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Outline

History of superconducting digital electronics at a glance
Four challenges for practical use

= Higher-speed processing and lower power consumption

o Larger-scale integration

= Large capacity and/or high-speed cryogenic memories

[m]

Future prospect
Summary
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History of SDE for Past 30 Years
- Circuit Scheme -
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History of SDE for Past 30 Years
- Materials and Devices -

Materials Devices
* 1960s * 1950s
Lead alloy Cryotron
: . Higher energy-efficiency
Higher stability * 1960s and/or higher speed
« 1980s Josephson junction
Nb
Elevated T,, ° 2000s
but small IR, product, Magnetic Josephson junction
large spread, and low (7 junction)
reproducibility Function added

HTS (YBa,Cu;0, etc.)
nano-cryotron (nTron)

Function added
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Possible Applications

Post processing for SC >
detectors
>

Digital RF transceivers »

High-end servers/ >
High-performance
computers >
Reconfigurable >
circuits

No penalty for using low
temperature

Effective multiplexing for
reducing the number of
cables

Increased flexibility with

high-precision broad-band

ADCs and DACs

High throughput and low
power consumption
Cooling penalty hidden

Increased flexibility with
high throughput or low
latency

>

>

>

>

Need larger-scale
integration with small
power consumption

Need broadband
cryogenic amplifiers for
higher performance

Need demonstration of
the system

Need much larger-scale
integration with small
power consumption

Need much larger-scale
integration with small
power consumption
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Post Processing of Detectors

| lmmﬁ&gFﬂiﬂmﬂnsﬂﬁp

Readout v ‘F

-
-

?‘ﬂl

L
-

t

U s

91 v

o

1000 x
1000
SSLDs

&2
d

@®
)
0 d

—
R

JJ counts : 20000

Made with the special fabrication
process based on AIST ADP2.

s
=
-
=2 3
1
=~
w

_ _ Collaborative study with Nagoya
1 Mega pixel neutron detector chip Univ. AIST and Osaka Pref. Univ.



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2018.
Invited presentation ED6-4-INV was given at ISS 2017, December 13-15, 2017, Tokyo, Japan.

CEMRTR  seree |
Twente, Super ADC

Delta-Sigma modulator was made of the HTS JJs.

— S0 MHz Andognpt 000000 0 —m o —m m—m———————— Room temperatue— — — = — = —— — — — — =

! Aftenuator Clock 15.3GHz
Phase shifter

B 1 et

i I r [ | |
| I : ! y 1
| HEMT | HEMT InP nP CMOS
™ ?;fnggﬂlggsr [ Amplifier = =] Ampiifier [ DMIX B DMUX Decimation
1 4 stage 14 1 : stage 2 4 stage 1 : stage2 filters |
e e — _! L —_— LVe——t —— |
tal output
OSR= 153 S0GHz BV 505Hz BW 1- 4 D-MUX 416 D-MUX 16 effective bits
153 GHz X1 Transistors X2 Trasstors 400 Transistors 1600 Transistors (SFOR)
40 Jinctions 300 MW 3m mw 2w 120 Msampies/s
05mW Output (Nyquist fre)
outut ount: Outout: Sixtesn O57MHz Lines
Output x3mv ammv Fowr 26256z Lines | | 1V
15.3 GHz NRZ oo sa v 00
o5mv 500
10a
Fig.11 A first order o-6 modulator realized in a multilayer high-1 Fig. 12 Block diagram of the 2nd-order o-6-ADC of the SUPER-ADC project.

technique.

H. Rogalla, IEICE Trans. Electron., E91-C, 272 (2008)
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Possible Applications

Post processing for SC > No penalty for using low » Need larger-scale
detectors temperature integration with small
» Effective multiplexing for power consumption
reducing the number of
cables

Digital RF transceivers > Increased flexibility with » Need broadband

high-precision broad-band cryogenic amplifiers for
ADCs and DACs higher performance
ingh—end servers/ » High throughput and low > Need demonstration of )
High-performance power consumption the system
computers » Cooling penalty hidden » Need much larger-scale
integration with small
\_ power consumption )
Reconfigurable » Increased flexibility with » Need much larger-scale
circuits high throughput or low integration with small

latency power consumption



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2018.
Invited presentation ED6-4-INV was given at ISS 2017, December 13-15, 2017, Tokyo, Japan.

T
Why SC servers?

Electric power consumed in 100 searches Electric power consumed in ironing a
in the internet = shirt
M; [ ﬂgoo;‘:-oovip ¢ M LMT

Google Scholar Citations Article metrics for: Reversible. [@RETF—5] EIEF Nobuyuki Yoshikawa Google
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Courtesy of Yoshikawa
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Special Features of SFQ Circuits
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- Signal propagation at the speed of light with small
distortion in interconnects based on waveguides.
- No recharge process both in logic operation and

interconnects.
- Scaling law
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Appealing Feature of SFQ Circuits

Limit due to interconnect delay

1012 . .
/ Limit due to heat generation in CMOS

28 g /\ Target of SFQ Circuits
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Subjects Done/Doing for High-Speed
& Low-Power

» Energy-efficient SFQ circuits

» CAD tools

 Suitable microarchitecture

» Efficient AC-DC converters for dc-powered circuits

12
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Issue for Energy-Efficiency
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R, is used for providing a constant
current to each Josephson junction.

