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Rise of Artificial Intelligence
q Natural language 

processing; Siri, Cortana, 
Alexa, Google

q Game playing (Go) and 
Chess; beating World 
Champions

q Youtube, Netflix, Google 
Maps, Amazon

q Face recognition
q Autonomous vehicles 
q Medicine and healthcare
q Control and optimization

LeCun, Bengio, Hinton Nature 521 (2015)
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Deep Neural Networks Enable AI

• Neural networks have many layers (with many neurons)
• Layers are connected with weights
• Each layer needs to be trained (e.g. backpropagation) 
• Dense vector-matrix multiplications
• Data movement takes resources

LeCun, Bengio, Hinton Nature 521 (2015)
Waldrop PNAS 116 (2019)

vector matrix
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Neuron Model and Weighted Sum

Weights
Sum Nonlinearity

yj
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'

q Neuron operation: 1) receive multiple inputs; 2) weight each by coefficient; 3) 
sum them; 4) perform a nonlinear thresholding

q Linear: 1-3 is a weighted sum or multiply & accumulate (MAC)

q Nonlinear: state variable s is thresholded by a nonlinearity f

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

Linear

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

Nonlinear

Input

Output

'
yk(t) = '[sk(t)]

<latexit sha1_base64="iSxuL2ev7epj2LBXWyBXJ9xraAI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkVdCNUHTjsoJ9QBrCZDpph04mYWZSCKFu/BU3LhRx61+482+cpllo64ELh3Pu5d57/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr++HbmdydESBrxB5XGxA3RkNOAYqS05JlHqTeuqTN4DfsTJOIRdWQuuJ5ZtepWDrhM7IJUQYGWZ371BxFOQsIVZkhKx7Zi5WZIKIoZmVb6iSQxwmM0JI6mHIVEuln+wRSeamUAg0jo4grm6u+JDIVSpqGvO0OkRnLRm4n/eU6igis3ozxOFOF4vihIGFQRnMUBB1QQrFiqCcKC6lshHiGBsNKhVXQI9uLLy6TTqNvn9cb9RbV5U8RRBsfgBNSADS5BE9yBFmgDDB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCyMpXE</latexit>

sk = ~x · ~!
<latexit sha1_base64="c4G6aCqnPMWErPNL3MTY0DMEiGo=">AAACBXicbZDLSsNAFIYn9VbrLepSF8EiuCqJCrpQKLhxWcFeoAlhMjlph04yYWZSLCEbN76KGxeKuPUd3Pk2Ti8Lbf1h4OM/53Dm/EHKqFS2/W2UlpZXVtfK65WNza3tHXN3ryV5Jgg0CWdcdAIsgdEEmooqBp1UAI4DBu1gcDOut4cgJOXJvRql4MW4l9CIEqy05ZuH0h9cu0Mg+UPhkpCrCbs8hh4ufLNq1+yJrEVwZlBFMzV888sNOcliSBRhWMquY6fKy7FQlDAoKm4mIcVkgHvQ1ZjgGKSXT64orGPthFbEhX6Jsibu74kcx1KO4kB3xlj15XxtbP5X62YquvRymqSZgoRMF0UZsxS3xpFYIRVAFBtpwERQ/VeL9LHAROngKjoEZ/7kRWid1pyzmnN3Xq1fzeIoowN0hE6Qgy5QHd2iBmoigh7RM3pFb8aT8WK8Gx/T1pIxm9lHf2R8/gCZs5lB</latexit>
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Two Distinct Eras of Compute Usage in AI Systems

https://blog.openai.com/ai-and-compute/

2-year doubling (Moore’s Law)

3.4-month doubling

1920 CPUs and 280 GPUs
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Neuromorphic Hardware for AI

Function
Nonlinearity
Memory
Gain
Communication
Fan-out
MAC & MVM
Domain Crossings

Computing

Communication

Linear Algebra

Notes
* For digital electronics 
** State-of-art, e.g. Review in Shastri et al. Nature Phot. (2021)

