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Presentation Notes
The main purpose of this talk is to evaluate the AQFP as an energy-efficient large-scale integrated circuit technology. After evaluation of the AQFP logic, we will also introduce the design methodologies for AQFP logic currently we are developing. Recent development of EDA tools for AQFP logic will be also presented.




Background

http://www.top500.org/

1st-ranked computers in recent TOP500

Low-Power Logic Devices is highly demanded. 

Estimated power consumption to 
realize an exa-scale computer 

> 100 MW 
~ $million/100 MW per year

K computer (Japan)
Peak performance: 10.5 PFLOPS
Power consumption: 12.6 MW

1 EFLOPS
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If we estimate the power of exa-scale supercomputer by extrapolating the power-versus-performance relationship of the 1st-ranked supercomputers, it will be the order of 100 MW. The cost of electric power is so expensive (higher than $1M/year) and the implementation will be quite difficult due to the high heat generation. 




DC Powered
RQL (Northrop Grumman)

PS ~ PD ~ IcΦ0f

LV-SFQ (Nagoya Univ.)
PS ~ 0, PD ~ IcΦ0f

PS ~ 0, PD < IcΦ0f

dt
dφ

2π
Ф0=V

RB

J1 RS

IBVB

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

O. A. Mukhanov, IEEE Trans. 
Appl. Supercond. 21, 760 (2011).

ERSFQ (Hypres) 

AC Powered

PS ~ 5PD, PD ~ IcΦ0f

M. Tanaka et al. JJAP 5
1053102 (2012)

AQFP (Yokohama National Univ.)

N. Takeuchi, et. al.,
SUST, 26, 035010 (2013).

Energy-Efficient SFQ Circuits
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To overcome the large energy consumption in semiconductor integrated circuits, several energy-efficient SFQ circuits are being investigated up to date, which is classified to DC and AC powered circuits. The static energy consumption is eliminated or reduced in all types of energy-efficient superconducting circuits. In AQFP logic, dynamic energy consumption can also be reduced by the adiabatic operation of the circuit.




Comparison of Energy-Delay Product

Energy-efficient SFQ
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The bit-energy of the AQFP logic is five or six orders of magnitude lower than those of state-of-the-art semiconductor logic circuits.




Adiabatic Quantum-Flux-Parametron 
(AQFP)

AQFP gate

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

Potential energy of the gate

Potential energy changes 
adiabatically during switching. 

Operation principle is based on QFP gates.
M. Hosoya et al., IEEE Trans. Appl. Supercond. 1, 77–89 (1991).
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Operation of the AQFP is based on the QFP gate, which is composed of a 2-junction SQUID shunted by output inductance L_q. Excitation current I_x is applied to the excitation line to apply a flux bias to the SQUID, by which the potential shape of the gate varies from the single well to double well potentials.




Adiabatic Quantum-Flux-Parametron 
(AQFP)

AQFP gate

Operation principle is based on QFP gates.
M. Hosoya et al., IEEE Trans. Appl. Supercond. 1, 77–89 (1991).

InputAC excitation

Iout flows downward.

Potential energy of the gate

Potential energy changes 
adiabatically during switching. 
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If downward input current is applied initially to the gate, an SFQ enters to the left side when the excitation current is applied, resulting in the large downward output current. 




Adiabatic Quantum-Flux-Parametron 
(AQFP)

AQFP gate

Operation principle is based on QFP gates.
M. Hosoya et al., IEEE Trans. Appl. Supercond. 1, 77–89 (1991).

InputAC excitation

Iout flows upward.

Potential energy of the gate

Potential energy changes 
adiabatically during switching. 
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If upward input current is applied initially to the gate, an SFQ enters to the right side when the excitation current is applied, resulting in the large upward output current. 




Evolution of Junction Phase at 4.2 K

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

Ph
as

e 
di

ffe
re

nc
es

Excitation flux
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The circuit simulations of AQFP at finite temperatures show that in the adiabatic case, the junction phase changes adiabatically without a hysteresis during the change of the excitation current, whereas a hysteresis behavior appears in the non-adiabatic case. 




When rise time is 1000 ps, Ebit = 0.023 IcΦ0 (~ 20kBT). 

 1/1000 of RSFQ
N. Takeuchi, et. al., SUST, 26, 035010 (2013).

φE

φS

βq

βL

f∝Energy dissipation

Bit Energy vs. Clock Period of AQFP 
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The bit energy of AQFP is reduced by increasing the rise/fall time of the excitation current. When the rise time is 100 ps, the bit-energy becomes about 0.023 I_c x Phi_0, which is thousand times better than that of conventional RSFQ circuits. In the slide, beta_L and beta_q represent normalized loop inductance and output inductance, respectively. phai_E and phai_S are normalized excitation and input current, respectively. 




