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Fig. 1. Schematic diagram of square pulse ((a), (b)), rounded-trapezoid-shaped pulse ((c), (d)) and Fourier-series pulse ((e), (f)).

(a), (c) and (e) correspond to the case where w?f < w", and (b), (d) and (f) correspond to the case where w?ff > w . The three
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thin dashed lines in (e) and (f) correspond to the three components of the Fourier series pulse: w4+ A, (1 - COS*) )
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Fig. 2. Energy-level spectra ((a), (c)) and ZZ interaction |¢| /2r ((b), (d)) of the system Hamiltonian H as a function of the coupler
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Hy , and the colored solid lines correspond to the eigen-energies of the system Hamiltonian H.

T Mmax =1 — Mpax =2 — Muax =3 (b)

1
-
=}
&
L e e L

15 25 35 45 55 65 75 85 95 5 15 25 35 45 55 65 75 85 95

tgate/NS tgate/NS

Bl 3 RREBESET M CZ I ERE. K (a) ME (b) 4515 8 CAQ il CBQ PRI S 4. & ik € | L% FN 21 SE 4% 4 il %o
L mmax = 1,2, 3 = AN [7] 4 {3 5L - 2 B0 B

Fig. 3. CZ gate errors under different model parameters. Panels (a) and (b) correspond to the CAQ and CBQ model parameters, re-
spectively. The blue, green, and red solid lines in the panels correspond to three different Fourier series pulses with mmax = 1, 2,

and 3, respectively.

e, SR, 2400 Lo J3 8 38 o 22 A4S 5= VB, A = 28 ik B I R 8008 T 45 — A B o 85k
TE e ~ 25 ns BT BRI AT SR B, < 107° 1 5 R L TE T HE PRI ¢ gaee Y00 BB B BE K, FLAS R AL
B CZ I'HAE. (HARHE S, BAR T m =2l X R TE A B R A S A=A
B B0 T AT DL SR AR R 1R R CZ 11 Sy LUR, PTRAE— B RRIGT TR ERRE. X CAQ
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AN, R GO A AR T R A AR
R we HRE AL W3 B8 1 - I A RE 52 B L [
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PR DX 1] P A TS AR, 10 I8 A0 (5 A B T )
RE [ B 7 B — 05 b SRS Ak s ey fife
{81 FL I R RE A B G i A 4 G L2, A
AT R R 1R 22, TR [101) 25 AR A 2
FIRGATE. 256 Hea =B A PERE R B, L ELI 2%
BTG AL VHE 1R RN 1T B A R () 79 T 359 Je B i
BEMS, EEA TS A L R R

3.8 40 42 44 46 48 5.0

wn
ﬁ/GHz

4 (a) FEXF NI CZ IR 3 (b) 1B S BB B X I 1Y CZ 1) 45 1% 385 i BL iy 2 B0 X 17 19 CZ 17 45 1% 28 UL 181 3(D).

(a), (b) A 3(b) ¥ R CBQ KRS $0H52 B 8

Fig. 4. (a) CZ gate errors under square pulse; (b) CZ gate errors under rounded-trapezoid-shaped pulse. CZ gate errors under Fouri-

er-series pulse is shown in Fig. 3(b). Both (a), (b) and Fig. 3(b) are calculated using CBQ model parameters.
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B 5 AR W FHCZ IR R. 85— 17T KT B ((al)—(el) A K (a2)—(e2)) Xt B w0 2351 5 3594, 3636, 3678, 3800 il
4000 MHz, Ffis 240 CBQ B B4, (al)—(el) 9 VRER A REM A Ho MO MEA ALY, 1L (11) 385 (a2)—(e2) 01 1R 52 3 2t
JHR G H ARSI, W (12) 2. () A (g) 2R A B - 9e 80l B I 59 1145 43 3 R o = 3594, 3678 MHz
Fig. 5. CZ gate errors rate under different wlff. The corresponding w@ff of the five sub-figures ((al)—(el) and (a2)—(e2)) in each
row are 3594, 3636, 3678, 3800, 4000 MHz, respectively, other model paramters are the same as CBQ. The gate errors in (al)—
(el) are calculated using the eigenstates of Hp, see Eq. (11); (a2)—(e2) are calculated using the eigenstates of H, see Eq. (12).
(f) and (g) are the gate error rates with Fourier series pulse, woff = 3594, 3678 MHz, respectively.

