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• Large fan-in/out
• Interconnection density: 

capacitive loading, EMI, 
topological constraints

• Bandwidth-complexity 
tradeoff!

Need for Speed
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- Speech recognition/processing
- Executed in cloud (taxing for mobile)

Siri 

Object recognition

Speech recognition

Hz - kHz

Real-time (deep) 
video/image processing

kHz - MHz

Software neural networks 
on digital hardware

Hardware neural networks
Neuromorphic Electronics

Nonlinear optimization
Ultrafast control

RF signal processing
Quantum tomography

GHz

Optical neural networks
Neuromorphic Photonics

Prucnal, Shastri et al. Adv. Opt. Photonics 8 (2016)

Could enable new applications 
that are challenging to be 
achieved with electronics!

Bandwidth-complexity 
tradeoff!

Modern stellarators

Spitzer later realized that particles can be confined by a net poloidal twist in the 
magnetic field produced by higher-order toroidal asymmetries.  Eventually evolved into 
modern stellarator with modular, unlinked coils (here is the 3-period NCSX design).  

Nature 354 (1991)



Applications for Photonic Neural Networks
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q Nonlinear programming
– Nonlinear optimization problems (robotics, 

predictive control, autonomous vehicles)
– Ordinary/partial differential equations

q High-performance computing and 
Machine Learning
– Vector-matrix multiplications
– Deep learning inference
– Ultrafast and online learning

q Intelligent signal processing
– Optical fiber communications
– mm-wave edge processing
– Spectral mining

q Physics
– Qubit readout classification
– High-energy particle collision experiments

Huang, Prucnal, Shastri et al. arXiv:2105.09943 (2021)
Shastri, Tait, Prucnal et al. Nature Photonics 15 (2021)

Ferreira de Lima, Prucnal et al. JLT (2019)
Model predictive control

www.nature.com/scientificreports/
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Emulation Benchmark. A dynamical isomorphism between a silicon photonic system and the CTRNN 
model of equations (1 and 2) implies that larger, faster neuromorphic silicon photonic systems could utilize 
algorithms and tools developed for generic CTRNNs. Here, we apply a “neural compiler” called the Neural 
Engineering Framework (NEF)40 to program a simulated photonic CTRNN to solve an ordinary di!erential 
equation (ODE). "is simulation is benchmarked against a conventional central processing unit (CPU) solving 
the same task. "e procedures for each approach are detailed in Methods. As opposed to implementation-speci#c 
metrics, benchmarks are task-oriented indicators suitable for comparing technologies that use disparate comput-
ing standards. Benchmarking approaches are therefore needed to evaluate the potentials of any unconventional 
processor in application domains currently served by conventional processors. "e chosen benchmark problem 
consists of solving a well-known ODE called the Lorenz attractor, described by a system of three coupled ODEs 
with no external inputs:
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where x are the simulation state variables, and γ is a time scaling factor. When parameters, υ, β, and ρ, are set 
to (υ, β, ρ) = (6.5, 8/3, 28), the solutions of the attractor are chaotic. "e photonic CTRNN and CPU solutions 
are compared in x phase space in Fig. 4(a,b) and the time-domain in Fig. 4(c,d). Figure 4(e) plots the physical 
modulator voltages, s, linear combinations of which represent simulation variables, x, as discussed in Methods. 
Because the two simulators are implemented di!erently, they cannot be compared based on equivalent metrics; 

Figure 3. A Hopf bifurcation between stable and oscillating states. (a–c) Time traces below, near, and above 
the bifurcation. (d) Oscillation growth versus feedback weight strength. Color corresponds to feedback 
weight parameter, WF, to improve visibility. Black shadow: average experimental amplitudes; solid red 
curve: corresponding #t model; dotted red line: unstable branch. (e) Frequency of oscillation above the Hopf 
bifurcation. "e observed data (black points) are compared to the expected trend of equation (S1.10) (red 
curve). Frequencies are normalized to the threshold frequency of 4.81 kHz.

