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Outline

* History of development of SFQ microprocessors

» Execution of stored programs
= First demonstration except Si technology

* Bit parallel ALU for lowered latency
» Other issues for practical SFQ microprocessors
e Summary
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“Power-Wall Problem” in Large-Scale
Computing

e Supercomputers

1.45 GHz, 10M cores
93 PFLOPS, 15 MW

= 10-20 MW |
* Use many MPU cores ~Sunway TaihuLight
operating at 1-2 GHz 10° ; , , :
= Requirements for 108 FLOPS: || & gokon A
10 L & Performance, TFLOPS 0‘\ ®) - i
1 GW power & 1 km? area AL
» $\)((\ ..I-l 1] “_
104 k e (\OG RS -
. A
» Data centers - e 660&\ R i
. . 2 L m mmm Q soee _
= 1.3% of all electricity use for *° 0@ weus”
the world (2010) U a PRy
New Technology for energy-efficient - a0 Clock frequency 1

o o o . 10-2 1 1 1 1
high-performance computing is desired. 1090 1995 2000 2005 2010 2015

[1] ). G. Koomey, www.analyticspress.com/datacenters.html (2011) Based on www.top500.0rg
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Special Features of SFQ Circuits
: Interconnect
o
Ic><@>( \ /\ \% '\/IT/\, A mmv

T o, T 2mV N (Strip Line/Micro-Strip Line) X

v Josephson junction
<> 1 L
Storage 2ps Driver Receiver

- S_lgnal_ pro_pqgaﬂon at the speed of light W|th.small High-speed
distortion in interconnects based on waveguides. |
- No recharge process both in logic operation and & low power

interconnects. _
- Scaling law ‘ Suitable to LSls
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Appealing Feature of SFQ Circuits

Limit due to interconnect delay

1012 . o
Limit due to heat generation in CMOS

28 /\ Target of SFQ Circuits
‘D 9
2 § 10
ol
c 106— SIMOSFET Limit due to heat
O« : :
= E —— generation in compound
a% GaAs /semiconductor
Q = MESFET _
£ = 103 ) SiGe

Si Bip GaAs T BT

1 ™ | ) HEMT [ | InP HEMT

0.01 0.1 1 10 100 1000
Clock Frequency (GHz)
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Development of RSFQ Microprocessors

* CORE: simple, bit-serial processing
Ease circuit complexity. Use hardware (& energy) efficiently.
High-frequency clock operations (15-100 GHz)

NAGOYA YO KOHAMA

UNIVERSITY National Uni versny

£9- NAGOY.

__UNIVERSITY

ooine
1

CORE1a v5 (2003) CORE1 v9e (2006) CORE1a LV (2013) CORE100 (2015)

4999 JJs, 15 GHz 10955 JJs, 25 GHz 3869 lJs, 35 GHz 3073 JJs, 100 GHz
167 MIPS, 1.6 mW 1400 MOPS, 3.3 mW 400 MIPS, 0.23 mW 800 MIPS, 1.0 mW
J.=2.5 kA/lcm? J.=2.5 kAlcm? J.=10 kA/cm? J.=20 kA/cm?

Prototype Pipeline processing Energy efficiency Ultrahigh frequency
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Main Issues Left for Practical Microprocessors

—_——_______————~~
” —

—y -
~~- _——
e mm am mwm e o mm e mm =

» High-frequency operation of bit-parallel processing
for small latency

» Energy-efficient power supply for dc-powered SFQ
circuits

* Large capacity memory and voltage amplifiers with
small footprints
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Comparison of Energy-Efficient Circuits

 Typical case in 10 kA/cm? Process; may vary in targets.

» AC circuits require smaller but high-frequency power currents
that are identical to operating speeds.