Measured power consumption of AQFP

Pqfp ~ 50 pW

Ebit ~ 10 zJ ~ 170kBT

(βL, βq) = (0.4, 1.6)

Isolated

Clock frequency: 4.998 GHz          
Q of resonator : 357

AIST Nb Josephson standard process  
(STP2) was used.

N. Takeuchi, et. al., Appl. Phys. Lett., 102, 052602 (2013).

Bit Energy Measurement of AQFP 
using a Superconducting Resonator
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The bit energy of AQFP was evaluated by measuring S parameters of a superconducting resonator coupled with AQFP gate. The dependence of S parameters on the input excitation current power shows that the bit energy of the AQFP gate with shunted junctions is about 10 zJ at 5 GHz operations, which agrees with the simulation results. 




Comparison of Superconducting Logics

Logic Clock Freq. 
[GHz] Ebit / IcΦ0

Typical Ic
[µA]

EDP 
[aJ·ps]

CMOS 4 - - ~105

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 0.0042 50 0.086

Quantum limit - - - 5.3×10-5

[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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The comparison of the energy delay product (EDP) of the AQFP gate with other superconducting logics shows that the AQFP gate has excellent EDP value though the operation speed is somewhat slow. 




Evaluation of AQFP as a Logic Circuit

 Gain
 Functionality
 Speed 
 Energy consumption
 Driving ability
 Connectability
 Error rates
 Robustness
 Density

Important metrics as a logic circuit
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In order to realize large-scale integrate circuits, the following important metrics has to be satisfied. In this talk we will evaluate the AQFP as a logic circuit using these metrics.




Gain

 Current gain of AQFP is considerably large.

If we assume 
δIin ~ 1 µA, and Ic = 50 µA, 

the current gain is given by
Ic / δIin ~ 50.

cf. In RSFQ circuits with
Iin ~ 20 µA, Ic = 100 µA, 

the current gain is ~ 5.

N. Takeuchi, et. al., SUST, 26, 035010 (2013).

Current gain vs. input current at T = 0K

δIin: input thermal noise  
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The current gain of AQFP is considerably large. Estimated current gain of the AQFP is about 50 if we assume the thermal noise of the input current for the gate is about 1 uA.  The gain is much larger than the typical gain (~5) of RSFQ circuits. 




Functionality

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

-

NOT gate is made by using a 
transformer with negative coupling.

Buffer NOT

Majority gate is made by connecting 
three buffers in parallel.

Majority
a b c

x
x = MAJ(a, b, c) = ab + bc + ac

K. Inoue, et al. IEEE Trans. Appl. Supercond., 23, 1301105 (2013). 
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In the AQFP, a NOT gate is made by using a transformer with negative coupling. Therefore the NOT function is cost free. The basic logic gate in the AQFP logic family is Majority gate. The Majority gate is made by connecting three buffers in parallel. 




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

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

[1] K. Fang, J. Appl. Phys., 121, 143901 (2017).
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The AQFP is driven by multi-phase clocks. 4-phase clocking is typically used. In our study, a target clock frequency is 5 GHz, but it can be increased if necessary. The double-excitation method can double the operation frequency of the AQFP gate even with the fixed excitation clock frequency. The number of logic operations per clock cycle can be increased with increase of the number of the phase. This decreases the latency of the circuit. In four-phase clocking, four logic operations are performed per one clock cycle. 




Energy Consumption

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

 The energy consumption is decreased by using high-Jc
and high-βc junctions. 

τc is 1000 ps, Ic = 50 µA.

βc Dependence of Bit-Energy of AQFP

 2 0
rf

sw
cbit IE

τ
τ

Φ=

ccc
sw j

c
RI β

πτ 00 2 Φ
=

Φ
≈

Bit energy:

Intrinsic switching time:
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The energy consumption of the AQFP gate is further decreased with increase of the critical current density and with increase of the McCumber parameter at the fixed clock frequency because of the enhancement of the intrinsic switching speed of the AQFP gate.




Driving Ability

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

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

1:8 splitter 1:16 splitter

AIST Nb Josephson standard process  
(STP2) was used.
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The fan-out of the AQFP gate is ranging from 4 to 16, which is larger than that of RSFQ circuits (2 ~ 3 typically). It should be noted that the critical current of the junctions with large-fan-out AQFP gates has to be increased for obtaining low bit-error rate (BER). 




Connectability

 The output current of AQFP gate decreases with increase 
of interconnect inductance, which limits the wire length. 

 Lmax ~ 1 mm. 

Iout vs. Lwire

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

Testing of  maximum wiring length
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The output current of the AQFP gate decreases with increase of the interconnect inductance, which limits the maximum length of gate-to-gate wires. We set the maximum wire length to be 1 mm. AQFP-to-SFQ converters and passive transmission lines (PTL) can be used for longer interconnection length with paying the cost of the energy consumption.




Error Rates

 Bit-error-rate of AQFP gate is quite small when EJ >> kBT.