C
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Table 2. CZ gate errors rate under different wg

off

) Bare Dressed
it Mz tgate /0 w" /MHz taate /05 W /MHz, E,

53/2.4 4514.0 7.2431x10° 43/2.4 4615.5 5.9816x10 *

sol 104/2.4 4582.5 9.1781x10 3 93/2.4 4623.5 1.6110%10 *
920/2.4 4144.0 5.5215x10°% 212/2.4 4159.0 2.4819% 104
272/2.4 43275 5.1956x10 273/2.4 4326.0 8.4726x10°7
54/2.4 4505.0 7.4825%10 43/2.4 46145 5.0617x10 ¢
114/2.4 4548.5 9.7407x10°% 93/2.4 146235 1.4097x10 *

5630 920/2.4 41415 6.0894x10 3 212/2.4 41585 2.3052x10 4
972/2.4 43255 6.0173%10 3 273/2.4 4326.0 7.3497x10 5
43/2.4 4612.5 7.3516x10 3 43/2.4 4613.5 4.4968x10 4
102/2.4 45875 6.6712x10°3 93/2.4 146235 1.2503x10 3

507 200/2.4 4163.0 6.3633x10 3 213/2.4 4156.5 2.1617x10 ¢
273/2.4 43255 6.2150%10 3 273/2.4 4326.0 8.0150%10 7
11/2.4 1624.0 8.2440x10°% 43/2.4 16105 4.9150%10*
101/2.4 4590.0 8.6045%10 3 93/2.4 4622.0 1.0150%10 *

3500 200/2.4 4154.0 7.6224x10° 213/2.4 4155.5 1785210 4
271/2.4 43235 7.8218%10°% 273/2.4 43255 1.0117x10°7
10/2.4 1610.0 1.0993x 102 53/2.4 4508.0 5.3763%10 ¢

00 100/2.4 45845 6.1489%10 3 105/2.4 4576.0 9.3363x10
208/2.4 4148.0 1.1798x10 2 218/2.4 41445 2.4616x10 5
273/2.4 1318.0 1.1304x10 2 274/2.4 13225 3.1172x10°4

150302-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 150302

4.95
4.80

4.60
4.40
4.20
4.00

/GHz

w2
2n

4.95
4.80

4.60
4.40
4.20
4.00

/GHz

w2
2n

4.95
4.80

4.60
4.40
4.20
4.00

/GHz

w2
2n

By=1-F, 10-5 10-7 10-? 10~

K6 AR T HRR we NI CZ I HEIR%E, B2
PEAE I ] tgae , DABH IS BE T HORR Q2 M HEAR IR wo , —
FHER T wa/2n = 4.0,4.1,4.2,4.3,4.4,4.5,4.6,4.7,4.8,4.9,
4.95 GHz 3£ 114 [l 19 wo {H, HABKI R 2 £ W) CBQ 2
B2 (a)—(c) 43 Bl % Nl B 43 B0 H mumax = 1, 2,3
Mg

Fig. 6. CZ gate error under different qubit frequencies wo .
The horizontal axis is the gate operation time fgate , and the
vertical axis is the qubit frequency wo of the Q2. A total
of 11 different wg values are selected, including we /27 =
4.0,4.1,4.2,4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 4.95 GHz. Other
model parameters are the same as the CBQ model para-

meters. (a)—(c) mmax = 1, 2, 3.
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Abstract

Efficient and high-fidelity two-qubit gates are crucial to achieving fault-tolerant quantum computing and
have become one of the key research topics in the quantum computing field. The fidelity of quantum gate is
affected by many factors, such as quantum chip parameters and control waveforms. In theory, the chip
paramters and waveforms can be precisely designed. However, in practice, the actual chip parameters and
waveforms may deviate from the theoretical values. It is necessary to systematically study the effects of chip
parameters, control waveforms, and other factors on the fidelity of two-qubit gate, and determine the
magnitude and direction of the each factor’s effect. Here, we systematically study the effects of chip parameters,
control waveforms, coupler start frequency, qubit frequency, etc. on the fidelity of CZ gate. On this basis, the
response of gate fidelity to deviations in control parameters is further studied. At the chip design level,
quantum chips based on CBQ parameters can achieve higher-fidelity CZ gate in shorter gate operation time. In
terms of controlling waveforms, the three-level Fourier series wave is superior to the square wave and rounded
trapezoidal wave in achieving lower gate error rate and shorter gate operation time, and can better meet the
requirements for efficient implementation of high-fidelity quantum gates. Factors such as the coupler starting
frequency and qubit frequency have relatively little effect on the fidelity of the CZ gate. In a wide frequency
range, high-fidelity CZ gate can always be achieved by optimizing the control waveform parameters. It should
be pointed out that slight deviations of control parameters will lead to a significant increase in gate error. This
study is of great significance for clarifying the effects of various factors on the fidelity of the CZ gate. It can
provide theoretical and technical support for designing superconducting quantum chips and realizing high-

fidelity CZ gate, thereby promoting the engineering development of quantum computing.
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