Figure 4. Photonic CTRNN benchmarking against a CPU. (a,b) Phase diagrams of the Lorenz attractor 
simulated by a conventional CPU (a) and a photonic CTRNN (b). (c,d) Time traces of simulation variables 
for a conventional CPU (c) and a photonic CTRNN (d). "e horizontal axes are labeled in physical real time, 
and cover equal intervals of virtual simulation time, as benchmarked by γCPU and γPho. "e ratio of real-time 
values of γ’s indicates a 294-fold acceleration. (e) Time traces of modulator voltages si (minor y-axis) for each 
modulator neuron i (major y-axis) in the photonic CTRNN. "e simulation variables, x, in (d) are linear 
decodings of physical variables, s, in (e).

Tait, Shastri, Prucnal et al. Sci. Rep. (2017)
Lorenz attractor

Shen et al. Nat. Photon. (2017)
Vector-matrix multiplier

Huang, Shastri, Prucnal et al. 
Nature Electron. (2021) 

Fiber nonlinearity compensation
Ma, Shastri, Prucnal et al. OE (2019) 

PCA, ICA, BSS

Jennifer Ngadiuba - hls4ml: deep neural networks in FPGAs11.01.2019  3

The challenge: triggering at LHC

Extreme bunch crossing frequency of 40 MHz → extreme data rates O(100 TB/s)

“Triggering” = filter events to reduce data rates to manageable levels

 3

The LHC big data problem

CMS Detector at CERN Quantum tomography



We Have Been Here Before: What Has Changed?
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Psaltis, D., & Farhat, N. (1985)

Free-space photonic
neural networks

filled an 1800 square-feet room

Photonic Moore’s Law

Margalit et al. Appl. Phys. Lett 118 (2021)

e

Lightwave Lab Princeton (2018)

Silicon photonic neural
networks (2x2 mm2)



Neuromorphic Hardware for AI

* State-of-art, e.g. Review in Shastri et al. Nature Phot. (2021)
Feldman Nature (2021)

** Tait et al. Sci. Rep. (2017)
Tait et al. Phys. Rev. Appl. (2018)

Credit: Tait (NIST), Englund (MIT) Sorger (GWU)

Electronics
Easy (transistors)
Easy (DRAM, flip-flop)
Easy
~(1/2)CV2 energy cost
~(1/2)CV2 energy cost
Hard (for digital)
No

Photonics*
Hard (but O-E-O)**
Hard
Easy (O-E-O)
Free (waveguide)
Free (beamsplitter, WDM)
Easy (EO Components)
Yes** (O-E-O)

Nonlinearity
Memory
Gain
Communication
Fan-out
MAC (matrix-vector)
Domain Crossings

Computing

Communication

Linear Algebra
System

Robert Keyes’ main criticisms of optical computing in the 1980’s
R. W. Keyes, Optical Logic: In the light of computer technology Optica Acta, 32 (5), 1985 
R. W. Keyes, What makes a good computer device? Science, 230, pp.138–144, 1985
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Neuromorphic Photonic Architectures
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Reservoir computing
(UIB, Ghent, Femto-St)

Brunner et al. Nat. Commun. 4 (2012)
Vandoorne et al. Nat. Commun. 5 (2014)

Multiwavelength Networks
(Princeton, Queen’s, GWU)

Tait et al Sci. Rep. 4 (2017)
Feldman et al. Nature 589 (2021)

Coherent networks
(MIT, Stanford)

Shen et al. Nat. Photon. 11 (2017)
Hughes et al. Optica 5 (2018)

Superconducting
(NIST)

Shainline et al. Phys. Rev. Appl. 7 (2017)

Diffractive Optics
(UCLA, Femto-St)

Bueno et al. Optica 5 (2018)
Lin et al. Science 361 (2019)

Spiking networks
(Princeton, Oxford, Strathclyde)

Shastri et al. Sci. Rep. 6 (2016)
Feldman et al. Nature 569 (2019)

Shastri, Tait, Prucnal et al. Nature Photonics 15 (2021)



Artificial Neuron Model that Emulates Biology
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Neural network structure

