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SRR FARG,, Wi T I A5 s i 2, T e [RD Y R €0 v i SRR A IR, T A T LR Z M T RS (b) =4S
IR 5 transmon 1 T HLAFHE A 45 7 =R (R A SCHk [45]). 48 (0 R 4% (0 X 3h 8 2040 i 44 1 = 4 4R i, 79 T i ot
R AL 5 5 B R LR EA TR G (o) 25T 4k transmon T HURRY AL (] A& 0 SOk [30]). I (R 2R B O i
TROTVRGBE A i 2, AR s 2 W 5 i A1 29 R R AR S b O, T T 32 BT 5 10 P o 2 i AR O 5 46 €0 IX A 32 TR A s 9 € DX 0k
Sy ] JE A transmon ¥ LAF, ft - LU AR 2 R it — AL R B9 f B B #E A 40N transmon & F WA RO SR B 2R, #E
2% 154 transmon & LURF IR SR S 2k . (d) = 4RI 4R s 2200 40 e 7 B R 09, 21 (gt € )y B R transmon 12 7 LU AR, 0k (035
Sy QI IRIE (T TE ), RO HK QB RIEIRIE (T T transmon it F L RFAY ). IR E S transmon #E
T RRE S A HHEA S

Fig. 1. (a) Structure of coupled two dimensional (2D) transmon qubits (Reprinted with permission from Ref. [15]). The left and
right circuits (yellow) represent two transmon qubits, where each cross represents a Josephson junction and its two ends are coupled
with a large capacitor. The middle black circuit represents the auxiliary mode for adjustable coupling between the two qubits.
(b) Structure of 3D superconducting cavities coupled with transmon qubits (Reprinted with permission from Ref. [45]). The orange
and green parts are the three dimensional (3D) superconducting cavities made of high-purity aluminum, and the two cavities are
coupled to the auxiliary superconducting qubits through trenches on the sides of the aluminum block. (¢) Architecture based on 2D
transmon qubits (Reprinted with permission from Ref. [30]). The yellow lines in the figure are the microwave transmission lines for
readout, and are connected with an isolator and a Josephson parametric amplifier, which are used for one-way transmission and
amplification of the readout signal. The green parts are the readout resonators. The light blue parts are the tunable transmon
qubits, which are coupled by a common auxiliary mode B. The red and the blue lines are the microwave drive and the flux drive
lines for the transmon qubits respectively. (d) Architecture based on 3D superconducting resonatorsi’. The red and green squares
are transmon qubits, the light green parts are the high-@Q superconducting resonators (for storing quantum information), and the
gray parts are the low-(@Q) superconducting resonators (for readout of transmon qubits). The resonator is directly coupled to the

transmon qubit through a capacitor.
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B LU SRR

UNRTSCrIR, &7 H AT DL B S AE trans-
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YERF LA C R 4t i) i 77T IR IR B I R 2 45
72

PE/E;P = oy, P,
Hoh a B e %W, By AEE X0 555
(Kraus) BA4F.
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G B R R A LA A (B e
Sk ) WS 2 gt as e v (1] b s e R R, T 2
W K-L A5 (0 W 75 1322 6 4 it 2 ] 8652 B AN [ Y
IEAZ i), Jf Hax o525 [a] N ERAN kA TE AR,
S S MRS Wl 1 X AT R A5 T
BITHER 23 0] (AnEIrh g R ), e
T2 T 2 1 R AT SR R, DS (R
) AR DR . X — AT UL R
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U o #EA70ffk, Bl =UtdU, K d i
XA, X F, = ZZ Ui B, T 355 A4
PR BA WA M, I L EEA R {E)
H{ BRI (I, € (p) =Y BipB] =
>, FupF|. GBIt XHEE S {Fr}, K-L & 0T 2L
FoRN

PFF/P = duP.

44 : iyt :
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Fig. 2. Diagram of quantum error correction. The blue

circles represent the code space, the green circles represent
the error space, and the yellow arrows represent the
quantum states to be protected.

B B K SR 23 (8] P el 2 723 18] Py, = FyPF] /dy
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VarULP , WU, ik 2 1 B 35 0 R 6 7 ) 2] s 45
fE, M R(p) =) UPrpPrU;. & EJTiA, 161
7 UL R S5 AE T T i 23 ) vh i 1 28 1Y Ak R
Ro&(p)=p.

TEL BRI R g e s e R 2R 240,
HE 2 M P AR 55 L 37 M AR A 1) 4 2 bR 1)
g, HEIREL IE it T B PR LRy b AR A
W 75 A7 M O W 7 DA R 2 R I AR IR O, B
(X, Zi, Xi Z} , 0T LA TEAT 2 B LA | AT
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H 2 TSR DOk, CEA M2 3t
TS [ 3 LR Y 7 2 AR, Horb 1996 4
H R FHT 2 (Gottesman)P¥ G459 FaE S 2k
WHE B RS, IR 7RIS | B S
ZFEAI ) G, QIR —Fh A SR 2 A A T
— L HARXT 5 AT { O} B +1 AAEZS (], IFRIX
Fhdafih AR e 10, 10 O, B XFh gt fee 1. —
MM, PR AR T S ORAVE M nyta e 7
SEONITE, ORI RIEER R TR HA XS
JNT Gy WA by 5 2R, T ELASE A M P R o B
WP EREMLAE . 2 SHILAERNTT {91, -+, gn-r}
PR, v LAIER] o P LR AE SRR E T
A DAGAt ok HE 23 [a], B k24 LA, SRR
M2 i A R B T A9 A e A ) B AT
MR R HAS TR K-L R, A= ot
SEAT I S5 SR 23 A A AR, DT RSN HE 6T 7 1)
FEREHBITRES AT LA LA IE.

