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Outline
q Recent work in neuromorphic photonics

q Silicon photonic neural networks
– weighted interconnects: synapses
– nonlinearities: electro-optic & reconfigurable

q Neuromorphic photonics demonstrations
– Highlight applications: wireless, fiber
– Quantum photonic neural networks

q Roadmap for neuromorphic photonics
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Compute Usage in AI Systems

5Mehonic, Kenyon, Nature 604 (2022)

Doubling every 
2 months

Doubling 24 months 
(Moore’s Law)

Training cost > $1M for large models

1920 CPUs & 280 GPUs!



• Large fan-in/out
• Interconnection density: 

capacitive loading, EMI, 
topological constraints

• Bandwidth-complexity 
tradeoff!

Toward Neuromorphic (neuron-isomorphic) Hardware
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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

Photonic neural networks
Neuromorphic Photonics

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)

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



Recent Work on Neuromorphic Photonics

7

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)

Huang et al. Nature Electronics 4 (2021)
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)



Applications for Neuromorphic Photonics
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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 Quantum and high-energy physics
– Quantum neural networks
– High-energy particle collision experiments

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

www.nature.com/scientificreports/

4SCIENTIFIC REPORTS�ȁ�ͽǣ 7430 �ȁ����ǣͷͶǤͷͶ͹;Ȁ�ͺͷͻͿ;ǦͶͷͽǦͶͽͽͻͺǦ�

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 differential 
equation (ODE). This simulation is benchmarked against a conventional central processing unit (CPU) solving 
the same task. The procedures for each approach are detailed in Methods. As opposed to implementation-specific 
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. The 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. The 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 differently, 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 fit model; dotted red line: unstable branch. (e) Frequency of oscillation above the Hopf 
bifurcation. The 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). The horizontal axes are labeled in physical real time, 
and cover equal intervals of virtual simulation time, as benchmarked by γCPU and γPho. The 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. The 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 Electronics (2021) 

Fiber nonlinearity compensation

Zhang, Shastri, Prucnal et al. 
Natue Communications (2022) 

Broadband cognitive radio

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
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The LHC big data problem

CMS detector at CERN

Shastri, Prucnal et al. Nature Photonics 15 (2021)
Huang, Shastri et al. Adv. Phys-X 7 (2022)

Ewaniuk, Rotenberg, Shastri et al.
Adv.  Quantum Technol. (2023)

Quantum neural networks



Multiwavelength Photonic Neuron
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Weights
Sum Nonlinearity
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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>

'

Linear Front End Nonlinear Back End

q All key functions are physically localized in each neuron, enabling distributed processing
q OEO enables gain, thresholding and cascadability/recurrent operation

TIA

...

W
D

M

𝑥!(𝜆!)

𝑥"(𝜆")

𝑥#(𝜆#)

Optical Inputs

IN

opticalelectrical

~x
<latexit sha1_base64="PAXceuQnITkdMzN6s8LyKewHh9c=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0MIiYGMZwXxAcoS9zVyyZG/v2N0LhiM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mb41RaR7LRzNJ0I/oQPKQM2qs1OqOkWVP01654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83Ck5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrzxMy6T1KBki0VhKoiJyex30ucKmRETSyhT3N5K2JAqyoxNqGRD8JZfXiXNi6p3WfUeriq12zyOIpzAKZyDB9dQg3uoQwMYjOAZXuHNSZwX5935WLQWnHzmGP7A+fwBsRGPxw==</latexit>

...

Balanced PD
(summing)

Microring Weight Bank
(weighting)

V+

V–

Electronic Control

𝑤! 𝑤# 𝑤$ 𝑤"

THRU

DROP

~!
<latexit sha1_base64="80mZ7WHZL8aScFOdrr2MZAlVo3E=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyqoAcPAS8eI5gHZJcwO+lNhsxjmZkNhCW/4cWDIl79GW/+jZNkDxotaCiquunuilPOjPX9L6+0tr6xuVXeruzs7u0fVA+P2kZlmkKLKq50NyYGOJPQssxy6KYaiIg5dOLx3dzvTEAbpuSjnaYQCTKULGGUWCeF4QRoHioBQzLrV2t+3V8A/yVBQWqoQLNf/QwHimYCpKWcGNML/NRGOdGWUQ6zSpgZSAkdkyH0HJVEgInyxc0zfOaUAU6UdiUtXqg/J3IijJmK2HUKYkdm1ZuL/3m9zCY3Uc5kmlmQdLkoyTi2Cs8DwAOmgVo+dYRQzdytmI6IJtS6mCouhGD15b+kfVEPLuvBw1WtcVvEUUYn6BSdowBdowa6R03UQhSl6Am9oFcv8569N+992Vryiplj9Avexzdnm5Hm</latexit>