2 GHz bit-error-rate test results

20

N. Takeuchi, et al., Appl. Phys. Lett., 110, 202601 (2017).
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It was confirmed in calculation and experimental results that the bit-error-rate of the AQFP gate is quite small when the Josephson coupling energy E_J is much larger than the thermal fluctuation energy. This requirement limits the minimum critical current of the junction. I_c = 50 uA is typically used in our study. 




Robustness
Demonstrated 84k-Junction 

AQFP buffer array

AIST 10 kA/cm2 high-speed standard 
process (HSTP) was used. 

Area 6.68×6.23 mm2

Bias Current 3.60 mA
JJ number 83736

 AQFP is robust because
 The operation is based on 

differential pairs of junctions 
and inductances.

 The critical current of all 
junctions is the same.
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The AQFP logic circuits are robust because the operation is based on differential pairs of junctions and inductances. Global circuit-to-circuit parameter variations don’t affect to the circuit operation so much. Another reason is that the critical current of all junctions in AQFP gates is the same. Correct operation of AQFP gate arrays containing about 80 kJJ was demonstrated.




Density

 Multi-layer processes improve the circuit density.
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13×25 µm2

(-67.5% area reduction)

40×25 µm2

Excitation line
(upper layers)

Transformer 
(lower layers)

4-metal layer process

Si Substrate

SiO2

Nb
JJ

Mo Resistor

AlOx

BAS (M2)
ＧＣ

RC RC

JC

BC

COU (M3)

BAS (M2)

COU (M3)

CCCC

COU

CTL (M4)
CTL (M4)

SiO2

JP
Nb/Pd-NW1 (40 nm + 40 nm)

I1+I2+I3 +I4 (700 nm)

I5 (500 nm)

CC

CTL (M4)

CC

IN1 (100 nm)
Nb/Pd-NW2 (40 nm + 40 nm)IN2 (100 nm)

Nb Ground Plane  (M1)

7-metal layer process

~ 0.3M gate/cm2
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In our current layout design, the physical size of the AQFP gate is limited by the size of superconducting transformers. The size of the AQFP gate is dramatically reduced by using multi-metal layer processes, where the SQUID and the transformer are fabricated in the different metal layers. Use of direct-coupled AQFP gates with kinetic inductances makes it possible to decrease the circuit size to nanometer scales in the future. 



Design Methodology

 Logic cells can be designed by placing four building blocks: 
Buffer, NOT, Constant, Branch
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N. Takeuchi et al., J. Appl. Phys. 117, 173912 (2015).
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Any logic cells can be designed by placing four basic building blocks: Buffer, NOT, Constant, Branch. For example combining two NOT cells, a Constant cell and a one-to-three Branch give us a NAND cell.




Layout of Basic Cells
24

Building block cells Majority cell

 Symmetric design prevents the parasitic coupling between 
the excitation and output inductance.

N. Takeuchi et al., J. Appl. Phys. 117, 173912 (2015).
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As for the physical layout design, a symmetric design approach is used to prevent the parasitic coupling between the excitation and output inductances.




AQFP Logic Design
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 Logic cells are placed together 
like Lego blocks

 Logic gates grouped by phase 
& data flow

Inputs
Phase 1

Phase 2

Phase 3

Phase 1

Phase 2

Phase 3

Phase 1

Outputs

D
at

af
lo

w

AQFP design flow
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AQFP logic circuit design is similar to the standard cell approach in CMOS design, where the supply currents are provided to x-direction and signals are propagated to y-direction. 



Demonstrated AQFP Circuits
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16-word by 1-bit register file 8-bit carry look-ahead adder

N. Tsuji et al., IEEE Trans. Appl. Supercond., 27 (2017).

C. L. Ayala et al., IEEE Trans. Appl. Supercond., 27 (2017).
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16-word by 1-bit resister files and 8-bit carry-lookahead adders are designed using the proposed design methodology and their correct functionalities were demonstrated up to date. 




4-bit AQFP RISC Microarchitecture
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Register File with bypass
Ext. I/O

7892 JJs, 20 phases

ALU, Shifter
1556 JJs,
20 phases

Control Pipeline,
Routing

5148 JJs, 66 phases*

Instruction Buffer,
Decode, and Issue

4988 JJs, 22 phases

Total JJs: ~20,000 JJs
Latency: 92 phases (23 cycles)

MANA Processor
Monolithic Adiabatic iNtegration Architecture Processor

A monolithic integration of adiabatic memory and processing

*overlapped with pipelineEUCAS2017, 1EP1-6, 1EP1-12
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 Currently we are designing a 4-bit AQFP microprocessor based on the RISC architecture. Its total junction numbers are estimated to be 20 kJJ. We hope we will soon have component test results.  




EDA Tools for Top-Down Design 
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Verilog/VHDL Schematic Digital Sim. Layout Chip

Qiuyun Xu, et al., IEEE Trans. Appl. Supercond., 27, 1301905, (2017).
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In order to design the AQFP microprocessor, we have developed EDA tools for top-down AQFP design. We have made an AQFP HDL model for logic simulations and developed a Verilog digital simulator. Automated placing and routing tools have also been developed, which dramatically reduce the design time of large AQFP circuits.




