
Towards Ultra-Low Power Computing: 
SFQ Brownian Logic Circuits

Satoshi Kawakami
Department of Electrical and Electronic Engineering
Kyushu University

[QUEST 2025]
October 29th, 15:10 - 15:35

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), 
Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.



2025/10/29 2

Outline
p Motivation & Research Goal

p SBLC (SFQ Brownian Logic Circuit)

p Functional Validations & Performance Evaluations

p Summary

QUEST 2025 IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), 
Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.



2025/10/29 3
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SFQ Computing

QUEST 2025

p SFQ devices are promising technologies & operate at 4 K
p What is unique about SFQ devices?

Ø High switching speed (~ 1ps)
Ø Low energy (~ 0.1aJ)
Ø Long-distance lossless signal propagation (light speed / 3)

1 mm

IM and IR
RF and ALU

DM

SFRCtrl

Concurrent and counter

Counter

Counter

Concurrent

Clock flow

Data flow

Counter

On-chip
Clock Generator (CG)

32GHz 6.2mW 4bit Processor

[VLSI ‘20]

1 m
m Ifmap Buf.

NoC
unit

Psum
Buf.

Weight Buf.

Reg.PE

Ofm
ap

Buf.

M
AC unitPE

PEPE

50GHz AI Accelerator

[MICRO ‘20]

Device Logic gate Circuit / Architecture

AND

OR

Outstanding High-Performance / Low-Power Computing Systems

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), 
Issue No. 62, Jan. 2026. Presentation given at QUEST 2025, Yokohama, Japan, Oct. 2025.



Noise Limit
➜ Power reduction limit for correct operation (S/N) 
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Toward Ultra-Low-Power Computing

QUEST 2025
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1. 2. Target

p Conventional low-power technologies
1. Intermittent operation: How to eliminate waste?

e.g., Normally-off, Clock gating techniques

2. Low-accuracy: How to reduce processing energy?
e.g., Emerging devices, Approximate, analog manner

Processing System

>>    

Using noise as a mechanism for circuit operation
➜ Noise = Energy available for “free”
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Toward Ultra-Low-Power Computing
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p Stochastic Thermodynamics
Ø How to convert free energy into work?

p Compute Like Nature
Ø Trying to use Brownian motion for computations

Single electron box Electrical circuit Molecular motor

2D Brownian motion Ciliary movement
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p What is required to utilize noise in circuit operation?
ØHow do we calculate with uncontrollable devices? [Comp. Principle]
ØWhat is the devices ? [Devices]
ØWhat are the structures that implement? [Logic Circuits]
ØIs the system can be “realistically” handled? [Architecture]
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Challenges – SFQ Brownian Logic Circuits
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1. Principle/Device 2. Cirtuit 3. Architecture
• Transmission line
• Logic gates

• Calculation units
- ADD, MUL, MAC

• Processing elements
• Hybrid arch.

？ A   S
B   C

Reinventing from Principle to Architecture
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Outline
p Motivation & Research Goal

p SBLC (SFQ Brownian Logic Circuit)
Ø Introductiong basics: random walk line / universal gate set

p Functional Validations & Performance Evaluations

p Summary
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SFQ Random Walk Line
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p SBLCs: SFQ Brownian Logic Circuits
Ø Computation based on random search for the circuit topology

p SFQ Random Walk Line (0.04% Power)
Ø Clock signal line (25%) : Clockless
Ø Static power (95%) : No vias voltage
Ø Dynamic power (99%) : Low 𝐼! near to noise-level

2D Brownian motion
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Universal Gate Set for SBLCs
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p Universal Reversible Gate Set
ØRandom walk line / Hub, CJoin / Ratchet : token

Irreversible

Cannot pass

: token

Reversible

Reversible
Two-Input Simultaneous Scenario

One-Input Scenario

Cannot pass

Reversible

Random walk line

Ratchet Gate

CJoin Gate Hub Gate
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Arbitary Operation with SBLCs 
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p SFQ CJoin Gate
p Arbitary Operation with CJoin
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Schematic of SFQ CJoin gate Universal gate

In1 In2 Out1 Out2
0 0 𝐴 (0) 𝐴!(0)
0 1 𝐵 (0) 𝐵!(1)
1 0 𝐶 (0) 𝐶!(1)
1 1 𝐷 (1) 𝐷!(0)
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Outline
p Motivation & Research Goal

p SBLC (SFQ Brownian Logic Circuit)

p Functional Validations & Performance Evaluations
Ø Random walk line / CJoin gate