AR S RS, &7 B E2 T LIS
PR 2E AL, —FhJE REZRAY ) 35 T transmon
A IR AR, ARG R AW R 8
VE B LA i it 2 (8], PR I 3 sk 3 i LR
BRI KA /R AR RS R TUAR R S 5. o —
PR ERIEAY 3 ] T S0l B H R S 1R
MG RN, FUH BN Z A e ir i, h T
BAA IR SR TG KA R AR R 25 ], O A
Z iy 2, BE T LA A R A 4 2 ] R A BRI
AR AT gAY, W — I 4t (binomial code)P?),
o, AT DA A& A A R AV R 25 ) R A 7 3 728 e S

240305-5


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. 71, No. 24 (2022) 240305

B gt , AnA A 4RS (cat code)l®0U F1 GKP 4 s
(Gottesman-Kitaev-Preskill code)6?. 3 &, £ F
Gty 2 (B A DX AN JEARH A, T ELE T DUAH B
Gy, fnal AR 3 (g A5 1E IR JE RER
5t SR PRI —REG ARt AT LA hin g ith i 21 5 g
 163-66],

3.1 RERFEBILEE

T REGR AL g it 1) SRR DL R B T L
e R A T8 T R B R E ORI SR 2 SRR Y
AFERE ). MRS SR 22 5%, IRJE W B LR X
LA AR ZE Y, —FpJE el 1 Uy, it
T RGREH, (15 RGP EESRE 5 H
Tl AEZ Z [A] AR REREAOR, W AT RUR]FHIX P~ fE
B B 5 4 2 s )R R AT B 7 HURR 2 .
- transmon Tt ¥~ PR ] B8 ) G 07 Ut £
FIRERE SRR P RESEA T ity i T2 R ARAS
AR, 7ESKShid fe b REEERIT =5 = KX LA B
REZR IMER AT LAZIE AT, DT 2R GEREA KL T 4
P23 1B . o — Rl AT IR 1 LR, 18 A i 2
FIRY 0K 5l 7 A i HEAE RO FE IR 9935 R 58 5 36
FnRR G B O B SRS G, NI SE 3 4
HH PR BE Y 4k 2 [) 7)) {5 4 J SO 3k f9 A IR
WA (dissipative cat code).

9 Y IR VA REGUR 1 LR O LAY 2 B 1Y
sk S), — B n, &, d]FRoR n AP EE R ST
kAN LR HASER SN d i9gmas )y 48, Ha LIt
1R L R M. BSh, Eik %
BT DAt — 204 R U d A RBZCH HEA )
i, B qudit.

FET T RESY B LR B 2 A B AL AE 2 R A
g, HorE S R G OGS T LA WA e
1 (repetition code) XK MY (surface code) 5.
311 ERA

A A e AR T AR, R
LU DAL EEL , B (X ). TR )y
A WEA T, n AU (n 003 %80) B A% 2
AL =10)%", 1) = [1)®", i d=n. )
s T I BERAR , O I AR E 7 K R B 483
B A, B {Z:Zia}(i=1,2, -, n—1),
I A A B B RIS W L S A B AR A AT 25 ) b A
SEE gz o8 T fH Ry P HIC R A IE B LR |

(ORE L B ({Z:)) M, Bse PR Z R, AT SC
T A A 350 o i 52— M b R o o B . LA
e S HCJEUR T LIOKE 8 8 LU A S A A [O) = |H) @,
1) = [—)®n, T FE L] TE 4030 LA L (A for Jee% 1
L HI{ 2}, ORhE R R AL B S

3.1.2 %@

2 B G A AT [R) B R A B L
L B B FARS B  { X, Zs, X Zi},
BRI B R GRS — B E, ZRA]
il b ol FH 4 3L R %) R Sl A S 3% L A ) 4
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FE TS A R T AL B IR R (Kitave) ™ 78
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Bifi J5 A TR B 4 21 (701, R SR R i 761, R im
T R P N BN A2 Jey B A R i (1) JEL AL, 7
5 R TE A X Sl R R A SO LA P
o e R AR AR IR AN S 2 R R 5 B B 3(a) BT
IR d = 8 R TS, H 32l PR LAY
M. —FOREE T R, T RS2
WA, R R R AR L I AR,
A &+ (d— 1) A PR T LR,
TR T A0 G BT LA R W A T AR IS
R e F AT T . A8 E T4 AT LA
W, 5 — B U R i B @228 il A Al
FoUE AT, Hth 2298 10 AN 050 I 1) B 2 7
HORR I X AT AR, B A = X, X, X X, X F
TE TR —HA d (d — 1), BEAAERAT LA R —A>
CE T MAR LSS S BRI (AR LW
A FIRSE T =N HE R X BT AL, 25—
T2 LA v iy s € [0 R 1 ) B S RURS E T4,
FCF (51RO AN B i R Z AT 2 A
B B=2Z,2,Z.Zq. X FhFa € 785 — WA
d(d— 1), [FBE, A4ty LK — A e T
RIE o AR (B R R B B E T
AP R Z AT AR

