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Neuromorphic processor using superconducting adiabatic quantum flux circuits

Ayala, Christopher

3,100,000

2.5 GHz (AQFP)
AQFP 4.2K

We have demonstrated the world®"s first adiabatic superconductor
microprocessor using adiabatic quantum-flux-parametron (AQFP) logic with its data processing
component operating with a clock frequency of up to 2.5 GHz. This is the fastest adiabatic circuit
to date and the largest functionally meaningful AQFP circuit ever with a device count of over 20,000

Josephson junctions. Because this is superconductor technology, the circuits must be cooled to
cryogenic temperatures, but even if we consider the additional overhead in cooling power, the total
system power is still 80x lower than state-of-the-art commercial semiconductor technology available
today. Towards the development of this microprocessor, we also established a systematic design
methodology so that we can consistently create more and more complex AQFP circuits via a top-down
approach and a semi-custom approach. These results set the foundation for designing more novel
neuromorphic processors with various components underway.

Superconductor electronics, adiabatic computing

superconductor computing adiabatic EDA Josephson junction aqfp neuron tensor



¥ X C—19, F—19—1, 2z—19 (@)

1. WHFEBAARS IO 5=

By S F—Eof B —Fy b FT P2 (IoT) Y. A Z—%v b FEOTEKR
BT — BB ANABRT 57010, LV DR AF = ROEm NI B a—F AT LAOEEN
BE-S TS, LLAnG, BEFEO CMOS Hifi Cidk, 7 — & AR E O BEIEI) 7 KI5 % xt
JNTEDIMNEIPRERITH D, CMOS T34 A TIEHER Snm PLTFICT 5 2 L IZREEIZ -
TETRY., BEERKEEDOT VX =R O @ OHTHEMBEIE T OB N AR R TH 5,
—H WD T )AL a2 — T —%T 7 F ¥ T AT T —FRARSEEL
TWABZD Wb B T AEY DR MRy 7 | BMEBEEZFIRT B L5127 >TnD, £DD,
By 7T —4R [oT 7 —ZWBe L, A% ETETEZOT7T— U EZ VLB LT HEMEEa Y
Ea—HSD7 —%77F v & LT ERONHAT =7 7 F ¥ BNl S 2 WAlgEER S 5, LA T
— XTIV F I I DEFNBEITE 2 A PREWED, I XX —ROGWHl-/ra
Ea—F (/7 =377 F ¥ 2 ERHTUERD D, TODICIE, (1) HFlnarra—F
S TN TGHEA D EFIAT D kL, Q)%Lwﬁ%Tﬂ4x%ﬂm¢éﬁ$#%é T, &
F I F MR I W T, ABOMEFBT AN = —a TNV T gy T A Ea—T 1
TSN TND, Tk, LRAEWE 7RI (~100Hz) 2 AV TR E 223051 & fH A
%ﬁ%%ﬁ?%étw\ﬁﬁﬁﬁﬁMﬁﬂ%kﬁéoik\%@nyel~&ﬁ\%%®@%ﬁ
ELHE L T RERER T — 2 HERMEE R L720, ¥ —Bila2 1T O 8 Z21F 2 T
W5, B2, BEET AL A7 ED CMOS IO D FTHERET A A2 AT 52 L2k D,
FE DT XX — W REKEICA LS EDLZ LN TE D, BEWAEFRER /ST X b v
(AQFP) [AIf&I%, s [m 2 WBWICEES B2 Z LiIck ., M1IRTEIICSGHz DY
7 7 BB THERSO CMOS &L TE y h= R X —% 6 KK 5 Z &N
T& 5, —FH, WA ET (SFQ R, @8 EERE (PTL) ZHWTE 2RO
il SFQ HEIE /L A & M - BRI TTTF v T eRICE ik S TS Z LN TE D,

2. OB

ARWZEIT, [FROBEBFRICASICBIT Dy 77 =40 [oT 7 — X HEOFE K/ E % L
THEOIL, =a—mELT 4yl arta—T 4RV EHLWVWI L Ea—T 0 I T
—X7 7 F ¥ L, CMOS Zfx 5T/ X =L@l a2 67 2 BEEEMRREZ#ME LT
PN EAEAHTZEEZHRET 5, MA T, BEEEMEIRKZ T TR, R RERSC T 2T
A PR FHE. A THRRICKE B2 KET SN bs=ma—aELT v 7 a b Ba—
T 4 v 7 ORI TIE _ob\fﬁﬁjgﬁo Za—RELNT 4T ara—T 4712k
D OERE Z G 28 LW R FEE AL T LR, 74y /A~ Blarv e a—H|C
BIDZATIVRRR Y 7 ZRR L CRIRAREREZITHI LN TE 5,

