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Superconducting qubit

@ clectric circuit made of superconductor and Josephson junctions
@ nonlinear oscillator with ~5 GHz resonance frequency

& operated at ~10 mK using a dilution refrigerator

@ lithographically fabricated (& decoherence)

& design flexibility (¢ non uniformity)

g |c)

=@ | )

Y. Nakamura et al., Nature 398, 786 (1999).
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Superconducting NISQ processors

Google

Arute et al., Nature 574, 505 (2019).

USTC, 66 qubits

Zhu et al.,
Science Bulletin 67, 240 (2022).

IBM, 433 qubits RIKEN RQC, 64 qubits

IBM Unveils 433-Qubit Osprey Chip - IEEE Spectrum

Rigetti, 80 qubits

Rigetti Announces Commercial Availability of Aspen-M
System and Results of CLOPS Speed Tests

(hpcwire.com)
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https://spectrum.ieee.org/ibm-quantum-computer-osprey
https://www.sangyo-times.jp/article.aspx?ID=7911
https://www.sangyo-times.jp/article.aspx?ID=7911
https://www.hpcwire.com/off-the-wire/rigetti-announces-commercial-availability-of-aspen-m-system-and-results-of-clops-speed-tests/
https://www.hpcwire.com/off-the-wire/rigetti-announces-commercial-availability-of-aspen-m-system-and-results-of-clops-speed-tests/
https://www.hpcwire.com/off-the-wire/rigetti-announces-commercial-availability-of-aspen-m-system-and-results-of-clops-speed-tests/

beyond NISQ

# of qubit Quantum version of Moore’s law
10¢ : ; : ; '- A z ] :
Fault tOlerant unlversal Final goal of quantum computer R&D.
W AT Applications: factorization, simulation, ete
quan1.um computer I —
10° P> ————— e
10° Is it possible to run some useful
calculation without error
correction
10"' ................... T 3 = ey . - < 4 o i UPTUPFOT | T g SR CU——
NlSQ (noisy intermediate scale quantum technology) on a quantum computer faster
_ than classical computer?
10° e e === Possible candidates: optimization,
» eigenvalue solver, machine
10? learning
22Q@google .
9Q@google | 19Q@Rigetti
10 L :
_____ .‘__,_..l- . zoa@m&in
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Toward realization of fault-tolerant QC

@ Two main problems in hardware development:

B required large number of physical qubits

Physical qubit error rate 103 10-° 107
Physical qubits per logical qubit 15,313 1,103 313
Total physical qubits in processor 1.7 x 108 J1.1 x10° | 35 x 104
Number of T state factories 202 68 38
Number of physical qubits per factory 87 x10° [1.7 x 104 |5.0x 10°
Total number of physical qubits including 1.8 x 108 J1.3 x 106 | 2.3 x 10°
T state factories

B not scalable wiring & electronics

~108 qubits?

e >1 coax line per qubit from RT to mK for control

« bulky u-wave components (amplifier, isolator) for readout
<~102 qubits?

TABLE 3.1 Estimates of the Resource Requirements for Carrying
Out Error-Corrected Simulations of a Chemical Structure (FeMoco in
Nitrogenase) Using a Serial Algorithmic Approach for Hamiltonian
Simulation and the Surface Code for Error Correction

Quantum Computing: Progress and Prospects (2019)

FPGA
ADC/DAC
[ [ 1]

I Readout || Control
1 ‘

LNA

| | >1 lines
per qubit
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Required technologies

fault-tolerant

102 quantum 108
| computer | :
i — # of qubits
manageable required
m
(" )

® cryo-electronics

® high-cooling-power refrigerator
® high-density wiring

® chip-to-chip interconnection

\. .

® improved coherence
® gate optimization
® hardware-efficient QEC scheme

J

System-level architecture optimization

© NEC Corporation 2024
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[ Mesage Organisation Member Besearch Comtset

Required technologies

Development of Integration
Technologies for Superconducting
Quantum Circuits

fault-tolerant
quantum
computer

https://ms-iscqc.jp/en/

manageable
g e MOONSHOT
decrease e

et Gl §

Mrmabdvent Japancae

Realization of a fault-tolerant universal quantum computer
that will revolutionize economy, industry, and security by

2050.