Easy to be replaced =

RSFQ LR-bias ERSFQ
e rare
DC DC AC AC

Power supply

Static power 1 0.1x 0 0 0
Dynamic power 1 ~1x 1.1-2x 2X << 0.1x
Clock frequency 50 GHz 20-50 GHz 20-50 GHz 10-20 GHz 5 GHz
Power 2.5 mW 0.2 mW 0.1 mW 20 pW 25 nW
(per 1k JJs) 25mVv,1A) (0.2mV,1A) (0.1mV,1A) (0.6 mA,50Q) (20 A, 50 Q)
Gate Energy 100 aJ 5-10 aJ 2—4 al 0.5-1aJ 0.01 aJ

[LR-bias] T. Nishidai et al. Physica C 445-448 (2006) 1029; [LV-RSFQ] M. Tanaka et al. Jpn. J. Appl. Phys. 51 (2012) 053102; [ERSFQ] D. E.
Kirichenko et al, IEEE Trans. Appl. Supercond. 21 (2011) 776; [eSFQ] M. Volkmann et al. Supercond. Sci. Technol. 26 (2013) 015002;
[RQL] Q. P. Herr et al. J. Appl. Phys. 109 (2011) 103903; [AQFP] Takeuchi et al. J. Appl. Phys. 115 (2014) 103910.
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Main Issues Left for Practical Microprocessors

» Execution of meaningful programs stored in
cryogenic memory with energy-efficient SFQ circuits

» High-frequency operation of bit-parallel processing
for small latency

» Energy-efficient power supply for dc-powered SFQ
circuits

* Large capacity memory and voltage amplifiers with
small footprints
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Next Big Milestone

* Bit-serial microprocessors integrated with sufficient
RAMs to demonstrate “stored-program computing”.
We hoped that the stored programs included the
program for finding the greatest divisor, which had been
demonstrated with the first stored-program computer.

Manchester Small-Scale

Experimental Machine (1948)
(First stored-program computer)

v/ 5.2 X 2.2'm, 1000 kg
v' 550 vacuum tubes

v 3.5 kW

F. C. Williams and T. Kilburn,

“Electronic Digital Computers”
Nature 162 (1948) 487
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s CORE e2 (v5h) CORE e4 (v5)

# of Registers 2 4
# of Instructions 13 20
Memories 2 x 128 bits 2 x 256 bits
Performance 333 MIPS
(50 GHz bit-serial operation; 2 GHz clock / 6 cycle per instruction)
Power 2.52 mW 4.57 mW
JJ Count 10603 20330
Feature Minimal microarchitecture design  Full-featured CORE e MPU with a

with reduced RAMs rich instruction set
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Challenges in design:

v’ High frequency operation and signal transmission
v Adjustment of timings in the two different clocks
v' Compact layouts in limited space

v’ Saving bias currents

Controller Unit

Register File

------ » Local clock i /

=) Bit-serial data/instruction
—/—> Bit-parallel signals Buffer
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| & BDD node count: 19

i =] - flirlr‘ui'l

-~ op7 and op6: the primary opcooe =1 € 0.300 mm?, 275k JJ/cm?
| il (| e, 1§ S 8

op5 aflag ofALU operatlon s W e ;‘;1

=il

~op4: corresponds to regl read or a ﬂag for condrtronal branch
op3 a flag of indirect- addressmg memory access.
op2, opl, op0: correspond to reg0_read, alu_inv, and alu_inc
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oheck Lo, = | 4 Supporting Operations
X (Reg0) 1
aus e jj z v ADD, SUB, MV, INC, DEC
a'”":V’ 1= | — v' Comparison (NE, LT)
Y (Reg1) 1 XOR 1 ‘ 348 .US, 98.3 HW

€ 0.13 mm?, 274k JJ/cm?
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256-bit Shift-Register Memory

