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Figure 1 (Color online) Bloch sphere representation of quantum
states. Each point on the sphere corresponds to a quantum state. The
angle between [¥) and the z-axis is 6, the angle between the projection
on the xy plane and the x-axis is ¢, corresponding to the quantum state
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Figure 2 (Color online) (a) Pulse sequence used to calibrate crosstalk
between Z-bias lines. For a fixed pulse height on the source line Q;,

we vary the height of the compensation pulse on the target line Q; and
measure the qubit phase. (b) The relationship between the phase of the
target qubit Q; and the compensation pulse on the target line. The cor-
rect compensation amplitude corresponds to where the measured phase
(black line) is equal to the reference phase (green line). The ratio of
the compensation amplitude and the source pulse height is the matrix
element Mj; of crosstalk. The reference phase is measured when the
pulse amplitude on the source line set to 0. Adapted from Figure S7 of
ref. [27].
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Figure 3 (Color online) (a) Equivalent circuit diagram of the QCQ sys-
tem based on Transmon qubits. (b) Dependency relationship between the
effective coupling strength 2g and the coupling resonator frequency w,,
with black dots indicating the resonator frequency when the coupling is
turned oft. Adapted from Figure 2 of ref. [33].
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Figure4 (Color online) Layout of the 2D qubit array in a square lattice.
Red and blue squares represent qubits in different frequencies, gray cir-
cles denote tunable couplers, arrows indicate stray couplings. Adapted
from Figure 6 of ref. [34].
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like ] F0) 22 4 ff1 FEORY 1% 25 W LU 4 AR B 1 3 &

BIA_JA_ o [ AL IR 25, VL EIRZ B AT L2 %
LA SCPR BRI TR R 5

1 0 0 0

0 e+ cosg  —ieidAu)ging 0

. (13)

0 —iel(A+A-or) ging  el@+=A) cog g 0

0 0 0

X T R P ERARF I, 24 Jo ) B ARR AR ASOAS R 1)
I, B2 BN E 5 SRRt AN R, O 1 BRI
T2, AT LA A HoAh B 7 TR HE 5 B UM R
RCHEPT B TR 42 ) 2 8, AR SEBR R B R 4R 4T
IS 5, AR THE T2 B (0 B (A0 7 1401,

RICINE)

422 ETSERESMRT A

2 PAE 5 AR A B v RE 2 T B RE 2 2
I, W RE 51 ES LU 1) B v RE MU, T3 A, ELARE 132 Y
L LA TR P )R 22 th 2 51 iR & T A fitk s,
fER TS R E T L, FEEERITZ
JEPLERFIT, W 25 B2 B 7 S W RE R K
I ), I 5 A A A6 LRy b, X R 1A
T W) 125 ) 52 B R L AR A A, S
BR[41, 42045 H 1 — L4l 2k s ) 7 2%

5 REWEES5RRE
51 REEE

W T8 7 T 1A E R AR EAR Y, 7EFRAR A 7 A e
HNIE 5 0 _E N P JE T A RE SE A L R A SE PR RS E T
B, EHSE R TR, IRERMEZF L,
R REAAAE I 8] B0 27 (8] B AR OGPE, W] RS B AR Se 50
AR, LIRS AR MRS A R R E A
AT, FE Rt ELBOR. PRI, i ) A 2 B
g 7 2 58 A RE ALY, FH B AR o — Nl TE S
20 E AL X LR, I REAT A O K AR 70 A AT S
it

FACKE R BB R R R AR AT — € MR R AR
RIS, s AL Bl e, G Do HIRBENLE T 1 T #RAE
Ja, BT A RAZLI S A BIYEFEAD = 2" 45 /R
EESSSIETE S Y S WA &

p—(l-eq))p+esx/D, (14)
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Horhe @& LU oAb B 26 (EAF9E R 02, B
?A¢ﬁﬂ%$@%?%§ﬁh$’3{, RINA K EE R,
RNT IR R AEESAN R B R, AN
DR R 7 7 [A) (2 1 BU AR 5078 A0 Al Sk 1) 2 e, FRATT
KHBFR ZepREEE T TIHRRE. BERE X2
X AT B I AE B LLRs BT, B ep /3R A
A —ADEINAIX, Y, Z SRR, X RT R A S
AIEOF AL B H R, 8 Bk e Y R 3 2 s R 48,
FRACFNIE R SR 2R [ 4ok 208 12

eq = ep/(1 = 1/D?). (15)

TEs2IG b, & FH AL A (Randomized Bench-
marking, RB) A1 22 X 5 2 #E Ml i(Cross Entropy
Benchmarking, XEB) 45 & 23 B A6 32 980 #p (1 WL
HS219TRIEES.2.37), R IR LRI IR Zeyn 1Y
R ZEe IR R FEep, TG AT IR F B pHIk &R
312
eq=1-p,

e, =(1-p)1-1/D), (16)
ep=(1—-p)(1-1/D%.