X RBEE R d BT RS, 25 X Sl 2
B X H R AT B LR AR AR B X #2
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&, W 3(a) h ML PIRELL, 32 5 ZU R ES
DT EAEE S d B R EUR R Z 484,
Kl 3(a) PP L. hTAHZESE TARETA
LU AT BIVERT, BT AT LA G B2
el EAWIER] B 2R E THAT, mifs 2
b2t (1932 5 20, I E B, B AR
PR T RIS LR S, WIFLFTA 1025 X
BT A TR R, A
B4 s H I R DL AR LR A A L

B=2,2,Z.Z,

3 (a) d=SMFEEMEIERIM 205 X098
B RS AR A — A R R R — A B
TR, B A28 DL @ BB 4 5 Rox Hh— 4~ AR
BERBTE 7. ¥ QL O P 5 5 375 32 5 2 55 1Y
Zy A XU SEAT . G TR Lk S 6 BT 2R 0 B 9 S T
b ANREESEAE, SR Z0 ST (b) F (c) M BIE A,
B RIRRE F AT 5 1 2R R L E SR [76) 2R
Fig. 3. (a) Schematic of d = 8 surface code and the corres-
ponding logical operators Zy and X . The white dots on
each edge of the grid represent data qubits. The yellow dia-
monds and the blue circles represent A and B types of sta-
bilizers, respectively. The blue and red shaded lines repres-
ent the logical Zy, and X operators, respectively. The
green shaded line represents the operator corresponding to
the blue shaded line multiplied by a stablizer operator,
which is also the logical Zp operator. (b) and (c) are
quantum circuits that measure the stabilizer operators of
type A and B, respectively. This figure is adapted from
Ref. [76].

RO B AL B A 2 R BOR AR, RIER
TR X T ey e 75 A A AR SR I HRPTRE ). 7 R Z
K (Raussendorf) M HAVEH 7 JEM, 76 J A
BALERRTTRLBGE SRPR LURRT TR TTER T, SRS 25
FE (AT LAIAE) 0.75% .

FERIS W2 R AS 2 B i AL . AP BSR4
KF, FTLATERRAE GEETE DU LG (A DR oG s
— A B L RE, XM AR S o A B bR S 8K
s LU AR 22 1) %) 208 3 AR B AR FH R T DA E AT # iR 12
W, XL Y LR B AN 3(b) AT 3(c) B, A
ORI, A SOTHE G {g: e IR 20 4
EEf UZE, BiRE S {UgUT Tk E.
H XoZoXa = —Zo 0181, Q1E 4(a) Fi7R, 2 aUER
b (K e 28 TR ) A LA A7 0 2 T s s
DL FERR A T S A~ B 258 FR 2 F (& 4(a)
HH R T A € B P ) ) A 2 SR 2 o SR A T
A ERVFEE F 145 AN BIEE , DT AT DL S B0 B
A AR B M S B RS . — Ok U, DU 45
S IUEHL O RSE X B R A, Q] 4(b)
TR I 220 LR R MR 7S S B SRR, B
B W g 25 A — B Qi 4(c), X P AL A L
1 LUARE 2 A A e L2 7E I rh g R — A, o5
— ARG AT DR T A I RSN, R R
AN B M 7S ] 3

22 Pl 75 A T B 2 X6 0 [l — MR R IR, 40
& 4(b) WEk T (T2 26 1Y LUARR Bl AR 2
SRRV PR DRAE IR (6 T & 4(c) i 3 B 22 Al
R AL A, A2 HE SRS E 5 2] 5
V£ B Z 1) HAH 2545 TR0 F 345, IR AHRAT L
AEAER. L nT WL, RELE EYE Mg HIE R —4%
SEREIY <P A M2 HLh ZeAS [R] B i 2 3R TR A Y 42
AR AT DA IE AR R Bk UL, & 4(c) HHEE
AR SR (VA A 5 A% - BRBAIE T ]
A, prLAdn] LA IESE R, (2 E 4(d) #8590
N E'ERB &S T AGBSE, S8 T2
B, FESE BRI R A RIS WO N A Az HE L s
2%, T AR B RE X R R AT A s, an
o/ IR B B0 R KA SRRk B R S PR gl 5
AR, BRI E AR BT T T354E, R
ZUMUFRIC, K HFrE A FIHESE (Pauli frame)!®?
12, el sk R A MR R TS SE 1R E D R
A IEA L, I RGN S EH R e -A
PAEZ.
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B4 RIS R4S R R A 4 e R B A s
SR XS I B R A T AL B M R A IR R
ARSI BERREFIAE, G AE, 2
LR X2 P BE LERHAAT I X BRAE. A DX 2
XFRE LT B (a) A% i BAS LURR S A2 M 7 A T P
FAAB A BRBE; (b) RS H Y 34 2 09 JLAS Lo iR A W 7 A
LT 1R S T S 1 SR T (7 R gt (0 1) R 8 N )
VEXIRELUIE B A AT 1R (c) & A A% 76 20 4 LU R 1) 415 3%
T A BB 1Y 7 A R A (0 R B (0 1 1) R 4 N )
VEXIRE DI IE 22 BB R (d) 5 A RS 2 30 57 09 LU AR 19 45 e
B A BB 7 A, 206 B S O N i AR R 4 I
HEsi, (2RO LNRES BT ETE T RS HR
Il A2 A R