Power consumption at R,
(Static power consumption)

2
o =V—b = 0.71 V,

b

R

Example: DFF
P..=18uW

bias

Power consumption at R
(Dynamic power consumption)

I:)hunt — f Ic(DO

S
f. operating frequency

Example: DFF
P, =36nNW

shunt

Typically, 1.®, ~2x107°(J)

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

AC(RF)/DC converter based on
superconducting diodes enables
energy-efficient power distribution.

Bias resistors are replaced

with inductors and junctions.

DC-powered circuit —_—
Ex: ERSFQ (Hypres) Input (1 mA in amplitude)

Full wave rectification

Superconducting diode bridge

100 MV, 2 mA == 1 mV, 200 mA

1

= | g

A. Kirichenko, et al., IEEE Trans. 'l' circuit
Appl. Supercond., 21, 776(2011). I

Impedance transform

14
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Energy-Efficient Power Distribution

Circuits are driven by ac(rf) bias currents provided through transformers.

AC(RF)-powered Reciprocal RF-powered Adiabatic Quantum
Quantum Logic (Northrop Flux Parametron (Yokohama
Grumman) National University)

Input Current Z,

ccO” '“1”
Current 7 L, T L L

X

Exciting

Measured bit energy : 10 zJ

Q. P. Herr, et al., J. Appl. N. Takeuchi, et. al., Appl. Phys. Lett.,
Phys., 109, 103903 (2011). 102, 052602 (2013).
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History of SFQ Microprocessors

abl L 'More Powerful
3

More Energy-

= Efficient
CQRE16
‘ L J
CORE1a (2003) CORE1 (2006)
4999 JJs 10955 JJs
15 GHz 25 GHz
167 M Instructions/s 1400 Million Operations/s
1.6 mW 3.3 mW

71 NAGOYA @YOKOHAMA

UNIVERSITY National University
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Recent Topics in SFQ Microprocessor

Bit-serial uP Bit-serial uP Bit-Parallel ALU
100 GHz 50 GHz 50 GHz
uP w/o Memory Memory Embedded ALU

CORE100 (2015) COREe2 (2017) GLP (2017)
3073 JJs 10655 JJs 4868 JJs
800 MIPS 500 MIPS 50 GIPS
1.0 mW 2.4 mW 1.4 mW
800 GIPS/W 210 GIPS/W 36000 GIPS/W
New Fabrication Programs Executed  Gate-Level Pipelining

NasoYs CRAVITY i NaGoYs @ EIAE Bap NAGIKA Lttty

UNIVERSITY UNIVERSITY 52 KYOTO UNIVERSITY
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Subjects Done/Doing for Larger-Scale
Integration

» Smaller junctions with increased Jc

Increased number of wiring layers

Vertical stack of junctions or double active layers
Introduction of kinetic inductances

Introduction of magnetic Josephson junctions

18
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AIST Nb 9-Layer Fabrication Process

Junction - 160 p
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Cross section of Nb 9-layer device R MR SRR Y RPN
Measured /_ reproducibility
Controllability and uniformity of Since J_ of the process is 10 kA/cm?,
their /_ have been measured for I, of the 0.3 um? JJ is 30 pA.

more than 10 wafers.

(/:-;,,}s\,uﬂ Courtesy of M. Hidaka & S. Nagasawa (AIST)
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Magnetic Josephson junctions
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|, spread of = junctions is small
enough for integration

H. Ito, et al., Appl. Physics Ex.
Vol. 18, 033101 (2017)
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Subjects Done/Doing for Large-
Capacity and/or High-Speed Memories

 Vortex-transitional memory (Nagasawa Memory)
* JJ-CMOS hybrid memory

» Magnetic-junction-based memories

* nTron-based drivers and sense gates

21
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Broadband Amplifier

Nano-cryotrons (nTrons)

» Invented by MIT

» Generate relatively large voltage around 1 V.

> Potentially act as an amplifier with the Gain-Band product of 0.1-1 THz.

/
| ] 100 | 1
|| bias Bias range
for operation
10-nm- S - =
wide choke W E E
100-nm- o -
. c 0
wide channel o
S
=
D U—SO L
10 UA
Source 8 UA
6 UA
-100 4 uA ||
2 UuA
—— 0 uA
-10 -5 0 5 10

Voltage (V
Courtesy of Zhao (MIT) ge (V)
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Outline

History of superconducting digital electronics at a glance
Four challenges for practical use

= Higher-speed processing and lower power consumption

o Larger-scale integration

= Large capacity cryogenic memories

= Qperation under cryocoolers

Future prospect

Summary

24
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Issues for Larger-Scale Integration

Bias feed resistor
/ Storage loop (~20 pH)

» Shunt-resistor-free JJs
» ERSFQ/eSFQ

13 (Elimination,of resistors)
™\ Shunt resistor

D Flip-Flop: 40 x 80 ym

» High,Sheet Inductance

Assuming Min. I, = 50 pA (NBN, etc.)
(, 0 ° HA) © » JJ Stack
L v IBl Re Vertically stacked structure of » Equipment
S NS two JJs and the bias resistor update
i, | ‘
» 2 x4 um
Line and space: 1um 0.25um

25
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New devices and materials

Future Prospects

Nanotunes
and

New condgpts and
technologies are combined
in superconduting
technology.

New architectures and packaging

J. M. Shalf, et al., Computer, 2015

Courtesy of Jie Ren (SIMIT)
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Summary

- Superconducting digital technology based on
the SFQ circuits has greatly advanced in the
past 30 years, particularly in the last 10 years.

* | believe SDE technology or SFQ ICs come to the
market soon because almost all the issues for
practical use have been overcome.
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