(" )
® cryo-electronics ® improved coherence
® high-cooling-power refrigerator @ gate optimization
® high-density wiring ® hardware-efficient QEC scheme
® chip-to-chip interconnection e -

\. cee )

System-level architecture optimization
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Cryo-electronics

€ Cryo-CMOS, SFQ, AQFP etc.

& Potentially reduces the number of physical interconnects (coaxial lines)
between the quantum—classical interface and room-temperature electronics

I - Liatoncr _
e general-purpose clechrgid
2 ’F e electronics
By wor e . N . _J Nar::c;BGﬁ&dge
Readout || Control | | FPGA
— R ADC/DAC " cryo-cMOs
LNA ** 1/0 Bottleneck A - digital & analog
o i ; Readout (| Control | ‘
L] % Coolingspower A
bottleneck I T Y .
JPA T Mux/D Superconductor
| A B uX eﬂux | SFQcircuits
| 4 vV y NN

Quantum chip
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Single-Flux-Quantum Logic Circuits

Insulator Single flux quantum (SFQ)

\ P, =2.07 x 105 Wb
Josephson Current

junction \

4
Superconductor ring f vdt = ®,

High-speed digital LSIs
using quantized magnetic
flux

+» Voltage pulse-driven logic

s 10+ GHz, low-power operation
+ Transmission line interconnects

10 © NEC Corporation 2024

NEC

M. Tanaka T. Yamamoto

Josephson transmission line (JTL)

Current
Josephson
junction (JJ)

SFQ (single flux quantum)

®. =207 x 105 Wb superconductor rings (niobium)
0_ .

dc bias current

= 04

K. K. Likharev and V. K. Semenov, IEEE Trans. Appl. Supercond. 1 (1991).
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La rge—Sca | e S FQ LS | S Nb 9-layer Device (AIST ADP2)

€ Demonstration of SFQ processors

W Bit-serial processing: simple & efficient design

W Bit-parallel processing: high-throughput performance S Nagasawa et al. /£/CEEST-C (2014) 132.cpnuty (uan

|corets |
| :

CORE1a (2003) CORE1f (2006) COREI1LV (2013) CORE100 (2014) CORE e2 v5h (2016) GLP w20 (2019) BLOSSOM1 (2022)

4999 JJs, 15 GHz 10955 JJs, 25 GHz 3869 JJs, 35 GHz 3073 JJs, 100 GHz 10603 JJs, 50 GHz 23713 JJs, 32 GHz 57200 MIPS,
M. Tanaka, Y. Yamanashi, M. Tanaka, M. Tanaka, M. Tanaka, K. Ishida, I. Nagaoka,
ISSCC 2004 IEEE TAS 2006 SSDM 2013 ASC 2014 APL 2023 VLS 2020 A-SSCC 2022

First demonstrated Plpellne Low-voltage Ultra high Stored-program Implementatlon of Extremely high
clock frequency computing demo

€973 NAGOYA @, YOKOH R sk \F), wusiu e e

UNIVERSITY National Univers:ty KYOTO UNIVERSITY k/ Z UNIVERSITY

After M. Dorojevets et al., IEEE Trans. Appl. Supercond. 11 (2001) 326.

11 © NEC Corporation 2024 \Orchestrating a brighter world NE'




Selection of Critical Current Density (J.)

& Easy to fabricated small /. JJs (2-10 pA)

@ Acceptable operating frequency (10GHz)

12

Voltage (mV)

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

10kA/cm2 (4.2-K design) 108 o
2.5kA/cm?
250A/cm?
100A/cm?
50A/cm?
100 200 300 400 500 600
Time (ps)

Power of typical logic gate (uW)

10

0.1

0.01

M. Tanaka et al.,
IEEE Trans. Appl. Supercond. 33, 1700805 (2023).

® J, =250 Alcm?