3. WHEDTIE

Task 1 (T1) — ERRABELHBREIK S I 21— a VEFAOEE  IFOBEERERR
% D‘IZXfHO) Cadence REtEtELY ., —o—8aE/)L 7 ( v 7 AQFP/SFQ [FII&E%EHHICL B9 5,
BEfE D SFQ 7 EE@V%T/I/%{EW LoD AQFP 7 — b DT LW iRl E T L & SystemVerllog
ZRWCERT 5, mBREEET VZIET S u R T 2A—2 LFRHT 5,

Task 2 (T2) - #EARY —/VEIFE: AQFP 44k
= N &R LTI OIRIE & M S 2By 107 - - . -
BT, ZERY — h = 2 OFRELA Y — r Poomos
NERRT S, BYIOT 7a—F L L, A— 107} e Y 1
fVV%XV%WT%éYO$S%@mLW7% P f X ~10° 1
w%ﬁ%A@T#% WCEH~ B 795, :
BAREHNZIE, AEE D7 — VB E LT — K
Wikl Ty B/ T5 Y7 =T

E ! r\Ouantum limit \4 Unshunted AQFP 1

i 5. S 7
10% r_CIT3§_5\c_aI_‘::::_______ _____;

Task 3 (T3) — KEVEIEIME DR B DB imit@ 42K "< 1

kg T2 -

-
]
@

Bit energy[J]

-
o
[

BLIRE iU CRHR AQRP SRR R I T SEBL S U T 0% . . Sl ‘
W, %0)71?53) HLWT —%T 7 F v 2 Eitd b 10" 10 0™ 0™ 0% 1w0° 10
BilZ, fERT7T —FT V7 F vy D~vA7a Tty Glock period [s]

VAEMES HEHCAEL DG EOMEZ T & 1. AQFP EIE L LORBEEBK O L v
Do KEAITIX, LURET 7 AN, F f”\p:*w%—wm@



A, HIEEEE R & R e T a IR — R ARG LT, &TOa ryRN—x 2 b IERFIZEIME
TOHILERT EL T A= RNy 7 2 AT 2RI EZEmEICY vy 7 T ORETIEERET D,

Task 4 (T4) - HEFHAIBRBEOBE: ML ZBRMICINE T 570D AT L& R¥ET 5,
A =T —ZAPyVISA Gl A > 2 — T = A R &FEH LT, WEMSBEZIEH 2 B a— X108
et 5 Z LI2 XY Python ZFIH L72GHAIS AT LA 5, 7 A M MO AT, )
FEROFHE 72 L, EHERRIEOT A N2 AEIbT 5729 @ Python A7 U 7 N &ERKT %,

Task 5 (T5) - ==2—uEA7 4 v 7 EEOEF Ty PORELEEDOT T X b
L—3g v T3 CHEEARMEIK I VR—% FOEFEELZ R L%, Tl, T2, BL T4 TH%
L7ziket - MEBREEZHA L, S28ET s~ 7 u7av v b 21EKT 5, 1T —%7 27 F
YIZESL M7 a7 ety YOBIEEIEICL Y AQFP BN a2 B a—T7 4 U 7B 55
RIUEE (T — X DRIERNHER) 2T TCEDZEERT, A7y nkydFvrTOTE LA
FL—a U ERIToTE, :J_U%W74/7@%@5®%LW7~#?ﬁ?¥K%6<7
0ty ERET D, FROEEFEE LI E SEICIT O EOICHW LN EHT D GPU KT 5
FEYNURHERRBEIRE 2 R —3 FERETT 5, &6, SEIERFA T D=2 —m1ENLT
AV I T =T 7 FXIZBNT, —a—nr0fEHxD=a—a  OEM S LDOMD FL—
R4 7 %5 i3 %,

4. AR

Fx ORAOFEELWFITAREIT, K2 1R T XD \kyfﬁﬁ/uﬁ7m IZESL<EIH
A K I AQFP BB ORFHEBEE[ZHEE L2 ThDH, ZOHRFREIL, WmPLE % D0 &
V& A I THERE & FFOR ﬁAﬁv~wkM%Eﬁy~w%ﬁifkw ﬁﬁmn e N ET 7S
ERERET DN TE D, FARBRGHERE X, KT U X VR OGO 7= OB 7238 ) 7a
BTGB EE A 2 T D, 207, AREFREZH N T4 E Y N ALURY 7 ¥ 2 EOKFE
~Afr7uZatyPREEa L R—3r NOMEEIEEZITO FNTE T,