Biological neuron

inspired

Weights
Sum Nonlinearity

yj
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!j
<latexit sha1_base64="FecilDnprMA/Zu9SSDl1Yy/CcvQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnVUQn2afehWyr7FX8GskyCnJQhR61b+ur0FMsSlJYJakw78FMbjqm2nAmcFDuZwZSyIe1j21FJEzTheHbvhJw6pUdipV1JS2bq74kxTYwZJZHrTKgdmEVvKv7ntTMbX4VjLtPMomTzRXEmiFVk+jzpcY3MipEjlGnubiVsQDVl1kVUdCEEiy8vk8Z5JfArwd1FuXqdx1GAYziBMwjgEqpwCzWoAwMBz/AKb96j9+K9ex/z1hUvnzmCP/A+fwAP+o/4</latexit><latexit sha1_base64="FecilDnprMA/Zu9SSDl1Yy/CcvQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnVUQn2afehWyr7FX8GskyCnJQhR61b+ur0FMsSlJYJakw78FMbjqm2nAmcFDuZwZSyIe1j21FJEzTheHbvhJw6pUdipV1JS2bq74kxTYwZJZHrTKgdmEVvKv7ntTMbX4VjLtPMomTzRXEmiFVk+jzpcY3MipEjlGnubiVsQDVl1kVUdCEEiy8vk8Z5JfArwd1FuXqdx1GAYziBMwjgEqpwCzWoAwMBz/AKb96j9+K9ex/z1hUvnzmCP/A+fwAP+o/4</latexit><latexit sha1_base64="FecilDnprMA/Zu9SSDl1Yy/CcvQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnVUQn2afehWyr7FX8GskyCnJQhR61b+ur0FMsSlJYJakw78FMbjqm2nAmcFDuZwZSyIe1j21FJEzTheHbvhJw6pUdipV1JS2bq74kxTYwZJZHrTKgdmEVvKv7ntTMbX4VjLtPMomTzRXEmiFVk+jzpcY3MipEjlGnubiVsQDVl1kVUdCEEiy8vk8Z5JfArwd1FuXqdx1GAYziBMwjgEqpwCzWoAwMBz/AKb96j9+K9ex/z1hUvnzmCP/A+fwAP+o/4</latexit><latexit sha1_base64="FecilDnprMA/Zu9SSDl1Yy/CcvQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnVUQn2afehWyr7FX8GskyCnJQhR61b+ur0FMsSlJYJakw78FMbjqm2nAmcFDuZwZSyIe1j21FJEzTheHbvhJw6pUdipV1JS2bq74kxTYwZJZHrTKgdmEVvKv7ntTMbX4VjLtPMomTzRXEmiFVk+jzpcY3MipEjlGnubiVsQDVl1kVUdCEEiy8vk8Z5JfArwd1FuXqdx1GAYziBMwjgEqpwCzWoAwMBz/AKb96j9+K9ex/z1hUvnzmCP/A+fwAP+o/4</latexit><latexit sha1_base64="FecilDnprMA/Zu9SSDl1Yy/CcvQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJbzJmdmadmRVCyE948aCIV3/Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsObqd98Qm24kvd2lGKY0L7kMWfUOqnVUQn2afehWyr7FX8GskyCnJQhR61b+ur0FMsSlJYJakw78FMbjqm2nAmcFDuZwZSyIe1j21FJEzTheHbvhJw6pUdipV1JS2bq74kxTYwZJZHrTKgdmEVvKv7ntTMbX4VjLtPMomTzRXEmiFVk+jzpcY3MipEjlGnubiVsQDVl1kVUdCEEiy8vk8Z5JfArwd1FuXqdx1GAYziBMwjgEqpwCzWoAwMBz/AKb96j9+K9ex/z1hUvnzmCP/A+fwAP+o/4</latexit>

' yk
<latexit sha1_base64="z53cuO5DCaW8XckTOghIDzoMkgI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xCzhfkSHSoSCUbTSQ9Yf98sVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/QnVKJjk01IvNTyhbEyHvGupohE3/mR+6pScWWVAwljbUkjm6u+JCY2MyaLAdkYUR2bZm4n/ed0Uw2t/IlSSIldssShMJcGYzP4mA6E5Q5lZQpkW9lbCRlRThjadkg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNmbI3f</latexit>