52 RERE

e E T TIMREENINEFRZ, hinE %
JZ #1(Quantum Process Tomography) 3 A ¥ 5 H & T
I REAN R R B SE B WL, AR, 4 LURR 2 H 3G £ B
FTHAER TR S I R 2 HEEOE K, TfﬁHLﬁFﬁﬁéf’E
B R R AE SRR R T A R, e
T 25 1) £ AR ) S R ,X’EU\/E%%%WFEE?I]
HITERE. N T AESEES sl FEHbbR € BT 1 TR 2,
AT 90 R 7 7 ¥ A BEATL S IR0 58 SOA B v
B, DASOX P FR 7 V2 R e A, L dar it g 22 o A 4
FEUEN .

5.2.1 FENLEENR

BE ML AE K 2 AR S MClifford | ] 4
A VOl B AL 3 A1 B T 1P 2, JE i #L5RB
AR EE S P K FEmif 5 2 R8BI & 11 11071
W2, KA T 5 5 T 1 A BRBEH LR 2. TEARE
— AR ETFIR, FERMRET I — N ESE

J¥%(Standard RB, SRB), 53— MEZH 7 5% €
B2 TRHE, FROEE P51 8058 X7 5l)(Interleaved
RB, IRB). il i LU PN FI R 45 58, vl LASR B 4
EE T IR,

Sea6 BARGEFE 4R 47

(1) MClifford#f H1 BEHLE m N2 F11Cy, ..., Cp,
U F XL TR AEC 1 = (Cp...C)T, A NS
ZFHCpii C...Ch.

(2) ¥ BT ORI 4 20|0)AS, TS m + 112
A, W& T LR TF10) A FIRE R Py (m).

(3) FH()H 5 Q)P EEX, B IR IE A [F
FImAS & 1 11, 00l & 15 2 1 8 % 5 35 1E, 5
F|Pgy (m) = 1 Xy Ppoy (m);.

4) EE UL E()-3), Bl— RINA R E (m} I BE
LR 51, XA m# ik B AN [F 7 51, obkesR 735 J5 145
BT Kbt B R P (m). UL ERIA S
ELllEL w73

5) LI F AL PR E DL L (D)4 BHEA
— 8, AFRZ, FEIEETIC, ..., Cula, 75 BT
METFTIC, AR E R T, YT T RH, &1
LB I ESHTR, SR THRAZT P R4, B e A
(IPAT FE 5, O R LA IR, 19 IR S MR P (m).

R EN LR P! (m) 5 PSS (m), BATTAT LLAEF
ML AED A 1) 22 A B AT 35

Pjgy (m) = Ap™ + B, )

Forp, ARIBR LG S5, W T HI12S ) 4 AR A8 13 HL
HiR 25 p ATA 15 B HI AN Clifford ] #2346 2%
WRGE WSS ). B S = FiHE A+, 4 Clifford[ ]
ST RN B 5 FSX, Y, ZI T A A, 1R
P FAR I 7 AR, A 2 pBi DA R R0k
TR TR TR L.

7%% ﬁlJ (SRB)

0)= G, & i Gy H

|o c,l : (Y ko,

K5 {EHRBAREYTHIERAEF S

Figure 5 RB sequences for the characterization of Y gate.
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TSR R 1R SR OB LR 51, 02 453
B prer R pEse, BT SRS BT T 1R T 41

D-1 pgate
€gate = T (1 - F)v (18)

HD = 2" A5 RS 2 18] (4R BE, X T L EU RS R 4,
D=2

5.2.2 tREGENR

N T AE SRS R E A MR R 22 (3.2, 1) K
/N, AT DL RBAHE) 48 i I 5 vfE I i (Leakage Random-
ized Benchmarking, LRB) ['3). LRB: T DL R FME 1

(1) T2 ) 5 it 2 R ANAE

(2) Mk 73 ) 4 o 9 B 2SR AL .

XA B ORAE T bR € I R g B 2R A] R A o
FR. TR R X AR BN, W RASRAT 55 BT SCRBAH [ (1 5k
5o, FORAG I E R )BT T R R A
HPy(m), IR 5 PG 5 ek i 22

Py(m) = CA" + B, (19)
IS IR L, 53R EL):

L =(1-B)1-2)), Ly = B - A)), (20)
HriB, € > 0. AR A T DALEHE 5 FIRBZE R AL
Py (m) = Agp™ + By + Co ™, 1)

HA, 0<By<B0<Ay< 1, HAg+ By + Cy < 1.
ERBEE ik 45 A X (17)H b, SRQ DI T & G —
18 1F T > 4t 38 1t I B 7 SR 1 5 A, 22 i U /D i
Blp > 4 HB > C, Al hil NG, = 0, WX (21)iR
R (17).

