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Research Progress of Low-power Superconducting Integrated Circuits
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Recently, several new ultra-low-power superconducting circuits, which can contribute to drastic improvement of power efficiency

of information processing, have been proposed and implemented. These power-efficient superconducting circuits can be divided

into dc-biased and ac-biased circuits. This paper overviews the current status of the development of power-efficient superconducting

digital circuit technologies mentioning our researches mainly. Moreover, hybridization of dc-biased and ac-biased superconducting

circuits is discussed for building low-power and high-performance digital information processing systems.
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Fig. 1. Equivalent circuit and layout of the conventional

SFQ signal transmission circuit.
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Fig. 2. Equivalent circuit of the LR-biased SFQ signal

transmission circuit.

Fig. 3. Equivalent circuit of the improved LR-biased SFQ

signal transmission circuit with dynamic resetting mechanism.
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(b) LR-biased SFQ circuit with dynamic resetting mechanism
Fig. 4. Bias current initialization of (a) the LR-biased SFQ
circuit and (b) the LR-biased SFQ circuit with dynamic

resetting mechanism.
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Fig. 7. Mask layout of the 8-bit carry look ahead adder using
the AQFP.
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~ A raraty oL REMNRERMBIKE TIE, &
WENET D RIBER L, THIE EEEATENSMLETHN
MR ER TR SN D, B2 IXEMEHE 2= v b (ALU)
RV VRO KD T —H XA OEREFE T E A E
BEREND—J7, Tal T ahy 2Ll &1k
F— B R2FE OEEREEIISLER D, 2 D72 O HIEE
ZABIERTHE B O TR T, T — & XA & EEEE
S ATHEZR ERBREN R CHRE L, S HICKBIEAR AT Y &
HLRR[E K CRERR L 72 PSS 2 B D 2 & 2%, miEs DR
BAREWAI S AT AOHEIZHET 5, BRI &
AR PERE ] CIIFRERE T O RBUEN R D72, 0] ¥
DEIDEBERZIITFHEHDOA & —7 = — AN MET
bbb, ZOA R —T7 2 — AT HHRITKETHED
BNTEY, WEEEOESEEIBICETE STV E),
EFEFENEIEE & U C{XE ) SFQ MK, AHiBrEimIEE L L
T AQFP ZHE LD A v H — 7 = — A A ORERH &
Fig.8 {27797, SFQ [R5 AQFP ~D{E SfmiEl, SFQ [A]
FH S DM % AQFP ICHERMINCH A S ¥ D72 TEET
&%, WD AQFP 225 SFQ EIR~DEF{m#lE, EILOK
/NEHIBIT S SFQ Bl bIEIE A 5 &, AQFP OHIY)
FBWOME ZWAET I ENTE S, 20O L9 IZWEIEERH
TORBLEBERIIFGICERTE 508, BEREN R
AHEETONCFEB A RS D, ¥ 2T AeRovkgm -
DR & O3 ) 72 i[5 78 i O BIEIEFE LE 0T ¥ VD
RENEETHD,

6. F & OH

AR CIXEFE IR HE D %ﬂfh‘éfﬁ{ﬁ% WA e AEl
BT DWW, EEEREDAIEE & 22 EREN RIS (250 1) CHFIEE)
WM &7z, BRER BB THEEEERZ T TR

IEEJ Trans. FM, Vol.136, No.12, 2016



IRENBIREERNETEOER (LAUAT, i)

SEARFRPID THERIFRE L 2> TETHY, BRE
AT FEITHT LW RICZEA LT & F 2 %,

ECRERED R IER & D SFQ [HIEIFSE TR i 72 ik
ERRFTEELTENT 52 N TE, mEEERESL, E
R 2B E 2+ DO FIUE T 5, —J7, ZHHRHE)
FR TSR IS & D RN F—(REIZLY, Fy T LD
HIHBEENZERICRSTIENTE LI L L, Wik
TEMAIREIC /2 D 2 & BAiisd T/INS W) COEMED AR
ThH 20, BIWERBEITEERBIEIR L VK< 25, @
WETIZ Z N6 ORI Z VD Z &2, B HlRaE s 2
TLAOWEIITET D2 EEAOND, ENEN ORI,
P2 E 2 T RIBEEGI SHR Y —VORFE L EETH S,