yk(t) = '[sk(t)]
<latexit sha1_base64="iSxuL2ev7epj2LBXWyBXJ9xraAI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkVdCNUHTjsoJ9QBrCZDpph04mYWZSCKFu/BU3LhRx61+482+cpllo64ELh3Pu5d57/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr++HbmdydESBrxB5XGxA3RkNOAYqS05JlHqTeuqTN4DfsTJOIRdWQuuJ5ZtepWDrhM7IJUQYGWZ371BxFOQsIVZkhKx7Zi5WZIKIoZmVb6iSQxwmM0JI6mHIVEuln+wRSeamUAg0jo4grm6u+JDIVSpqGvO0OkRnLRm4n/eU6igis3ozxOFOF4vihIGFQRnMUBB1QQrFiqCcKC6lshHiGBsNKhVXQI9uLLy6TTqNvn9cb9RbV5U8RRBsfgBNSADS5BE9yBFmgDDB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCyMpXE</latexit>

Optical Output

*
PUMP

GND

𝜆!

Modulator
(nonlinearity) Input

Output

'

sk = ~x · ~!
<latexit sha1_base64="c4G6aCqnPMWErPNL3MTY0DMEiGo=">AAACBXicbZDLSsNAFIYn9VbrLepSF8EiuCqJCrpQKLhxWcFeoAlhMjlph04yYWZSLCEbN76KGxeKuPUd3Pk2Ti8Lbf1h4OM/53Dm/EHKqFS2/W2UlpZXVtfK65WNza3tHXN3ryV5Jgg0CWdcdAIsgdEEmooqBp1UAI4DBu1gcDOut4cgJOXJvRql4MW4l9CIEqy05ZuH0h9cu0Mg+UPhkpCrCbs8hh4ufLNq1+yJrEVwZlBFMzV888sNOcliSBRhWMquY6fKy7FQlDAoKm4mIcVkgHvQ1ZjgGKSXT64orGPthFbEhX6Jsibu74kcx1KO4kB3xlj15XxtbP5X62YquvRymqSZgoRMF0UZsxS3xpFYIRVAFBtpwERQ/VeL9LHAROngKjoEZ/7kRWid1pyzmnN3Xq1fzeIoowN0hE6Qgy5QHd2iBmoigh7RM3pFb8aT8WK8Gx/T1pIxm9lHf2R8/gCZs5lB</latexit>
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Silicon MRR and BPD = Dot Product

𝜎 = 0.019 
(6.72 bits)

Filipovich, Guo, Shastri et al. Optica 9 (2022)

!1 · x1 + !2 · x2 + !3 · x3 + !4 · x4 = ~! · ~x
<latexit sha1_base64="fBtDTq4x4I2kAPztgHChmM1KSGc="></latexit>

!1 · x1 !2 · x2 !3 · x3 !4 · x4
<latexit sha1_base64="l7kcy2+Vr2IygSBwY0OIg4ZGwkk=">AAACRXicbZDNS8MwGMbT+TXnV9Wjl+AQPI22G+jBw8CLxwnuA9ZR0jTdwtKmJqk4yv45L969+R948aCIV822DtzmA4GH5/e+JHn8hFGpLOvVKKytb2xuFbdLO7t7+wfm4VFL8lRg0sSccdHxkSSMxqSpqGKkkwiCIp+Rtj+8nvD2AxGS8vhOjRLSi1A/piHFSOnIM12XR6SPPNvFAVfw0bOhe5+iAOa5M88duAiqc1BdArU5qEHPLFsVayq4auzclEGuhme+uAHHaURihRmSsmtbieplSCiKGRmX3FSSBOEh6pOutjGKiOxl0xbG8EwnAQy50CdWcJr+3chQJOUo8vVkhNRALrNJ+B/rpiq87GU0TlJFYjy7KEwZVBxOKoUBFQQrNtIGYUH1WyEeIIGw0sWXdAn28pdXTcup2NWKc1sr16/yOorgBJyCc2CDC1AHN6ABmgCDJ/AGPsCn8Wy8G1/G92y0YOQ7x2BBxs8v4ZuwDg==</latexit>
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Multiwavelength Photonic Neuron

Linear Front End Nonlinear Back End

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
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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



EO Nonlinearity: Reconfigurable Activation Functions
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Electrical
input

GND

P type
N type

Optical 
pump

Through port

nn++

Ib

p p++

GND

500nm

130nm90nm 750nm

Modulator X-section

Sigmoid ReLU
Feedforward (CNNs)

Quadratic
Support vector 

machines

q Bias shifts the operating point 
on the resonance curve and 
changes its depth (see below)

q Drive signal modulates around 
the operating point

Experimental Nonlinear Modulation Curves (Power out vs. power in)

Loss modulation

Index modulation
The Soref Equations

∆𝑛!"# = −8.8×10$%%∆𝑁 − 8.5×10$&' ∆𝑃 (.'