Artificial neuron

1) weight
2) sum 3) threshold

1) Weight multiple incoming input signals
2) Sum weighted inputs
3) Threshold the weighted sum to determine output

Pattern 
Matching

Decision

Neurons have three key functions
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Weights
Sum Nonlinearity

yj
<latexit sha1_base64="vJKt63GG66uCS+vWn9o+4+x9Dd0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkAbymY7adduNmF3I4TQn+DFgyJe/UXe/Ddu2xy09cHA470ZZuYFieDauO63s7K6tr6xWdoqb+/s7u1XDg5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfTP32EyrNY/lgsgT9iA4lDzmjxkr3Wf+xX6m6NXcGsky8glShQKNf+eoNYpZGKA0TVOuu5ybGz6kynAmclHupxoSyMR1i11JJI9R+Pjt1Qk6tMiBhrGxJQ2bq74mcRlpnUWA7I2pGetGbiv953dSEV37OZZIalGy+KEwFMTGZ/k0GXCEzIrOEMsXtrYSNqKLM2HTKNgRv8eVl0jqveW7Nu7uo1q+LOEpwDCdwBh5cQh1uoQFNYDCEZ3iFN0c4L8678zFvXXGKmSP4A+fzB2Oajdo=</latexit><latexit sha1_base64="vJKt63GG66uCS+vWn9o+4+x9Dd0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkAbymY7adduNmF3I4TQn+DFgyJe/UXe/Ddu2xy09cHA470ZZuYFieDauO63s7K6tr6xWdoqb+/s7u1XDg5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfTP32EyrNY/lgsgT9iA4lDzmjxkr3Wf+xX6m6NXcGsky8glShQKNf+eoNYpZGKA0TVOuu5ybGz6kynAmclHupxoSyMR1i11JJI9R+Pjt1Qk6tMiBhrGxJQ2bq74mcRlpnUWA7I2pGetGbiv953dSEV37OZZIalGy+KEwFMTGZ/k0GXCEzIrOEMsXtrYSNqKLM2HTKNgRv8eVl0jqveW7Nu7uo1q+LOEpwDCdwBh5cQh1uoQFNYDCEZ3iFN0c4L8678zFvXXGKmSP4A+fzB2Oajdo=</latexit><latexit sha1_base64="vJKt63GG66uCS+vWn9o+4+x9Dd0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkAbymY7adduNmF3I4TQn+DFgyJe/UXe/Ddu2xy09cHA470ZZuYFieDauO63s7K6tr6xWdoqb+/s7u1XDg5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfTP32EyrNY/lgsgT9iA4lDzmjxkr3Wf+xX6m6NXcGsky8glShQKNf+eoNYpZGKA0TVOuu5ybGz6kynAmclHupxoSyMR1i11JJI9R+Pjt1Qk6tMiBhrGxJQ2bq74mcRlpnUWA7I2pGetGbiv953dSEV37OZZIalGy+KEwFMTGZ/k0GXCEzIrOEMsXtrYSNqKLM2HTKNgRv8eVl0jqveW7Nu7uo1q+LOEpwDCdwBh5cQh1uoQFNYDCEZ3iFN0c4L8678zFvXXGKmSP4A+fzB2Oajdo=</latexit><latexit sha1_base64="vJKt63GG66uCS+vWn9o+4+x9Dd0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkAbymY7adduNmF3I4TQn+DFgyJe/UXe/Ddu2xy09cHA470ZZuYFieDauO63s7K6tr6xWdoqb+/s7u1XDg5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfTP32EyrNY/lgsgT9iA4lDzmjxkr3Wf+xX6m6NXcGsky8glShQKNf+eoNYpZGKA0TVOuu5ybGz6kynAmclHupxoSyMR1i11JJI9R+Pjt1Qk6tMiBhrGxJQ2bq74mcRlpnUWA7I2pGetGbiv953dSEV37OZZIalGy+KEwFMTGZ/k0GXCEzIrOEMsXtrYSNqKLM2HTKNgRv8eVl0jqveW7Nu7uo1q+LOEpwDCdwBh5cQh1uoQFNYDCEZ3iFN0c4L8678zFvXXGKmSP4A+fzB2Oajdo=</latexit><latexit sha1_base64="vJKt63GG66uCS+vWn9o+4+x9Dd0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkAbymY7adduNmF3I4TQn+DFgyJe/UXe/Ddu2xy09cHA470ZZuYFieDauO63s7K6tr6xWdoqb+/s7u1XDg5bOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfTP32EyrNY/lgsgT9iA4lDzmjxkr3Wf+xX6m6NXcGsky8glShQKNf+eoNYpZGKA0TVOuu5ybGz6kynAmclHupxoSyMR1i11JJI9R+Pjt1Qk6tMiBhrGxJQ2bq74mcRlpnUWA7I2pGetGbiv953dSEV37OZZIalGy+KEwFMTGZ/k0GXCEzIrOEMsXtrYSNqKLM2HTKNgRv8eVl0jqveW7Nu7uo1q+LOEpwDCdwBh5cQh1uoQFNYDCEZ3iFN0c4L8678zFvXXGKmSP4A+fzB2Oajdo=</latexit>

