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[3] Frank Arute, Kunal Arya, Ryan Babbush, et al. Quantum supremacy using a programmable superconducting processor. Nature 574, 505-510 (2019).
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RX 8 10 18 20 28 30 38 40 47 48 0 1

TICK
CX 8 239104511 12 17 18 13 14 ...
— TICK
);Ij‘\_jfﬁﬂjﬁﬁ%ﬁﬁb Cx 13 9 15 11 22 17 24 19 26 21 33 ...
ZEIKECHITE CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK
— Cx 8 13 14 9 10 15 16 11 23 17 18 ...
ZIS—HROATHE] .-
—
sTby b= M 9 11 17 19 21 29 31 37 39 41 27 7

XEHIETHTTE MX 8 10 18 20 28 30 38 40 47 48 0 1
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DetectordEZ (#][0])

FS—A8FEvV~:[2,3,4,5,6, 12,13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
#mhhEFEY b (Z>—%+EA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
HPhEFEY b XI>—#%ERA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7

MX 8 10 18 20 28 30 38 40 47 48 0 1 recDHE:

DETECTOR (1, [

e (ODHEIDAIENE), <- rec[-24]

(11@%)]@0)/ I|TEME), <- rec[-23]

N
~
o

14

~

4

~

DETECTOR
DETECTOR
DETECTOR

4

~

4

~

4

(1
(2
(2
(2
(3
DETECTOR (3,
(4
(4
(4
(3
(1

~

(703%)J|E|0>~}EIJTE1‘|E), <- rec[-13]
(8DWEDAIENE), <- rec[-12]

DETECTOR
DETECTOR
DETECTOR
DETECTOR
DETECTOR
TICK

R 9 11 17 19 21 29 31 37 39 41 7 27
RX 8 10 18 20 28 30 38 40 47 48 1 O
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4

~

14

~

14

~

(LOWIEIDRIENE), <- rec[-1]
]

4

~

o O U W oD O w P
~
O O O O O O oo o o o o
—_— = = = = — — ~— ~— ~— ~ ~

~

14




DetectordEZ (#][0])

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

#mhhEFEY b (Z>—%+EA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
HPhEFEY b XI>—#%ERA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]
M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 recOHE:
DETECTOR (1, [

DETECTOR (1, (ODHE]IDRITEAE),
DETECTOR (2, (11DHEIDRIESE),

N
~
o

~

~

XTZS—&RHEHED
HHEFEY ' o
Eﬁ?ﬂﬁlﬁb“-lf‘a@ﬂ(zﬁ (7D#EIDRITEAE),
Ry RS> RO—/ | (BOVIEIDRIEIE),

(
(
DETECTOR (2,
DETECTOR (2,
DETECTOR (3,
DETECTOR (3,

(

(

(

(

(

~

~

~

DETECTOR
DETECTOR
DETECTOR

DETECTOR (3, ZIj_*ﬁtﬂﬁH@ ]

DETECTOR (1, wHihETEY b

TICK AEIDRIEBETR(CS > LAIRE
R 9 11 17 19 21 29 31 37 39 41 7 27 [ ISALYNEILYE R e [ -2
RX 8 10 18 20 28 30 38 40 47 48 1 0 =S =k NN IIE[Es:: 7 - Nal0]¢
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4

~

~

4
. (LDFEIDRIETE),

14

~

~

o O U W oD O w P
~
O O O O O O oo o o o o
—_— = = = = — — ~— ~— ~— ~ ~

~

<-rec[-24]
<-rec[-23]

<-rec[-13]
<-rec[-12]

<-rec[-1]
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DetectordEZ (#][0])

F—sg8FEwVN:[2, 3,4, 5,6, 12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
: [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
. [7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

wWhEFEY b ZIS—&RHEA)
wWPEFEY b XI5 —H&RHA)

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

DETECTOR
DETECTOR
DETECTOR

4
14

4

DETECTOR
DETECTOR
DETECTOR

4
4

4

DETECTOR
DETECTOR
DETECTOR
DETECTOR

4
14
14

4

(1
(1
(2
(2
(2
(3
DETECTOR (3,
(4
(4
(4
(3
(1

DETECTOR
TICK

R 9 11 17 19 21 29 31 37 39 41 7 27
RX 8 10 18 20 28 30 38 40 47 48 1 O

Z4[0] SQAILVEESEIFRAUL??? [OWESSEIFRVLWEFERDETIE] 2026/09/28
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o O U W oD O w P
O O O O O O oo o o o o

~

wn

wn



AIESAHHEIE (2[EH)

