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Low-Power Logic Devices is highly demanded.
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Energy-Efficient SFQ Circuits
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Comparison of Energy-Delay Product

Bit Energy [J]
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Adiabatic Quantum-Flux-Parametron
(AQFP)

AQFP gate Potential energy of the gate
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An SFQ is stored in the right Potential energy changes
or left loop depending on I;,. adiabatically during switching.

Operation principle is based on QFP gates.
M. Hosoya et al., IEEE Trans. Appl. Supercond. 1, 77-89 (1991). Y INU YOKOHAMA National University



Adiabatic Quantum-Flux-Parametron
(AQFP)

AQFP gate Potential energy of the gate
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Operation principle is based on QFP gates.
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Adiabatic Quantum-Flux-Parametron
(AQFP)
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Evolution of Junction Phase at 4.2 K

A B C D E F
251 R 251 R 251 25 l E 251 R 251
o ) o T ] 3
= 0.0 R > 0.0 R = 0.0 1 > 0.0 R . 0.0 R > 0.0
-0.5 00 05 -0.5 00 05 -0.5 0.0 05 -0.5 00 05 -0.5 00 05 -0.5 00 05
o./2m b, /2m o./2m ﬁl§’+/27r ¢+/2?T (i§’+/‘27r

- Adiabatic
| (critically damped)
$./27 |

F
A

' Non-adiabatic
- (critically damped)
$. /27 |

The phase of junctions
iIn AQFP gates change
adiabatically even at a
finite temperature.

F
ﬁ\

[ Adiabatic
| (underdamped)
$. /27 |

Phase differences

n

ML/,
Excitation flux Y NU YOKOHAMA National University




Bit Energy vs. Clock Period of AQFP
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Bit Energy Measurement of AQFP
using a Superconducting Resonator

Measured power consumption of AQFP

Weak Strong
Measurement /_sz High o AQFP e 1 400
System | Q 5 (s Bq) = (0.4, 1.6) E ,‘ |

l I 38 F % x 4 350
[ P ’&x )’; x
Isolated 3.9 Ls A R 1 300
[0 o %% >~ % < x ]
0, @ x X 1
o 0o ¥ }( X ]
_4 iodj: 000 o o x X xxx ] 250
i High-impedance —_ ;,°°oc?’°%’o%e ° "0 ap 0y 0 oo ‘x *f"im e . X ] ~
: g [ 0 0%l é%g? ® X % ©8 % oo ] 5
= 4.1 F % o%?z%m o x"&i& x ‘;Du o%g%mo §°9 200 ’_?
by [ oo % X x x % ;95( Qgg’g ] i
“ o ° g &, : =
42 | R T 1 150
! % &’s’é{ o fomc ° x ]
[ SIS ool o ]
4 43 F ook, B A 4 100
Low 1rlz;1):dance s wz N ﬁféoow Og’o ° 521
44 s o0 o 150
i 4.5 [ eSS o T 0
Closeup of the AQFP gate - -55 -50 -45 -40
Pin [dBm]
Clock frequency: 4.998 GHz P 50 pW
Q of resonator : 357 qfp

C AIST Nb Josephson standard process Ebit ~102zJ ~ 17OkBT
/Rall}sr\aﬂ (STP2) was used.

N. Takeuchi, et. al., Appl. Phys. Lett., 102, 052602 (2013). Y NU YOKOHAMA National University
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Comparison of Superconducting Logics

Clock Freq. E /LD Typical I, EDP
[GHZ] bit* Tc==0 [MA] [aJ-ps]
CMOS 4 - - ~10°
RSFQ [1] 50 19 150 120
eSFQ [2] 20 0.8 150 12
RQL [3] 10 0.33 150 10
LV-RSFQ [4] 20 3.5 150 54
AQFP [5] 5 0.0083 50 0.086
Quantum limit - - - 5.3x107°

[1] X. Peng et al., IEICE Trans. Electron. E97.C, 188 (2014).

[2] M. H. Volkmann et al., Supercond. Sci. Technol. 26, 015002 (2013).
[3] Q. P. Herr et al., J. Appl. Phys. 109, 103903 (2011).

[4] M. Tanaka et al., IEEE Trans. Appl. Supercond. 23, 1701104 (2013).
[5] N. Takeuchi et al., Supercond. Sci. Technol. 28, 015003 (2015).
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Evaluation of AQFP as a Logic Circuit

Important metrics as a logic circuit

m Gain

m Functionality

m Speed

m Energy consumption
m Driving abllity
Connectability

Error rates
Robustness

Density
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m Current gain of AQFP is considerably large.

Current gain vs. input current at T = OK
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N. Takeuchi, et. al., SUST, 26, 035010 (2013). Y NU YOKOHAMA National University
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Functionality

m NOT gate Is cost free.
m Majority gate is a basic logic gate.

NOT gate is made by using a Majority gate is made by connecting
transformer with negative coupling. three buffer in parallel.
Buffer NOT Majority
Linél Iin Lingl lia
L, b, L, X,
k U \N\J)kz ULU \.M.J)kz
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K. Inoue, et al. IEEE Trans. Appl. Supercond., 23, 1301105 (2013). Y NU YOKOHAMA National University



Speed )

AQFP is driven by multi-phase clocks. (4-phase is typically used.)
Target clock frequency is 5 GHz.

Double excitation method can increases the clock frequency [1].
Latency is improved by increasing the number of phase.

