202U BRSNS AHSSISLES|
A FIE LS 9d =g 7Y I HE 2L T
AR, AR, FAA, B
el o s

yujin20@korea.ac.kr, jeongys604@korea.ac.kr, viviangood@korea.ac.kr, *junheo@korea.ac.kr

Reducing the space cost of single logical qubit using a concatenated code

Kang Yu Jin, Chung Youshin, Kook Sungyeon, Heo Jun#*

Korea Univ.
o oF
Bowre W »as [[513]] 58 Ayste] Abgdtel mW Rae vhe REss
WA, P AUE 3 0 S A6l W RETE A&E AT AN AR 0 )
Zrks A, Ak e [[5,1,3]] 5 A= Azkel hE ARk ugo] F/EIAW 5 wel
wel U el A4S A9 Ancilla FH 1 NS AESHEE 2220 o A 7l wow
T
1.4 & M. 2g
ZAE FY, ol EY FY 55 A8 P Z2A) —_—
AAe =2 FRE wE7] f8 2¥W FE(Surface - 1
code)®  AHEEEH, ot EW  ¥sel Qg : ]
(Threshold)o] W% % Bt ohuja} A%ia 4 7o) 7 = Xi; :
W o7ke) Qimiez ARE 54 9 ko el shsel : :
o Aol 9] dEleH1, : .
oy EW REe shte Ans =y ) 9 Z,
we By 79e sT7SEE Fase site 9ol
ol o= So] BE A}t 3 oW 1 A ARE 1 % 1.3=8 FYE Patch & #7]8 oA (35 Agrt
& sl _ﬁ_mg ARstem R 17 Ao Ba Fu 52 A5 d¥ew dloy F3 Aue vE gew
o] a®rH2]. Wb qLDPC ¢ 2o REgo] ke W3 7Fe)
ol e ﬁ% AYH 3 gort AY FiE AH
41 Sl o] el ddygel apdel ol o AH 1= RS AR d7 5 Q) AR A s =
As17] Qe A7 Aalsa 9oh[3]. 7 FUlS vk FElQl Patch = ‘/}E]r‘ﬂ otk g% 1
@9, Google o 4] 202500 Wx e Qo] mew, x4 7 Ae 8 FYe ouis, s we x
W MEo MEgS wedly] 9d AF Ha= sed) g2 (Stabilizer) &, T34 WE Z AFAAE on] gt
ArH4). A7 FEE =g FUS E Jdmyshs vy UOE BVEAT AN, 2 el 1 he) d=s
g AR 5 Aeg A7 PHew 2 dde w58 TRel S = A X boundary ©f £
g FHS 1-level, 2-level %Q.E TaEsteh (5], sE s e Z dAbAkz)E e dalem rjsisien,
AFoME EW F57k ohd the $35g @gepe] £ boundary o EAjEhe = X AdAX )T we HY
W 259 ARE FAANUA ce ARG Bz 2F AR H9 wel Gfule oo e AT
o el 2-level of 284 Rage A 4 A A el A ompeR mAse) sErlddh spel A A s
el AA4e avehd, wY Fael el Qb gl AP wE 2 AAbAS wE X duAs SV, e
Lattice surgery = %}%0}04 AH AiER FHE A7y dsl #® Foof e S8 HFE 247 -1~
Aok B ATE A A7l AMNY HS Fgske] ¥ 24Ol WW T 7*?4” 59 9 °4W 1= 50
W &9 CSS code o AF [15,13]] *2g Axa /Al AUl ABEE. dE 3d® A7 LA #W
o] B Aus =73 Bk vLo] duels 2 0 T2 =Y Z AibAe} =7 x Ak do|(FFR-A
FHE A2, ES =g AAFS Ed 2-level 0 2 Ate]2)E 71E g vk i gl e U A
9 Aol el N Pz F1b v AAsE 2 (0d%) =18d°= 9 V) S7FAT.

0056



P025HE SR8
1Y),

lolle] *.

AnC|IIa H o)
ToH o]