R S T I T TIPS IR I TS IqesTT Address e Semaooksrs | sEamace
::33&::: 9 SOR0 e 1 16 e T [ﬁﬂ] :
EEEEEEEE 1% iq‘g’! < e ..E Es A 59 Jqﬂ MMA M’.NOCK(DM)
e aNaNS By 5 (s > 5 ZE ) . " HJLdata(DM) 2
........ : iy : : 2
::::::::: Qi:é . & :: NW‘ mm MM_\_ J"w“_dockum) §
2e6d0832sd - : 3
i ) 2 ) ... L] e
EEEE:::: : 5.8 (% T UOMAAMAARAAL | AUARARANANL T IMAMABABANANNL | AuAMARABAMAM address 1
........ o ‘Qﬁ‘ T &3 . Ml data (IM)
10544 5 831 RSy 0y g8 AhCiecd B m caa (OW)
Pessusan be o e L | " Wy cock |2
BEEHE Y e i : x|
......... : 2 4 261 c
::'.:::'x" e ,i~(:. = D¢ E: 855;:80:110?5'?0'%%/ CRET Y 19:%208:\/ 2ls,omssgﬁ*‘4e:ivlzo1s
::g-s‘ : ‘,ﬁ- ?}{){':' ) “:-. :;; ‘ clear ! write ! read ) read e
.. .. * v Ny — .
TSR U R S WA : T
::ﬁa& ” by NIRRT : oA :
I mﬁi& 1 6597 JJs, 1.41 mW (Min. |, = 70 pA)
BESEESRA B8 (0.2 < 0 e (N
i | €1.38mmx1.95mm
ST b %] 500 e @ 300k JJs/cm?
........ 2 iy & .
ShEaess ViR @ Access time (at 50 GHz)

o B>

o8 ] B » Decode: 60 ps

AR, oo B B .

e 1 | ! « Readout: 285 ps

Oy g N e B

S b 0

* Erase: 222 ps

-------------------------------------------

............................................

C M. Tanaka et al, IEEE TAS 26 (2016) 1301005.
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Controller

Datapath

Data Mem.

Inst. Mem.

80 90 100 110 120
Dc bias margins at 49 GHz (%)

& JJs count: 10603 € Power: 252 mW
& Bias current: 1007 mA €@ Area: 5.64 mm?
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* Boundary: Small-scale programs written within 16 lines

a

]

sSum
* Calculate1+2+...+N HLT
total ADD
* Calculate the sum of an array °U8
idiv "
INC
* Integer division DEC
al iq SKNE
* Compute the greatest divisor SKLT
(Demonstrated program in SSEM) LDR
gcd STR
* Euclidean Algorithm to find the IMP
greatest common divisor (GCD) Lb
(Algorithm described in BC 300) ST

Halt

Add

Subtract

Move
Increment
Decrement
Skip if not equal
Skip if less than
Load register
Store register
Jump

Load

Store

Stop.

Reg0 < Reg0 + Regl

Reg0 < RegO - Regl

Reg0 €< Regl

Reg0 €< Reg0 + 1

Reg0 €< Reg0-1

if (Reg0 != Regl) PC € PC + 2
if (Reg0 < Regl) PC < PC+2
Regl < DM[Regl]
DM[Regl] € Reg0

PC < addr

Regl < DM[addr]

DM[addr] € Reg0

All the programs have successfully been demonstrated.
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Program Demonstratlon (Allquot X 21)

IM DM - INIT
00: LD 00 00: X:i t "5 SYS_LF

: : :inpu g_ IR_DIN
01: MV 01: Y: result = | IR_CIN
02:  DEC 02: [ HLT_TRG

PC_ADDR
03: STO01 3: LF
04:  LDOO o: o | AtUOUT
5 REG1_DOUT}
05: MV 0a: o
5
06: LD 01 06 o | TAKEN
IM_DOUT
07: SUB 07 IM_COUT
08: SKNE 8 DM_DOUT
09:  HLT ol | DM_couT §
Oa: SKLT :
Double loop

Ob: JMP 07 :
Oc: LD 01 c:
0d: JMP 01 0d:
Oe: Oe:
Of: Of:

Find greatest divisor of x (x = 21)

""""""

Execute program

160 instructions

A0AFRPR0O VAT 0 0 0 Y Y | . LT

REG1_COUT Input program and data

TR

=00000111

DM[0] = 00010101

=

The third demonstration of the Aliquot program; Vacuum tube (1948), Si, and SFQ.
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120 T T

