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V. J. Sorger, Nature Nanotech., 10, 11-15 (2015)
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GW EO Modulators

Qrger, Nanoph. (2012)

Huang, IEEE Phot. (2013)

Ye, IEEE STQE (2014)
Khan, (under review)
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Ma, IEEE STQE (2017)

Sarpkaya, (in prep)
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Critical

Dimension

E/DIt Scaling: Fel vs.
EAM

® Transistors by (Intel)

Sorger Group EAMs

(Time not to scale)

Mode Material

S8 |15f) HPP  ITO
St Sorger Nanophot. (2012)

HPP Graphene

Khan, (in review)
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WBEE STQE (2017)

Cyi%y desig d on
Liu, J. Nanoph.(2015)
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Technology Gap

2) <1-5x WDM (depending 5‘;1 link length)

1) <10x speed (<100GHz EAM vs. <2GHz link) |
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Sorger Group, J. Opt., special issue (submitted)
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Chip-Scale Interconnect Performance
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2015
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El-Ghazawi & Sorger Groups
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Hillerkus OE (2011) Gate =4y i
Gate ——= X5 47\~ }
. ]’/ 5 /, i
i {Gate = X =/ -}
Delay Lines | Greting
B Gate —+—= X} Hodthis Couplers
| Combined S/P Conversion & Optical FFT J (Sampling| \.

sl =il

BondPads |/ \‘r\ 1

Cooley-Tukey Method Addition A
1
=—(-a;+a
ﬁl \/2 ( 1 2)
1 -
b=l ta) Metric Electrical OFFT (on-chip)
T Operation
Multiplication Mode Seguential Continuous
1 Frequency Sensitivity for ideal phas exy = exp(_lznxy/N) Samp'ing Speed GHz . 10-100GHz
1  6.8GHz B ig Device Slow ADC Conversion short sampling window
3 —Xi
E ‘ —X3 Data BW
<10GFlop/s 10-100Tbps
fftw.org/speed/CoreDuo-3.0GHz-icc/
: Power High Low
‘g Example: N=8 ~10-1g00W 0.1-10w
g Data/Power
a 1 103-10°%
£ [GFlop/J] Max 10 = CPU ‘wall Assumed: 1Flop = 1 GHz
N Scaling N? #Phases (physical arms) N -1
#Coupler = Complexity (C) C,, = Z(N - ])
GVD
(Group Velocity Dispersion) N.A. Low

Frequency(GHz)

Sorger Group, Frontiers in optics (2017)



W Convolutional Neural Networks
=" based-on Optical FTT
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_- E:EZZ'Signal FLOPS per convolution 20N?log,(N) + N?

Processor I /nalog Optical

ADC 56 GSa/ls@2 W
DAC 100GA/s@2.5W
Amplitude Phase Sampling ] ]
DAC Calibration ADCs Optical loss first spiral 0.686 dB
Optical loss modulator 3.49dB
Amplitude Phase Sampling .
Modulator Modulator Modulators Optical loss 2 x 2 0.99105 dB
Optical loss splitter 3dB
(a) Optical loss input grating 4dB
coupler
1015
Mod. Phase ace —
DAC + Ampli‘:_l_n_‘le Phase o P100 GPU
= Serial
" 10
10 Parallel
delay N ‘_g
(b) ‘v
c
: 2 10°}
+ Amplitude 1 %
>
5
e S 10 .
mplitude 2
- =
o
L
Mod. Phase 5
+ Amplitude N 10
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Sorger Group, IEEE Computing (2017) NxN 2D FFT row length (N)
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Weight Bank = Partial Drop-Filter

o

inputs

weights

summation
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Electro-Optic

Nonlinearity
Modulator Neuron —— 2]

Electronic
Nonlinearity

spectral
filter

Modulator

photo-
detector

nonlinearity output
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Ay
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GW Neuromorphic Photonics

Vector Multiply Weighted Additions

ForB. MAC/s per Neuron
#MAC/s/neuron = Npr - f348,

f3aB = (2T RpCinod) ™"