Shen et al. Nature Phot. (2017)
*** Tait et al. Sci. Rep. (2017), Tait et al. Phys. Rev. Appl. (2018)
O = optical, E = Electrical

System

Credit: Ryan Hamerly (MIT) and Volker Sorger (GWU)

Electronics

Easy (transistors)

Easy (DRAM, SRAM)

Easy
~CV2 Energy Cost
~CV2 Energy Cost
Hard*
No

Photonics**
Hard
Hard
Easy (but off-chip)
Free (waveguide)

Free (beamsplitter)

Easy (EO Components)

Yes*** (O-E-O)



9Shastri, Tait et al. Nature Photonics 15 (2021)
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Applications for Photonic Neural Networks
q Nonlinear programming:

– Nonlinear optimization problems 
(robotics, predictive control, 
autonomous vehicles)

– Partial differential equations
q High-performance computing 

and Machine Learning:
– Vector-matrix multiplications
– Deep learning inference
– Ultrafast and online learning

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

experiments
q Intelligent signal processing

– Optical fiber communications
– Wideband RF signals
– Spectral mining

Minimizing error between reference trajectory and 
measured output

• Predictive Control

• Qubit Readout Classification

Tradeoff between low-SNR (short) and decay probability (long)
Turn-on transients are indicative of state

//
P
�
hV it2

�

|0i
|1i

hV it2

P
�
hV it1

�

|0i |1i

hV it1

t1 t2
V

t

Initial transients

Shastri, Tait, Bhaskaran, Pernice, Prucnal et al. 
Nature Photonics 15 (2021)
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Neuron Model and Weighted Sum

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>

!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>

'

q Neuron operation: 1) receive multiple inputs; 2) weight each by coefficient; 3) 
sum them; 4) perform a nonlinear thresholding

q Linear: 1-3 is a weighted sum or multiply & accumulate (MAC)

q Nonlinear: state variable s is thresholded by a nonlinearity f

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

Linear

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

Nonlinear

Input

Output

'
yk(t) = '[sk(t)]

<latexit sha1_base64="iSxuL2ev7epj2LBXWyBXJ9xraAI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkVdCNUHTjsoJ9QBrCZDpph04mYWZSCKFu/BU3LhRx61+482+cpllo64ELh3Pu5d57/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr++HbmdydESBrxB5XGxA3RkNOAYqS05JlHqTeuqTN4DfsTJOIRdWQuuJ5ZtepWDrhM7IJUQYGWZ371BxFOQsIVZkhKx7Zi5WZIKIoZmVb6iSQxwmM0JI6mHIVEuln+wRSeamUAg0jo4grm6u+JDIVSpqGvO0OkRnLRm4n/eU6igis3ozxOFOF4vihIGFQRnMUBB1QQrFiqCcKC6lshHiGBsNKhVXQI9uLLy6TTqNvn9cb9RbV5U8RRBsfgBNSADS5BE9yBFmgDDB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCyMpXE</latexit>

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

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

'

q Neuron operation: 1) receive multiple inputs; 2) weight each by coefficient; 3) 
sum them; 4) perform a nonlinear thresholding

q Linear: 1-3 is a weighted sum or multiply & accumulate (MAC)

q Nonlinear: state variable s is thresholded by a nonlinearity f

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

0.9

0.1

0.8

0.1

0.9

- 0.8
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Microring Weight Banks (Weighting)

Huang, Shastri, Prucnal et al. APL Photonics 5 (2020)
Ma, Shastri, Prucnal et al. Opt. Express 27 (2019)

Control precision: 7 bits + Sign bit

Measured Output of Drop Port

2 ns

c) d)

2 ns

Balanced PD Output

Red = mean error; Blue = std. dev.

