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[QULATIS] Y. Ueno, M. Kondo, M. Tanaka, Y. Suzuki, Y. Tabuchi, “QULATIS: A Quantum Error Correction Methodology toward Lattice Surgery”, HPCA2022.

[Q3DE] Y. Suzuki, ..., K. Inoue, T. Tanimoto, “Q3DE: A fault-tolerant quantum computer architecture for multi-bit burst errors by cosmic rays”, MICRO2022.

[XQsim] I. Byun, ..., T. Tanimoto, M. Tanaka, K. Inoue, J. Kim, “XQsim: modeling cross-technology control processors for 10+K qubit quantum computers”, ISCA2022.
[Qlsim] D. Min, ..., M. Tanaka, K. Inoue, J. Kim, “Qlsim: Architecting 10+K Qubit QC Interfaces Toward Quantum Supremacy”, ISCA2023.
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Table 1. Overview of ¢QASM instructions. The operator : : concatenates the two bit strings.
- a .A \\ — Type Syntax Deseription
np w Control MP  Rs, Rt CoMPare GPR Rs and &t and store the result into the comparison I\.Ag
omp. £fset | (BRanch) Jump + Of et if the specified comparison flag is
( I SA ) Data Transfer
(STore 10 memory) Store the value of GPR 75 in memory addres
(Fetch Measurement Result) Feich the result of the last measurement instruction

(Fetch Branch Registr) Feich th spcified comparison lag into GPR Rd
- ) on qubit i into GPR Rel.
AT : d qubit i into P

Reset Signal Logical iy A Hee Logical and, or, exclusive or, not

(LoaD Immediate) Rd = sign_exi(fmm(19..0]. 32).
(LoaD Unsigned Immediate) Rd = lmm] 14.0}-Rs[16.0].
(Loab from memory) Load data from memory address R+

/ block signal Grow Grow Out Arithmetic ADD R Addition and subtraction.
; Subcircuit Waiting Tren (Quantum WAIT Immediate/Register) Specify a timing point by waiting for the
/ Grow In. - Rs number of cycles indicated by the immediate value Imm o the value of GPR Rs.
2 —p| P o rea ] P2"-Rea. Ot Targe Specity | 315 59
— / _ i v ster 5d (Td).
4 D — 4 Pair_Regq. In. 55| Subdrcult Q. Bundlc P1.] 0« ations on qubits after waiting for a small number of cycles
: 4 > oy Pair_Grant Out
2 Pair_Grant In. ale_Grant e
2 Subcircuit
S 40 Pair Out
Pair In. Pair
i = Subcircuit
*~.__ HotSyndrome St Tk

SFQ surface code decoder, ISCA2020

Low density metal
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Memory ___|
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| &
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—
\

(Josephson Junction Logic) =

’ I High Density

= - Superconducting

Quantum Substrate ""“"ZD - Control Wires = — —
(Superconducting Qubit) cavity cavity cavity

Cryogenic QEC architecture Virtualized Logical Qubit
MICRO2017 MICRO2020

K. Bertels et al., “eQASM: An Executable Quantum Instruction Set Architecture,” in HPCA2019.

C. Duckering et al., “Virtualized Logical Qubits: A 2.5 D Architecture for Error-Corrected Quantum Computing,” in MICRO2020.

S. Tannu et al., “Taming the Instruction Bandwidth of Quantum Computers via Hardware-Managed Error Correction,” in MICRO2017.
A. Holmes et al., “NISQ+: boosting quantum computing power by approximating quantum error correction,” in ISCA2020.
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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
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Architecture overview of QECOOL SFQ design layout of QECOOL Unit

Js: 3177 Area: 1.274 mm? Latency: 215 ps

Power cons.: 2.78 uW

# of protectable logical qubits on 4-K environment
Suppose d = 9, and power budget in 4-Kenv.is 1 W

1[W]/(9 X 8 X 2 X 2-78[uW]) =

2498 logical qubits
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Table 1. Comparison of Cryo-CMOS and SFQ decoders. The area, power consumption and throughput are per distance-9 logical qubit.

NN [32] AQEC [38]

QECOOL [39]

QULATIS [40] NEO-QEC [84] Clique [103]

Platform CMOS  SFQ SFQ SFQ SFQ SFQ

Meas. errors v v v v

Lattice surgery v v

Area (mm”) 10 369 183 16.4 N/A 14.4
Power consumpt. (uW) 20000 3780 400.3 4174 614.9 99
Throughput Max/Avg. (ns) 28 19.2/3.8 364/9.15 82/2.12 N/A 0.24

TQE ISCA DAC HPCA 2022. ASPLOS
2020 2021 2022 05758 2023

Francesco Battistel, Christopher Chamberland, Kauser Johar, Ramon W. J. Overwater, Fabio Sebastiano, Luka Skoric, Yosuke Ueno, Muhammad Usman,
“Real-Time Decoding for Fault-Tolerant Quantum Computing: Progress, Challenges and Outlook”, Nano Futures, Vol. 7, Num. 3, pp. 032003.
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Lattice surgery

Framework to perform logical operations
with SC-based QEC
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Target lattice shape —

Single logical qubit Lattice surgery
(QECOOL) (QULATIS)

e Extension of QECOOL for decoding of lattice surgery
o Supporting logical operations of the universal quantum gate set {H, CNOT, T}

e SFQ circuit design of QULATIS decoder

IS

suitable for online decoding in a cryogenic environment
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84, ESRE

QECOOL/
QULATIS

QECOOL /
QULATIS

X syndrome

Binarized CNN decoder
X&Z syndrome with SFQ circuits (Extension of [1]

e A two-stage decoder with binarized CNN and QECOOL/QULATIS
o Improve threshold values of QECOOL/QULATIS
e SFQ design of Neural Processing Unit for binarized CNN

o Suitable for online decoding in a cryogenic environment

[1] S. Gicey, L. C. Hollenberg, and M. Usman, A scalable and fast artificial neural network syndrome
decoder for surface codes, arXiv preprint arXiv:2110.05854 (2021).
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