𝛼!"* = 8.5×10$&'∆𝑁 − 6.0×10$&'∆𝑃

Tait, Shastri, Prucnal et al. Phys. Rev. Appl. 11 (2019)



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

Input

Output

'

sk = ~x · ~!
<latexit sha1_base64="c4G6aCqnPMWErPNL3MTY0DMEiGo=">AAACBXicbZDLSsNAFIYn9VbrLepSF8EiuCqJCrpQKLhxWcFeoAlhMjlph04yYWZSLCEbN76KGxeKuPUd3Pk2Ti8Lbf1h4OM/53Dm/EHKqFS2/W2UlpZXVtfK65WNza3tHXN3ryV5Jgg0CWdcdAIsgdEEmooqBp1UAI4DBu1gcDOut4cgJOXJvRql4MW4l9CIEqy05ZuH0h9cu0Mg+UPhkpCrCbs8hh4ufLNq1+yJrEVwZlBFMzV888sNOcliSBRhWMquY6fKy7FQlDAoKm4mIcVkgHvQ1ZjgGKSXT64orGPthFbEhX6Jsibu74kcx1KO4kB3xlj15XxtbP5X62YquvRymqSZgoRMF0UZsxS3xpFYIRVAFBtpwERQ/VeL9LHAROngKjoEZ/7kRWid1pyzmnN3Xq1fzeIoowN0hE6Qgy5QHd2iBmoigh7RM3pFb8aT8WK8Gx/T1pIxm9lHf2R8/gCZs5lB</latexit>

...

𝑥!(𝜆!)

𝑥"(𝜆")

𝑥#(𝜆#) IN ...

Balanced PD
(Summing)

Microring Weight Bank
V+

V–

Control

𝑤! 𝑤# 𝑤$ 𝑤"

THRU

DROP yk(t) = '[sk(t)]
<latexit sha1_base64="iSxuL2ev7epj2LBXWyBXJ9xraAI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkVdCNUHTjsoJ9QBrCZDpph04mYWZSCKFu/BU3LhRx61+482+cpllo64ELh3Pu5d57/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr++HbmdydESBrxB5XGxA3RkNOAYqS05JlHqTeuqTN4DfsTJOIRdWQuuJ5ZtepWDrhM7IJUQYGWZ371BxFOQsIVZkhKx7Zi5WZIKIoZmVb6iSQxwmM0JI6mHIVEuln+wRSeamUAg0jo4grm6u+JDIVSpqGvO0OkRnLRm4n/eU6igis3ozxOFOF4vihIGFQRnMUBB1QQrFiqCcKC6lshHiGBsNKhVXQI9uLLy6TTqNvn9cb9RbV5U8RRBsfgBNSADS5BE9yBFmgDDB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCyMpXE</latexit>

Optical Output

*

PUMP

GND

𝜆!

Modulator
(Nonlinearity)

WDM

*Nozaki, K. et al. 
Nat. Photonics 13, 
454–459 (2019)

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

8 
m

m

Photonic Neural Network

Grating Couplers

Wirebonding

Single Photonic 
Neuron

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

❑ Operational speed: 10s GHz
❑ Energy efficiency today: 500fJ/OP -> 1.1 fJ/OP
❑ Demonstrated complete system integration 

and applications
❑ Foundry compatible; in-house optical and 

electrical packaging
❑ Utilizes open-source design tools created by our 

lab (https://github.com/lightwave-lab)
❑ Neural networks trained via mature software 

tools such as TensorFlow
❑ Experimentation is fully automated

Silicon Photonic Neural Network Chips
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Application: Cognitive Radio - Blind Source Separation (BSS)
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Recovery of unknown signals from arbitrary mixtures using multiple receivers
q Employs independent component analysis (ICA), adjusting network weights to maximize 

kurtosis (metric describing Gaussianity)
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) 
linearly mixed on their 
way to receivers (Rx)