DROP

WDM
IN

Si WGs

50 µm
MRR IN+

IN–

THRU

GND

Heaters
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DROP

THRUINPUT

Current

GND

Si
Metal

Si Si
SiM M

nnn++ n++ n++ n++
R R

V V

130 nm

90 nm

500 nm

Si

Si

SiO2

• Lower thermal crosstalk and more efficient heating
• Electrically sense the microring optical transmission
• Feedback for weight control
• Control precision: 7 bits + sign bit

Silicon MRR Weight Bank with N-doped Heater

Laser off

Laser on
Resonance

Tait, Chrostowski, Shekhar, Prucnal et al. Opt. Express 26 (2018)
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Large-Scale Control of MRRs

Jayatilleka, Chrostowski, Shekhar et al. Optica 6 (2019)

Collaboration: Lukas Chrostowski and Sudip Shekhar
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Neuron Model and Photonic Implementation

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

'

q Neuron operation: 1) receive multiple inputs; 2) weight each by coefficient; 3) 
sum them; 4) perform a nonlinear thresholding

q Linear: 1-3 is a weighted sum or multiply & accumulate (MAC)

q Nonlinear: state variable s is thresholded by a nonlinearity f

sk = ~x · ~!
<latexit sha1_base64="c4G6aCqnPMWErPNL3MTY0DMEiGo=">AAACBXicbZDLSsNAFIYn9VbrLepSF8EiuCqJCrpQKLhxWcFeoAlhMjlph04yYWZSLCEbN76KGxeKuPUd3Pk2Ti8Lbf1h4OM/53Dm/EHKqFS2/W2UlpZXVtfK65WNza3tHXN3ryV5Jgg0CWdcdAIsgdEEmooqBp1UAI4DBu1gcDOut4cgJOXJvRql4MW4l9CIEqy05ZuH0h9cu0Mg+UPhkpCrCbs8hh4ufLNq1+yJrEVwZlBFMzV888sNOcliSBRhWMquY6fKy7FQlDAoKm4mIcVkgHvQ1ZjgGKSXT64orGPthFbEhX6Jsibu74kcx1KO4kB3xlj15XxtbP5X62YquvRymqSZgoRMF0UZsxS3xpFYIRVAFBtpwERQ/VeL9LHAROngKjoEZ/7kRWid1pyzmnN3Xq1fzeIoowN0hE6Qgy5QHd2iBmoigh7RM3pFb8aT8WK8Gx/T1pIxm9lHf2R8/gCZs5lB</latexit>
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Electro-Optic Nonlinearity: Reconfigurable Activation Functions

nn++

Ib
p p++

GND
500nm

130nm90nm 750nm

Modulator X-section

Modulate optical loss
�nFC = �8.8⇥ 10�22�N � 8.5⇥ 10�18(�P )0.8

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Modulate refractive index

↵FCA = (8.5⇥ 10�18�N) + (6.0⇥ 10�18�P )
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

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

q Bias current shifts the resonance and 
loss. 

q Allows engineering the transfer function

Sigmoid

Recurrent 
Hopfield networks 

ReLU

Feedforward 
(CNNs)

Quadratic

Support vector 
machines (SVMs)

Electrical
input

GND

P type
N type

Optical 
pump

Through port



18

Multiwavelength Silicon Photonic Neuron
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Si WGs

50 µm
MRR IN+

IN–

THRU

GND

Heaters V+V– GND Ih Ib

photodetector 
(PD+)

Al wires

Si WGs

MRR modulator

HeaterGe

IN+

IN–

OUT

Pump

50 µm

photodetector 
(PD–)