AQFP Circuit Design using EDA Tools
29

Layout of 16-b AQFP carry-look-ahead adder

Excitation 
current:
Phase 1 - 3

Data input

Data output

Y. Murai, et al., IEEE Trans. Appl. Supercond., 27, 1302209 (2017).
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This slide shows a layout of a 16-b AQFP carry-look-ahead adder, which is generated by the developed automated placing tool. The function of the circuit is verified by using the Verilog logic simulator. 




Future Directions

 Investigation of design methodology and EDA tools for 
large-scale AQFP integrated circuits
 Wire-length limitation
 Multi-phase clock distribution
 Majority-based logic synthesis
 Microprocessor architecture

 More energy efficient logic
 Use reversible QFP (RQFP) [1].

 New applications
 Control and readout circuits for Quantum computers
 Read out circuits for superconducting sensor arrays 

30

[1] N. Takeuchi, et al. Scientific Reports, 4, 6354 (2014).
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More energy efficient logic is realized by using reversible QFP (RQFP). Application of the AQFP logic circuits for controlling and reading out of quantum bits is very attractive because of their extremely low energy consumption. AQFP readout circuits for superconducting sensor arrays are also very attractive research topics.




Summary

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

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

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

 AQFP microprocessors are under development based on 
CMOS-like design methodology and top-down EDA tools.
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13th European Conference on Applied Superconductivity, Geneva, 17-21 September 2017











Outline

Background and motivation

Operation principle of adiabatic quantum flux parametron (AQFP)

AQFP as an energy-efficient logic circuit 

Evaluation of AQFP as a logic circuit

Design methodology of AQFP logic circuits

EDA tools for Top-Down design

Summary

2









The main purpose of this talk is to evaluate the AQFP as an energy-efficient large-scale integrated circuit technology. After evaluation of the AQFP logic, we will also introduce the design methodologies for AQFP logic currently we are developing. Recent development of EDA tools for AQFP logic will be also presented.
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Background

http://www.top500.org/

1st-ranked computers in recent TOP500

Low-Power Logic Devices is highly demanded. 



Estimated power consumption to realize an exa-scale computer 

> 100 MW 

~ $million/100 MW per year



K computer (Japan)

Peak performance: 10.5 PFLOPS

Power consumption: 12.6 MW





1 EFLOPS

3









If we estimate the power of exa-scale supercomputer by extrapolating the power-versus-performance relationship of the 1st-ranked supercomputers, it will be the order of 100 MW. The cost of electric power is so expensive (higher than $1M/year) and the implementation will be quite difficult due to the high heat generation. 
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DC Powered

RQL (Northrop Grumman)





 PS ~ PD ~ IcF0f

LV-SFQ (Nagoya Univ.)

 PS ~ 0,  PD ~ IcF0f

 PS ~ 0,  PD < IcF0f





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

O. A. Mukhanov, IEEE Trans. Appl. Supercond. 21, 760 (2011).

ERSFQ (Hypres) 

AC Powered

 PS ~ 5PD,  PD ~ IcF0f

M. Tanaka et al. JJAP 5 1053102 (2012)

AQFP (Yokohama National Univ.)







N. Takeuchi, et. al., SUST, 26, 035010 (2013).

Energy-Efficient SFQ Circuits
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To overcome the large energy consumption in semiconductor integrated circuits, several energy-efficient SFQ circuits are being investigated up to date, which is classified to DC and AC powered circuits. The static energy consumption is eliminated or reduced in all types of energy-efficient superconducting circuits. In AQFP logic, dynamic energy consumption can also be reduced by the adiabatic operation of the circuit.
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Comparison of Energy-Delay Product











Energy-efficient SFQ
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The bit-energy of the AQFP logic is five or six orders of magnitude lower than those of state-of-the-art semiconductor logic circuits.
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Adiabatic Quantum-Flux-Parametron (AQFP)

AQFP gate

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

Potential energy of the gate

Potential energy changes adiabatically during switching. 



Operation principle is based on QFP gates.



M. Hosoya et al., IEEE Trans. Appl. Supercond. 1, 77–89 (1991).
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Operation of the AQFP is based on the QFP gate, which is composed of a 2-junction SQUID shunted by output inductance L_q. Excitation current I_x is applied to the excitation line to apply a flux bias to the SQUID, by which the potential shape of the gate varies from the single well to double well potentials.
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Adiabatic Quantum-Flux-Parametron (AQFP)

AQFP gate

Operation principle is based on QFP gates.

M. Hosoya et al., IEEE Trans. Appl. Supercond. 1, 77–89 (1991).



Input

AC excitation

Iout flows downward.