xj
<latexit sha1_base64="bJS+ZjuRc+bROALVPql5Z/VTD0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt2swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0PfVbj6g0j+W9GSfoR3QgecgZNVa6e+o99MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t2eV2pXeRxFOIJjOAUPLqAGN1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AFiFI3Z</latexit><latexit sha1_base64="bJS+ZjuRc+bROALVPql5Z/VTD0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt2swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0PfVbj6g0j+W9GSfoR3QgecgZNVa6e+o99MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t2eV2pXeRxFOIJjOAUPLqAGN1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AFiFI3Z</latexit><latexit sha1_base64="bJS+ZjuRc+bROALVPql5Z/VTD0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt2swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0PfVbj6g0j+W9GSfoR3QgecgZNVa6e+o99MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t2eV2pXeRxFOIJjOAUPLqAGN1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AFiFI3Z</latexit><latexit sha1_base64="bJS+ZjuRc+bROALVPql5Z/VTD0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt2swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0PfVbj6g0j+W9GSfoR3QgecgZNVa6e+o99MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t2eV2pXeRxFOIJjOAUPLqAGN1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AFiFI3Z</latexit><latexit sha1_base64="bJS+ZjuRc+bROALVPql5Z/VTD0Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt2swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0PfVbj6g0j+W9GSfoR3QgecgZNVa6e+o99MoVt+rOQJaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiJVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyMmmeVT236t2eV2pXeRxFOIJjOAUPLqAGN1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AFiFI3Z</latexit>