20D EERKREIL, WEAMHBzE~ (717t v ¥ (MANA: Monolithic Adiabatic
iNtegration Architecture) @Fﬂﬂ%ﬁkﬁﬁ?ﬂ@@ﬂ’ﬁ?@?ﬁf&)é[ lo 2B DORERIT. AQFP [EIEE A3,
HEEWBLOT — 2 ORAF 72 EOLTOMmBMEIEL . H—0ORIBEIN & H—0fmE sy —F 7 7 3
V=% HNWCTF v 7 L CRETEDHZLEZHEHTIHIHLDOTHD, MANA O~A 7 a7 —%7 7
??%Hkﬂ%f@WWA@\E%$@7j—7/%_féhtmtyF@ﬁA%ﬁwf4
vy hOTF— X EWET 5, MANA O&RREL=> M, mE 72— RF==v k (IDD), M 1
/OT 7 AREEETHLIUAX 7740 (RFX), Eft2=> F EX). BLOTA by 7
2=y bk (WB) THREND, K=y M, K3allBWTaMTINTREINTND
A~vA 7oty Wz EERTRAMIERT O =47 4 J& 10 kA/em? B EEFRE R 7 0t X %
AWTHERLL 72, F v FBEEZK 3b 12777, MANA [Z KB TH 5 72 DBLR O E 2 T im]
BRERDOERT A NETH ZENTERY, T8, X3¢ 2737 X 912 MANA OFEfT2=
r (EX) E@EELERTANNLRLEET A MNeligz, BlF v 7 BICeGt - s EL7Z, AT
v 713K 2.5GHz TRAMEL, ZNETIEEINTz~vA 7 ey oy VAT —F /A0
THOEHEDWEE K CTH 5,

X4z, E, BE, WRE1TH 7 v 77 55T LZEEO MANA O R E27Rd, 2
XY FiAEN %%)%f\@ﬁkﬁ UMD DFEITIRE, v~ A 7Ty hORTOHR
BYENIEFIITONL TWAEZ L EZRLTWD, T, AL~YLTIL, BEIA— "=~y FEEZE
LT%H, 7 nm FmFET FTNRAZLD TR VX —FRNH 0 fFEmnE REHLDH I ENTE D,

Simulation, SystemVerilog
data processing models, timing models
scripts & g GA-based & testbenches
P Ana‘llci)g j‘ST,\',‘IIa:O" place-and-route Digital simulation
= (optional)
Cell library Design rule checks
(OA forman@ Simulation, optimization, verification (Assura format)@ k

— l v

Physically-aware Physically-aware q Physical Layout check
START OSV\/eSr:/eignw —>»{ schematic optimized ——>] Phyesr:ceetlalteig"?ut —>»1 placementon = &
design schematic 9 chip GDS generation
Te x x
A y
Verilog/VHDL 5 N q — . : .
. > Logic synthesis > Post-synthesis & — Chip arrival & <« Chip
bzh;‘;;:al via Yosys retiming - testing fabrication
A Technology file )
H & design scripts :
Cell library Measurement
(Liberty format) scripts
[ cadence vituoso environment O oven-source software [0 oevetopedin this work (or in previous works) () St datavase, configuration files.

B 2: AQFP EID kv F XU VEREHT7 o — LRETRE



O EEEOT —%T 7 F ¥ 2N ~/\E’~:/I:°:L—&FEJEHK4I~UH§¢59:\ mEI= A
k&S T 20 MW OVEEEE ) C, BRSNS A MEREIC L C 6~20 EFLOP #3EL TX %
LTINS, MMM6ﬁ@dﬁmﬁf%ﬁﬁbtﬁz~m%w74/7&@%@&?%1 [
UiE%E % /)T 50~200 EFLOP O/ 7 4 —< U ARELN5 L AL N TE 5, i,
KEZINANXF—BOZ I YR r—ar a—F 4 o T A= TFIRERLTWABHERE (20
MW T 1 EFLOP) ;@%)r~2mF%vtwé X0 AQFP [HIRICH L7127 —F%T 7 F v &+
HIET, SHIHREZEETE D LTS,

%@@@ﬁnﬁ%&LT AQFP FEE[AIE T 7 ¢ — RN ZWBRZAT 9 72 b Ok i [3].
AQFP RSB IT 28 LWEHHZ 1 v & v 7 FIEOKRF4]1 21T > 72,

AWFFE T BT LA E ORISR, H;l%@rﬁ%&ﬂ:ffi/\ ZBWT, AQFP EMERIEEAT 3T —
BB A —RA—/R—=a B a—H— IR D ERRENHEEZEET 572D 0F L7
Wb LRI L TS,

BE Ik

[1] C. L. Ayala et al, “A semi-custom design methodology and environment for implementing
superconductor adiabatic quantum-flux-parametron microprocessors,” Supercond. Sci. Technol., vol.
33, no. 5, p. 054006, May 2020, doi: 10.1088/1361-6668/ab7ec3.