L 1 1 1
< .----:‘.---ﬁ--*.--*.“ v" Successfully executed
§ - s - programs composed of
[ up to 200 instructions.
S 110 L l—-—-I-—-—l---l--I.‘ i
3 . , v’ Obtained comparable
3 L Operating | S RN | bias margins for five
-O f N ., .
2 range R different test programs.
S 100 | (Lt s -
N 7
= /
= o - _
g - e 1 v Overlap margin was
% 5% at 50 GHz
£ 9} -
[¢)) . - ; .
= _::__'[;‘:tt;”r‘r’f'eom”oﬁ‘;mmy v Maximum frequency
© - | -----Data path - of bit-serial operation
@ ~——#—— Controller 50 GHz P
m was 61 GHz
80 | | | | | |
0 20 40 60 80

Clock frequency (GHz)
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Next Phase

Bit-Serial (Complexity-Reduced)

-ﬁﬁ-

High energy-efficiency

Manycore

=

| corE1e
!

(Many-CORE e)

\ Low-Latency

CORE e2 MPU (2014-2016)
50 GHz, 10000—20000+ JJs

CORE1B MPU (2006)
25 GHz, 10955 JJs

Bit-Parallel,

Ultrapipeline

| ——

COREla MPU (2003) CORE100 MPU (2015)
15 GHz, 4999 JJs 100 GHz, 3073 JJs
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Prospect of Performance and Efficiency
(32 bit parallel or compatible)

106
10°
Cell 8 x32 CORE e
é) 10* Athlon64FX (2005) wn (20e06). "Put 32 GORE e
= Pentium4 (2006) in parallel
O

Y 10 7
(@)
= O CORE e
£ CORE1B (2007 :
5 102 . B(2007)  (potential)
g . CORE1a (2004)

Cooling penalty: x1000
102 103 104 10° 106
Power Efficiency (w/ cooling penalty) (MIPS/W)
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Next Phase

Bit-Serial (Complexity-Reduced)

'ﬁ E‘

CORE1S

High energy-
efficiency

Manycore
(Many-COREe)

CORE e2 MPU (2014-2016)
50 GHz, 10000—20000+ JJs

CORE1B MPU (2006)
25 GHz, 10955 JJs

Bit-Parallel,
Ultrapipeline

COREla MPU (2003) CORE100 MPU (2015)
15 GHz, 4999 JJs 100 GHz, 3073 JJs
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Bit-Parallel Gate-Level Pipelined ALU

A p— Specification

v Target frequency: 50 GHz

B s v’ Datapath: Ultra pipelining (gate-
il b level pipelining)

o EEy v’ Bitwidth: 8 bits

sl v’ Functions: ADD, SUB, AND, OR,
R XOR, NOR, etc.

Based on Brent-Kung adder
4868 JJs  Minimum number of logic gates
50 GIPS (w/o D flip-flops)

Tt

s
¥ W, "«r" Wy
HH
INENNE S

UG BRBOBAERA DR D BB AR

i i

S Eis § 2is § b 4 B

1.4 mW « Sparse wiring tracks
36000 GIPS/W « Small fanouts (Max. 3)
. . « Maximum logic depth
Collaboration with Prof. Inoue, R. Brent and H. Kung, IEEE Trans. Comput. G31 (1982) 260

Kyushu Univ.
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Addition/subtraction in Parallel ALU

5 Op_XOf SEERESSSEIE ) |y | SN

Op_and.—— || --—
Op_arith {100 sy 1111 1114 + 1111 1141 = 1 1111 1110 7 -

Input
A
I

InV_X:;:::::::::ﬁ:: Nty 1 OT O 1TOT0D 21001 1001 =1 0100 ANFT

Carry _out-
S7

S6 -

S5+

S4-

S3-

S2-+

Sl-

SO~
Clk_out

Output
A

ngh Frequency clock
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Prospect of Performance and Efficiency
(32-bit parallel or compatible)

106
Future SFQ processor
X
10° GLP SFQ microprocessor - ./
o Athlon64FX (2005) oy o o %32COREe
5 Pentium4 (2006)  (2006)
= ]
3
< 10 - CORE e
S
S 102 CORE1B (2007)
= O
q§ 10 CORE1a (2004)
o . Cooling penalty: x1000