ARG TIEAAL 22> 723, B LUWVMERE B REEE82
HERR SN TV D BUE, RIBIEREAN b 2 b ORI E
JGLTHRELTWSRBERND D LEZX DN D, B ZITHE
BRENCTE /A TH W b S PR O/ & R IR 0 8
AN, ZZHERENEIEE O 7 8 DR Fe B & & ATREIC T 5
BB DA ETh D, EHERBIRIE, HEEE)EE,
[l R A SR Y — /b, IR AER DR FEDNESE L 72 3 BT
NDZEN, LVEATBREREE S AT ADOFEIUIEE
Ths9,

X #k

“The green 500 list” http://www.green500.org/greenlists

(1)
(2) K. K. Likharev and V. K. Semenov : “RSFQ logic/memory family: a new
Josephson-junction technology for sub-terahertz-clock-frequency digital
systems”, IEEE Trans. Appl. Supercond., Vol.1, No.1, pp.3-28 (1991)

K. Nakajima, H. Mizusawa, H. Sugahara, and Y. Sawada : “Phase Mode
Josephson Computer System”, I[EEE Trans. Appl. Supercond., Vol.1, No.1,
pp.29-36 (1991)

N. Takagi, K. Murakami, A. Fujimaki, N. Yoshikawa, K. Inoue, and H.
Honda
data-paths using rapid single-flux-quantum circuits”, [EICE Trans.
Electron., Vol.91-E, No.3, pp.350-355 (2008)

D. S. Holmes, A. L. Ripple, and M. A. Manheimer :
Superconducting Computing—Power Budgets and Requirements”, /EEE
Trans. Appl. Supercond., Vol.23, No.3, p.1701610 (2013)

Y. Kameda, Y. Hashimoto, and S. Yorozu : “Design and Demonstration of
a 4x4 SFQ Network Switch Prototype System and 10-Gbps Bit-Error-Rate
Measurement”, [EICE Trans. Electron., Vol.E91-C, No.3, pp.333-341 (2008)
N. Yoshikawa and Y. Kato : “Reduction of power consumption of RSFQ

(3)

(4)

: “Proposal of a desk-side supercomputer with reconfigurable

(5) “Energy-Efficient

(6)

(7)
circuits by inductance-load biasing”, Supercond. Sci. Technol., Vol.12,
pp.918-920 (1999)

Y. Yamanashi, T. Nishigai, and N. Yoshikawa : “Study of LR-loading
technique for low-power single flux quantum circuits”, IEEE Trans. Appl.
Supercond., Vol.17, No.2, pp.150-153 (2007)

T. Ortlepp, O. Wetzstein, S. Engert, J. Kunert, and H. Toepfer : “Reduced
Power Consumption in Superconducting Electronics”, IEEE Trans. Appl.
Supercond., Vol.21, No.3, pp.770-775 (2013)

R. Tsutsumi, K. Sato, Y. Yamanashi, and N. Yoshikawa : “Improvement of

(8)

(9)

(10
Operation Speed of LR-Biased Low-Power Single Flux Quantum Circuits
by Introduction of Dynamic Resetting of Bias Currents”, /EEE Trans.
Appl. Supercond. (to be published)

M. Tanaka, M. Ito, A. Kitayama, T. Kouketsu, and A. Fujimaki : “18-GHz,
4.0-aJ/bit Operation of Ultra-Low-Energy rapid Single-Flux-Quantum
Shift Registers”, Jpn. J. Appl. Phys., Vol.51, p.053102 (2012)

O. A. Mukhanov : “Energy-Efficient Single Flux Quantum Technology”,
IEEE Trans. Appl. Supercond., Vol.21, No.3, pp.760-769 (2011)

an

(12)

739

(13) A. F. Kirichenko, I. V. Vernik, O. A. Mukhanov, and T. A. Ohki : “ERSFQ
4-t0-16 Decoder for Energy-Efficient RAM?”, IEEE Trans. Appl.
Supercond., Vol.25, No.3, p.1301304 (2015)