Conventional
(4.2-K design) ~
.‘-1‘
. ““‘
his work . ae=*"""

1,172, voltage 1/5
(using lowered J,,)

o

\ 4
Target
(I, 1/10, voltage 1/5 (1/25))
O 1 1 | 1 1 1 1 | 1 1 1 1

20 40 60

Expected operating frequency (GHz)
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Standard-Cell-Based Design

€ CONNECT: Standard cell library specialized for SFQ circuits

B Clocked logic gates and special gates, such as non-destructive readout gate

m Wiring element (pulse splitters, delay elements, passive transmission lines)

clock

wi

A 4

Y

) D

Y

wi

S. Yorozu et al., “A single flux quantum standard logic cell library” Physica C 378 (2002).

13 © NEC Corporat
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logic cell

wiring cell

50-GHz 8-bit processor (33k JJs)
I. Nagaoka et al., ASSCC 2022.
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Parameter Extractlon v' JJ critical current: 7% increase when 3 > 0.3 K
v

, R, JJ capacitance: no temperature dependence
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Test chip for low power cells

clock generator

8-bit shift register

©)
o
Q
=

7.1 mm ring oscillators

splitters

D flip-flop

demultiplexers dc-SFQ
conv. cell

\Orchestrating a brighter world N Ec
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High-Speed On-chip Test of Shift Registers

& Ve tested the 8-bit SFQ shift registers using a
3He cryocooler at 300 mK.

@ We successfully obtained correct operation with
high-frequency clock signals.

| r— | vy =]
EE—— jJ"Ic__'i I'__’l'E'LE clock " 'S I O I o o O o R :
clock = o _I}jfl [l g 8Y——————————————————10ms E
data ploFElLplorel B L'[:*'J 24 — T T e
i g LE ai] - trig. —* clock generator &
. cov 00000 0900900 =
SRR GotimK . 3 1 0 1 =
8-bit shift register e :

M. Tanaka et al., 2023 International Conference
on IC Design and Technology, pp. 84-87 (2023).

16 © NEC Corporation 2024
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Clock Frequency Measurement and Verification

@ We calculated the frequencies using an analog circuit simulator with the bias
currents and extracted parameters from the fabricated chip.

& We verified the clock frequency by ring oscillator measurements.

0.6

{
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M. Tanaka et al., 2023 International Conference
17 on IC Design and Technology, pp. 84-87 (2023). erworid NIEC




1:2 Demux (Demultiplexer) Demo

& Demux forwards the input signal (SFQ pulse trains) to one of the outputs

based on the control signals.

ctrll Switch control
/ Current
: ‘3‘ : (analog) % %
O out0

switchO or

SFQ
(digital)

switchl

ctrl0

JJ count: 29

Bias current: 418 pA
Area: 0.32 mm?2
Power: 41.8 nW
Latency: 319.0 ps

18 © NEC Corporation 2024

Demonstration of
current-controlled 1:2 demux

ctrio - ON - ON — ON ] %
&1l 9N ~ON EEEAS O FEERS T 2
out0 — — =
e
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nature communications
)':f'i} TOKYO UNIVERSITY OF SCIENCE
Article httpe://doi.org/10.1038/s41467-023-44496-1 =

Observation and manipulation of quantum
interference in a superconducting Kerr
parametric oscillator

Received: 28 July 2023 Daisuke lyama?’, Takahiko Kamiya'’, Shiori Fuji*>7, Hiroto Mukai ®22,
Yu Zhou?, Toshiaki Nagase'2, Akiyoshi Tomonaga ®>%, Rui Wang ®23,
Jiao-Jiao Xue™, Shohei Watabe ®®, Sangil Kwon ®® | & Jaw-Shen Tsai**®

J. S. Tsai
\Orchestrating a brighter world N EC
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Hardware-efficient FTQC using Kerr cat qubit

*

*

*

*

21

Theory of Kerr cat qubit

B P.T.Cochrane et al., Phys. Rev. A 59, 2631 (1999).
B H. Goto, Phys. Rev. A 93, 050301 (2016).

m S. Puri et al., npj Quantum Info. 3, 18 (2017).

High-fidelity gate operation
B T. Kanao et al., Phys. Rev. Appl. 18, 014019 (2022).
B H. Chono et al.,, Phys. Rev. Res. 4, 043054 (2022).

Proposal of bias preserving gate
B S. Puri et al., Sci. Adv. 6, eaay5901 (2020).

Error-correction code with high error threshold

B A.S. Darmawan et al., PRX Quantum 2, 030345 (2021).

Experiments
B 7. Wang et al., Phys. Rev. X 9, 021049 (2019).
B A. Grimm et al., Nature 584, 205 (2020).
B N. E. Frattini et al., arXiv:2209.03934.
B J. Venkatraman et al., arXiv:2211.04605.