Potential energy of the gate

Potential energy changes adiabatically during switching. 
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If downward input current is applied initially to the gate, an SFQ enters to the left side when the excitation current is applied, resulting in the large downward output current. 
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Adiabatic Quantum-Flux-Parametron (AQFP)

AQFP gate

Operation principle is based on QFP gates.

M. Hosoya et al., IEEE Trans. Appl. Supercond. 1, 77–89 (1991).



Input

AC excitation

Iout flows upward.

Potential energy of the gate

Potential energy changes adiabatically during switching. 
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If upward input current is applied initially to the gate, an SFQ enters to the right side when the excitation current is applied, resulting in the large upward output current. 
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Evolution of Junction Phase at 4.2 K





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

Phase differences



Excitation flux

9









The circuit simulations of AQFP at finite temperatures show that in the adiabatic case, the junction phase changes adiabatically without a hysteresis during the change of the excitation current, whereas a hysteresis behavior appears in the non-adiabatic case. 
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When rise time is 1000 ps, Ebit = 0.023 IcF0 (~ 20kBT). 



 1/1000 of RSFQ

N. Takeuchi, et. al., SUST, 26, 035010 (2013).



fE

fS

bq





bL





Energy dissipation

Bit Energy vs. Clock Period of AQFP 
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The bit energy of AQFP is reduced by increasing the rise/fall time of the excitation current. When the rise time is 100 ps, the bit-energy becomes about 0.023 I_c x Phi_0, which is thousand times better than that of conventional RSFQ circuits. In the slide, beta_L and beta_q represent normalized loop inductance and output inductance, respectively. phai_E and phai_S are normalized excitation and input current, respectively. 
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Measured power consumption of AQFP

Pqfp ~ 50 pW

Ebit ~ 10 zJ ~ 170kBT 



(bL, bq) = (0.4, 1.6)





Isolated



Clock frequency: 4.998 GHz          

Q of resonator : 357

AIST Nb Josephson standard process  (STP2) was used.



N. Takeuchi, et. al., Appl. Phys. Lett., 102, 052602 (2013).



Bit Energy Measurement of AQFP using a Superconducting Resonator
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The bit energy of AQFP was evaluated by measuring S parameters of a superconducting resonator coupled with AQFP gate. The dependence of S parameters on the input excitation current power shows that the bit energy of the AQFP gate with shunted junctions is about 10 zJ at 5 GHz operations, which agrees with the simulation results. 
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Comparison of Superconducting Logics

		Logic 		Clock Freq. 
[GHz]		Ebit / IcF0		Typical Ic 
[mA]		EDP 
[aJ·ps]

		CMOS		4		-		-		~105

		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		0.0042		50		0.086

		Quantum limit		-		-		-		5.3×10-5 



[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).

12









The comparison of the energy delay product (EDP) of the AQFP gate with other superconducting logics shows that the AQFP gate has excellent EDP value though the operation speed is somewhat slow. 
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Evaluation of AQFP as a Logic Circuit

Gain

Functionality

Speed 

Energy consumption

Driving ability

Connectability

Error rates

Robustness

Density



Important metrics as a logic circuit

13









In order to realize large-scale integrate circuits, the following important metrics has to be satisfied. In this talk we will evaluate the AQFP as a logic circuit using these metrics.
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Gain

Current gain of AQFP is considerably large.

If we assume 

    dIin ~ 1 mA, and Ic = 50 mA, 

the current gain is given by

    Ic / dIin ~ 50.



cf. In RSFQ circuits with

    Iin ~ 20 mA, Ic = 100 mA, 

the current gain is ~ 5.



N. Takeuchi, et. al., SUST, 26, 035010 (2013).

Current gain vs. input current at T = 0K

dIin: input thermal noise  
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The current gain of AQFP is considerably large. Estimated current gain of the AQFP is about 50 if we assume the thermal noise of the input current for the gate is about 1 uA.  The gain is much larger than the typical gain (~5) of RSFQ circuits. 
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Functionality

NOT gate is cost free.

Majority gate is a basic logic gate.  













-

NOT gate is made by using a transformer with negative coupling.

Buffer

NOT

Majority gate is made by connecting three buffers in parallel.

Majority

































a

b

c

x

x = MAJ(a, b, c) = ab + bc + ac

K. Inoue, et al. IEEE Trans. Appl. Supercond., 23, 1301105 (2013). 
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In the AQFP, a NOT gate is made by using a transformer with negative coupling. Therefore the NOT function is cost free. The basic logic gate in the AQFP logic family is Majority gate. The Majority gate is made by connecting three buffers in parallel. 
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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



[1] K. Fang, J. Appl. Phys., 121, 143901 (2017). 
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The AQFP is driven by multi-phase clocks. 4-phase clocking is typically used. In our study, a target clock frequency is 5 GHz, but it can be increased if necessary. The double-excitation method can double the operation frequency of the AQFP gate even with the fixed excitation clock frequency. The number of logic operations per clock cycle can be increased with increase of the number of the phase. This decreases the latency of the circuit. In four-phase clocking, four logic operations are performed per one clock cycle. 
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Energy Consumption

