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Background

http://www.top500.org/

Low-Power Logic Devices is highly demanded.

Estimated power consumption to 
achieve exa-scale computing

~ 100 MW ~ $100 million per year

4

Fugaku (Japan)
Peak performance: 513 PFLOPS 
Power consumption: 28.3 MW

1st-ranked computers in recent TOP500
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AI is Power Hungry

AlphaGo vs Lee Sedol
1202 CPUs, 176 GPUs vs 1 human brain
1 Mega Watt vs 20 Watt, 1 coffee
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In 2016 AlphaGo 
program beat a 
human professional 
“Go” player.
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Minimum Energy in Computation?

Adiabatic change of the 
energy potential of logic: 
Single well ! Double well

Minimum energy dissipation 
when the “entropy” of 
information decreases:
~ kBT log 2

R.W.Keyes, R. Landauer, IBM Journal of Research and Development, 14, 152 (1970).
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Landauer’s Principle

! Equivalence between thermodynamic entropy and information 
entropy

! For computation reducing the information entropy, the minimum 
bit energy, Ebit = kBTln2, is consumed.

! For computation conserving the information entropy, there is no 
minimum limit of bit energy in computation.

! In erasure of results in computation, the bit energy is consumed.

R. Landauer, IBM Journal of Research and Development 5, 183 (1961).
C. H. Bennett, IBM Journal of Research and Development 17, 525 (1973).

Thermodynamic entropy " Information entropy
101100010100110
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Verification of the Landauer’s Principle 
using Small Beads

A. Berut et al., Nature, 483, (2012) 187.
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Energy Potential of RSFQ Circuits

Energy

State 1 State 2

E1

E2

Phase

Input energy: E1

Output energy: E2

Energy gain!E2/E1

Energy dissipation! E2 - E1

Requirement for the reduction of 
switching errors

E1 > 100 kBT
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RSFQ Circuits
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AQFP gate Potential energy of the gate

An SFQ is stored in the right 
or left loop depending on Iin.

Potential energy changes 
adiabatically during switching.
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E. Goto, Pros. 1st RIKEN Symp. Josephson Electronics, 1984.

Operation Principle of Adiabatic Quantum Flux Parametron 
(AQFP)
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AQFP gate Potential energy of the gate
Input

Potential energy changes 
adiabatically during switching.
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E. Goto, Pros. 1st RIKEN Symp. Josephson Electronics, 1984.

Operation Principle of Adiabatic Quantum Flux Parametron 
(AQFP)
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Operation Principle of Adiabatic Quantum Flux Parametron 
(AQFP)

AQFP gate Potential energy of the gate
InputAC excitation

Iout flows downward. Potential energy changes 
adiabatically during switching.
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E. Goto, Pros. 1st RIKEN Symp. Josephson Electronics, 1984.
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Operation Principle of Adiabatic Quantum Flux Parametron 
(AQFP)

AQFP gate Potential energy of the gate
InputAC excitation

Iout flows upward. Potential energy changes 
adiabatically during switching.
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E. Goto, Pros. 1st RIKEN Symp. Josephson Electronics, 1984.

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2022  
Keynote presentation SUPEL-1 given at WOLTE-15, 6- 9 June 2022, Matera, Italy (Hybrid).



Potential Energy of QFP
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Primitive of AQFP Logic

! NOT gate is cost free.
! Majority gate is a basic logic gate.

Buffer NOT

-

K. Inoue, et al. IEEE Trans. Appl. Supercond., 23, 1301105 (2013).

22

Majority NAND
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Layout of AQFP Basic Cells (AIST Process)

Majority cell

23

Majority cell

Buffer
AQFP cell layouts AIST superconductor IC process

NOT Constant

4-metal layers Nb/AlOx/Nb 10 kA/cm2 

Josephson high-speed standard process 
(HSTP)

Cell size: 30 µm x 40 µm

Symmetric design reduces the parasitic 
coupling between the excitation and 
output inductances.

N. Takeuchi et al., J. Appl. Phys. 117, 173912 (2015).

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2022  
Keynote presentation SUPEL-1 given at WOLTE-15, 6- 9 June 2022, Matera, Italy (Hybrid).



Layout of AQFP Basic Cells (MIT LL Process)

AQFP cell layouts
NOT Constant

MIT LL superconductor IC process

Majority cell

MIT LL 8-metal layers Nb/AlOx/Nb 10 kA/cm2 Josephson process

Cell size: 15 µm x 20 µm.
Transformer is placed 
underneath the AQFP gate.

Buffer

Y. He, et. al., SUST, 33, 035010 (2020).
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Demonstration of AQFP 16b Carry Look-Ahead Adder

Fabricated by AIST HSTP

Low-speed test results

T. Tanaka et al., IEICE 105-C, 2022

25

f = 100 kHz 
T = 4.2 K

Area 10.1 mm2

Complexity 4976 JJs
Bias current 3.0 mA (AC)
Target frequency 5 GHz
Energy/op "3.5 aJ
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Demonstration of AQFP 4b RISC Microprocessor
27

MANA – Monolithic Adiabatic iNtegration Architecture
– RISC + dataflow (4-bit data, 16-bit instruction)
– 15 aJ/op @ 5GHz
– 27 cycles/operation (5.4ns @ 5GHz)
– Nb/AlOx/Nb 10 kA/cm2 AIST process
– 21,460 JJs on 1 x 1 cm2 chip

C. Ayala et al., IEEE Journal of Solid-State Circuits, 2020Fabricated by AIST HSTP
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Execution of Test Program: add/sub + branch
28

Test program successfully passes.