Goto, PRA 2016

Darmawan et al.,
PRX Quantum 2021
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Generation of Schrodinger’s cat state T Cochrane etal. Phys. Rev. 750, 2631 (1999)

S. Puri et al., npj Quantum Info. 3, 18 (2017).

K
Hxpo/h = —?aTaTaa + g(cﬁ2 + a2)
Q [ 5 ,
= %ok |4 A A
c i K(a’ KI\" KT K
= Coherent state is an eigenstate of annihilation operator a, a|a) = o|a)

flux modulation:

i | B
Ej(t) = Ey + 0 Ej cos 2wt Hypo has degenerate eigenstates of | £ &) , where o = e

K = 62/20 cat state \
B = wo 0Ly A |04> + | — &)  even parity

4 Ej =0
. 2EN\1/4, ?
6 = () @+ £
o ( E; )1/4( o) 2 adiabatic ramping of pump B

= 1 a' —a

2E > m) Dparity conservation
time

‘ O> . even p a rlty \Orchestrating a brighter world NEC
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Generation of Kerr cat qubit
Wigner tomography

______ initial . final .

; H =05 0.0 0.5 i -0.4 0.0 0.4 i
Device picture e | |
Signal in Signal out adia batiC pumplng ! :E 2 E

(with counter diabatic pump) . % 0 7 |+Cat)

Trans i e i
drive i i i i
| 10) LT :

i 02 :

e e

oy

KPO i 10 i ; I+cat) i : 0 :
! ® o | ; - T R :

i w1 el e 1 &S i o—h fricat |
= [ opump | O o i e i

. | e o I i

KPO drive i ' - ¥ - i i {_.._-il T - i i |0)+i|1) i i '2-2 6 2 i

Do @ T = : o2 :

lyama et al., Nature Commun. 15, 86 (2024). IR S L b L R ;

| B gl _ i

initial final a Fol =

I T T T

o a ] Re(a) i

Z.Wang et al., Phys. Rev. X 9, 021049 (2019).  “--m--mmmmmmmmmm bmmm oot

23 © NEC Corporation 2024 A. Grimm et al,, Nature 584, 205 (2020). \Orchestrating a brighter world NEC




Rx a nd Rz gate Operations lyama et al., Nature Commun. 15, 86 (2024).

X rotation / rotation
|+Cat}
|+Cat) +Cat -iCat -Cat -o +iCat = .
- A, 2 2 04 2 2 B e F e
| | » e
: I-I.-G.L'I> = |+iCat})
i |-Cat)
3 -iCat
|z
State preparatin | Gate | Tomography i
KPO pump E i. i KPO pump
KPO drive 4'7_“' i KPQ drive
™ "N ' '
process fidelity for £ (n/2) = 0.844 process fidelity for £,(n/2) = 0.794

24 © NEC Corporation 2024 \Orchestrating a brighter world NE'




Entangled cat state generation from Bell-Fock state

25

D. Hoshi, T. Nagase et al.,
APS March Meeting 2024
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2-qubit gate on Kerr cat qubits

D. Hoshi, T. Nagase et al.,
APS March Meeting 2024

26
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IEEE COMPUTER ARCHITECTURE LETTERS, VOL. 23, NO. 1, JANUARY-JUNE 2024 9

Inter-Temperature Bandwidth Reduction in Cryogenic QAOA Machines

Yosuke Ueno ™, Yuna Tomida ™, Teruo Tanimoto ™, Masamitsu Tanaka ). Yutaka Tabuchi © 7, Koji Inoue D

and HlI‘OShl Nakamura “=
P. (]

RIK=N KYUSHU NAGOYA UNIVERSITY \Orchestrating a brighter world N EC
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NISQ7 /LT X LmIFTEFIVE1—% « VAT LDKE

BE §|

) Qubit , Compressed X
Instruction measurement Instructigy measurement ~1ps
issue issue results Voltage pulse,

”

readout
- -
& S5 655

-

Counter-based
20 mK SFQ architecture

Baseline system Proposed system

BEESEFIAVE1—2DREBANDEERT—UMBLIRIZE B

— N—FY9IT7E H—TIILORFEAOE TSRO FKE LB EEGEH ERE
QAOATIL. EFEYrHEAHLICKELBEIN T EM
SFQAD B F—XTIF¥IZKYLENDRIEZEIR
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NISQ7 /LT X LAmIiTEFIyE2—% « X T LD3EKE

€ QAOAIC

BT DBIE/NZ — > DEENT

- [RILCEFREZEZEYRLET - R Lo =B A
e [EENRTA—%K (y,B) 2T> 3y MEICERH

- BfE

()Wl

(i
20 mKﬁ

29

10)
10)
10)

Vc(Bp)

[V (v, B))

P

General quantum gate sequence .

