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SFQ Computing

O SFQ devices are promising technologies & operate at 4 K

0 What is unique about SFQ devices?
» High switching speed (~ 1ps)
» Low energy (~ 0.1aJ)
» Long-distance lossless signal propagation (light speed / 3)

Outstanding High-Performance / Low-Power Computing Systems
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Toward Ultra-Low-Power Computing

Processing System

O Conventional low-power technologies

1. Intermittent operation: How to eliminate waste?
e.g., Normally-off, Clock gating techniques

>

systems required for the process peripheral systems

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

Power

................ Noise Limit - >>
=> Power reduction limit for correct operation (S/N)

Using noise as a mechanism for circuit operation
= Noise = Energy available for “free”
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Toward Ultra-Low-Power Computing

O Stochastic Thermodynamics
» How to convert free energy into work?

Electrical circuit Single electron box Molecular motor
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O Compute Like Nature

» Trying to use Brownian motion for computations

2D Brownian motion Ciliary movement Y O Ginpuieiiiis
N v . - B . Nature: Thermodynamically
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Challenges — SFQ Brownian Logic Circuits

0 What is required to utilize noise In circuit operation?
»How do we calculate with uncontrollable devices? [Comp. Principle]
»\What is the devices ? [Devices]

»What are the structures that implement? [Logic Circuits]
»|s the system can be “realistically” handled? [Architecture]

1. Principle/Device 2. Cirtuit 3. Architecture
« Transmission line j: » Calculation units j: * Processing elements

« Logic gates - ADD, MUL, MAC * Hybrid arch.
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SFQ Random Walk Line

O SBLCs: SFQ Brownian Logic Circuits

» Computation based on random search for the circuit topology

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

2D Brownian motion SFQ injection
s D ——
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Universal Gate Set for SBLCs

[0 Universal Reversible Gate Set

>Random walk line / Hub, CJoin / Ratchet @ : token |
Random walk line CJoin Gate Hub Gate
Reversible Two-Input Simultaneous Sce_nario
- S - *. Reversible "
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Irreversible
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Ratchet Gate One-Input Scenario ‘ Reversible '
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Arbitary Operation with SBLCs

. InfT In2 | Out1 Out2

O SFQ CJoin Gate 0 [0 70
O Arbitary Operation with CJoin 0 1 | B B
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Schematic of SFQ CJoin gate Universal gate

_EH Input1: O line
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Validation: SFQ-Random Walk

O JoSIM based Functional Validation for Random Walk Line
>Jonson noise: (i,) = \/4kgTB/Rs Ic=1uAT = 42K,B = 700GHz, Rs = 184 ohm
»Shapiro-Wilk test: p = 0.294 > 0.05

[0 Tolerance to Fabrication I, Variations
»I. + 15% can be acceptable
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Validation: SFQ-CJoin Gate

O JoSIM based Functional Validation for CJoin Gate
»>Jonson noise: (i,) = /4kgTB/Rs Ic=1uAT = 42K,B = 700GHz, Rs = 184 ohm
O CJoin Functional Requirements

»Single input: Tokens cannot pass through. Functions as a wall.
»Double input: Tokens pass through. Reversible function.

[ RW single input double input
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Performance Evaluations

O Monte-Carlo Sim. for Distribution Analysis: Half-Adder
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Performance Evaluations

O Monte-Carlo Sim. for Dist. Analysis: Ripple Carry Adder
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Conclusions

0 We propose a new computing method with SFQ divices

1. How do we calculate with uncontrollable devices? [Computational Principle]
» New computing principle: the “SFQ Brownian Logic Circuit”

2. What are the devices? [Devices]
» Random walk circuit implementation with SFQ devices

3. What are the structures for the implementation? [Circuit]
» Several processing units show the potencial. (Over 1/1000x energy reductions)

4. How do we estimate the potential? [Evaluation Methodology]
» Monte Carlo simulator for the proposed circuit

O Towards Ultra-Low Power Computing

» One of the new paradigms for SFQ computing
» Unique feature: The result is deterministic, time is non-deterministic

» Chip-based PoC, Guaranteeing worst-case execution time
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