I =
NX

j=1

!jxj

<latexit sha1_base64="+vA39gB1b/+dgmoWc+tcJzYz8qs=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXZF0CYQtNFGIpgHJOsyO5lNJpnZWWZmxbCksPFXbCwUsfUj7PwbJ8kWmnjgwuGce7n3niBmVGnH+bZyS8srq2v59cLG5tb2jr2711AikZjUsWBCtgKkCKMRqWuqGWnFkiAeMNIMhhcTv3lPpKIiutWjmHgc9SIaUoy0kXy7eAUrsKMS7qeDiju+u+4ITnrIHzz4A98uOWVnCrhI3IyUQIaab391ugInnEQaM6RU23Vi7aVIaooZGRc6iSIxwkPUI21DI8SJ8tLpE2N4aJQuDIU0FWk4VX9PpIgrNeKB6eRI99W8NxH/89qJDs+8lEZxokmEZ4vChEEt4CQR2KWSYM1GhiAsqbkV4j6SCGuTW8GE4M6/vEgax2XXKbs3J6XqeRZHHhTBATgCLjgFVXAJaqAOMHgEz+AVvFlP1ov1bn3MWnNWNrMP/sD6/AGqYJd6</latexit><latexit sha1_base64="+vA39gB1b/+dgmoWc+tcJzYz8qs=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXZF0CYQtNFGIpgHJOsyO5lNJpnZWWZmxbCksPFXbCwUsfUj7PwbJ8kWmnjgwuGce7n3niBmVGnH+bZyS8srq2v59cLG5tb2jr2711AikZjUsWBCtgKkCKMRqWuqGWnFkiAeMNIMhhcTv3lPpKIiutWjmHgc9SIaUoy0kXy7eAUrsKMS7qeDiju+u+4ITnrIHzz4A98uOWVnCrhI3IyUQIaab391ugInnEQaM6RU23Vi7aVIaooZGRc6iSIxwkPUI21DI8SJ8tLpE2N4aJQuDIU0FWk4VX9PpIgrNeKB6eRI99W8NxH/89qJDs+8lEZxokmEZ4vChEEt4CQR2KWSYM1GhiAsqbkV4j6SCGuTW8GE4M6/vEgax2XXKbs3J6XqeRZHHhTBATgCLjgFVXAJaqAOMHgEz+AVvFlP1ov1bn3MWnNWNrMP/sD6/AGqYJd6</latexit><latexit sha1_base64="+vA39gB1b/+dgmoWc+tcJzYz8qs=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXZF0CYQtNFGIpgHJOsyO5lNJpnZWWZmxbCksPFXbCwUsfUj7PwbJ8kWmnjgwuGce7n3niBmVGnH+bZyS8srq2v59cLG5tb2jr2711AikZjUsWBCtgKkCKMRqWuqGWnFkiAeMNIMhhcTv3lPpKIiutWjmHgc9SIaUoy0kXy7eAUrsKMS7qeDiju+u+4ITnrIHzz4A98uOWVnCrhI3IyUQIaab391ugInnEQaM6RU23Vi7aVIaooZGRc6iSIxwkPUI21DI8SJ8tLpE2N4aJQuDIU0FWk4VX9PpIgrNeKB6eRI99W8NxH/89qJDs+8lEZxokmEZ4vChEEt4CQR2KWSYM1GhiAsqbkV4j6SCGuTW8GE4M6/vEgax2XXKbs3J6XqeRZHHhTBATgCLjgFVXAJaqAOMHgEz+AVvFlP1ov1bn3MWnNWNrMP/sD6/AGqYJd6</latexit><latexit sha1_base64="+vA39gB1b/+dgmoWc+tcJzYz8qs=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXZF0CYQtNFGIpgHJOsyO5lNJpnZWWZmxbCksPFXbCwUsfUj7PwbJ8kWmnjgwuGce7n3niBmVGnH+bZyS8srq2v59cLG5tb2jr2711AikZjUsWBCtgKkCKMRqWuqGWnFkiAeMNIMhhcTv3lPpKIiutWjmHgc9SIaUoy0kXy7eAUrsKMS7qeDiju+u+4ITnrIHzz4A98uOWVnCrhI3IyUQIaab391ugInnEQaM6RU23Vi7aVIaooZGRc6iSIxwkPUI21DI8SJ8tLpE2N4aJQuDIU0FWk4VX9PpIgrNeKB6eRI99W8NxH/89qJDs+8lEZxokmEZ4vChEEt4CQR2KWSYM1GhiAsqbkV4j6SCGuTW8GE4M6/vEgax2XXKbs3J6XqeRZHHhTBATgCLjgFVXAJaqAOMHgEz+AVvFlP1ov1bn3MWnNWNrMP/sD6/AGqYJd6</latexit><latexit sha1_base64="+vA39gB1b/+dgmoWc+tcJzYz8qs=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXZF0CYQtNFGIpgHJOsyO5lNJpnZWWZmxbCksPFXbCwUsfUj7PwbJ8kWmnjgwuGce7n3niBmVGnH+bZyS8srq2v59cLG5tb2jr2711AikZjUsWBCtgKkCKMRqWuqGWnFkiAeMNIMhhcTv3lPpKIiutWjmHgc9SIaUoy0kXy7eAUrsKMS7qeDiju+u+4ITnrIHzz4A98uOWVnCrhI3IyUQIaab391ugInnEQaM6RU23Vi7aVIaooZGRc6iSIxwkPUI21DI8SJ8tLpE2N4aJQuDIU0FWk4VX9PpIgrNeKB6eRI99W8NxH/89qJDs+8lEZxokmEZ4vChEEt4CQR2KWSYM1GhiAsqbkV4j6SCGuTW8GE4M6/vEgax2XXKbs3J6XqeRZHHhTBATgCLjgFVXAJaqAOMHgEz+AVvFlP1ov1bn3MWnNWNrMP/sD6/AGqYJd6</latexit>
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q All key functions are physically localized in each neuron, enabling distributed processing
q OEO enables gain, thresholding and cascadability/recurrent operation



