
Temporal Dynamics of An Integrated LaserNeuron
Hsuan-Tung Peng, Mitchell A. Nahmias, Thomas Ferreira deLima, Alexander N.Tait ,

Bhavin J. Shastri andPaulR . Prucnal
Lightwave Communications Research Laboratory, Department of Electrical Engineering

Princeton University, Princeton, NJ, 08544 USA, email:hpeng @princeton.edu

Abstract-Temporal dynamics plays an important rolein spike
processing. We experimentally demonstrate various biologically-
inspired processing tasks ina laser neuron ina photonic
integrated circuit platform. Our system provides a platform for
gigahertz signal processing and computing.

I. INTRODUCTION

Spike processing isa communication framework usedby
ourbrains.This technique, alsoknownaspulse position
modulation, isbasedon coding information inthetiming
between short , delta-function-like pulses.Ithasbeenshownto
beverypowerefficient [I]. Neuromorphic photonic processing
systems, in particular, havethepotentialto exhibit ordersof
magnitude improvements in bandwidth, latency, andenergy
efficiencyoverexi sting approaches [2].Toprocess signal at
highspeedsandhigh temporal precision, wemust introduce
twokey components ofaspike processing framework, the
refractory dynamics andtemporalintegration.
Temporal integration, theabilityto correlate different pulses
intime(i.e. , coincidence detection), isacriticaltaskfor
nonlinear processors thatusea spikeproce ssing framework.
For example, the functionality oftheLeaky Integrate-and-
Fireneuron(LIFneuron)[3]i s basedona response to
large perturbations, closely spacedintime.Whenthetwo
non-excitable inputpulsesarecloseenoughintime,they
willbe integrated andtheirsumcan exceed the excitability
threshold and generate aspike.The generation ofaspiking
event indicates thereis coincidence ofinputsignals.
InaLIFneuron , the refractory periodisthetimeduration
followingafir st firingspikeinwhichthe system cannot
beexcitedagain. It isal so a necessary condition ofthe
excitability.The refractory dynamics governsthespikefiring
rate.An integrated photonic systemcanbeastrong candidate
ofhigh speed processor sincethethe refractory periodcanbe
innanonsecondtimescale[4].
Here, westudyspike processingproperties thatarisefromthe
dynamics ofourlasersystem , including temporal integration
anda refractory period.Thisdeviceisuniqueinthatit
is instantiated ina photonic integrated circuit platform, and
usesan OIE/O driving principle basedona receiverless link
betweena photodetector andlaser[5].We demonstrate the
abilitytoperformGH z firingrateandto detect a coincident
eventwithlessthan1 liS preci sion.

II. DEVICE AND EXPERIMENTAL S ETUP

We designed adevicefabricatedina standard indium
phosphide photonic integrated circuits (PIC) platform bythe

Heinrich Hertz Institute through JePPIX consortium. The
composite structure (Fig.I(a»ofthedevice consists ofahigh-
speed balanced photodetector pair, a two-section distributed
feedbacklaser(DFB) , anda connecting wireprintedona
standard metalization layer(Fig.I).
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Fig. I. (a)Fi gure oftheintegratedph otonic neuron. Thechipi s anindium
phosphideba sed device fabricatedbytheHeinrichHert z Institute. Vb: Bias
forPD2 , NC:Notconnectedtoany sourceinthee xperiment , I L: current
flowing intol arge section ofDFB , Is: currentflowin g into small sectionof
DFB, GND: Ground. (b)Th es chematicfi gure of experimental setup.

Inthis experiment, weonlyusedone photodetector (PD2in
Fig.I(a»toprovide excitatory dynamics tothesy stem . The
twosectionsofDFBlasers connect tothemetalpadsonthe
edgeofthechip , andcanbe pumped upbytwo independent
current sources I L , I s, whichcanadjusttheinternalcavity
parameters andlasingthreshold.The photodetector (PD2)
canbereversebiasedby applying voltage (Vb) tothemetal
pad connected toit.Theinputoptical signals aresentto
the photodetector (PD2)through on-chip waveguide,andthe
photocurrent I ph generated byPD2 provides excitatory pertur-
bationtothelargesectionofDFBlaser.To generate theinput
signals , weuseda continuous-wave DFBlasersourcefollowed
byahighspeed Mach-Zehnder modulator, andutilizedahigh
speedpulsepattern generator and sampling scope connected to
a synchronized clocksourceto measure thelaseroutput.The
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schematic figureof experimental setupisshowninFig.1(b).