>S—FEFEvY N2 3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
WmhEFEY b (ZT>—1&HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
WhEFEY b XI>—1&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7
RX 8 10 18 20 28 30 38 40 47 48 0 1 e
TICK .
CX 8 2 3910 4 5 11 12 17 18 13 14 ...
TICK - = 0

?_g%¥t‘\\y '\C‘: CX 13 9 15 11 22 17 24 19 26 21 33 ... 44 “D J J
HENEFEY b S “ ] JJ JJ

TCNOTx4 CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK

CX 8 13 14 9 10 15 16 11 23 17 18 ...
TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1
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S T — LY  — |
\
XAESAHFHIE (2[B]18)
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7

RX 8 10 18 20 28 30 38 40 47 48 0 1
TICK

CX 82 3910 4 5 11 12 17 18 13 14 ...
TICK

CX 13 9 15 11 22 17 24 19 26 21 33 ...
TICK

CX 4 9 6 11 13 17 15 19 24 29 26 31 ...

XTS—iain [
sftw bz CX 8 13 14 9 10 15 16 11 23 17 18 ...
ZEIEKTHIE TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

ZT S —r R
SfFEwY hE
XEEKTCHIE
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DetectorddE s (2[E1E)

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
#wWhhEFEY b ZIS5—1RHA)
wWPEFEY b XITS5—H&RHA)

: [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
. [7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 recDHE&:

DETECTOR (1,
DETECTOR (1,

DETECTOR (3,
DETECTOR (
(
(

4

1
1,
1

DETECTOR
DETECTOR (1,
DETECTOR (0,
TICK

R 9 11 17 19 21 29 31 37 39 41 7 27

[
(ODHEDRITESE),

)

(7D EIDRITEAE),
EfE),

=]
(8DHEIDAIFESE

(1DY)EIDAITESE),

RX 8 10 18 20 28 30 38 40 47 48 1 O

]
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<- rec[-48]
<-rec[-37]
<- rec[-36]
<- rec[-25]

(9D2EIBDRIESE), <- rec[-24]

(LO2EIEDRIESE), <- rec[-1]
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DetectorddE s (2[E1E)

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 reCODqDE%'

DETECTOR (1, 1) rec[-24] rec|[- [

DETECTOR (1, rec[-23] rec[- (90)*)]@0)@']@1@), <- rec[—48]

PETSCTOR 3 T2 R CODEONEE), < rec[-37]

DETECTOR (1, BIEIOESAME & DED %= (8ODFIEIDHIFEE), <- rec[-36]

PETECTOR (1, D, Eg->Tcownd o

Ry RS> RO— A (10FEDRIFESE),  <- rec[-25]

DETECTOR (0, L g« HIl= - -

— > FIEIORIED ST (92 EHDAITFEIE), <- rec[-24]

R o 11 17 19 21 29 31 37 39 41 7 27 [REGY N TEF e T - .

RX 8 10 18 20 28 30 38 40 47 48 1 0 (1D2EIBHDAEE),  <- rec[-1]
]
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DetectorddE s (2[E1E)

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

WmhEFEY b (ZT>—1&HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]

WhEFEY b XI>—1&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]
M 9 11 17 19 21 29 31 37 39 41 27 7

MX 8 10 18 20 28 30 38 40 47 48 0 1 0 05 1
DETECTOR (1, 2, 1) rec[-24] o .
DETECTOR (1, 4, 1) rec[-23]
0.5 r'—
DETECTOR (3, 1 .
DETECTOR (1, 15 r'—
DETECTOR (1, :
DETECTOR (1, - .
25 r'_
DETECTOR (0, 3 .
TICK 3.5 r-—
R 9 11 17 19 21 29 31 37 39 41 7 27 .
RX 8 10 18 20 28 30 38 40 47 48 1 0 - .
45 r'_

15

25
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RAIESAHHEIE (3EH)

>S—FEFEvY N2 3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
WmhEFEY b (ZT>—1&HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
WhEFEY b XI>—1&HA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7
RX 8 10 18 20 28 30 38 40 47 48 0 1 e
TICK .
CX 8 2 3910 4 5 11 12 17 18 13 14 ...
TICK - = 0

?_g%¥t‘\\y '\C‘: CX 13 9 15 11 22 17 24 19 26 21 33 ... 44 “D J J
HENEFEY b S “ ] JJ JJ

TCNOTx4 CX 4 9 6 11 13 17 15 19 24 29 26 31 ...
TICK

CX 8 13 14 9 10 15 16 11 23 17 18 ...
TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

Z4[0] SQAILVEESEIFRAUL??? [OWESSEIFRVLWEFERDETIE] 2026/09/28



S T — LY  — |
\
XA ESAHAIE (3E18)
F—AHAEFE W~ [2,3,4,5,6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

R 9 11 17 19 21 29 31 37 39 41 27 7

RX 8 10 18 20 28 30 38 40 47 48 0 1
TICK

CX 82 3910 4 5 11 12 17 18 13 14 ...
TICK

CX 13 9 15 11 22 17 24 19 26 21 33 ...
TICK

CX 4 9 6 11 13 17 15 19 24 29 26 31 ...