sk = ~x · ~!
<latexit sha1_base64="c4G6aCqnPMWErPNL3MTY0DMEiGo=">AAACBXicbZDLSsNAFIYn9VbrLepSF8EiuCqJCrpQKLhxWcFeoAlhMjlph04yYWZSLCEbN76KGxeKuPUd3Pk2Ti8Lbf1h4OM/53Dm/EHKqFS2/W2UlpZXVtfK65WNza3tHXN3ryV5Jgg0CWdcdAIsgdEEmooqBp1UAI4DBu1gcDOut4cgJOXJvRql4MW4l9CIEqy05ZuH0h9cu0Mg+UPhkpCrCbs8hh4ufLNq1+yJrEVwZlBFMzV888sNOcliSBRhWMquY6fKy7FQlDAoKm4mIcVkgHvQ1ZjgGKSXT64orGPthFbEhX6Jsibu74kcx1KO4kB3xlj15XxtbP5X62YquvRymqSZgoRMF0UZsxS3xpFYIRVAFBtpwERQ/VeL9LHAROngKjoEZ/7kRWid1pyzmnN3Xq1fzeIoowN0hE6Qgy5QHd2iBmoigh7RM3pFb8aT8WK8Gx/T1pIxm9lHf2R8/gCZs5lB</latexit> yk(t) = '[sk(t)]

<latexit sha1_base64="iSxuL2ev7epj2LBXWyBXJ9xraAI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkVdCNUHTjsoJ9QBrCZDpph04mYWZSCKFu/BU3LhRx61+482+cpllo64ELh3Pu5d57/JhRqSzr2yitrK6tb5Q3K1vbO7t75v5BR0aJwKSNIxaJno8kYZSTtqKKkV4sCAp9Rrr++HbmdydESBrxB5XGxA3RkNOAYqS05JlHqTeuqTN4DfsTJOIRdWQuuJ5ZtepWDrhM7IJUQYGWZ371BxFOQsIVZkhKx7Zi5WZIKIoZmVb6iSQxwmM0JI6mHIVEuln+wRSeamUAg0jo4grm6u+JDIVSpqGvO0OkRnLRm4n/eU6igis3ozxOFOF4vihIGFQRnMUBB1QQrFiqCcKC6lshHiGBsNKhVXQI9uLLy6TTqNvn9cb9RbV5U8RRBsfgBNSADS5BE9yBFmgDDB7BM3gFb8aT8WK8Gx/z1pJRzByCPzA+fwCyMpXE</latexit>

Features:
q MRR weight banks for WDM weighting 

- parallel processing & speed of light
q PD+/PD- do summing; allow for +ve/-ve weights
q MRR & balanced PD does vector multiplication
q Modulator for electro-optic nonlinearity
q Compatible with mainstream foundries
Metrics:
q Energy efficiency (today): 500fJ/MAC
q Efficiency (foreseeable tech.): 1.1 fJ/MAC
q Speed: 10 GHz operation Tait, Shastri, Prucnal et al. Phys. Rev. Appl. 11 (2019)
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Need for AI in Fiber Optic Communications

EDFA
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• 200G (14000km); 800G (200km)
• 7nm CMOS Process
• 800 Trillion operations/second
• 12mm x 16mm

q Increasing data rates (faster ADCs, power 
constraints)

q Increasing functionality:
• Fiber nonlinearity compensation
• Digital transmitter equalization
• Optical performance monitoring
• Traffic prediction
• Failure management etc.

q Increases computational complexity: need 
for low latency, real-time processing

Constraints on DSP
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Need for AI in Fiber Optic Communications

Zhang et al., Nat. Commun. 10, 3033 (2019)
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q AI in optical communications and networks:
• Fiber nonlinearity compensation
• Digital transmitter equalization
• Optical performance monitoring
• Traffic prediction
• Failure management etc.

q AI vs. conventional approach:
• ANN can learn nonlinear impairment without 

knowing transmission link parameters
• Can outperform digital backpropagation (DBP)

with low computational complexity

Nonlinear impairment learned by the received data
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q Photonic neural networks:
• Alleviate speed constraints
• Process analog optical signals directly
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Training ANN for Fiber Nonlinearity Compensation

Huang*, Fujisawa*, Shastri, Wang, Prucnal et al. OFC 2020, Th4C.6

§ 32 Gbaud PM 16 QAM
§ 32106 training symbols 
§ 892 triplets
§ 2 hidden layers
§ 2 x 8 x 2 network
§ Regression problem