Computational Efficiency = J/MAC
#MAC/s/neuron Nrp e
< |:NFO:| : M(V“

-1
Ptoml/neuron Cmod)
Goal: 1GMAC/n) 2 V_Co, = 1-10aC

NMAC =

OPEN Lab
Prof. Sorger Y = 1 GMAC/S/W @ 1x105GMAC/s/cm?
109 : Nanophotonics
108_
107} Neuromorphic
= - Photonics
= 105, 1 .
g 1051 State-of-theHI.
Z 10+ Neuromorphic Electronics
= °
§ 108} TrueNorth
(0]
5 102+ '
:Uﬁ 10 i NeurgG”d ngANN
1 Digital Electronics
187 Sg'NNakef Microwave Electronlcs Y
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Computational Speed (MMAC/s/cm?2)

State-of-the-art
spiking hardware

e —

object recognition

= Cannot be fast and
speech recognition/

Implementation Options
A. Spiking photonic laser neurons on IlI-V platform
B.

Perceptron photonic neurons on Si platform

complex

processing (real-time)

HJII

t Hx:‘ i

kHz

Bandmdth o 1/N2
(N = wires)

Time Scale

Applications
* Deep-Learning

* Real-time
Prucnal, Sorger, El-Ghazawi, NSF E2CDA (2017) 4
Ferreira de Lima, Nanophot (2016)

Non-linear Optimization

accelerated simulation

| Neuromorphic

Gz Photonics

mathematical programming, cyber-physical systems
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_ - AW
Deep Learning off-chip AWG /
Reference | Efficiency (J/MAC) [Speed (MAC/s) on-chip— MRR Weightsa"k I PLl mﬁg‘l t
— Z Fi "I Modulator
NVIDIA GPU [15] 3.4x 10 1.7 x 10 from previ- 41|/ 0 ---00 / J 1
AlexNet FPGA [16] 26 x 107 6.2 x 10 ous layer (s - | & || = g
UPSIDE Crossbar [17] 1.3x 10710 4.0x 10" ’; - Balanced 'li - Ito next
UTK Analog Engine [18] 1.0 x 10—12 11.8 x 106 FT- $ | Photodiode F._"" ; N ayer
in — oul .
IBM TrueNorth [19] 2.6x107" 1.3 x 10° Al 5/95 1
Nanophotonic Neuromorphic 7.4 x 1078 2.0x 10" — N, : N
—— optical FO
—— electrical [—‘—|WDM Monitor
System Efficiency Vectors
Technology Limitation Ciota (FF) ngr_ltum Emac
Efficienc 1 52Ny + | ha E.
Silicon photonics (Eq. 1) |Gain 47 7% 5pJ E . . —bit
Switching energy + e = g oty 23 Mg Ney
Hybrid CMOS (Eq. 2 ) . 35 7% 2.11] fan—out |z} =1z 1z
nolise quantum  hoise and photon switching
efficiency resolution  energy/MAC  energy/MAC
Nanophotonics (Eq. 2 ) [noise 0.1 16% 7.4aJ7
Comparison Neuromorphic Processors
Chi MAC Rate/ | Energy/ Processor | Area/MAC | MAC
b processor | MAC fan-in (um?) Rate/cm?
Silicon Photonic (Princeton) 2TMACs/s | 5pJ 56 20,000 110"
Hybrid CMOS-Silicon Photonics 2TMACs/s | 2.11J 148 5,000 4 10"
[ Nanophotonic (This Project) 2TMACs/s | 7:4aJ 300 20 1107 |
TrueNorth (Electronic) [13] 2.5kMACs/s| 26 pJ 256 4.9 2108
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GW Delay in Spiking Neural
el Networks

Mean Squared Error
(s3]

0 0.2 0.4 0.6 0.8 1 1.2
Gaussian Noise o

Sorger Group. (2017) submitted
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Jonathan George Prof. Bartels (UCR)
Rubab Amin Prof. Lee (KU)
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