C. Ayala et al., IEEE Journal of Solid-State Circuits, 2020
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Measurement of Energy Consumption

8-bit AQFP Cary Look-ahead Adder

The total junction count: 1,638

Measurement of Power consumption @5 GHz

Energy consumption: 1.5 aJ/operation
~ 24 kBT/junction

29

Takeuchi et al., APL 114 (2019) 042602Fabricated by AIST HSTP
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Comparison of AQFP and FinFET Inverters
30

AQFP 5 nm 
FinFET 
(FO3/FO4
)

7 nm 
FinFET 
(FO3/FO4)

Power Supply 2 mA (AC) + 1 mA (DC) 0.45 V ~ 0.65 V 0.45 V ~ 1 V

Delay (ps) ~10 [1] ??~ 8.3 0.667 ~ 40

Switching Energy (fJ) ~1.4 x 10-6 @ 5 GHz 0.106 ~ 0.291 0.111 ~ 1.317

[1] N. Takeuchi et al., Appl. Phys. Lett., vol. 115, no. 7, p. 072601, Aug. 2019.
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AQFP Readout Circuits for SSPD Arrays

$ AQFP has high input sensitivity: ~1 µA @4.2 K
$ The spatial information of an SSPD array is 

digitized and encoded by superconductor digital 
circuits for reducing # of cables.

Sample-stage temperature: 2.4 K
N. Takeuchi et al., Opt. Express 25 (2017).

SSPD with AQFP readout circuits in 
a 0.1-W GM cryocooler

31
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Measurement of a Single SSPD by AQFP Circuits

! AQFP readout circuit generates a logic-1 pair for 
an input signal from SSPD.

N. Takeuchi et al., IEEE TAS 29, 2201004 (2019).

SSPD output

AQFP output

Measurement setup Readout signal from SSPD and AQFP

32
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Measurement setup Photon count rates w/ and w/o AQFP

! The count rate w/ AQFP agrees well with that w/o AQFP.

33

Measurement of a Single SSPD by AQFP Circuits

N. Takeuchi et al., IEEE TAS 29, 2201004 (2019).
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All-to-All Connected JPO Quantum Annealer

AQFP Controller
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Superconductor circuits are used as 
interface and controller

Microwave input Data I/O

C1
J1 J2

IDC
Ipump

Pump frequency: fp = 2f0

Phase states (0, p) are used.

t

0 n

f = f0

Josephson parametric oscillator (JPO)
used as a qubit

LHZ architecture for all-to-all connectivity

All-to-all connection can be 
formed by using four-bit unit cells 
with the four-body interaction.
N(N-1)/2 physical bits are 
necessary to implement N logical
bits.

Lechner, Hauke, Zoller Sci. Adv. 2015
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AQFP Readout Circuits for JPO Qubit

IX

Iin

Input and excitation signal 
are in-phase #Output “$”

Excitation time

IX

Iin

Excitation time

Input signal

Excitation current

Input and excitation signal
are out of phase #Output “0”

Phase readout characteristics at 1GHz

Input sensitivity@1 GHz@4.2K
Simulation 0.085 μA
Experiment 0.326 μA

35
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Reversible QFP (RQFP)

Reversible majority QFP gate

Injective function

A logically and physically 
reversible gate can be realized by 
using Majority and Splitter gates.

N. Takeuchi, et. al., Scientific Reports 4, 6354 (2014).

Input Output
a b c x y z

0 0 0 0 0 0

0 0 1 1 1 0

0 1 0 1 0 1

0 1 1 1 0 0

1 0 0 0 1 1

1 0 1 0 1 0

1 1 0 0 0 1

1 1 1 1 1 1

Truth table
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Physical Reversibility of RQFP

Reversible majority QFP gate Time reversibility of junction phases

38

N. Takeuchi, et. al., Scientific Reports 4, 6354 (2014).
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Demonstration of Physical Reversibility

Measurement results @ 100 kHz

Fabricated by AIST STP2

• Two RQFP gates 
are serially 
connected, one of 
which is physically 
mirrored.

39
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Energy Consumption of RQFP Full Adder
40

Bit energy smaller than kBTln2 is possible in RQFP circuits.

T. Yamae et al., SUST, 32, 035005 (2019).

Schematic of 1-bit full adderCalculated Energy dissipation of 
1-bit full adder at T = 4.2 K

Simulation at 0K
kBT ln2

Simulation 
at 4.2 K

The total junction number: 28
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Demonstration of 1-bit RQFP Full Adder
41

T. Yamae et al., SUST, 32, 035005 (2019).

Measurement results of 1-bit RQFP 
Full Adder at 4.2 K

Excitation current

Input current for 
the adder

Output current 
from the adder

Fabricated by AIST HSTP

Excitation current margins: 
Ix1 = 5.4 dB, Ix2 = 6.1 dB
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Summary

! The latest research status of superconductive integrated circuit
technologies based on adiabatic flux quantum logic were presented.

! AQFP is extremely energy efficient logic.
! More than 105 times less power than that of current CMOS.

! Current research activities using AQFP were introduced.
! High-performance computers

! Read-out circuits for superconductor sensor arrays

! Control circuits for quantum computers

! More energy efficient logic is possible based on Reversible QFP.
! Bit energy less than Ebit = kBTln2 is possible.

43
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Thank you for your attention!

at Yokohama port

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2022  
Keynote presentation SUPEL-1 given at WOLTE-15, 6- 9 June 2022, Matera, Italy (Hybrid).