§ Intra-channel cross-phase (XPM) 
modulation and four-wave mixing (FWM)

§ H (i.e. x)- and V (i.e. y) polarization
§ VPItranmissionMaker simulation

Loss: 9.8 dB/span
CD: 20.5 ps/nm/km
Aeff: 130 μm2

…
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Training ANN for Fiber Nonlinearity Compensation

Trained ANNIntra-channel triplets
for execution

Input symbols

+

–

Huang*, Fujisawa*, Shastri, Wang, Prucnal et al. OFC 2020, Th4C.6

§ Update weights and biases  
§ Minimize bit error rate 

between transmitted and 
received compensated 
symbols 
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Neural Network Training using Lorentzian Function

Q
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Training steps (x 1000)
0 8 16 24 32

7
7.2
7.4
7.6
7.8

8

Q-factor w/o NLC

Neuron ID weight 1 weight2 bias

1 0.0226 0.9997 0.0728

2 0.9898 0.1426 -0.0003

3 -0.1932 0.9812 0.2126

4 0.0516 0.9987 0.0645

5 0.9865 0.1637 -0.0019

6 -0.1736 0.9848 0.2057

7 0.9888 0.1492 0

8 0.9802 -0.1980 0.2338

…

Input layer Output layer
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Photonic Neural Network
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…

Input layer Output layer

…

Hidden layer

…

Nonlinear Compensation (NLC) Gain using PNN
• Evaluated the NLC gain of PNN-NLC

• Q-factor of the transmission signals reconstructed from the eight photonic 
neuron outputs of the whole frame

PM-16QAM (X-pol.)

ANN-NLC by 
numerical
simulations

PNN-NLC by 
experimental
demonstration

NLC gain 0.57 dB NLC gain 0.51 dB

The Q-factor improvement of PNN-
NLC is only degraded by 0.06 dB 
compared to numerical simulation
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Photonic Convolution Accelerator for Deep Learning

our architecture

Bangari, Prucnal, Shastri et al. IEEE JSTQE 26 (2020)
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Input Kernel

DEAP: https://github.com/Shastri-Lab/DEAP
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Nonlinear Programming: Predictive Control

tracking

forbidden region

reference trajectory: [y(t), x(t)] = [t, 2cos(t)]

respecting
constraint

q State: (x, y, vx, vy)
q Control: (ax, ay)
q Prediction horizon: 3 steps
q Constraints: |a| < 4, |y| < 1 

Minimizing error between reference trajectory and 
measured output

P

QP Solver
2N neurons

q (Inputs)

Constraint Checker
MN neurons

h

G

ax, ay (Outputs)

Hopfield & Tank Science 233 (1986)

q convergence time in the order of 10 ns
q electronic controllers solving MPC (∼10 
ms)

min
x

J(x) = 1
2~x

TP~x+ ~qT~x s.t. Gx  ~h

Ferreira de Lima, Shastri, Prucnal et al. J. Light. Technol. 37 (2019)
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Roadmap: Emerging Ideas and Challenges

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 et al. Nature Photonics 15 (2021)
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Several Startups with Real Products
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Conclusion
q Photonic primitives and integrated network:

– Carrier & photon dynamics allow very fast processing (ps versus ms)
– Overcome the bandwidth limits of electronic fan-in & interconnection

q Wavelength-based networking provides massive interconnection
q Compatible with commercial integration technology

– Implementation on an SOI platform may allow for a scalable photonic 
computing system

q Photonic networks good for performing same task over and over quickly
– Machine learning: convolutions for deep learning architectures
– Neuromorphic computing: solving nonlinear optimization problems



31

Book

• Taylor & Francis (CRC Press)
• 412 Pages
• ISBN 9781498725224
• Contributions:

Tait, Ferreira de Lima, Nahmias