[2] C. L. Ayala, T. Tanaka, R. Saito, M. Nozoe, N. Takeuchi, and N. Yoshikawa, “MANA: A Monolithic
Adiabatic iNtegration Architecture Microprocessor Using 1.4-zJ/op Unshunted Superconductor
Josephson Junction Devices,” IEEE J. Solid-State Circuits, vol. 56, no. 4, pp. 1152—1165, Apr. 2021,
doi: 10.1109/JSSC.2020.3041338.

[3] R. Saito, C. L. Ayala, O. Chen, T. Tanaka, T. Tamura, and N. Yoshikawa, “Logic Synthesis of
Sequential Logic Circuits for Adiabatic Quantum-Flux-Parametron Logic,” IEEE Trans. Appl.
Supercond., vol. 31, no. 5, pp. 1-5, Aug. 2021, doi: 10.1109/TASC.2021.3061636.

[4] R. Saito, C. L. Ayala, and N. Yoshikawa, “Buffer Reduction via N-Phase Clocking in Adiabatic
Quantum-Flux-Parametron Benchmark Circuits,” IEEE Trans. Appl. Supercond., pp. 1-1, 2021, doi:
10.1109/TASC.2021.3073837.

i e "Ny mena 1 4
SINPC[1:0] i |—|
B ﬂws : _/_/

] 1R RFX

PCa | Mo 2 S | Shifter
EM%% T = |0

S: stall bt to notiy stal
MANA instruction lrmals RESDES NP nofly sl soauenco y '
[EZER [3:0] OPCODE: uncodeol mstr EX

IMM: immed

BRC/JMP b ancnuump addr.

" : ft 228 28
Ml ;%:nAm'lmshﬂopmdeandamo unt 2 ICTRL BFR +WB

a
[ stage [CIRFX stage DEX(Q [IWB stage (inzludes control buffering and routing) ////”

@ (b) ©
B 3: (a) MANA DA 707 —%77F %, (b) MANADF v TFEH, (¢c) MET X "D
D MANA OEfT2=v b (EX) OF v 7EE, 2.5GHz COZEMEERMER L7,

5- //Zero all reg with
oF //Set $1=0x1, $2= 0)(2 $3 ox3, $4=0x4..
-5L t 1 t t —<O- //Main program loo
50FR3 [mV] [ $3=35,, e: adgp$3§9$2$3 p%add 2 to 33 .
L (MSB subnw compare to 9 in
ok ( ) R[30] 0101 R 0] 11 { 10: bneq 0x00 //11c 'zer‘o, go to 0Ox00
50[R2 [fnV] 11: add $3, $6  //add
| IJ\W //Check program
1] 00: add $3, $o //Check $3, expect 15

50[R1 [mV] ()
4] RES1: 0bo101 1st add: =5
[ [ 1 RES2: 0b0100 1st

// $3 = $3+%2
[mv] : // cmp: $9-$3 = 4
50 i 28ms 1 |RES3: @b@111 //2nd add: $3 = $3+%$2 = 7
- | (LSB i : 1 |RES4: @beele //2nd cmp: $9-$3 = 2
1] A RES5: 0b1001 //3rd add: $3 = $3+$2 = 9
05 10 15 20 25 30 05050510 0515 3310 3315 RES6: 0boee0 //3rd cmp: $9-$3 = 0
) : RES7: 0b1111 //Add 6: $3 = $3+$6 = 15
Time [ms] Time [ms] RES8: 0b1111 //Check: $3 = $3+%0 = 15

(a) (b) @
K 3: MANA ORIEER, (a) v 7T LEETLEBEOZ2HAER. (b) &L KEOEED
AR, () TAMHATBZ T ha—F, d) HABROALF)F—X



Ayala Christopher L. Tanaka Tomoyuki Saito Ro Nozoe Mai Takeuchi Naoki Yoshikawa Nobuyuki 56

MANA: A Monolithic Adiabatic iNtegration Architecture Microprocessor Using 1.4-zJ/op Unshunted 2021