Monolithically-Integrated Photonic Neuron
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q Integrates both linear and nonlinear neuron functionality
q Energy efficiency today: 500fJ/MAC; foreseeable: 1.1 fJ/MAC*
q Operational speed: GHz

Linear Front End Nonlinear Back End
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*Nozaki, K. et al.
Nat. Photonics 13, 
454–459 (2019)

Huang, Shastri, Prucnal et al. Nature Electronics 4 (2021)



Integrated WDM Silicon Photonic Neural Network Chips
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3 mm

8 
m

m

q We have demonstrated complete system 
integration and applications

q All neuron components are foundry compatible
q Utilizes open-source design tools created by 

our lab (https://github.com/lightwave-lab)
q Optical and electrical packaging are simple and 

can be done in-house
q Neural networks can be trained via mature 

software tools such as TensorFlow
q Experimentation is fully automated

Photonic Neural Network

Grating Couplers

Wirebonding PCB
Carrier

V-groove

Single Photonic 
Neuron

Huang, Shastri, Prucnal et al. Nature Electronics 4 (2021)



Nonlinear Dispersion Compensation
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Fiber optic link 
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Nonlinear compensation 
(NLC) module mitigates 

nonlinear dispersion
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input
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Hk Princeton packaged silicon photonic NN

q Fully-integrated photonic neural network achieved real-time nonlinearity 
compensation using captured long-haul fiber-optic communication data

q Simulated NN improvement: 0.65 dB. Real photonic NN improvement: 0.60 dB

Optical I/O
(Fiber V-groove)

Electrical I/O (wirebonding)

Silicon 
Photonic Chip
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0
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16QAM 
demodulator

Compensated 
output

Huang, Shastri, Prucnal et al. Nature Electronics 4 (2021)



Blind Source Separation (BSS)
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BSS: Recovery of unknown signals from arbitrary 
mixtures using multiple receivers
q Employs independent component analysis (ICA), 

adjusting network weights to maximize kurtosis
q Outputs signals that are maximally non-Gaussian
q Requires as many (or more) receivers as transmitters

q Applications:
q Image denoising, object detection
q RF signal separation, speech isolation

Independent sources (Tx) 
are linearly mixed on their 

way to receivers (Rx)

!%

!&

"%

"&

#$%

#$&

%'(&'

()*&'ICA module 
performs linear 

demixing Original sources 
are recovered

BSS using ICA

nRx ≥ nTx

Photonic BSS

Linear photonic front-end allows ICA to be performed on the 
entire RF spectrum simultaneously (i.e., collective processing)

ADCPhotonic
Neuron

W
DM

Iterative weight control
DSP

RF 
Rx

Extracted 
ICs

E/O

E/O

E/O

E/O

Electronic BSS

RF components are limited in bandwidth, requiring 
many different receivers to cover the RF spectrum

ADC

DSP
ICA

RF 
Rx Extracted 

ICs
ADC

ADC

ADCRF Filter

RF Filter

RF Filter

RF Filter

Overview of BSS see: Choi, A. Cichocki, H. M. Park, and S. Y. Lee, 
Neural Inf. Process. Lett. Rev. 6, 1 (2005).



RF Blind Source Separation using Photonic Neurons
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q Fully-integrated neuron linear front end 
used to demonstrate broadband BSS 
(ICA) from 1 GHz to 13.8 GHz

q Separability of over 85% achieved 
across the entire operating bandwidth

Integrated Photonic Neuron

Rx2 = 0.35×S1 + 0.65×S2

S1 S2Original Sources

Rx1 = 0.65×S1 + 0.35×S2
Received Mixtures

Estimated Sources

Zhang, Huang, Shastri, Prucnal, et al, arXiv:2104.01164 (2021)



RF Fingerprinting using Neural Networks
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RF fingerprinting discriminates between 
nominally identical RF transmitters using their 
nearly unidentifiable idiosyncrasies
q Exploits minor physical variances from 

manufacturing and environmental effects
q Capable of distinguishing nominally “identical” 

transmitters (i.e., same make and model)