Ø Half-adder / Ripple carry adder / Register

p Summary
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Validation: SFQ-Random Walk
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p JoSIM based Functional Validation for Random Walk Line
ØJonson noise: 𝑖( = 4𝑘)𝑇𝐵/𝑅* 𝐼" = 1 𝜇𝐴, 𝑇 = 4.2 𝐾, 𝐵 = 700𝐺𝐻𝑧, 𝑅# = 184 𝑜ℎ𝑚

ØShapiro-Wilk test: 𝑝 = 0.294 > 0.05
p Tolerance to Fabrication 𝑰𝒄 Variations

Ø𝐼! ± 15% can be acceptable 
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Validation: SFQ-CJoin Gate
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p JoSIM based Functional Validation for CJoin Gate
ØJonson noise: 𝑖( = 4𝑘)𝑇𝐵/𝑅* 𝐼" = 1 𝜇𝐴, 𝑇 = 4.2 𝐾, 𝐵 = 700𝐺𝐻𝑧, 𝑅# = 184 𝑜ℎ𝑚

p CJoin Functional Requirements
ØSingle input: Tokens cannot pass through. Functions as a wall.
ØDouble input: Tokens pass through. Reversible function.
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Performance Evaluations
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p Monte-Carlo Sim. for Distribution Analysis: Half-Adder

Half-Adder Latency [ps] Energy [aJ] EDP [Js]
CMOS-HA (180nm) 310 43,090 13,357,900 (×10!"#)

Conventional SFQ-HA (1𝜇m) 𝟑𝟕. 𝟖 718.2 27,147 (×10!"#)

Proposed SLBC-HA (1𝜇m) 179.2 𝟎. 𝟓𝟔𝟗 𝟏𝟎𝟐 (×𝟏𝟎!𝟑𝟎)

𝟕𝟓𝟕𝟐𝟗𝐱
𝟏𝟐𝟔𝟐𝐱

Monte-Carlo Sim. 

・Netlist (Topologies)
・RL Gate parameters

JoSIM

Cal. Step Distribution

𝑷 = #
𝟎

𝑻

𝑽𝑰𝐂𝒅𝒕 ≈ 𝑰𝐂𝜱𝟎×#𝑨𝒄𝒕.
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Performance Evaluations
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p Monte-Carlo Sim. for Dist. Analysis: Ripple Carry Adder

Circuits Latency [ps] Energy [aJ] EDP [rJs]

1 bit

CMOS-FA (16nm) 248.5 278.3 69.2

Conv. SFQ-FA (1𝜇m) 𝟑𝟑. 𝟎 2122 70.0

SLBC-FA (1𝜇m) 542 𝟏. 𝟕 𝟎. 𝟗𝟑

2 bit

CMOS-RCA (16nm) 278.4 871.3 373.8

Conv. SFQ-RCA (1𝜇m) 𝟒𝟗. 𝟕 8699 432

SLBC-RCA (1𝜇m) 1086 𝟑. 𝟒𝟓 𝟑. 𝟕𝟓

3 bit

CMOS-RCA (16nm) 708.2 1520 1077

Conv. SFQ-RCA (1𝜇m) 𝟔𝟔. 𝟒 15255 1013

SLBC-RCA (1𝜇m) 1625 𝟓. 𝟏𝟕 𝟖. 𝟑𝟗
4 bit

CMOS-RCA (16nm) 938.1 2495 2341

Conv. SFQ-RCA (1𝜇m) 𝟖𝟑. 𝟏 21822 1813

SLBC-RCA (1𝜇m) 2167 𝟔. 𝟖𝟗 𝟏𝟒. 𝟗

100 µm100 µm

◀ Conv. SFQ 1bit FA

Conv. SFQ 4bit RCA ▶

AIST Jc=10kA/cm2

（1μm Process）

𝟏𝟐𝟒𝟖𝐱

𝟐𝟓𝟐𝟏𝐱

𝟐𝟗𝟓𝟏𝐱

𝟑𝟏𝟔𝟕𝐱

𝟏𝟔𝟒𝐱

𝟐𝟐𝟔𝐱

𝟐𝟗𝟒𝐱

𝟑𝟔𝟐𝐱
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Conclusions

QUEST 2025

p We propose a new computing method with SFQ divices
1. How do we calculate with uncontrollable devices? [Computational Principle]

Ø New computing principle: the “SFQ Brownian Logic Circuit”
2. What are the devices? [Devices]

Ø Random walk circuit implementation with SFQ devices
3. What are the structures for the implementation? [Circuit]

Ø Several processing units show the potencial. (Over 1/1000x energy reductions)
4. How do we estimate the potential? [Evaluation Methodology]

Ø Monte Carlo simulator for the proposed circuit

p Towards Ultra-Low Power Computing
Ø One of the new paradigms for SFQ computing
Ø Unique feature: The result is deterministic, time is non-deterministic
Ø Chip-based PoC, Guaranteeing worst-case execution time
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