a9 2. 39 B39 [[5,1,3]] 25 A5t g
2-level =g 4

EERE [ ANE QY choiriefel ] sl
1-level EE] FHe 35 A d2 TW REF 7Y

v FHe §35 Arr 3 Q1 [15,1,3]]
ste] A3 FEE Fd F5 AgE S
Al ]“ Ho S ARbet ¥ 2 = AR REE Fd A
H =g %“310 e BlojH, —‘:"—E«] ®35 A
—‘.' level ¢ ¥4 AglEs #aleo] AtEERZ 2-level
g #ulel F35 ARl 3d 01‘3}. W Fo= Qlad
1 Fule] g1ef el y), dElE 7H o, ancilla &
M =g 73 —7F7}i AbE-&ke] [[5,1,3]]
o Qdzd 3 4 ok oju] AAdE 2-level l'f
< 499 ), ok FLEF FRE Ak 2-level
A= 1-level ¢ =2 F9 wir} =g x o
stAY =8 Z dikE Sk Be® 8 Jheste
-level o] =¥ X iR} =¥ Z AdiAeE A7
HE FAA HA9 FH “‘“‘7“—’1 Adoes g7
A4 Hool a8 FH AFe thed 2ol AltEch
A, dH R agd =7 Ul 5 ] AFEES
e 2. (5d2)_10d29] TS AQgit, olE
51,311 #359] ¢ Zéx}i Axd shz] el |+), dE
ncilla +=2] FH& F7F2 &3 ol 2 /N9 =
el sigst= 2712 T €T Ancilla =8 54
(2d?) =4d?9] FHE A8stn=E, A A8 FH
< ddk 14d?olvh. wEkA AlQF WAS AREEH
F3o] Atol=E 7194 1842 Afe] AUl
AT 2290 O AE 7Y wow Bo Ad 3¢E
v 79 10E *ﬁ*“‘L T 3

LS

1_

A4

L

i{-_

_E>Eri"-ﬂ

maﬁﬁmﬂmmmﬁ
0]

ol
Do o e = ot [

W

fu4

N

—
r—|

an
&
2-
=

,J..,J_.Ol‘

Lrlr B rlo rlo Lo

XL Zl. Zl
||0>h] o), ; 3

....]

.|¢>L1.XL — | |+)L1

I
) [
| o i I...1.+_>g.f._._.ﬁ....]zt
a0

Z, X
a9 3. 2-level =2 799 [[5,1,3]]1%

ENH

[0} :.1]

I

E’L

: IO)LI_

—_—

Z Zy

d

Z;

a" 3 2 [[6,1,3]] F=9
HAE (6] AAR

block ¥} lattice surgery 7]H-< /\}30}01 e}

[e]

L.

3|
ZS|

3 block 7V AL T vEs
joint measurement o=
F8le] X boundary =
boundary rotation =

7t A S Au R,
AAstal 2 M~5 HE
RF QAR (XZZXI,IXZZX, XIXZZ,ZXIXZ)Z A3l
Joint measurement & Fdrh A A¥}= ancilla
patch & X basis 2 F743lo] & & doh. A A
4 W] joint measurement ©| W& 4d cycle ¥ 3 W2l

AbEE B
1d cycle ©] A2Q8Fv}, =g
Z boundary = W73
7} 3d cycle ©] A~Q ¥}

24 1% patchol| Y3t= HARE
|0y, &= +=v)gtt), o] [[5,1,3]]

T

rotation ©| 9d cycle ©] A28%0o] & 13d cycle ©]
Q- HT
m Z2&

B Foo ve Rygas ndsty] Y& [[5,1,31]
n3ot dAFsgdoem,  2-level ¢lmWol] lattice

surgery & %3 joint measurement = AF8-3}9th. Joint
measurement YA o= [6]o] A% compact block &
ggste] 7k vES FHAsEA At VM R E
AYE 3 H F7ieted B9 F39 Alol=2E 9=
WA HET 22.2% v AL FHS ARSI g4l AIRE
H| 8-S 13d cycle ©] F7}& 485}

FSol= [6]d AAE thE block &-&38le ¥t

3 17]'0}L Al AIZE HES o Fol A, [[5,1,3

)

—
—_

F37F old b FEE 835l FasS v B
= ATFE 19 F S Aol
ACKNOWLEDGMENT

AT wRe AR RENR) Ao JHEN
71837k e] A& wkok #aE 979) (No. 2020-0-00014,
A%8) ¢ =AY 34 ATss FALAAA A7)
& ). o] =R 2025 W% AR(3}8h7) &4 HEAR) ] A
doz  HHFAVEFIA] AYSs  wo} ?fﬁd A
3 (N0.2022-0-00463, FAAHYN +dS $18 4 dAF
A7 )

Z a1 E 3
[1] Wang, David S., Austin G. Fowler, and Lloyd CL
Hollenberg. "Surface code quantum computing with error

rates over 1%." Physical Review A—Atomic, Molecular,
and Optical Physics 83.2 (2011): 020302.

[2] Tomita, Yu, and Krysta M. Svore. "Low-distance surface
codes under realistic quantum noise." Physical Review A
90.6 (2014): 062320.

[3] Panteleev, Pavel, and Gleb Kalachev. "Degenerate
quantum LDPC codes with good finite length
performance." Quantum 5 (2021): 585.

[4] Gidney, Craig, et al. "Yoked surface codes." Nature
Communications 16.1 (2025): 4498.

[5] Devitt, Simon J., William J. Munro, and Kae Nemoto.
"Quantum error correction for beginners." Reports on
Progress in Physics 76.7 (2013): 076001.

[6] Litinski, Daniel. "A game of surface codes: Large-scale
quantum computing with lattice surgery." Quantum 3
(2019): 128.