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

The energy consumption is decreased by using high-Jc and high-bc junctions. 



tc is 1000 ps, Ic = 50 mA.

bc Dependence of Bit-Energy of AQFP









Bit energy:

Intrinsic switching time:

17









The energy consumption of the AQFP gate is further decreased with increase of the critical current density and with increase of the McCumber parameter at the fixed clock frequency because of the enhancement of the intrinsic switching speed of the AQFP gate.
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Driving Ability

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

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





1:8 splitter

1:16 splitter

AIST Nb Josephson standard process  (STP2) was used.
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The fan-out of the AQFP gate is ranging from 4 to 16, which is larger than that of RSFQ circuits (2 ~ 3 typically). It should be noted that the critical current of the junctions with large-fan-out AQFP gates has to be increased for obtaining low bit-error rate (BER). 
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Connectability

The output current of AQFP gate decreases with increase of interconnect inductance, which limits the wire length. 

Lmax ~ 1 mm. 





Iout vs. Lwire

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



Testing of  maximum wiring length
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The output current of the AQFP gate decreases with increase of the interconnect inductance, which limits the maximum length of gate-to-gate wires. We set the maximum wire length to be 1 mm. AQFP-to-SFQ converters and passive transmission lines (PTL) can be used for longer interconnection length with paying the cost of the energy consumption.
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Error Rates

Bit-error-rate of AQFP gate is quite small when EJ >> kBT.







2 GHz bit-error-rate test results
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N. Takeuchi, et al., Appl. Phys. Lett., 110, 202601 (2017).









It was confirmed in calculation and experimental results that the bit-error-rate of the AQFP gate is quite small when the Josephson coupling energy E_J is much larger than the thermal fluctuation energy. This requirement limits the minimum critical current of the junction. I_c = 50 uA is typically used in our study. 
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Robustness

Demonstrated 84k-Junction AQFP buffer array



AIST 10 kA/cm2 high-speed standard process (HSTP) was used. 



		Area　		6.68×6.23 mm2

		Bias Current		3.60 mA

		JJ number		83736



AQFP is robust because

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

The critical current of all junctions is the same.

21









The AQFP logic circuits are robust because the operation is based on differential pairs of junctions and inductances. Global circuit-to-circuit parameter variations don’t affect to the circuit operation so much. Another reason is that the critical current of all junctions in AQFP gates is the same. Correct operation of AQFP gate arrays containing about 80 kJJ was demonstrated.
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Density

Multi-layer processes improve the circuit density.

22



13×25 mm2

(-67.5% area reduction) 

40×25 mm2 







Excitation line

(upper layers)

Transformer 

(lower layers)

4-metal layer process



































Si Substrate

SiO

2



Nb















JJ



Mo Resistor

AlOx





BAS (M2)













ＧＣ







RC

RC













JC

BC















COU (M3)

BAS (M2)

COU (M3)







CC

CC

COU

CTL (M4)

CTL (M4)

SiO

2



JP















Nb

/Pd

-

NW1 (40 nm + 40 nm)



I1+I2+I3 +I4 (700 nm)

I5 (500 nm)

CC



CTL (M4)

CC

IN1 (100 nm)

Nb

/Pd

-

NW2 (40 nm + 40 nm)

IN2 (100 nm)







Nb Ground Plane  (M1)

7-metal layer process

~ 0.3M gate/cm2















In our current layout design, the physical size of the AQFP gate is limited by the size of superconducting transformers. The size of the AQFP gate is dramatically reduced by using multi-metal layer processes, where the SQUID and the transformer are fabricated in the different metal layers. Use of direct-coupled AQFP gates with kinetic inductances makes it possible to decrease the circuit size to nanometer scales in the future. 
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Design Methodology

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

NAND

Splitter

Buffer

1:3-branch

NOT

1-constant

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









Any logic cells can be designed by placing four basic building blocks: Buffer, NOT, Constant, Branch. For example combining two NOT cells, a Constant cell and a one-to-three Branch give us a NAND cell.
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Layout of Basic Cells

24

Building block cells

Majority cell





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



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









As for the physical layout design, a symmetric design approach is used to prevent the parasitic coupling between the excitation and output inductances.
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AQFP Logic Design

25

Logic cells are placed together like Lego blocks

Logic gates grouped by phase & data flow



Inputs

Phase 1

Phase 2

Phase 3

Phase 1

Phase 2

Phase 3

Phase 1



Outputs



Dataflow























AQFP design flow









AQFP logic circuit design is similar to the standard cell approach in CMOS design, where the supply currents are provided to x-direction and signals are propagated to y-direction. 
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Demonstrated AQFP Circuits
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16-word by 1-bit register file