To cryo. env.

EOKBAIFEFEY FRAT—X > K bRy T |

- Issue Reuse (No comm.) . Readout

T shots T shots Until to

I(|ter1)I  Iter2 converge
I 1 I 1

[vs —BE-0 1

QAOA parameters

From cryo. env.

Meas. readout

Time

coe —010-0 001

Read N bits at every shot!
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NISQ7 /LT X LmIFTEFIVE1—% « VAT LDKE

® 1Y 2 AWIZQAOAHRRFEETE

30

TOHFESTE

e

Measure qubits z* = z{, ..., 2z},

tQC

Loopt=1,..T N

Calc UB, ) |+)®Y

T

l .

;(2) Meas. read-out

o 3%&Eo =58

Deformation of expectation value calculation

1
(He) ~ ) C(2)

Count of “1's of z; @ z;

Count of ‘1’s of z;

(BAfFfE)

/ Loopt=1,..,T \

| Calc U(B,y)|+)®V

Measure qubits z* = z}, ..., 7§

(2’) Counter
values

toc

\ Count “1's of z; and , z; @ z; /
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NISQ7 /LT X LAmIiTEFIyE2—% « X T LD3EKE

@ QAOQAICHB T 2 EAFHESTE 2 5O F CSFQ A 7 > # 12T & V) EO RIS ITELT
® Hh 7 XDEy MEbIZX L TIHREA A /N> FigEEzhE

w
| Counter-based SFQ Send-in ‘é“ Power dissipation Required bandwidth g-
. * 2001 — Baseline = = Baseline r20
architecture L2 s il 1 € O
m . - — == Proposed, b=3 = = Proposed, b=3 e
! Counter | | Counter Read-ouf (it sirwam) g 150] — Proposed, b=[log;N] == Proposed, b=[log:N] | %
~To room ™, = | (120
”l ”l ’I ! @ z N @ ZN T littam;mnatum, e l -0.02 ;
B | ~ ] g o =
=1 N(N — 1)/2 counters F = c
% \ Reset-in Data-in | Other | BIt parallel g 100 e e —srmimrcismes o | - 10 -
t ad o T T T .
\ Cognter - COlther '. =1 S 0 1000 2000 3000 g
\ 1 N \ . —
L~ 1 JJs :11b+31 O 501 s O
\ N coufters Power :9.71b+16.8 (pW) g e, D
\| # counters M ~ O(N?) o el ==— 5
= = T o

0 1000 ZOlOU 30‘00 40'00 50b0 60100 70r00 8008
Number of aubits (N)
Y. Ueno et al., IEEE Comput. Archit. Lett. 23, 9 (2024).
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Efficient numerical approach for the simulations of high-power dispersive readout
with time-dependent unitary transformation

Shimpei Goto® " and Kazuki Koshino® "
College of Liberal Arts and Sciences, Tokyo Medical and Dental University, Ichikawa, Chiba 272-0827, Japan

S. Goto K. Koshino
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Towards fast dispersive readout

How about using high-power input MW to shorten readout time?

Coherent state
\f> classical MW
le) hyg 2) <
Computational | Fu -
space 9 hew.
9) 0) Obstacle to numerical simulations
Qubit — Transmon Cavity

® For large |n>, nonlinearity of cavity becomes apparent (critical photon number, n,)
® Possibility of the excitation to the outer space of computational space

33 \Orchestrating a brighter world N E.
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Basic idea

Dispersive readout <n> N

4 readout pulse '/v'\‘ ’9>
Z €) — 2 0| " ”
hwq “ ME |1> > \‘":’i \\\\\\\\ ] X
& & 0) () Y
Qubit l 6>

hw., -
TQZ + hw.éte + hg(6Te + aél)

Problematic for numerical
simulations for large |a|

Lindblad master equation
Apply time- dependent unitary
0

) Lpoys transformation Dla(t)] so that
— t_——H )] + : — ZLTL, pt )
5tp( ) 2l ZW ( 2 { 4 )} (¢(t)) in displaced frame is small.