Use Case: Identify Friend or Foe

RF transceiver with 
fingerprinting capability

Known, authenticated 
transmitter (friend)

Unauthorized 
transmitter (foe)

Access granted

Access denied

Tx 1 (friend)
Tx 2 (friend)
Tx 3 (foe)

Antennas receive 
RF waveforms

Access is granted 
or denied based on 
transmitter identity

Network is trained to recognize 
individual transmitters from a set of 
nominally identical transmissions

The photonic neural network 
can enable real-time transmitter 

identification across 10’s of 
GHZ of RF spectrum



RF Fingerprinting: All-Electronic vs. Hybrid Approach
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Extraction of Physical Characteristics 
(Common to both approaches)

Simplified CNN 
Classifier

Transformed 
error signal

Ph
ot

on
ic

 n
et

w
or

k
(N

ne
ur

on
s*

)

Se
ns

or
s

Ac
tu

at
or

s

M
ap

pe
d 

to
 Q

P
(s

ol
ve

d 
pr

ob
le

m
) S

ee
 M

ac
ie

jo
w

sk
i(

20
02

)

M
ap

pe
d 

to
 P

ho
to

ni
c 

N
et

w
or

k
(S

ee
ne

xt
sl

id
e)

Po
si

tio
n 

(x
, y

)

Ve
lo

ci
ty

 (v
x, 

v y
)

Ac
ce

le
ra

tio
n 

(a
x, 

a y
)

Lo
w

 la
te

nc
y 

(1
0 

ns
)

N
ot

e:
 S

ta
te

-o
f-a

rt 
M

PC
 is

 m
s

Fo
r e

ve
ry

tim
e

st
ep

N
en

go
C

om
pi

le
r

(N
 2

w
ei

gh
ts

)

Q
ua

dr
at

ic
 

pr
og

ra
m

m
in

g 
pr

ob
le

m

M
od

el
 p

re
di

ct
iv

e 
co

nt
ro

l (
M

PC
) Photonic  Recurrent 

Neural Network (RNN)

All-Electronic Approach (NRL)
Implemented on a conventional PC

Hybrid Photonic/Electronic Approach (Princeton)
Implemented on a photonic chip plus FPGA

Convolutional 
Neural Network 
(CNN) Classifier

Raw waveform Error Signal
Signal Decoded 
and Subtracted

Identification
Tags

Merchant, Nousain et al., IEEE JSTSP (2018)

Peng, Shastri, Prucnal, et al, arXiv:2106.13865 (2021)



RF Fingerprinting Hybrid Architecture
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Performance Summary
Approach Estimated Energy per 

classification (µJ)
Latency (ms) Throughput 

(Classifications/sec)

NRL Convolutional NN implemented on Larger FPGA 6,194 26.2 50

Princeton/Queen’s Hybrid Approach 15.11 0.154 12,190

Improvement factor 410x 169x 244x

q Classifies 30 identical transmitters in real time with over 96% accuracy
q Simultaneous improvement of power, latency, throughput, and SWaP over purely electronic approach

Photonic RNN at 
frontend processes 
GHz RF signals in 

real time Reduced CNN is implemented in a small 
form-factor FPGA: Xilinx Pynq-Z1

Broadband 
RF input

RX Antenna

DAC

DAC
Laser

Laser

ADC DSP
PIC

Photonic 
RNN

ADC FPG
A 

PYNQ

ADC

ADC

PD

PD

PD

… …

Transmitter 
classification 

output

Peng, Shastri, Prucnal, et al, arXiv:2106.13865 (2021)
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WDM or 
Comb Source

Programmable 
Analog Memory 

Cell (non-volatile)

Phase-Change 
Material (PCM)

Digital Memory 
(volatile, RAM)Microcontroller

Neuromorphic Processor

CW laser 
source

Photonic 
Wirebonds Photonic Neural 

Networks

Driver ASIC

CPU

Fiber-optic 
source Tunable photonic

elements

=Input/Output 
Circuit Options

LiNbO3
Modulator
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