8-bit carry look-ahead adder



N. Tsuji et al., IEEE Trans. Appl. Supercond., 27 (2017).

C. L. Ayala et al., IEEE Trans. Appl. Supercond., 27 (2017).











16-word by 1-bit resister files and 8-bit carry-lookahead adders are designed using the proposed design methodology and their correct functionalities were demonstrated up to date. 
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4-bit AQFP RISC Microarchitecture

27





Register File with bypass

Ext. I/O

7892 JJs, 20 phases



ALU, Shifter

1556 JJs,

20 phases



Control Pipeline,

Routing

5148 JJs, 66 phases*



Instruction Buffer,

Decode, and Issue

4988 JJs, 22 phases

Total JJs: ~20,000 JJs
Latency: 92 phases (23 cycles)

MANA Processor

Monolithic Adiabatic iNtegration Architecture Processor
A monolithic integration of adiabatic memory and processing

*overlapped with pipeline

EUCAS2017, 1EP1-6, 1EP1-12









 Currently we are designing a 4-bit AQFP microprocessor based on the RISC architecture. Its total junction numbers are estimated to be 20 kJJ. We hope we will soon have component test results.  
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EDA Tools for Top-Down Design 

28







Verilog/VHDL



Schematic



Digital Sim.



Layout



Chip

Qiuyun Xu, et al., IEEE Trans. Appl. Supercond., 27, 1301905, (2017).









In order to design the AQFP microprocessor, we have developed EDA tools for top-down AQFP design. We have made an AQFP HDL model for logic simulations and developed a Verilog digital simulator. Automated placing and routing tools have also been developed, which dramatically reduce the design time of large AQFP circuits.
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AQFP Circuit Design using EDA Tools

29



Layout of 16-b AQFP carry-look-ahead adder

Excitation current:

Phase 1 - 3

Data input

Data output

Y. Murai, et al., IEEE Trans. Appl. Supercond., 27, 1302209 (2017).









This slide shows a layout of a 16-b AQFP carry-look-ahead adder, which is generated by the developed automated placing tool. The function of the circuit is verified by using the Verilog logic simulator. 
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Future Directions

Investigation of design methodology and EDA tools for large-scale AQFP integrated circuits

Wire-length limitation

Multi-phase clock distribution

Majority-based logic synthesis

Microprocessor architecture

More energy efficient logic

Use reversible QFP (RQFP) [1].

New applications

Control and readout circuits for Quantum computers

Read out circuits for superconducting sensor arrays 	

30

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









More energy efficient logic is realized by using reversible QFP (RQFP). Application of the AQFP logic circuits for controlling and reading out of quantum bits is very attractive because of their extremely low energy consumption. AQFP readout circuits for superconducting sensor arrays are also very attractive research topics.
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Summary

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

~1 zJ/bit @5 GHz

Three orders of magnitude smaller than energy-efficient SFQ logic

Six orders of magnitude smaller than CMOS logic   

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

AQFP microprocessors are under development based on CMOS-like design methodology and top-down EDA tools.







31









image2.jpeg

—
EUCAS 2017

AR






image3.jpeg

Initiative for Global Arts & Sciences
YNU YOKOHAMA National University






image4.jpeg







image5.jpeg







image6.jpeg







image7.jpeg







image8.jpeg







image9.jpeg

Institute of







image10.jpeg







image11.png

108

Power [KW]

108
Tianhe-2
K computer . * Sunway TaihuLight
10t » _ Titan Y ‘o
Tianhe-1A, | Sequoia
Roadrunner . . ! Mira

108 | BlueGenes . Shahoen i Piz Daint

102
10! 102

103 104

10° 108
Rmax [TFlop/s]

107






image12.tiff

bias bus

ViV Ve






image13.tiff

T






image14.emf

dt


dφ


2π


Ф


0





V




image15.emf

R


B


J


1


R


S


I


B


V


B




image16.tiff

Input current

Exciting
crent’ 1§ b2
—a—

<
L L

WK 3







image17.png

Bit Energy [J]

Limit of Practical CMOS

Thermal limit

at4.2 K

10" 107
Clock Period [s]






image18.png

b Ly L
vy, vy,
K m ke
L L,
’OUt
I X Ly l

X2







image19.png







image20.png

vy, vy,
k. k.
Crm e
Ly Ly
lout
k@ ko






image21.png







image22.png

0127

01270

21

Adiabatic

(critically damped)

A

Non-adiabatic
(critically damped)

F

Y

Adiabatic

(underdamped)

Mij®,






image23.png

U/E

25,

00,

B c o} E F
25 25 25 25 25
g g g g g
S0 > 0] S oo S oo Soo
05 00 05 05 00 05 05 00 05 05 00 05 05 00 05 05 00 05
ouf2n ouf2n o./2n 6./2n ou/2n ou/2n







image24.wmf

f


µ




image25.png

E, /(1D /2m)