107 103 104 10° 106
Power Efficiency (w/ cooling penalty) (MIPS/W)
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Main Issues Left for Practical Microprocessors

» Execution of meaningful programs stored in cryogenic
memory with energy-efficient SFQ circuits
v resolved

» High-frequency operation of bit-parallel processing for
small latency
v resolved

In-line-type JJ (20 um x 1 um)

» Energy-efficient power supply for N

dc-powered SFQ circuits
v'resolved by using superconducting diodes

= |

. G T/
» Large capacity memory and e —

voltage amplifiers with small footprints :
v'resolved by nano-cryotrons and CMOS memory &
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Summary

Classical RSFQ circuits have matured over the decades.

Programs stored in embedded memories have been
demonstrated at 50 GHz, which is the first demonstration
except Si technology

Eight-bit-parallel processing has been executed at 50 GHz
with the gate-level-pipelining technique.

By introducing new technologies such as superconducting
diodes or nano-cryotrons (nTrons), the issues for the
practical applications are resolved.

SFQ technologies should be combined with quantum
Information processing technologies for the next-
generation supercomputers.

27
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Thank you for your attention
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AC/DC Converter for DC-Powered SFQ Circuits

| |
R,=10 Q' R=10 mQ R,=50 Q i R;=10 mQ
e I o B —:I—-—"ZZZ_ .
1 5 SFQ block #1 ! | SFQ block #1
T : 0.5mV, 0.4 A i 0.5mV, 0.4 A
I
. | ° | 20 1
: | ) <"> I .0
; ’ 20~2 m ’
_ "1 sFQ block #5 5 | | SFQ block #5
- ; 0.5mV,04A ; 0.5mV,04A
@RT '@4K  SFQ circuit @RT | @4K SFQ circuit
I:)supply:8 W I:)SFQ::I- mw I:)supply:lo mw I:)contactzO PSFQ:]' mw
P contact=8 MW
Present After introduction of superconducting diodes

AC/DC converter is essential for DC-powered SFQ circuits.
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Superconducting Diode Based on
Residual Magnetization

R I - In-line-type JJ (20 um X 1 pm)
- 2 mA / - \
- rr-'_' i _
«—>
i 2 mV _
» A diode with V,,=0 is obtained. o
» Critical currents can be controlled. 2000
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Rectification with Superconducting Diodes

Inpun\(2.5 mMA in amplituge) Input (1 mA in amplitude)
f\ — f ) [\ \
\ y \\\ y \ / \ \ / \J “

\ / \ / /N
28 4 R A W7 BN A W

Half wave rectification Full wave rectification
$25mv

DC output after smoothirlg

<> s 1.0 mV
5ms

We can control DC output voltages by changing the phase of the switching.
This might open superconducting power electronics.
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Issue for Energy-Efficiency

ly —
’ Poios_ . Power consumption at R,
VT ;\’ R:) S (Static S/ozwer consumption)
—a i VY Example: DFF
Psh:rg,,-fﬁzi s Poies R, 0.71V, P =1.84W
‘ LR .
IC‘\X__ ﬁs,’ >§ Power consumption at R,

= 2 (Dynamic power consumption)

R, is used for providing a constant Pt = T1.Po Example: DFF
current to each Josephson f. operating frequency Pt =36NW
junction. Typically, 1. ®,~2x107"°(J)

Necessity for eliminating static power consumption.
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DC-Powered Energy-Efficient SFQ Circuits

Bias resistors are replaced with inductors and junctions.

. Advantage
ERSFQ circuit (Hypres) O The base of design has been

established because resources
L, obtained from the RSFQ circuits
b l can be used.
R O PTLs can be used as

Jp b interconnects.
] O Possibly suitable to higher

1
>

RS

density because no mutual
coupling is used.

—__—(C?

Disadvantage
D. E. Kirichenko, et al., IEEE Trans. O Difficult to make energy-efficient
Appl. Supercond., 21, 776(2011). voltage supply around 0.1 mV.
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AC-Powered Energy-Efficient SFQ Circuits

Circuits are driven by AC currents provided via transformers.