XTS—iain [
sftw bz CX 8 13 14 9 10 15 16 11 23 17 18 ...
ZEIEKTHIE TICK

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

ZT S —r R
SfFEwY hE
XEEKTCHIE
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DetectorddE s (3[EE)

>S—~Y=FEvb:[2, 34,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 recDHE&:

DETECTOR (1,
DETECTOR (1,

DETECTOR (3,
DETECTOR (
DETECTOR (
DETECTOR (

1,
1,
1,
DETECTOR (0,

TICK
M2 3456

2,
4,

[
(9ODFEIDRIFELE),

(1DHEIDRIEE),
(9D2[EIH DAIFEE),

(1D2[EIHDAIEE),
14 15 16 22 23 .. (9®—3@E®5EUE1IE)’
(1D3EIHDAIELE),
]

Z4[0] SQAILVEESEIFRAUL??? [OWESSEIFRVLWEFERDETIE] 2026/09/28

<-rec[-72]
<- rec[-49]
<- rec[-48]
<- rec[-25]
<- rec[-24]
<-rec[-1]



DetectorddE s (3[EE)

>—9=FEv b:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1 reCODEF'%.

DETECTOR (1, 2, 2) rec[-24] rec|[- [

DETECTOR (1, 4, rec[-23] rec|- (9D EIDRIEIE), <-rec[-72]

DETECTOR (3, X/Zlgj _‘&Hjﬂ?d) (1DFIEIDAITEE), <- rec[-49]

DETECTOR (1, HEhEFEY b~ N

DETECTOR (1, BIEIOESAME & DED %= (9D2EBDHRIFEE), <- rec[-48]

DETECTOR (1, mh., ER>Tuwud

Ry RS> RO—A (1DO2EEDRIESE),  <- rec[-25]

E?EECTOR(O, _> BIEDEIED SHT- (OD3EBDHRIFEE),  <-rec[-24]
(1DO3LIHDAIFEIE), <-rec[-1]
]
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S LR JE

>S—~Y=FEvb:[2, 34,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
HEEFEY b (ZZ>—#HHA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
wWhEFEY b XITZ—#&EA) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]

M 9 11 17 19 21 29 31 37 39 41 27 7
MX 8 10 18 20 28 30 38 40 47 48 0 1

DETECTOR (1, 2, rec[-24] rec[-48]
DETECTOR (1, 4, rec[-23] rec[-47]

DETECTOR
DETECTOR
DETECTOR

4

(3
(1,
(1,
DETECTOR (1

4

DETECTOR (0,
TICK 5‘—9%¥t“/ 7%
ZEECRIE

284 SQAILVEESEITRL??? [LWESESEITRVEFEL

25

3

35 4 45

5

sT1E] 2026/09/28




DetectordDEE (521%)

S—ASEFEvVN:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]
#mhhEFEY b (Z>—%+EA) [0, 1, 8, 10, 18, 20, 28, 30, 38, 40, 47, 48]
HhhEFEY N XI>—#%+EHE) :[7,9, 11, 17, 19, 21, 27, 29, 31, 37, 39, 41]
M2 3456 14 15 16 25 26 32 33 34 35 36 42 43 44 45 46 [Nk ERN gty
—— E v hORIEDEIIEL
DETECTOR T_QJ_E.FFIZ“J ~NOOETAIE
DETECTOR %ttﬁﬁ thetector%E%
-> F—HEFEW M
FUBDRTIS—EAELIS—
ZXBIR<I/D TS

[
w

w w

—_— = = = — — o~ o~ o~ ~

4
14

14

DETECTOR
DETECTOR

4

4

DETECTOR
DETECTOR

-14] rec|-
-11] rec[-12] rec[-
DETECTOR -9] rec[-10] rec[-42]

DETECTOR rec[-8] rec[-41] F—AE2FEY M ZEE

DETECTOR (4, 5, 3) Tfﬁ“ibtb\éd)t‘\
OBSERVABLE_INCLUDE (0) - -23] rec[-24] rec[-25] I T 5 — 022 (X730

e —

4

4

14

w W W W W W w w w

(1
(1
(2
(2
(2
DETECTOR (3,
(3
(3
(4
(4

14
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ObservableDEE

S—ASEFEvVN:[2,3,4,5, 6,12, 13, 14, 15, 16, 22, 23, 24, 25, 26, 32, 33, 34, 35, 36, 42, 43, 44, 45, 46]