Fig. 4. Schematic of error syndromes and error correction
operations of surface codes. The red cross in the figure in-
dicates a bit-flip error occuring in the corresponding physi-
cal qubit, while the blue circle indicates the position of the
B type stabilizer with abnormal measurement results, i.e.,
the position of the defect, and the shaded lines indicate an
X operation performed on each of the physical qubit on the
line. The four areas correspond to the following situations:
(a) A single bit-flip error in the grid results in two adjacent
defects. (b) Several consecutive bit-flip errors in the grid
result in two defects located at the two ends of the error
chain. Both the blue and green shaded lines can correct
these errors. (c) The error chain containing a qubit on the
left boundary of the grid results in a single defect, and the
operations corresponding to either the light green or the
yellow shaded line can orrect these errors. (d) The error
chain containing a qubit on the left boundary of the grid
results in a single defect. The operation corresponding to
the red shaded line can correct these errors, but the opera-
tion corresponding to the purple shaded line causes a logic

error that cannot be identified by the error syndrome.

R THT B 1Y 3% g i S 18] i T H =
=3 A=Y, By AN RS RESA AL, X —
Yy PR R BATVF 2 AR FME BT, A s Sr T 2
FERS TS i d M SIS S B9, AR, 3R

1A i 11 32 5 25 0T DA AR E T A 3R O |0L) o
HS (I+ A)|0)®"™ ) HH I A4 2541 4 1 5 20 R
e S —Fh o B4 10)°" BRI E TS
ST A RE T B, U X IB AT Z0 (0 +IARIEZS
SR G T BT BARE T AT . Zead il
J5 RGEBENIRARE— T ASEAF AR LA e A
TEAE I 723 (B . DASTERER M R R, oA~ A
IR E P8 — 1RSSR S TS A T
PRI RE R A MO B RS (T X5 R, LAY
M F AR RGE T B, I +1IARNES, BIRS <k
Az LR BRI ), RS PR AR DL Y 2 4 AR
BIA] ) #2 BEAS L) . ek, ] LG Al SO IR R
BN HEATIX — 25 A S 4. X F BB 1) LA &
|=0) B A R, RS A )" 1)
TR 2R BB R AT

Ty — Py 2 AR AR N RSB B
PR RN 5189 FE7R, e #10) ", SRJF XA
AR T LAY IE 5 T2 A T00 5 L A e VR T T ]
VB, fiefi DA 1 HAb i B k5245 He AR BRI R
R4 SAE F CNOT [TTRI AT, HAAR R AT L2
25 SCHR [85).

FRAE I SO, R FH 2 A S B T2 4
FTEE L LR & — A LS B
i — R LR RN ReTGE H = IR T
HPA TR, 1 AR B X — i R P 4 B L
RO AR A ;. = S R AR AR
SR PEA AR Tk DL S R i S I Sk T T3
A IEAER. HI, 2 1 A ) S B BE R R
BT LR AR B RN B B 1 5 A AR
IR TR | AR TR R L 2R S A 4k
FE AR

W T EEMAFRESZ S8, TR S AR
o I AR A IR, AT — 7 T R T i
157 Ak, Qi 1o X 3% v A I 54T g B [86])
HAFFEMIE d RASAYIE LR R 2 d2 5l Hody
ST LA gt — N2 A LRy O —Jr iR TR 2
M2 R G i, T XZZX G i 87 B4 (color
code)[38:89] 25,

VI TR S LI AI X R H S, S
15 DA R FoA S Y s O F 5, B 25 W | L
Bl F AR K R B R B T 2% B L AR R e
TR 245 X SR GE B SE L T AN [ A B Y
TET RS P 2 1 4 L TR 2 BT DA B DR 2 IE S 4
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Fig. 5. (a) Architecture of the superconducting circuit used to

prepare the initial state of the surface code in Google’s experiment®!

and the corresponding stabilizer measurement results. The white crosses are data qubits, the purple and blue regions represent sta-

bilizer measurement results of type Bjp and As, respectively.

The values in the figure are the average values of the stabilizer meas-

urement results corresponding to the initial state. (b) Operation circuit to prepare the initial state of the surface code.

#1 HERRZH

TRES AL ALY SR S AR B LU T R, /R SCHK B R AR SRR

Forp, Sk 72, 90, 91] BRI TE [ PR L&A R B IBMQ F & _EitT

Table 1.