𝒔𝟏

𝒔𝟐

𝒙𝟏

𝒙𝟐

%𝑺𝟏

%𝑺𝟐

𝟏𝒔𝒕𝐈𝐂

𝟐𝒏𝒅𝐈𝐂
ICA module 

performs linear 
demixing

Original sources 
are recovered

nRx ≥ nTx

Zhang, Shastri, Prucnal et al. Nature Communications 14 (2023)
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RF components are limited in bandwidth, requiring 
many different receivers to cover the RF spectrum

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

Bandwidth of Photonic BSS

Bandwidth of Electronic BSSx M

P ∝ N × PE/O + f × (EADC+ EMAC)

P ∝ N × M × f × (EADC+ EMAC)

x M

Application: Cognitive Radio - Blind Source Separation (BSS)

Zhang, Shastri, et al. Nature Communications 14 (2023)



Experimental Setup

❑ Fully-integrated neuron used to demonstrate 
broadband BSS 20 MHz –19.2 GHz

❑ SIR improved >33 dB across entire operating 
bandwidth

Broadband BSS with Single Photonic Chip
Original Sources

Received Mixtures

Estimated Sources

SI
R 

(d
B)

Freq (GHz)

Signal-Interference-Ratio (SIR) Improvement

Packaged Integrated Photonic Neural Network

IC 
Output

𝑿 RF 
Photonic 
Front-end

Digital
Signal 

Processingcontrol

𝒘𝟏, … , 𝒘𝒏 𝒚𝒊 = 𝒘𝒊𝑿 𝑬(𝒚𝒊𝟒)

𝒘𝒋
0 ← 𝒘𝒋

= argmin(𝑨𝑹𝑲 𝒚𝒊 )
𝒘𝒋
0𝑽

ADC

Zhang, Shastri, Prucnal et al. Nature Communications 14 (2023)



Dynamical RF Interferences: 5G & Radar Altimeter

18Zhang, Shastri, Prucnal et al. arXiv:2306.14727 (2023); forthcoming in Light: Science and Applications 



Dynamical and Real-Time BSS

19

Previous

w/FPGA

Lederman, Shastri, Prucnal et al. arXiv:2305.05528 (2023); accepted in Nature Communications 

q Wireless transceivers
q TXs: two directional antennas w/ single polarization
q Rx: one 2x2 MIMO antenna w/ two orthogonal polarization slots

q Dynamic mixing ratio
q One Tx mounted on a motorized translation stage
q 300 mm range, 50mm/s maximal speed

Zhang, Shastri, Prucnal et al. arXiv:2306.14727 (2023); forthcoming in Light: Science and Applications 



Universal Linear Optics for Quantum Information Processing 

20Carolan et al. Science 349 (2015)



Quantum Photonic Neural Network

21Ewaniuk, Shastri, Rotenberg et al. Advanced Quantum Technologies 2200125 (2023)

Can imperfect QPNNs achieve near-deterministic processing as 
required for emerging quantum technologies? 



Imperfect Quantum Photonic Neural Network

22Ewaniuk, Shastri, Rotenberg et al. Advanced Quantum Technologies 2200125 (2023)



Embracing Weak Nonlinearities

q When trained in situ, QPNNs learn to account for weak optical nonlinearities
23Ewaniuk, Shastri, Rotenberg et al. Advanced Quantum Technologies 2200125 (2023)

𝛼CD = 0.3	dB/cm



Quantum Photonic Neural Network

q Perform near-deterministic 
quantum information 
processing 

q Are reconfigurable and built on 
a mature photonics platform 

q Learn to account for fabrication 
imperfections 

q Optimize in the presence of 
weak nonlinearities 

24Ewaniuk, Shastri, Rotenberg et al. Advanced Quantum Technologies 2200125 (2023)



Photonics & Computing: A 2023 Perspective
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Scalable 
Computing 

Models

Neuromorphic Electronics
Challenge: bandwidth

Merolla et al. Science (2014)

Deep learning, spiking, equilibrium propagation

Parallel processing,
passive waveguides, 

matrix multipliers

Silicon photonics,
electronics + photonics

Neuromorphic Photonics
Shastri, Nat. Photon. (2021)

Programmable photonics
Bogaerts et al. 
Nature (2020)

Prucnal & Shastri, Neuromorphic Photonics CRC Press (2017)

Free-space Linear NNs
Challenge: integration, nonlinearity

Psaltis & Farhat, Opt. Lett. (1985)

Analog
Photonics

Silicon 
Industry



Roadmap: Neuromorphic Photonics

q Laser integration
q WDM (frequency comb) sources 
q Electronic co-integration
q Memory
q Lithium niobate-on-insulator 

modulators
q Trimming
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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

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