Example
Reciprocal Quantum Logic
(Northrop Grumman)

ac bias

:@OT

Q. P. Herr, et al., J. Appl.
Phys., 109, 103903 (2011).

Advantage

O Provided AC currents are used
as clock signals.

O NOT logic is easy to be made.

O The above means the RQL can
be made up of smaller number of
junctions.

Disadvantage

O Transformers are needed for all
the gates, indicating downsizing
to sub-micron scale is difficult.

O High-frequency design technique
Is essential for operation.
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AC-Powered Energy-Efficient SFQ Circuits

Circuits are driven by AC currents provided via transformers.

Exe_lmple_ Advantage
Adiabatic Quantum Flux O Very small energy consumption
Parametron because of no phase jump in
(Yokohama Nat’l Univ.) switching.
O All the logic operations are
. Input Current 7 : i
Exciting o | 41 achieved based on a single
Current [ L, T * L, ‘majority’ gate, leading to the
=k — W) /: robustness to the process
L, L, variation.
G|
< | Disadvantage
e H %L [® T O Operating frequency is relatively
low.
O Difficult to make long
= interconnects.

I DC offecet clrirrente are needed faor
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Energy-Efficiency in Integrated Circuits

1083
f ED,D;‘ 70 Present | Energy Consumption
~~ i 2, 1 i
2 1015 ] °Js CMOS(Logic) Total power x Clk cycle
c 1 = :
S ; EDP¢70 Number of devices
g 1017 | s e STP: AIST 2.5-kA/cm?
2 - CORE10D NP WIS | Nb/AIO/Nb Standard
S = RSFQW/ADP | Integrated Circuit Process.
O 519 \ :
S ERSFO @ @ RQL @, | ADP:AIST 10-kA/cm?
o : ‘ AQFP 1 NDb/AIO,/Nb Advanced
W 4928 | Oy, Energy-Efficient SFQ | Integrated Circuit Process
~~~~ u . E
I ‘Tffhfr Thermal Energy @4K |
g— = e *\;— I o e e " S
10-237 R —— . ‘N‘N‘EH 2\ [ R 3\ RN A
1 10 10 10 10

Clock Cycle (ps)
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Nanowire Cryotron (nTron)

Resistivity ;g
— + Ibias

nTron _
drain

>[ |:| F’,Ioad
gate source

~1

50 nm

— gate

J, suppression

Channel

v’ Fabricated by a single NbN layer
v’ Switched by thermal assisting
v' High output voltage (Sub-V)

v’ High-impedance (kQ range)

v/ ~100 ps, 108 J/bit

A. N. McCaughan and K. K. Berggren, Nano Lett. 14 (2014)
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nTron Family (MIT)

Single nanowire NanoCryotron Gate isolated Current crowding
SNSPD (nTron) cryotron (hTron) cryotron (yTron)

deteting arm

=
—
@
o
=
7]
c
Q
7]

500 nm

; 1 pOS
h_in7 7pos senser}x[,p

;

h_out lneg

/lneg

Courtesy of Dr. Zhao (MIT)
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source

v L
o— DC/SFQ | JTL
_/—%

nTron can serve as a voltage amplifier needed between SFQ
circuits and semiconductor circuits.
Q.-Y. Zhao et al, Supercond. Sci. Technol. 30 (2017) 6
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NbTIN nTron + CMOS memory cell
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Issues for Larger-Scale Integration
Bias feed resistor
/ Storage Ioop (~20 pH)
. » Shunt-resistor-free JJs
» ERSFQ/eSFQ

3 0 (Elimination,of resistors)
" ™\ Shunt resistor

D Flip-Flop: 40 x 80 um

» High, Sheet Inductance

Assuming Min. | = 50 A ST (NbN, etc.)

T ] |

I" "R Vertically stacked structure of » Equipment
—J : >ﬁ two JJs and the bias resistor 3 x 16 um upd‘ate

J>E]

Elimination of shunt resistors 2X4 hm

Line and space: 1um 0.25um ”
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