T. V. Filippov, A. Sahu, S. Sarwana, D. Gupta, and V. K. Semenov :
“Serially Biased Components for Digital-RF Receiver”, IEEE Trans. Appl.
Supercond., Vol.19, No.3, pp.580-584 (2009)

Q. P. Herr, A. Y. Herr, O. T. Oberg, and A. G. Ioannidis : “Ultra-low-power
superconductor logic”, J. Appl. Phys., Vol.109, p.103903 (2011-5)

H. Park, Y. Yamanashi, N. Yoshikawa, M. Tanaka, and A. Fujimaki :
“Design of fast digital-serial adders using SFQ logic circuits”, IEICE
Electron. Express, Vol.6, No.19, pp.1408-1413 (2009)

A. Y. Herr, Q. P. Herr, O. T. Oberg, O. Naaman, J. X. Przybysz, P.
Borodulin, and S. B. Shauck : “An 8-bit carry look-ahead adder with 150 ps
latency and sub-microwatt power dissipation at 10 GHz”, J. Appl. Phys.,
Vol.113, p.033911 (2013)

N. Takeuchi, D. Ozawa, Y. Yamanashi, and N. Yoshikawa : “An adiabatic
quantum flux parametron as an ultra-low-power logic device”, Supercond.
Sci. Technol., Vol.26, p.035010 (2013)

N. Takeuchi, Y. Yamanashi, and N. Yoshikawa : “Measurement of 10 zJ
energy dissipation of adiabatic quantum-flux-parametron logic using a
superconducting resonator”, Appl. Phys. Lett., Vol.102, p.052602 (2013)
N. Takeuchi, Y. Yamanashi, and N. Yoshikawa :
flux-parametron cell library adopting minimalist design”, J. Appl. Phys.,
Vol.117, p.173912 (2015)

A. Imre, G. Csaba, L. Ji, A. Orlov, G. H. Bernstein and W. Porod :
“Majority Logic Gate for Magnetic Quantum-Dot Cellular Automata”,
Science, Vol.311, pp.205-208 (2006)

V. K. Semenov, Y. A. Ployakov, and S. K. Tolpygo : “New AC-Powered
SFQ Digital Circuits”, IEEE Trans. Appl. Supercond., Vol.25, No.3,
p.1301507 (2015)

(14

15)

(16)

a7

(18)

19)

(20)

“Adiabatic quantum-

1)

(22)

(IER) 2007 £ 9 H BRI ENZARF RSP TR
BT TR LR IERRE T, 2007 45 11
H LY BEESLRFEFRE T v V= 7 bFsEE
2RI, BUE, FIRZERZRE T2
Bekd%, BnEr Ly b u=27 ZADOHIEICHE
£, it (L), ISHmEY s, E s
¥, KIRTS - @EHYS, IBEE XA,

GERE) 2014 FFHEE K T2 R LT
T HRE IR ERIHE T.2010 4 =— ()
AtE, 2014 4 OB 5B {5 AT FEpsAE R T 72
B, () AAFANRIERHIMIER (PD) &
T, 2015 4 X 0 BRI% [E SR St B2 i S
FelberrEMedR (B, [ESIAFZERRE AR
FHAN R S S NOBRA OfME) (B
M. L (T,

(IEE) 1989 4= 3 HBEIEE N K5 RS BE Tk
ZEPHE LR E T T ERUE T, A
4 ARIRZ THR TR TF, 1993 47
[E R L H M LR B BU%, 1995 - L 0
VA Y 7 4 V=T KEA—7 L—IER A
E8, BIE, HEEKKZER LFepigdR, =
\ =1 LLTC, BRETLY hr=s %, WETTA
, A A, BFRET A A, ARERT A R, H—
WA R BIR, EREIRREHC T 2RI HE, it (T3,
2005 FEARBSEHE A S SR RN E 2, ICHES, B
TiEHam(E ¥4, IEEE A,

Rt S
FrHb R

IEEJ Trans. FM, Vol.136, No.12, 2016