#mhhEFEY b (ZI>—%3EA) [0, 1,8, 10, 18, 20, 28, 30, 38, 40, 47, 48]

#HhhEFEY b XI>—#%+EA) :[7,9, 11,17, 19, 21, 27, 29, 31, 37, 39, 41]
M2 3456 14 15 16 . : 23
DETECTOR (1, y
DETECTOR
DETECTOR
DETECTOR

35 4 45 5

[
w

[]
H B N
[] []
o [«
L]

w w

—_— = = = — — o~ o~ o~ ~

4

14

M E M
. [ ] []
[-14] rec[-44] H E EH M

DETECTOR -11] rec[-12] rec[-43] [] []
DETECTOR -9] rec[-10] rec[-42] N FH E o E
DETECTOR (4, rec[-8] rec[-41] ’ L]

DETECTOR (4, 5, 3) miEZEET (D1D) =
OBSERVABLE_TNCLUDE (0) observable& UTIETE

14

DETECTOR
DETECTOR

4
4
DETECTOR (3,
4

14

w W W W W W w w w

(1
(1
(2
(2
(2
DETECTOR (3,
(3
(3
(4
(4
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e =T DETIEDERE
o BFIEDETIEICkDSNDEM
c NS EEFAS
o AFESAHHR
o ShordfF=
o« RMHEFTS
o REAINBSDIRDHETFE
o Stim + CrumblezAVeXREAS> =1L —>3>
o MM RIRIE CORMAMNS DR D HEFEULIE
o AT +1EFFMICED<SHUVWEEDMEEFET8
o« &
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QECOOL: On-Line Quantum Error Correction with a
Superconducting Decoder for Surface Code [DAC’21]
&

QULATIS: A Quantum Error Correction Methodology
toward Lattice Surgery [HPCA'22]

Yosuke Ueno!, Masaaki Kondo!, Masamitsu Tanaka?,

Yasunari Suzuki3, Yutaka Tabuchi4
"The University of Tokyo 2Nagoya University SNTT “RIKEN
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BIEEFLEY MMRERRIE CEMET DR DIEESR
MR —F T IFT N ysogzay) RS TFTITY

= D jﬁfgﬁ A SFQ CIrCUItS
(HHEETERE) 4 y oo | 0|

= HL 1-Eﬁlﬁ§5§.jj
- JULR imid
- RAMIEEIX b
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: ;’"’jj;tFJc'tLFé _MT_NW\_'_

Bias current

Superconductor | | Superconductor| 1
rings : :
s Insulator !

\ ! J

*\. |Superconductor| | 'JJ1 JJZ

Single flux quantum ® Josephson junction (JJ)

o H—EREF (SFQ: Single Flux Quantum) [EIE&
o BAEY > JRNDHRETFDERETO or 1772KIA
e 4 K*EE @*I’ﬂi/mi}iiﬁ_c 0)5'7'@”"'5
e CMOSICEENTER - (KHEEN
o KIMRIXAT DIFZE(TEEL L)

o Blossom AlgorithmZzSFQ TE1T9 DD(FIRER TR
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x5 QECOOL

SFQ circuits

IO RO
e
1O O
)

QECOOLD YV —FF T F v

e Quantum Error COrrection by On-Line decoding algorithm
o NIRIRIARAMZWMLE & UIRWDEBID Y —F T I F v

o fHEFE Y MI1IM1ICXWIGT DUNitZE A

o UnitE D3 EFEDESIGIBE(CID IV F > IMEZ#E <

Y. Ueno, M. Kondo, M. Tanaka, Y. Suzuki, Y. Tabuchi, “QECOOL: On-Line Quantum Error Correction with a Superconducting Decoder for Surface Code”,
58th IEEE/ACM Design Automation Conference. (DAC 2021)