Superconductor Josephson Junction Devices

IEEE Journal of Solid-State Circuits 1152 1165
DOl

10.1109/J3SSC.2020.3041338

Saito Ro Ayala Christopher L. Chen Olivia Tanaka Tomoyuki Tamura Tomohiro Yoshikawa 31

Nobuyuki

Logic Synthesis of Sequential Logic Circuits for Adiabatic Quantum-Flux-Parametron Logic 2021

IEEE Transactions on Applied Superconductivity 15
DOl

10.1109/TASC.2021.3061636

Saito Ro Ayala Christopher Lawrence Yoshikawa Nobuyuki -

Buffer Reduction via N-Phase Clocking in Adiabatic Quantum-Flux-Parametron Benchmark Circuits 2021

IEEE Transactions on Applied Superconductivity 11
DOl

10.1109/TASC.2021.3073837

Ayala Christopher L. Tanaka Tomoyuki Saito Ro Nozoe Mai Takeuchi Naoki Yoshikawa Nobuyuki -

MANA: A Monolithic Adiabatic iNtegration Architecture Microprocessor using 1.4zJ/op 2020

Superconductor Josephson Junction Devices

Proceedings of the 2020 IEEE Symposium on VLSI Circuits

DOl
10.1109/VLSICircuits18222.2020.9162792




Ayala Christopher L Saito Ro Tanaka Tomoyuki Chen Olivia Takeuchi Naoki He Yuxing 33
Yoshikawa Nobuyuki
A semi-custom design methodology and environment for implementing superconductor adiabatic 2020

guantum-flux-parametron microprocessors

Superconductor Science and Technology

054006 054006

DOl
10.1088/1361-6668/ab7ec3

Tanaka Tomoyuki Ayala Christopher L. Xu Qiuyun Saito Ro Yoshikawa Nobuyuki 29
Fabrication of Adiabatic Quantum-Flux-Parametron Integrated Circuits Using an Automatic 2019
Placement Tool Based on Genetic Algorithms

IEEE Transactions on Applied Superconductivity 16

DOl
10.1109/TASC.2019.2900220

8 3 7

Christopher L. Ayala, Ro Saito, Tomoyuki Tanaka, Tomohiro Tamura, Naoki Takeuchi, and Nobuyuki Yoshikawa

A 4-bit RISC-dataflow AQFP MANA microprocessor: architecture, design challenges and demonstration

2020 Applied Superconductivity Conference

2021

Christopher L. Ayala, Tomoyuki Tanaka, Ro Saito, Mai Nozoe, Naoki Takeuchi, and Nobuyuki Yoshikawa

MANA: A Monolithic Adiabatic iNtegration Architecture Microprocessor Using 1.4zJ/op Superconductor Josephson Junction

Devices

2020 Symposia on VLSI Technology and Circuits

2020




Christopher L. Ayala, Naoki Takeuchi, and Nobuyuki Yoshikawa

Adiabatic Quantum-Flux-Parametron Design-For-Testability Components for Large-Scale Digital Circuits

2019 International Symposium on Superconductivity

2019

Christopher L. Ayala, Tomoyuki Tanaka, Mai Nozoe, Naoki Takeuchi, and Nobuyuki Yoshikawa

Component Demonstration of a RISC-based AQFP MANA Processor

2019 International Superconductive Electronics Conference

2019

Tomoyuki Tanaka, Christopher L. Ayala, Olivia Chen, Ro Saito, and Nobuyuki Yoshikawa

Quality of Results of Adiabatic Quantum-Flux-Parametron Integrated Circuits Placed by the Genetic Algorithm

2019 International Superconductive Electronics Conference

2019

Christopher L. Ayala

Current Progress on the Development of a Stand-Alone Top-Down Design Environment for Adiabatic Quantum-Flux-Parametron
Circuits

Technical Meeting of the JSPS 146 Committee

2018




Christopher L. Ayala, Olivia Chen, Ro Saito, Tomoyuki Tanaka, Naoki Takeuchi, Yuki Yamanashi and Nobuyuki Yoshikawa

Development of an extremely energy-efficient AQFP microprocessor

The 31st International Symposium on Superconductivity

2018

Christopher L. Ayala, and Nobuyuki Yoshikawa

New Directions for Adiabatic Quantum-Flux-Parametron Logic Computing

The 12th Superconducting SFQ VLSI Workshop

2019

Extremely Energy-Efficient Processors
https://ww.yoshilab.dnj.ynu.ac.jp/ias_e3p/

(Yoshikawa Nobuyuki)

(70202398) (12701)




(Takeuchi Naoki)

(00746472) (12701)
(Saito Ro)

(12701)
(Tanaka Tomoyuki)

(12701)