Experimental progress on quantum error correction with two-level codes in superconducting systems. Datas with

* refer to the optimal datas among the physical qubits. / indicate that the relevant datas are not directly given in the docu-

ments. The experiments in the Refs. [72, 90, 91] were implemented on IBMQ.

I 1] SCHR i BT (W T,) /us Wik To (WHLTL) /ps
2012 HEESNESC 3,1, 3] HAH / /
2014 JIH R 2 28 BB 45100 3,1,3], [5,1, 5] FAH / /
2015 IR RAEHE TR 2= 3,1, 3] EA M / /
2017 IBMI™ AR / /
2018 E4 98 /K K2 (University of Basel)™ 8,1, 8] =L / /
TEEFFIFDTE 0 "
2018 (Forschungszentrum Jiilich)[*) ARG / /
2019 F Iy A (4, 2, 2) B pRAGIN A / /
2019 R AR K22 (15, 1, 3]] &y / /
2020 TR T 2z 08 (4, 1, 2]) &iff 62.7+£9.4(16.8%) 72.5 £ 32.9 (21.5%)
2021 sG] SEPFR S / /
2021 i EBREH AR B (19,1, 3] i 137.8(36.6") /
2021 SRR IR T 2 e o4 (9, 1, 3]) &t 16.4(32.5) 18.2(37.5)
P (11,1, 11| R ML K
2021 [ ONGIIE (14, 1, 2)) K Hi#S / /
2022 IR T e (4, 1, 2]) K f / /
. [[9, 1, 3]]Heavy-
2022 IBMF hexagonZfi% / /
P 25, 1, 5] R MM LI &
2022 NIl l (25, 125] FTH / /

Ui R AR KA BRI TE /N A T8 R S
117 HARRY (9, 1, 3| AR A AR AS i &, HREAT T
11 SR BIHRIZINT, 755 B P B SRl B i
|00) B9 754 (1) RIFBEEAR T2 137.8 ps, HZ AL,
FOE F Ll m B LU 73 i A 36.6 s . TTIARHC

DN AR S P o3 ] % HLARAE T d = 5L K
d =3 MFRMS, FHUEW T RTHLE 25 R a4+
HAT AR AT DR, X E YRR T 2 BRCR
& A LS M 2 P . X LE SRR R T
TARE I E R ST. BRI, 52 BT 40 BH HC R R B
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AR LR S SR IR T A & ARy
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i} (Gottesman-Kitaev-Preskill code). {53 —#2 )
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B DL BOG2HE ET-5

321 =X

I G 5 f AR 2016 A R HRE K2 SC
(Girvin) PGS PO 32 1, a2 825 A BRI 5T
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FAEOmAA . BT HAL B @ A, — g i 1
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N N o A\ 2
€:{I7a7a2a"'7aLaaTa(aT) sy
(dT)G,ﬁ,sz’,,, 7ﬁ’D}>

Forp 10 @53 i 2 22 e ) B0 I LA SR K A
iiin = ata. 55X A I g2
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1
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Zk:n od 41 (- Kl 6 Bl — 30X g i |OL) =
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F TR A R B A S e 7 R 2 U R SR
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H = xa'aZ FSH. LU, FHARKY I 3902 4 i)
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M P X AR R YRS RIS B B R S A B LR
HlETE+) = (10) + (1) /V2, ARSI LI U =
exp (—igataz), e i HOREHERT X 7 ) 0 0t
SR A5 B R T ) = (l0) — (1)) /v2,
VNSRS uN W de S i S W2 L S

117 % AR R T W 7 G N R 1R 12 R ) el
M2 TR B A BB (gradient ascent pulse
engineering, GRAPE)*7 sl A iy 7 ik it
B LR S ISR 2 H] B TR, R
PR MERE BB B 1 LR L. i,
XTI S 00) = (10) ++/3]6))/2, |10) =
(V33) +19)) /2 T A IEAIRE A e = {1, 4,62 R} .
MAEAIREMMES 025, B SM|Y) =ul0)+
ol1y) BT

[ = ? (u]OL) +v1L)) — % (wlop) +v1L)),
Forr(op) = (v3]0)—6))/2, T [11)=(I3)—V/3]9))/2,
XA FERAG T 5 Gfith 23 [A] 1E A2 123 ). X F
T g X R R A R R Y A R 2 W R T
Wt BB IR E SRS TE ) I 52
BAZBLHTTEE Uy, = PO I+ P @ (le)(gl+
g)(e]) + Ures, Forf, P = [0L)(OL] +[1L)(1L], P' =
00 )0 | + |17 (1] | 43T 2 1% 6 2 i) AR At i 25 ) 1) 4%
AT, M Ures A HoAth 25 [8] P B L IESRAT,
SR 5 Q0 SR D A5 R0 By i LU REAL T Je) DI B 3
R A T IR AN,