Z4[0] SQAILVEESEIFRAUL??? [OWESSEIFRVLWEFERDETIE] 2026/09/28




QECOOLMDER D #EFEIERE

1071 4 —— break-even
—= d=5, QECOOL

o/ d=7, QECOOL d times
13.0%— o-9.aecoot measurements
gy —— d=11, QECOOL

] —— d=13, QECOOL
Ll —-= d=5, MWPM
A i .
: —-= d=7, MWPM

._.
o
&

: —-= d=9, MWPM
Y —-:= d=11, MWPM

Lo 1 s =3, MR Code distance d

107 hn 10:"2 10-1 .
Physical qubit error rate (p) Ta rget lattice Shape

Experimental condition
- Measurement process is performed once every 1 us
- Each QECOOL Unit has a 7-bit buffer to store syndrome values
- If buffer entry size is greater than K = 3, QECOOL is performed; otherwise, each Unit waits for
measurement process
- MWPM operates with batch-QEC manner

e LEULME: QECOOLp = 0.01, MWPM p = 0.03

Logical X error rate P,
=
S

&
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QECOOL:&

Row z ;
Controller Master, @ Unity Unit, , 4 @ -
Py c :C: c'; . s c 5 Q
g - ) EO e
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Architecture overview of QECOOL SFQ design layout of QECOOL Unit

JIs: 3177 Area: 1.274 mm? Latency: 215 ps Power cons.: 2.78 uW

Decoder power consumption per one logical qubits
Supposed = 9,

9X%x8X2X 2'78[MW] =1400 uW
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Slides available in https://yuteno.github.io/

LSQCA: Resource-Efficient Load/Store Architecture
for Limited-Scale Fault-Tolerant Quantum Computing

Takumi Kobori?, Yasunari Suzuki'!, Yosuke Ueno':?

Teruo Tanimoto3, Synge Todo', Yuuki Tokunaga#*
Physicists and Computer architects
'RIKEN, 2The University of Tokyo, 3Kyushu University, *NTT

arXiv 2412.20486

Takumi Kobori, Yasunari Suzuki, Yosuke Ueno, Teruo Tanimoto, Synge Todo, Yuuki Tokunaga, LSQCA: Resource-Efficient Load/Store Architecture for
Limited-Scale Fault-Tolerant Quantum Computing, IEEE International Symposium on High-Performance Computer Architecture (HPCA) 2025, pp. 304-320.
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ISA of our load/store architecture for FTQC

| Type | Syntax | Latency | Description

Load/ M ID M C variable | (Load) Load logical qubit from SAM to CR
( emory STCM variable | (Store) Store logical qubit from CR to SAM
Store PZ.C C 0 beat (Zero-Init) Initialize a logical qubit to [0} state
Preparation PP.C C 0 beat (Plus-Init) Initialize a logical qubit to [+) state
PM C variable (Magic-init) Move magic state from MSF to CR
Unitary HD.C C 3 beat (Hadamard) Hadamard gate on a logical qubit
PH.C C 2 beat (Phase) Phase gate on a logical qubit
MX.C C V 0 beat (Pauli-X Meas) Pauli-X measurement on a logical qubit and store outcome
Measurement MZ.C C V 0 beat (Pauli-Z Meas) Pauli-Z measurement on a logical qubit and store outcome
MXX.C Cl C2 V | 1 beat (Pauli-X X Meas) Pauli- X X measurement on logical qubits and store outcome
MZZ.C Cl1 C2 V | 1 beat (Pauli-Z Z Meas) Pauli-Z Z measurement on logical qubits and store outcome
Control SK V variable | (Skip) Skip next instruction if a provided value is zero
In-Memory Preparation PZ.M M 0 beat (Zero-Init) Initialize a logical qubit to |0} state
PP.M M 0 beat (Plus-Init) Initialize a logical qubit to [+) state
. HD.M M variable | (Hadamard) Hadamard gate on a logical qubit
In-Memory Unitary PH.M M variable | (Phase) Phase gate on a logical qubit
MX.M M V 0 beat (Pauli-X Meas) Pauli-X measurement on a logical qubit and store outcome
In-Memory Measurement MZ.M M V 0 beat (Pauli-Z Meas) Pauli-Z measurement on a logical qubit and store outcome
MXX.M C M V variable | (Pauli-X X Meas) Pauli-X X measurement on logical qubits and store outcome
MzZzZ.M C M V variable | (Pauli-ZZ Meas) Pauli-Z 2 measurement on logical qubits and store outcome
| Optimized Unitary | CX M1 M2 | variable | (CNOT) CNOT gate on logical qubits

v'  Load/Store instructions are independent of memory region
implementation (e.g., QEC code, allocation)
v' Enable of abstraction, easily programable, and high program portability
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Basic evaluation for benchmark program
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Basic evaluation for benchmark program
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Hybrid floorplan for benchmark program
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Hybrid floorplan for benchmark program
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Optimized hybrid floorplan evaluation for SELECT circuit

Each point: different #Logical qubits=467, 1711, 3753, 6595, 10235 (Right is larger)
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Optimized hybrid floorplan evaluation for SELECT circuit

Each point: different #Logical qubits=467, 1711, 3753, 6595, 10235 (Right is larger)
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