states involved in this Raman-like process. Nonetheless, these
paths interfere destructively, resulting in a limited effective
drive strength, especially when the detuning between the data
qubits is larger than their anharmonicities. Baring these con-
cerns, we choose the system parameters as the following: the
frequencies of Q;, Q> and coupler are ®;/27w = 4.25 GHz,
/27 = 4.35 GHz, and o, /27 = 4.75 GHz; anharmonicities
of the qubits are ¢ /2 = —150 MHz, o /27 = —150 MHz,
and o /2w = —210 MHz. The transverse coupling strengths
between qubits and coupler are gi./2m = 100 MHz and
g2c /27 = 100 MHz; the transverse coupling strength between
data qubits is g12/27w = 23.6 MHz. These transverse coupling
strengths are set to turn off the transverse and longitudinal in-
teraction between data qubits simultaneously.

One may notice that the system is not fully operated in
the dispersive regime | gi./Aic |< 1, where A = @ — @,
due to the strong coupling required by fast operation. This
questions the accuracy of most analytical approaches to the
effective drive strength Q.. Here, we directly calculate
the driven ZZ interaction &gjyve caused by microwave drive

[28]1 We first consider the static ZZ inter-

Qo1 Numerically.
action &gyie resulting from the interaction between the state
[101) and non-computational states, such as |200). Therefore,

we can compare the ZZ interaction strength

&2z = €101 — €100 — €001 + €000 4

before and after introducing the interaction between the state
|101) and non-computational states, and the difference is the
static ZZ interaction Eic. Here € is the eigenenergy of the
state |i jk) or the eigenenergy of the eigenstate that most resem-
bles the state |ijk) while we introduce the interaction. We can
repeat this while adding a microwave drive to the system, with
eigenstates replaced by time-dependent dressed states. We ex-
tract the difference before and after introducing the microwave
drive, resulting in the driven ZZ interaction Eyyive. The results
are obtained with the first three energy levels of each qubit and
the coupler taken into account.

Figure 2(a) displays the energy difference between time-
dependent dressed states and their corresponding eigenstates
without the microwave drive. We calculate the energy differ-
ence while varying the microwave drive frequency, with the
microwave drive strength fixed at 200 MHz. The eigenen-
ergies of all dressed states reachable within two excitations
are shown in Fig. 2(a), with computational states plotted in
bold lines.
exchange with another eigenstate induced by the microwave

The eigenenergy fluctuation reflects population
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drive, with the transient point showing the on-resonance mi-
crowave drive frequency. The eigenenergies’ fluctuations
around 4.1 GHz and 4.2 GHz result from excitations of
0 |1) <> |2) transition and Q|1) <> |2) transition, respec-
tively. The tiny fluctuation around 3.77 GHz (marked in black
dashed box) is far from the conventional transition frequency
of the system, and involves the |101) state and |010) state
only, which reflects the |101) +» |010) transition we expected.
We can calculate Egive with Eq. (4), the results are shown
in Fig. 2(b). We observe a driven ZZ interaction Egjye Of
~2 MHz, with the static ZZ interaction negligible. We further
calculate Egjyye With varying microwave drive strength, the re-
sults are shown in Fig. 2(c), a maximum ~ 3 MHz driven ZZ
interaction can be achieved in this process. We note that the
proper microwave drive frequency to obtain maximum &gpive
depends on the microwave drive strength 4 due to the ac-
Stark shift induced by the strong microwave drive, the relation
of the proper microwave drive frequency and 4 is also shown
in Fig. 2(c).

Chevron pattern, which indicates a coherent exchange be-
tween these states. We note that the CZ gate can only be
triggered by a microwave drive with quite precise frequency
(within 10 MHz), not to mention stray microwave crosstalk
with much less amplitude. So the microwave crosstalk is only
of importance when two adjacent couplers require very close
microwave drive frequencies (several MHz), which further
simplifies frequency management in an extended system. We
further examine the influence of microwave drive on other
computational states. As plotted in Fig. 3(c), the system starts
from (1/2)(|000) +|001) + |100) +-|101)) and we monitor the
population of all states within two excitations during the evo-
Iution. We observe minor fluctuations in populations of states
|100) and [001), which are possibly related to this off-resonant

(@) i
15
N 10F
) 0
2 st
&
= OoF
el ' ~\
B 51 e T
o g ———
g NN
M —10p - - - i
—1000) — [100) --[010) —[011) — |110) 2 12
—15F — — — N
[001) — 101) —[020) —[002) ~ [200) g p ¥/ 1,
| | | | | | | TR
3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2
Drive frequency wy (GHz)
(b) (c) 3.767
2r — &tatic = .
r —¢ —~ N
<~ 1| Sari S 3.766 o
z | & - <
2 0 =
= V 5 3765 $
—1+ + w7
+ L 3.764 0

