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Integrated Optical Logic Circuits Using Nanophotonics

Device length ~ 100 pm

E.g. Photonic crystal-based
directional coupler

v" Direction control on the order

of the light wavelength

© Ultra-low latency

» { © On-chip implementation

T

CMOS logic gate

Nanophotonics-based

~ 10 ps

0.1ps ~1ps

[ Goal: Ultra-fast optical logic circuit design J




Beyond Optical Communication

Existing technique’s focus: on-chip optical communication
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To higher hierarchy
(e.g., server-to-server)

Goal: Add functional unit to boost up on-chip communication

» E.g. Integrated Neural Network (NN) for packet filtering




Related Work: Vector Matrix Multiplication (VMM)
Exploiting Mach-Zehnder Interferometer (MZI) [1]
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Challenges in analog multiplication:
Environment-dependent error (e.g. noise & temperature)

[1] M. Reck et al., “Experimental realization of any discrete unitary operator”, Phys. Rev. Lett 73, 1994




Fully Digital Approximate Parallel Multiplier

Accurate digital multiplier: larger delay than an analog multiplier

»{ v' This work: Approximate structure for performance boost

® Deterministic multiplication error
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v' Dependent on input value only

v' Fixed error @ every calculation
» Up to —50% error




Neural Network (NN) Exploiting Approximate Multiplier

Input Weight

| <> Wy Uy LWl Output
u | >
! | ) @— (Next layer)

Performance boost by approximate multiplier

v Pattern recognition: high resiliency to approximation errors

v' Absorb the deterministic error by learning process
Wolg + WU + Wol,
T N T

Weight vector optimization to cancel out deterministic error
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« Background
« Parallel Multiplier Using Nanophotonic Devices
« Approximate Parallel Multiplier for NN
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Photonic Crystal-Based Optical Pass-Gate (OPG)

Directional coupler Electric signal
A
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Length >...1=.00 pm O: cross 1: pass
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OptoElectric (OE) Conversion Delay

Serial connection

Cascade connection

Electric signal
% / % % OptoElectric /

—
Light speed (~ 1 ps/gate)

(OE)
Optical signal

OE conversion (~ 25 ps/OE)

v Reducing OEs on a critical path is a key to ultra fast operation

cf. CMOS ~ 10 ps/gate
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Issues in Conventional Optical Parallel Multiplier

6bit Wallace Tree Multiplier / Partial Product
PP5 PP4 PP3 PP2 PP1 PPO
Optical Full Adder (FA) [2] FA FA
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® Large #(OEs on critical path) for large bit width n

L) Unacceptable latency for large n
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[2] T. Ishihara, et al., International SoC Design Conference, 2016
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Log-quantized Approximate Multiplier

Welght_* — Data

Key idea: W x U = W x sign (U) X zlogzl/Ul (W,U € R)

log,|U| = floor(log, U) = U

Quantization to an integer

Up to —50% error

Example (U = 42) 16
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Overview of the Approximate Multiplier

Input value U, (n-bit) Weight value w,, (m-bit) Sign bits
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v" Only two OE converters on critical paths for any bit widths 13



Optical Implementation of the Log-Quantizer (n = 4)
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v Only one OE converter on a critical path for any n
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. Barrel Shifter-based Multiplier (n = 4)
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Area Reduction of Optical NN Circuits Exploiting
Wavelength Division Multiplexing (WDM)

v’ Different wavelength for different weight
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Conclusion

« Parallel multiplier for neural networks
— Performance boost by approximate structure
— Priority encoder & barrel shifter
— Area reduction exploiting WDM

« Future work
— Detailed analysis
— Detailed implementation
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