SEYO IR T T, TR ) SRR IR E RS
i {5 Bl transmon T FERFR AL AR LR DL K
PR AR HE A T 3RS, EARF A I gt 2L K
EETRE EFH OB T BB A S B LR
YEC IR P8 B 300 = g i o 1 LR 2 ) 1)
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Fig. 6. Wigner functions of the logical states of one binomial code. Upper left: Logical state |0L) = (]0) + v/3]4))/2; Upper right:
Logical state |11) = (v/3]2) + |6))/2; Lower left: |+) = (|OL) + |11))/v/2 ; Lower right: |—1) = (|0r) — |11))/v/2 . This is the bi-

nomial code that has the minimal average photon number and can correct the error set {I, @, ata}. The logical state [0/1.) has

a rotational symmetry of n/4 and |+ /—r) are almost orthogonal in phase space.
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Fig. 7. Wigner functions of the logical states of the cat code with o = 2.5, n = 4. Upper left: Logical state |0p); Upper right: Lo-
gical state |1L); Lower left: |[+1) = (|OL) + |1L))/v/2 ; Lower right:|—1) = (|0L) — |1L))/v/2.
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Fig. 8. Wigner functions of the logical states of an approximate GKP code with A = 0.3. Upper left: Logical state |0p); Upper
right: |1L); Lower left: |4+1) = (JOL) + |11))/v/2 ; Lower right: |—r) = (JOL) — |1L))/v2.
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Fig. 9. (a) Schematic of the transversal logical operation;

fany

(b) logical T gate implemented through one-bit teleporta-
tion. The slash in the figure indicates that the logical qubit
is encoded with several physical qubits, and the red shaded
area is equivalent to initializing the auxiliary qubit as |©).

All logical gates outside the red shaded area are transversal.
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T EE AR AT DR R T B A T R DO 42
FHEM RS RE, IF 0T LIS B #R1A (Heisenberg)
BRSO RIORSRE o 1/(N'T). 85 ZR GEAE S B b i
TR I A A R e — T, H S
RGBSR T, AT LI TR
I AT PR ITRE A A A DA S, AT
PETHERM ARG BE. 53— 7T, BT R 5 A Jainl L
ARG | SRS, FEENERS
RGARE S HAD Y B R I TR R AR A, A
LT AT BT (Axion) 0 & HETT AT T £
PS5 A3 (EJ2, S R G0 RIS X
M A RURK, AN Y 1 A & RS LA SGR AH
o SN PR I D] S iR R e M | B v 0 R
JE YT B F BRI BRI . 8 LU WA ROy
2o 1) B0 T I 0 A B D X DL & R e s
AV PR 8 SRS BRI, A5 Bl s A R (A s ]
X 5 55 AU AL 2 T M 75 R X AS R 1) T 4[]
e HE R IEAS BE . 2) il FHASS A, 15 Bh R e 7
IRAAREZS [ A TUAR, (ARG B R A e P 75 31) 1
Fsp 2 1F 37139 A 2 gl vkl vl LAt — 2
R B ZBHUGTTA EE R n f 10),

BTM% A E TSR AR T
T15 BAE 2% P AT S Z R AL 4, RV 250

G (HR, PR S Rl S 52 B
B0, T 8UE 5 Bl E B 8N kA B0
W, JEHOEXS TR+, AR R T S AR
[l 7/ W O v N1 G R R R [ 52 7 N e =
o B P 4K (quantum repeater) 2K v il g
R EARE, B &3 v N R B4 ) 5 rh ki
SEEN Y A rh A g ) Je S AR R AT DA A ST 2
9. X — T 8 AT Dkt G0 e B S 0 BB i T AL
HR TG 2R A R A T 2 23S 4R 210 (purifica-
tion), AT BN BN 28 MAE B AL M. FEXTIX—
(], AR OGRS 3R 0 T PIRR ekt 7 58 1) fif il
S Ak I AF I BOL TR S L 5 B
UK, HAL 4 AB MK BU TR RE ook, 5 B
o i T B AT a0 LAY B a7/ W = R 1]
O 2 A DG SE B X e R A7 Bk 4. 2) i i 2
BEROR. YT R AR R s, A n i
25 LA (A S 4t 10%) b AT AR, HRbcom
Wz 5, RFEE T Rie W DL S A e sk ]
DSBS R B BARE. X— &k 7 RER
2 g SRl DL K B e el A, I EAT R Y
TR A, X AMPEFR A S A rhgh 102142,
YA BARTT U HE TR GH# (quan-
tum error mitigation, QEM) AR FH F42 w5 1] &=
FEEAEER. GHT, AT TH7Me R iy rh A s
HY#E¥ (noisy intermediate-scale quantum, NISQ)
AR 1481, RN R S 300 e Ot ) M RS A, (B
SEARAT T RE A L e S s [n) R rp R BT HOR AR
e, U R RN g i IR AR L, filan AR
or i TR 4 (variational quantum eigenso-
lver, VQE)' FliE i ML (quantum app-
roximate optimization algorithm, QAOA)I. #H
BT A, XAk N R B Rk
) 2 B I T AR B 22 LA T HLR 43 BT 12k
Mk A R SR A SRR, XLt 47
BHRAVE DL KA. H Fis S5 52 3 e 7S i B
TEVHA S B RO LA TR R 423 Al &t
X—IE L, RZ MR RRORER T 04 455
7k (extrapolation) . MR 34 7% (quasi-proba-
bility method) . & FF =5 [A] - (quantum sub-
space expansion) 5. X SEH AN T EAE 528 1Y
AR, (R ICR N RS A S HAT—
RE X R U AT DA R M A b B A DR 2 R
BRI 5 BT, X IE XS FRPER SR (symmetry