34
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Choices of displacement

@ Driving frame P(t) : previous method

B Determine a (t) so that the driving field is absent — Coefficient of é is set to zero
m Adopted in previous works: Phys. Rev. A 75, 032309 (2007) etc.

m (¢(t))y is not necessarily zero because of finite qubit-resonator coupling

Q (t) - P(t) Input cohlcrent light
- \—/ —=
H, o, Ry,
‘ Absence frame Q(t) our method Qubit Cavity Waveguide
W Determine a (t) so that (¢(t)), does not change from (¢(0)); =

d

i €0 = 5 (Ho.c01), + o (B0 o), - 5 ({Huoivo.ao}), )

35 \Orchestrating a brighter world NE‘




Comparison of the frames

o H= h‘;qZJrhwcéTéJrth(éJraT) + Eemwet(¢f 4+ ¢)
/}rﬁs.’-: -------------------- e L=c¢ Y =K
/
= 101 / we/we =0.75  g/we = 3.0 x 1072
T / . .
—~ / Allowed highest occupation . -3
= / number of cavity fijwe = 7.2 x 10
= /
<O 5 | ¥, \
~ / _ -2
/ e () =P(t) (N =5) | E/we=10x10
/
/ o [”) :p(” (de:x — 20)
0 | .// B £ t) — Q(tlgvm(m - 5)
0 5 10 15
Kkt Our proposed frame can reproduce
S. Goto and K. Koshino, Phys. Rev. A 108, 033722 (2023). the dynamics with fewer states
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Transmon dynamics during readout

transmon occupation number

6F B/, = 2.0 % 10-3 lonization ..
- We=2.UX i
Blw,=70%1073 "f,&‘
— Ly —1E 3 chaotic "
4 Ejw.=15x10 behavior? F"[
T |§’ﬁ> :'
= /
= |
2 ;
Y
initial state: |g,0> e

ol

Oy ]
- - 1
10 10 p
<€ ' €>/n( 1 .
S. Goto and K. Koshino, Phys. Rev. A 108, 033722 (2023). 2.
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i-th excited state of transmon

- e
Ny = ili) (il
)
1.50
— Fjw,=60x107°
1.25¢ Elu.=T70x%x1077
100_ e j‘:l.jA.J(. = 8.0 x IU-:s
5 e )
‘:E_;‘- 0.75- ] A .fn
o » vl
e /w.__ ,-' I} WETEL
0.50f 3 Phaaed
o
0.25F AN
%00 2 £ 6 8

(ete)/n.

Leakage occurs

in high-occupation number region

in region close to resonant points
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Realizing practical quantum
computers based on
superconductors

By using superconductors, researchers in Japan are seeking to make quantum computers
large enough to tackle real-life problems.

Produced by

natureresearch " MOONSHOT
custom media &" r————

A section of a quantum computer based on superconductors. Researchers at NEC are exploring such

quantum computers, Credit: Bartlomiej Wroblewski/iSatock/Getty
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Toward the Realization of a Superconducting Fault-Tolerant Quantum Computer - Moonshot Geal & (NEC) - You...

To achieve a fault-tolerant quantum computer, a significantly large number of physical qubits is required. Howewver, many of the
technigues presently utilized...

www.youtube.com

Toward the Realization of a Superconducting Fault-Tolerant
Quantum Computer - Moonshot Goal 6 (NEC) (youtube.com)

Realizing practical quantum computers based on

superconductors (nature.com)
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https://www.nature.com/articles/d42473-023-00435-8
https://www.nature.com/articles/d42473-023-00435-8
https://www.youtube.com/watch?v=lhJQCGAnMRo&list=PLGVe6BxyFHNUMF_p4PnsjfEqTe7bOnaQw&index=15
https://www.youtube.com/watch?v=lhJQCGAnMRo&list=PLGVe6BxyFHNUMF_p4PnsjfEqTe7bOnaQw&index=15
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