5.2.3 XX IEEAENL

A BN — R AR T R TR E
FE 732, 6t 45 B s it n B AL R, 0 A 2
HIRE oA, 5 BAR PR 20 A % b, DAl THE 1)
HIPRFLRE.

XEBHJ AT I 2 HRBAAL, A4 L 4 an 6 TR,
HAU®, o) Fibr 2 B LR, 25 AR5 B4R 3R
MSUQ2)HE 8 AL % B 5 EL R 1], S5 RBES A AN R 1)
&, TEL G pI, 75 B0 A B ) H B [ B i N 21 o

UM Z St H SR, 1520 T 57 2 8] AT 2R RS2
JrME 3 A AE AR R A, e AT A2 I T

1
7 21 2 Pl km)(Dps(g. kom) = 1)
- (22)
=p" % D D Ps@.kom)Dpy(g.kom) — 1),
kg

o, koy e L AL B B0 L mo BT AR K,
Pelq, k, m)FR 7 7E kA BEHL A b 2 B 7 A KR
Hmi S5 b B BT S MR, pag, km) &
A BRI DL B BT ) R,

XEBSE U638 AT LAF T € 2 7 11 S P 2 4L, i
o R B E A B AR R T TS HE R, R
45 RS 45 R AT, R BISEPr 1 TR HAK

RBS5XEBAH IR Z ML 4k, EATHA LU 45 &
BT RECEE, (B PR R h, EATH % B
P 5 R IR, 2 1 U8R L T RBAS XEBR MR, LAE
PATHEA R 5T Ik F A IEIARE T

5.2.4 #hEEOENK

E3NTHEARNA VIR TIRZE, BRI
fifi BT A AL RS AR, —Bal DU & &Rl
IR X iR ZE. B(HEEF N

p = plp)l+ (1 = p)x k¥ /D, (23)

Horp, pRon B TS RIFELS R, 1 - pRoRiR
HTRIBER, 8 T SHA ] LIRS

D 1
Purity = —— [Tr(p?) - — | = p* 24
urity D_l(r(p) D) P (24)

AR TRI0 3 7 37N Al 75 A 58 AR,

18 FH A E AT HR AT LI & 4 % FE A M p ot AL &
TASE, R0, BEE R T R ECR BN, 2T
T A5 B K. Google 75256 28 /E20194E 41

1 2

/_/R K_JR

q, 10) . < . . <
o S 2

00— | éllu w4 He

Bl6 FETPIELERITU®O, o) R KIBEAL HL IR

Figure 6 Random circuit based on a two-qubit gate U(6, ¢).
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# 1 RBS5XEBIIXfLL
Table 1 Comparison of RB and XEB

Jiik 12 Y P

B

BUEBHUAN /D

RB  Clifford& T2k %
o 7 45 B L4 4 54 L XEB >

JURERRE Clifford B T2kt b1 T4 13 17 BE (B EURF B3 I,
i PR FEL R VRSl G TG DA g 148

BEALAE A 1B T 1A R BR T Clifford B;
XEB il &L

AT AP ) B T A (P LB 5.2.4740);

LR IR AL B A REAS B MBONHER B 25 R
SR AR R BUELALL

A LS BB S 3 H AR T T IS HUE R

T — B 2% W = (1) 75 1:SPB (Speckle Purity Bench-
marking), AJ LA AAXEB [ S 56 4 A £ BUA5 2R 11
ARE, AN 5 BRI S50 & B,

BIHAESETEMESMAA —EMWEKA.
Mp = O, & F AL T A KA KR 2% (8] i AT 50k % 1Y)
REZR 091/ D, BEZAE 73 A AT 1/ DS R AL, J7 %
NO; Hp = 1A, HEZRAE I 7 A7 i fGPorter-Thomas 73 47,
i 25N ity P SCBRI BRI 2S, XEBSE B0 45 211
MR AT P, AT ESR AN 43 A1 2 18], 77 % Var(P) 5
T p? EjPorter-Thomas 73 A7 [1] 5 2 #H3fe, K b mT LA H
AR AT EA R & TSR ali i

2
Purity = Var(P)2 ;D +1 D (25)

T A 2 R BEXEB 21 145 B 1 0 %) 22 ek ith 2k, 1T
DA R B T T I FIIR A TR 2.

TEEA M TRZRTE DL R, A /Purity = Fxes =
p, EVXEBHISPBI 45 R — . Sebrsciarh, i1 2% Fig
PRI R 2 22 5l RGBT, Bt MEAEXEBITHE
3R KR % KT SPBiRZ.