240305-17


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. 71, No. 24 (2022) 240305

verification) H AR M9 Fil 4N RGEA B BA R FEF
fE . [ BEsF AR FREE, TP 2Bl — X R,
AR R, X ERE RGUIRE A6 T Ay
IRAR AR 2 (] R A 7243 (1], e P g HAR o R
BIEAS T E]h, Wi RS T Rz W i i T )5
PERRAL P 45 SR AT . H i 2 L AR G
HOR M0 BEE BRI L JE, FATHETEAZ L)
FERAEAT T/ NS B 15 60 T 38 v) LAtk — 20
FETHHCE AR,

6 Wik5REZ

Bl T AR AH D PR BOR AU & i, S
FIHEE & O R B BRI IE o B
A A B AR TR/ 22— AL
R ERE S=NA T BTN,
FLAE LT RS LA S L T A AR Y 2
BRI B SC RS T BOR . AR B T BIF . Dt
LSRRG B AR REOR IS
T4 NIE B kR, BARARCRETBSREN
R (EJR AR G PN 538 sl v] DUE ) R gk
/PN

T SCHTIR, AN R T RR A SR 7 AR
BEAE) 1 M 8 AR 1) s Rk AR A T A i — 20 1
25 A ) 3R LR R DA R A v 2 A AR Y
TRERE. FRE , T 2R G0 4 o X R A 1Y)
HIRE Sy, I R B2, DA I3 o 2 SR 3 4 5
g s, LI E T (quantum advantage), Hf
fEfR IR AR RS s
IO I G S B R T R AR RE IR R I R
g5, R B AR N SR AS A 4, By
KRG 2 AR S EUE R/, i, 34T
A B NFRE DL R S 30 5 T gt LA ) A

S, VT AR e 2 e R S B A
P LR i 2 A 7

Yr T R A D R R IR —. A
A B A FHAE BE ™ ety R 0 TUAR X e A 1 52

Wi X ALELAR =i B 5 g Y R R A

PrB LR AR SO HERE A EAERIRIE S BRI &
X ZRER B A SIS C 2T THCONRAR
5T, JEHOEARZE L IR M, AR R e | Bl
B A5 X O 2 A 2 el 1) B EL, (LI s i s 2
AR PR LR R F ORI Sk, T L o i

FAREAE R RIS (i fe i/ PR Y ELAR R A IR
KA EAE ) SRIB/NGIRIEHE, a0 =48 UL
E et sl A R X 4 PN R A R i — 2R 1Y
WFFE. BLAh, BT AR 1K F RS 5  qudit i TE
RN AE, (AR EIE— 058, 10X Bl (o
AT, X TR A2 gR i I A 484K
R, ARR AN T T R A BRI
I R TR B — . BRTE 2
FHEBIARZ, ISCHR [46, 63— 65, 66], 152 B IF-HY
75 % LI K BAR B P He T B B R ARIBIFSE.

o, WM S A 2T A R AR 7

LR S RGE, Z R T RAE AR
T AR T2 e 2 ) B R, AR 1o TG PR b 154 e
AR R B H se I At 8 7. B —
1A, R AN H W B AR &
S AT ] 98 5 K D R A . R, AR
B BRG0S0 i A B4 BFR 2%
JERG AT RGN T AL, TS N
Fo =22 1A AR A R, T LA S i L (1) 32
BT TR, 9 2 TR AT HOARR A T O R IR
MR EAEH, Jfl it a4l | 2] 4260 A5y 20
SN T A T ) e PR BB M . SRR B R
IR T A2 PRI ) ) LA B e 07 P ] i 25 (1471,

5=, TS BR A R T gL

SEPRA [ B 5 22 1) B9 0 8 A 2 A
FeAk, BNSTERIR AT O G T U R A
ARG R, Kok —Jrm, X FRF R
AN, TN ARG A —E 25
HRGRNE BACHEE S, RIS 2E 5 E
TR R T B I FR G0 DA U7 5 4 ) 2 A
EARFR. Sy — Ty T, TR N4 DL R SE By
R TN E, MR s S E TN
(LA B AT EU AR T 05 B, M T4%
Sy 58S R TR A, (H AR ) 2 B PR Ha g
P, FEHIR R 32 2R R 75 (1 BR 1 Tk
Frim e e, ik, 7520t F g i 2 1
SR ALY B L, s BOL 7, Hoxt
T () 25 B RE 1R, SRR R A . bR T
WG EEARA, T T DL — 252 BRI - D e
XA T B FE I VLA [ W B 2R 45 2 ) A LA
FIE R, 7 B NRID R 25 A% 84 R G0
(1 L2585 A 1o e 1 1 2 A