Rise Time

Fall Time

Rise Time [ps]






image26.tiff

Input current

Exciting La Le

current







oleObject1.bin



image27.png

P, [dBm]






image28.png

Low-impedance
line







image29.png

Measurement
System

High
0

Stro

AQFP







image30.jpeg







image31.png

Current Gain

10°

(BB,
——(04,1.6)
*=(1.0,3.0)
- (0.5,0.5)
-e--(0.3,0.3)
--e=(0.2,0.2)







image32.png







image33.png







image34.png

x1 x2 x3 Ix4

>






image35.png

Gate A

Gate B
’ A /- Gate C
x _/_ Gate D

Latency







image340.png

clock period

Lat =
areney = umber of phase






image36.wmf

 


2


0


rf


sw


c


bit


I


E


t


t


F


=




image37.wmf

c


c


c


sw


j


c


R


I


b


p


t


0


0


2


F


=


F


»




image38.png

107

——Simulation
-=Eq.(1)
Intrinsic damping
N 2600
Jyes ~
k2 at 42K AN
0% -
10° 10" 10° 10°

10°






oleObject2.bin



oleObject3.bin



image39.png







image40.png

_—
il






image41.png

200

175

150

Shielded
Ko =029
Lofly=09

25

00,

Symmetric

0 10






image42.png

Cell 1

Cell 2

\lgp







image43.png







image44.tiff

50 um

-Q

50-

E
£
£
)
b

Buffer chain:
R/oltage driver







image45.tiff







image46.tiff

102
o 10
e
5 06 2Gps
g
&
10%)
1.Gops
10710 \x
.
o -8 7 -6 15 -4

/
2 1

43 10

Total excitation power (dBm)






image47.jpeg







image48.png







image49.png







image50.png

IEIm






image51.png







image52.png

of

(6]






image53.png

8 == 80

——







image54.png

Nb wiring thickness 510, insulator thickness.
‘
staom]







image55.png







image56.png







image57.wmf

(


)


a


c


c


b


b


a


c


b


a


x


×


+


×


+


×


=


=


　　


,


,


MAJ




image58.wmf

(


)


ab


b


a


b


a


x


=


+


=


=


　　


　　


,


1


,


MAJ




image59.wmf

a


z


y


x


=


=


=




oleObject6.bin



image60.png

VIVIV






image61.png







image62.png







oleObject4.bin



oleObject5.bin



image63.png

Constant

NOT

Buffer

30 um x 40 um 30 um x 40 um

30 um x 40 um

Branch

90 um x 20 um







image64.png

\[O#Fm r.‘l I

1]:13[03[1[1

Branch






image72.png

El

sum .

P out3






image73.png

P out3






image74.png

xin1 .m

110

s e nann

-y

YT

xin2 .m

B
]
. -
u W
]
T 3 Ll Ll
n | ]

P out3






image75.png

xin1 .m

110

YT

xin2 .m

s e nann

e

14

. xout2

P out3






image76.png

xin1 .m

110

YT

xin2 .m

s e nann

e

14

. xout2

xind







image77.png

0
e

i st 0 4 )

A
G

7,507k
vt il )

.57,
it i

Zi







image65.png







image66.png

sum .

P out3






image67.png

sum .

P out3






image68.png

sum .

P out3






image69.png

sum .

P out3






image70.png

sum .

P out3






image71.png

El

sum .

P out3






image78.png

Swou uoneroxe







image79.emf





3-
ph




as
e 




cl
oc




ks Inputs




Outputs




Adder




1.
3 




m
m




2.4 mm














3


-


p


h


a


s


e


 


c


l


o


c


k


s Inputs


Outputs


Adder


1


.


3


 


m


m


2.4 mm




image80.png

2t racior——]

o Js ] ol

Control Buffer Pipeline

5| Opcode | Adara | Acars

g3
|| ;
—t i
-
Instruction é g 16 x 4b
‘Buffer g ALU
e =1 5| A
——tresn o —Z—>]
o s s
T e 71 I T
by y W "8)
- ye 2 s sosm
s Tz Je
x -

D Ot
RIS,






image81.png

SystemVerilog (" N O
oesin (4 Wodes/Testench Teanocay
saos [=H N Oesin ol check

N Assura Files
Timing Optimization:

Dugnm Schematic Functional . Layout Layout Gos.
Design View Simulation View Check Generation
Cadence Virtuoso Design Environment

™

Majority Logic
Synthesis

Measurement
Scripts

Timing Optimizatior

Chip chip
Arrival Fabrication

Cellibrary
Files

Measurement






image82.png

function: 1-bit full-adder
Pin: input (a,b,carry_in)
output (carry out, sum)
Lib: AQFP standard library
Sehaviour deseription:
sum = a + b+ carry in,

carry out = a*b + (ath)*c;






image83.png







image84.png







image85.png







image86.png







image87.png







image1.jpeg

Y NU YOKOHAMA National University








Rocent n(nrch developments of
adiabatic quantum-flux-parametron circuits
technology toward energy-officiont
high-performance computing

N Yoo, oo, L. A’ XK o . T
o a1 G 1