Clocking of AQFP gates

Lo, L/ 1\ \_ GateA
e ~ \_/ \GateB

B b b Lo A/‘T’_\_/_ Gate C

Latency

clock period

Lat =
arency number of phase

[1] K. Fang, J. Appl. Phys., 121, 143901 (2017). Y NU YOKOHAMA National University



Energy Consumption

m The static energy consumption is zero, the dynamic
energy consumption is proportional to the clock frequency.

The energy consumption is decreased by using high-J.
and high-B. junctions.

B. Dependence Bit-Energy of AQFP
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Driving Ability

m Fan-out of AQFP gate is large (4 ~ 16).

1:8 splitter 1:16 splitter

(cf. Fan-out of RSFQ circuits: 2 ~ 3.)

C AIST Nb Josephson standard process
/Bd/}s,\ujx (STP2) was used. Y NU YOKOHAMA National University
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m The output current of AQFP gate decreases with increase
of interconnect inductance, which limits the wire length.
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Connectability
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Testing of maximum wiring length

Luire [PH]

Input

Outputs

N. Takeuchi et al., J. Appl. Phys. 117, 173912 (2015). YN U YOKOHAMA National University
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Error Rates

m Bit-error-rate of AQFP gate is quite small when E; >> kgT.

2 GHz bit-error-rate test results

IX1 2 Gbps

ha 10°F
102k

104E

Bit error rate

10710k

10.12 i 1 L L Il L 1
-18 -17 -16 -15 -14 -13 -12 -1 -10

Vout Total excitation power (dBm)

N. Takeuchi, et al., Appl. Phys. Lett., 110, 202601 (2017). Y NU YOKOHAMA National University




N
Demonstrated 84k-Junction
AQFP buffer array
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Robustness

m AQFP is robust because

e The operation is based on
differential pairs of junctions
and inductances.

e The critical current of all
junctions is the same.

Area 6.68 X 6.23 mm?
Bias Current 3.60 mA
JJ number 83736

C AIST 10 kA/cm? high-speed standard
/Bé{.w process (HSTP) was used. Y NU YOKOHAMA National University
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Density

m Multi-layer processes improve the circuit density.
nglhn
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Design Methodology

m Logic cells can be designed by placing four building blocks:
Buffer, NOT, Constant, Branch

Majority NAND Splitter
a b c NO{ a b a
viviyl [yElyl Iy
/ —
* - - *
/ X N M X y ;
Buffer 1:3-branch 1-constant
x=MAJa,b,c) x:MAié,l,E) X=y=z=a
—a-b+b-c+c-a =a+b
=ab

N. Takeuchi et al., J. Appl. Phys. 117, 173912 (2015). Y NU YOKOHAMA National University
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Layout of Basic Cells

® Symmetric design prevents the parasitic coupling between
the excitation and output inductance

Building block cells Majority cell

Buffer NOT Constant
30 um x 40 um 30 um x 40 um
£ R

Branch

N. Takeuchi et al., J. Appl. Phys. 117, 173912 (2015). Y NU YOKOHAMA National University
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AQFP Logic Design
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m Logic cells are placed together
like Lego blocks

m Logic gates grouped by phase
& data flow
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Demonstrated AQFP Circuits

8-bit carry look-ahead adder

16-word by 1-bit register file

Data input
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C. L. Ayalaetal., IEEE Trans. Appl. Supercond., 27 (2017).
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N. Tsuji et al., IEEE Trans. Appl. Supercond., 27 (2017).
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4-pbit AQFP RISC Microarchitecture

|_1 2-bit insiruction—l

ikl I LA CHA 2 Control Buffer Pipeline
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i L — Ig%
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EUCAS2017, 1EP1-6, 1EP1-12

*overlapped with pipeline
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EDA Tools for Top-Down Design

Design
Scripts

-—— e = .
- —— -

SystemVerilog
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Qiuyun Xu, et al., IEEE Trans. Appl. Supercond., 27, 1301905, (2017).
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AQFP Circuit Design using EDA Tools

Layout of 16-b AQFP carry-look-ahead adder
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Y. Murai, et al., IEEE Trans. Appl. Supercond., 27, 1302209 (2017). Y NU YOKOHAMA National University
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Future Directions

m |nvestigation of design methodology and EDA tools for
large-scale AQFP integrated circuits

e Wire-length limitation

e Multi-phase clock distribution
e Majority-based logic synthesis
e Microprocessor architecture

m More energy efficient logic

e Use reversible QFP (RQFP) circuits [1].

m New applications

e Control and readout circuits for Quantum computers.

e Read out circuits for superconducting sensor arrays

[1] N. Takeuchi, et al. Scientific Reports, 4, 6354 (2014).
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Summary

m Adiabatic quantum flux parametron (AQFP) is extremely
energy efficient logic.

e ~1zJ/bit @5 GHz
e Three orders of magnitude smaller than energy-efficient SFQ logic
e Six orders of magnitude smaller than CMOS logic

m AQFP has excellent properties as a logic circuit in terms of
gain, functionality, speed , energy consumption, driving
ability, error rates, robustness, and density.

m AQFP microprocessors are under development based on
CMOS-like design methodology and top-down EDA tools.
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Thank you for your attention.
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Energy and Speed of AQFP Logic

m Extremely small energy

Bit Energy vs. Clock Period

] 10" — -
consumption *Satoot e
e Zero static energy o aop2 STP2
e Small dynamic energy due Rere
to adiabatic operations = ., :
P > 10" STP2 Critically damped
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_ ¢ O g2 Quantum !
m Medium clock speed & fimit ggsgyntedw _
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. 10™° NI R
m High robustness 0T AT et ag T 400 100

N. Takeuchi et al., Supercond. Sci. Technol. 28, 015003 (2015).
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