SV, AT S B R I R 1 T i
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R OE Gy TR IR DO AN ECE e DN El
. FERIVEREA IR TR ZENPIT AT, — M
JEHE SRR E MR, O — e AR e D g
PRI X T T RES IR G LA S B (o e A
E A MARHTFE AT LU [ e — S0l ps | [y
Y BT RGO A HI SRR AR TO G SNAP
I T AT Bl HARR AR LA B S BR8N 2 027,
FH GBI R ZRA G TS RE AR IE T T 3 R MU A 2R
Gt RETHE) BN B R RS | BB I —
A BE T ARG RS ML % s
BRI RS T P AR R NS A4, AR TR 5 IR
HEEIE AR MRS AR B RS, b
B BRI RSB RIAERNE. H RN BH 45
KPP B AR H, — SIS b AT g
I A SR 2R

I, B BT IRIHAER RO T e A EY S
TP FETEREPEN FE bR

S T A A AR BORR Y B L by
T gt — 24 LU, R 5 FeT TS 2 ok
TE T2 48 R 15 R 5 A i A K BE R AT
PR LIRS BT 2 B RO RSCR, . (BRI , al it
VeI A58 T7 22 W I, FAT 75 2 25 Fh 2
TSRS, PRI 2 U1 5 SE PR AR bRk A
B AR GRS 2 5 LU T RESE B A (5 AL BEAE
BCH AP R IR AR 4 (R] | B R] A BEUR, TR
AR B LG AR S0 L R S 2 B 4R A Bl AR g
[ 45

SN, I SE R 2 B A L E

FI R A8 31 ZR GE R AL Tl I 7 1) rp S R Y
1 (NISQ) RS FEixi[a], &5 R g n] LUK
JRCTL BV R R LR, el
SR REBLAI R, ALFAEA 5 I8 25y

LT, WAl BE7E R IR K (quantum annealing) .

B FIRE 2] (quantum deep learning) %577 A 5
P PUR. MAEAR R —BEi[a] Py 24 5 B s o
HAEE A LI, BRI A B TR A
— B R, (E2 AT DARULAE XA B Bt SRR 2
Wrim g | AR T BT R E—Lk
o I B 20 R R G PR RE.

Sk, ARTE S I PR R IR AR BT T] 2

YR IR B T VA 1 T A R RS I A S
fRIE, TS b Al e T AR A AT B e 2
T T AR Y T RAE R IR B Y T

R — R T ), R SIS A
(A28 2 1. ST JLAF 3K T 11 RS R S B8 A
RE T H 2R, AT A4 — & n H
A AL Goe 1) T TR B, R, A XA
T B R B, e Y RS R AS R T
R — B A A T L A R 2R G 0 A R R AR
PR, SR, 7R T L0, E S A, BIE AE N
Ty BA Pl FRATTN S — 250 R A A AR
&, IR/ NIBINY RGP R R A L ) — eI
AFEAE IH42 0 2 BT EE T Z A0 B4 SE o () A (1481, 3]
SRR KRR MR LR (flag qubit) 1) 45
D5 T LA B AR AR By =2 T 3 3
ST 255 S P LR AR T HRAE, DL
T 412 3] 14 25 T MR P S e S AR TG O 190 sl 5 iR
B 10 [y B R .

e, TATHU R 25 7E e eSS i
TA5 8 Z MY HADATIRSE, &, db— 2 14 &7 2 4
D5 EE NG 1. i, Bl & IR A S
BERAZIR RS | = REd HH 4= J8 6H JRUBE A e 2R
S A AR B 2y 192158, —J7 i, W LA
B S T R G0 1 A B T R I B SR A R i 3
FNIAS, B A TERAARA B A1 JEF (Fracton) 94,
J3—J7 1, AT LA B A R0 ) — AT R A
T S Ry S P 1 M B 3 TR R B AT T S
il 4n HaPPY #5193 F1 L T 55 B 18 3 1 2 (Ising)
TR (1 S5 P - 2 i 119,
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SPECIAL TOPIC —Recent advances in hardware, algorithms and software of
quantum computers
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Abstract

Information processing technology based on the basic principle of quantum mechanics shows great potential
applications in computing, sensing and other fields, and is far superior to classical technology. With the advance
of experimental technology, quantum control technology develops rapidly. Compared with other quantum
information processing platforms, the superconducting system based on solid materials has the advantages of
accurate quantum controllability, excellent quantum coherence and the potential for large-scale integration.
Therefore, superconducting quantum system is one of the most promising platforms for quantum information
processing. The existing superconducting circuits, which can integrate about one hundred qubits, have already
demonstrated the advantages of quantum systems, but further development is limited by system noise. In order
to break through this bottleneck, quantum error correction technology, which is developed from the classical
error correction technology, has attracted extensive attention. Here, we mainly summarize the research progress
of quantum error correction in superconducting quantum systems including the basic principles of
superconducting quantum systems, the quantum error correction codes, the related control techniques and the

recent applications. At the end of the article, we summarize seven key problems in this field.

Keywords: quantum error correction, superconducting circuits, fault-tolerant quantum computation, bosonic

codes
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