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Exploring Design Space of a Single-flux-quantum Microprocessor
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Abstract: CMOS microprocessors have been facing a limitation for clock speed improvement because of
increasing computing power. Using SFQ (Single-Flux-Quantum) devices and circuits is a promising way to
solve the power wall problem. In this paper, we explore architecture design space of SFQ microprocessors
to exploit SFQ potential. In addition, we estimate performance, area, and power consumption of the pro-
posed SFQ microprocessor based on gate-level logic design. The results show that the SFQ microprocessor
is able to outperform a CMOS microprocessor model by 35X with 1.46 W. Moreover, the area of the SFQ
microprocessor is 3.58X larger than a baseline SFQ microprocessor.
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Fig. 1 Pipeline structure of CORE 175.
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Fig. 2 Structure and electric characteristics of Josephson junc-

tions.
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Fig. 3 Superconducting loop including Josephson junctions.
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K1 BENST A—F
Table 1 Delay parameters.

to (ps)  tp (ps)
1.0 um SFQ-BP 2517.76
1.0pm SFQ-BSE  13.32  13232.8
1.0 pm SFQ-BSL 4565.4
0.3 um SFQ-BP 755.328
0.3um SFQ-BSE  3.995  3969.84
0.3 um SFQ-BSL 1369.62
CMOS-BP 86.76  4048.58
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Fig. 7 Clock frequencies with fixed pipeline stages.
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Fig. 8 Clock frequencies with variable pipeline stages.
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X 8 (2 0.3 um Nb 71+t Z2® SFQ-BP/SFQ-BSE/SFQ-
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Fig. 9 Performance comparison between bit-parallel SFQ mi-
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croprocessor and CMOS microprocessor.
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croprocessor and CMOS microprocessor considering 6.
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T 57:0120F, T3 R /IlEREEE & S RERETRIR 2 BIAE L
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F—=FEFHREZRALTWA, L LEDS, SV AH
FICHEDCSFQEIRTIEY A I Y TS 7 )T 107
LERRPE R, Bl mH e ETAmA U4 VN, )k —
IV TR, BE TR, VA — YNy 77, X
A TG4V AT—=VMEFTFTWE T4 =Ny I Vv—T%
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£ 2 SFQi#Hr— b0ty b7y T I 4L, F=ILEF AL
Table 2 Setuptime and holdtime of SF(Q logic gates.

M= M kv MT v TEA L K=V YA A
7T 0.36(ps) —0.27(ps)
AND —0.54(ps) 0.81(ps)
NOT 2.22(ps) 0.06(ps)
OR 1.74(ps) —0.06(ps)
XOR 1.11(ps) 1.23(ps)

T =SB E BN TR b, ZOWE, suv s
YA 7NV AL CCTIRUTOX (6) TRKOLNS.

CCT = (HoldTimepn — Gate + M) 6
+ (SetupTime y_ cgre + M) ©
Z 2T HoldTimen—_ Gate (T KEGHIETS — bDA— NV F ¥ A
L, SetupTime n_ gope \EREGRELS— DXy M7 v 7
FAL, MIFEZBEIOODER Yy ¥MPRDIZDDOT—T
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£ 3 NSO CMOS ¥~ A4 7a7at v - 5L

Table 3 The CMOS microprocessor models to compare.

B & BERPE. AT IA VB A=A N T HEET
Cell SPE-HP  5.0GHz 26 Bt 11w
Cell SPE-LP  3.2GHz 26 B 3W
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TWHEETH 5. F7-HEBRTId SFQ [0 B B % st
MR 720, FME LA T bikEtE CHE Lok
i CT&E v, &2 CTRHLTIE, HEIITMEFHEE L
T, SFQ ~ A 7 u7ut v L CiEEHeEHI D
CMOS ¥4 7 a7 aty O ESE12 L7z ERERE
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Fig. 12 TPI performance comparison between SFQ and CMOS

microprocessors.
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Fig. 13 BIPS performance comparison between SFQ and

CMOS microprocessors.
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Table 4 Parameters.

£ 5 SFQmTr— b JJ
Table 5 The number of JJs

of SFQ logic gates.

NG A= 1l

I. 0.1(mA) M- s K

Vv 2.5(mV) I F 6

Iyias 150(pA) AND 15
NOT 11
OR 12
XOR 11

MNA. UL, IEFISERVL TIA VKT L TED,
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b=V EERT LD D .
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AT 7Oy FOEJIHE L TWwL EEZ LN,

6.2 HEEAH

KEITIRY 27V VGBS SHEET) Oz
79. SFQ A4 27u7uty Ok EE] Py (38
HIEE RS Paynamic & BHEETE] Pyaie ZHWTH(9)
THEINL.

Pall = denamic + Pstatic (9)

i 7‘:, denamic, Pstatic Zi%ﬂ%ﬂﬁ (10)’ j:k: (11) T’g_
AHN5.

denamic = CV@OICf X NJJ (10)

Pstatic = VIbi(LS X NJJ (11)

CZCT, aldAAL v T IR, O 3R =T, [ (L
GLUEGAE, fIXEIERMEE, VIIoNA 7T ABRO KIS
VSN B BEIFEL, Thes E1 Y37V 0 85H20I1C
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Fig. 14 Reading different program counter caused by inserting
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skew elements.
JJar = JJlogic + JJwire (12)

JJiogic 3% SFQ #H7 — AWK T 5V 3 €7V VG
¥ (R 5(17), #%EPL72SFQ v A 7 07 ut v ol
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v, KFHITIE, LA T 7 FEGHIER L T nizo,
WEAS— NEGD 1 ODY 3k 7Y VAT B IR
GOVat 7V v EAREREBE, X (13) TRDL. &
T EOEIEG] [12] £ 0 0.798 & L CRFili %47 .

JJwire = JJlogic X K (13)

KiZ, AF¥a—ILBREAL Y FEOEIMIZE b %)
7 PLYASEBOBEIMIOWTER S, 3.3 i TR
7o AF 2 — A & o TENWERE L & i RIS EE T RE 7S
D, M ESNVF ALY T 1 v FOFEICHENSEL A,
AF 2 —DRBIEIZ X > TPC OEFMHIZEDT, ARH
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. 2O 14 TEAL v F A/B/C/D/E HR[AI%EFT S h
LA EMHEL TS, KREAL Y FADOmFildEs 7
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LD ALY FADGHiIOFFHET 70y 7254 7 Vi
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Bl (PCHEFHD) ICROGHEH 7 =y FENTLIV, w5
EIELCHART I ENTELR W, IENEET 2729
TREDO (14) TROOGNDZHD AL v FEENNTREE T
LD B B .

Trum = ceil(skew a1 /CCT) (14)

CCT Z7uy 7% A7 IVE AL, skewqy | TIHAS NI A
F o —FRTCUL B BIERERRIOMTH B, skewyy & 6.1 Hi
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Fig. 16 Power consumption of the SFQ microprocessors.
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Fig. 17 The number of JJs of the SF(Q microprocessors.
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Fig. 18 Area breakdown of the 64-bit SFQ microprocessor.
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