E 1 1 PR P
3.75 3.76 3.77 3.78 3.79 3.80
Drive frequency wy (GHz)

P R B |
100 150 200 250 300
Drive amplitude 24 (MHz)

Fig. 2. Driven ZZ interaction calculation. (a) The eigenenergy shift of
each eigenstate after introducing microwave drive, with computational
states displayed in bold lines. Each eigenstate’s energy shift fluctuation
reflects a microwave-induced transition starting from this eigenstate. The
energy shift fluctuation related to the CZ gate scheme is marked in the
dashed box. (b) Static and driven ZZ interaction of the system with mi-
crowave drive frequency within the dashed box in panel (a). (c) Driven
ZZ interaction versus the microwave drive amplitude (red), and the proper
microwave drive frequency to induce maximum driven ZZ interaction ver-
sus the microwave drive amplitude (black).

We then move on to simulate the system evolution with
microwave drive in time domain. The simulation is performed
with QuTiP??3% by numerically calculating the Schrodinger
equation. The evolution of the system is dominated by the
circuit Hamiltonian (1) and the microwave drive Hamilto-
nian (2). The system is initialized at the |101) state, and
we monitor the population of states [101) and |010) during
the evolution with varying microwave drive frequency. The
results are shown in Figs. 3(a) and 3(b). We observe a pop-

ulation exchange between states |101) and |010) with the
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Fig. 3. Time evolution of the system with microwave drive. The popula-
tion of the |101) state (a) and the |010) state (b) during the evolution with
varying microwave drive frequency. (c) The population of each eigenstate
and (d) the phase of each computational state during the evolution starting
from (1/2)(]000) 4 |001) +|100) 4 |101)).
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microwave drive. The system’s |101) state accumulates phase
during the evolution, which enables a CZ gate, as shown in
Fig. 3(d). States |100) and |001) also acquire additional phase
during the evolution, as a consequence of the minor fluctua-
tions in populations mentioned above, yet this problem can be
easily compensated with single-qubit Z rotations.

With CZ gate length and drive frequency extracted from
Fig. 3, we further assess the quality of the gate with numeri-
cal calculation. Gates with various microwave drive strengths
Q4 (which also leads to various gate lengths) are calibrated
according to Fig. 3(c), and their performances are compared
in Fig. 4(a).
gates with varying microwave drive strength 24, a maximum

The pink line represents the fidelity of CZ

theoretical gate fidelity above 99.9% can be achieved with
Q4 = 100 MHz, yet the fidelity declines with increasing mi-
crowave drive strength due to spurious effects accompanied by
strong microwave drive. The black dashed line is the estimated
decoherence error calculated with gate length and parame-
ter T; = 75 = 200 s for all qubits and the coupler.’!) The
maximum gate fidelity would not be available in practice due
to decoherence error, which can be alleviated by introducing
shorter microwave drive with pulse-shaping technique.3?-33]
We further investigate the leakage to non-computational states
during the gate. As shown in Fig. 4(b), most of the total gate
error (black) can be allocated to leakage error (brown), the re-
maining gate error is related to phase error due to imperfect
gate calibration. As the coupler acquires population during
the gate process, we additionally calculate the leakage to the
|010) state (yellow). The result shows that this leakage chan-
nel contributes little to the total leakage error.

(a) 0.9999
= E
= 0.999F
<
= L
€3]
r — — Fidelity limit
0.99F- -7
| —— | | | |
100 150 200 250 300
Drive amplitude 2, (MHz)
b
®) ol
E —— Total error
C —— Total leakage
g L
SRR
= E
3 E
= E
H B
1074=—
1 | | | |

100 150 200 250 300
Drive amplitude 2, (MHz)

Fig. 4. Gate quality and error analysis of the CZ gate scheme. (a) The
calculated gate fidelity (pink) and the fidelity limited by decoherence er-
ror (gray) versus the microwave drive amplitude. (b) The total gate error
(black), total leakage error (brown), and leakage to [010) (yellow) versus
the microwave drive amplitude.

In conclusion, we propose a novel type of all-microwave
two-qubit gate with fixed-frequency qubits based on the cou-
pler structure. This gate enables a CZ gate between data qubits
with transverse and longitudinal coupling suppressed by the
coupler. We numerically calculate the effective drive-induced
Z7 interaction during the gate process and simulate the system
evolution in time domain. We characterize the gate perfor-
mance, with theoretical gate fidelity up to 99.9%, and attribute
most gate infidelity to the leakage error. The gate performance
will further benefit from stronger microwave drive with opti-
mized pulse shape. This gate scheme is activated with a mi-
crowave drive applied to the coupler with frequency far away
from any direct transition of the system, offering a new solu-
tion to the frequency-crowding problems in large-scale quan-
tum computing.
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