6 SHUKENRE

AT 258 TR B, A b2 — Ak
BEPIHAGEH SR RES SR, X —I R
W7 — M0, B RS S HE AL TR 75 AR R R
JE .0 B LK RS 2 A B 2 VQE, QAOASE:
ARy Bk OSO G B R I B B A A 2 —. AR,
LB SEFIEEEY, RASHEFEL T
BN R, 15— 2 FImZEIC R N, RS4EFFE
(A g R A B0, T REFRE U 2 A, L, M &R
G0 (1R VAR B B AL S B R i B, B R U
S RS HER N R L, & WA /5 Ak

FUTLSF 5l DU, e i s 210 o) 20 I A 1 159145
A e T T B LU SRR T U4
R, OE R T RN, & T S EEh s e
H1F.

6.1 FEFETELESN

BT HRRR AR T2 fE R T LR R SN A BT A R
T, FAHF R IZ W 95 I F R A R I R, S VRN AR
B30, R — LR 1 E R M A R R 3 U,
HaEaAEmE S, Wiz /G MR LR —ok
N, BUAREAR T I [] ) I 25 AR A 2 R IO TLS#2 3 5
B, HTLSHIMR 5 HURFATIL N, PR R AR I 8] 2
SRS, T 7 T T e LRy S0 AT TR (22 4E, B
HA R I 0 [X I 7 A T I ) AR A 4004 A I 1], e ed
SE LA RETLS Ffr 72 003, W] A R4 v i 1 ke A
I'—’E‘ré [2,30]'

6.2 =ETIIB¥ED

B ELARIRAH T2 4b, EUARFAOAH T2 M 240, dniikzh
PR, IXEh 9 R S S B (RIS . I8 1
H] T T LU R AE BN Y R AR 1 DL
KO B R 1k S 7 A PR g B SRBLXT T A ) Bk b
i FEAE RN A AR R 0. — R, S8 — 2 X
SR BB BT TR B AR AN K, R G AT IR
HAzE .

6.3 SEEEH

B T AN LRy B sh Z A, BTN DL W 5 F
% LURs T R BN P GO0 R Z2 80 oK B 4 ek 14
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Spectrally and Temporally Resolved T,
y Y
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| & AL
s {[ 40 | o
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Figure 7 (Color online) Variation of the qubit 7 with frequency and
time. Adapted from Figure 2 of ref. [51].
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Figure 8 (Color online) Variation of the qubit frequency with time.

Adapted from Figure 11 of ref. [30].
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Figure9 (Color online) The dependence of X-pulse amplitude on time.
Adapted from Figure S4 of ref. [54].

BALE 7 2 (1 1 A B S 36 h R B T 2 B A R
TR IR G B WK R B IEH ACF IR, A A 4 2k
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Figure 10 (Color online) An example of a high-energy event. Adapted
from Figure S12 of ref. [14].
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312 AT P A1 22 B DR X S e e 20 ) (3R
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LI FGZ—, CEERILE R FEBIL T2 EH
s, N T HESh & 7 S SE R Ak, SEER AT A 4 12 4 R
T LR, BT — SR L SR AR RS . NI,
AYFETHESEFIHHEPFETRE T WRRER
TR T E BRI AR E i, HEA T TR ZE R
W, s EH 5%,

B EAVAR ELE ML d i 5L, RS2 E T 1
BUEE, M2 PR T NN, — T, 7R
HS b RAE & T RN R R EME T E M EE
L T R I 0 o o Gl e S5 R o= R
FOR B LLRE A E R B RS S s I e R =
TN R T 4 J T FOHLTC I A% SR A 1 il 8, {2
FEURZ A (B R FEAE B, fE R Rl ), B IE B
BTV ISR, (B S b TE ik IA B B
K. R, SEIR TSR 3 R S AR A SR B
AT I BARAT 55 A5 %, Bl — AV 4518, 3¢
BR[2, 410 SCHRIS819 il J /s T 7E T it Sl B SRR
AR v SR DR 50D o R 50 2 il e 75 RO R A2 .

BTS2, BAREFERE FIHE U ESE T 5%
BERR, (I B KCE 22 SEBLE TR A 2 e
TEERRZE TR, B A A Sel B A s b B A 1) &
TR, AT TE S LR (W [R5 8 s
FERE, AR I R Pk, A& sl it se b
[, X — V), 75 ZRME TR Tl 2L R %5 .
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Errors of quantum gates in superconducting quantum circuits
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Analyzing and mitigating the errors of quantum gates presents a critical challenge in quantum computing. This article
reviews the errors of quantum gates in superconducting quantum circuits, starting with an introduction to the basic concepts
of quantum gates, including error sources and benchmarking methods. It subsequently discusses the crosstalk errors
induced by quantum gates operating in parallel. Finally, the article summarizes the primary factors affecting system
stability, and provides a reference for pushing forward the industrialization of superconducting quantum computing.
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