, , .
Input Pulse Temporal Separation {ns}

Fig. 2. Thebluedotsarethepeak power of output spikewhen sending
twonon -excitable input pulses fittedbythe sigmoid function: y = e - I' ~ ' + c
showna s black dashed curveinthefigure.The optimized fitting parameters
are a = 5.12, b = - 8.73 " and c = 394 .54. Inthein sets , theblue curve is
the input signal,andthered curve is the output response. They correspond
tothea xis ontheleftand right respectively.
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shows.The difference betweenfirstandsecondpeakpower
decreases exponentially asthetemporal separation ofinput
pulses increases. Andthesystemcanhavea maximal firing
rateof 1/(0.5Ds)= 2GHz. It isworthnotingthatoursystem
behaves similarly andhavesameorderof refractory periodas
inSelmi , F. etal. [4],butwitha different photonic neuron
architecture, anda different mechanism toexcitethesystem.

Fig.3 . Thereddots represent thepeak power ofthefir st spike,andthered
crosses represent thepeak power ofthe second spike . Theblacksta rs arethe
difference of firstand second peak power, whicharefittedb y ae xponential
delaying function: y = ae- bx shownasblackda shed curveinthefigure . The
optimized fitting parameters are a = 15.80, and b = 9.18. Intheinsets , the
bluecurvei s theinput signal,andthered curve is the output pulse respon se.
Theinset(i) , (ii) , and(iii) showthe condition thatthe systemis inside the
absolute refractory period , relati ve refractory period, and outside the refractory
period respectively.
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IV. CONCLUSION

Wehave explored twokeyspike processing properties,
coincidence detection anda refractory period,inan integrated
laserneuronona photonic integrated circuit platform . We
haveshownthatthedevicecanprocesssignalsathighspeeds
(GHz)andhightemporal precision (ns), far outpacing even
thefastestspiking approaches in neuromorphic electronics by
manyordersof magnitude [6].Its compatibility with photonic
integrated circuit platforms anditsuseofa photodetector-
driving principle makeit amenable tosystem integration with
passive networking protocols [7].This component mayserve
asan important nonlinear neuromorphic processor infuture
on-chip photonic processing systems.

• Output Largest Peak. Power
-- -~ Fitting Curve: y = ~

\ f:a;) I : : : ~
\ ; I; 0.006 i
, ~ 4 0.004 i.

(I) \ i: o.o02~
~ 0 '2 4- -'-'- .,...----!loo.ooo6
\\, Time (ns)

\ 110 ~ ~ I
• \ 0 '2 4 6 8 10

:. Time (ns) (ii )

~ ~ .'!. _ - -~ - -- - - - -- - -- -! _ -- - -- - - - -- - _ . _ - - - -- - -- - - - -- _'!. _ - - - -- - -- - - - -- -~

.& 0.004

::>o

~
E
.... 0 .008
Ql;:e

~ O . 00 6

~

III. T EMPORAL DYNAMICS

A.Coin cidence Detection
Taking advantages ofthe property oftemporal integration,

wesendtwo non-excitable inputpulsestothesystem. If
theyarefarfromone another, thenthereisnooutputpulse
response, butiftwoinputpulsesareclose enough, thenthe
systemcanfireaspike . This phenomenon canbe exploited
to detect coincident pulses.Intheinset(i)ofFig.2 , thetwo
inputpulses(bluecurve)are separated by 0.65 DS, andthe
distinguishable spikeoutput(redcurve)canbe generated. Note
thattheoutputpulseisonly generated after receiving second
inputpulse.Intheinset(ii)ofFig.2 , thetemporal separation
oftwoinputpulsesis 5.41 DS, andthesystem undergoes a
subthreshold oscillation. ThedatapointsshowninFig.2are
the maximal peakpoweroftheoutputsignal.Oursystem
can perform the coincidence detection withthe precision less
than 1 DS. Furthermore, duetothewideoptical bandwidth
ofa photodetector, wecan detect thesignalswith different
wavelengths orfrom different channels.

B. RefractoryPeriod
Toanalyzethe refractory dynamics ofoursystem , we

generate twoinputpulsesstrongenoughexciteaspikeoutput
independently, andsendthemtoPD2 (excitatory photode-
tector)with different temporal separation. Whenthesecond
inputpulseiswithinthe refractory periodofthesystem , the
secondspikeoutput cannot befullyexcited. Specifically, one
canmake distinction betweenabsoluteandrelative refractory
period.Inthe absolute refractory period , thereisnosecond
spikeasshownintheinset(i)ofFig . 3(inputtemporal
separation = 0.288 DS). However, intherelative refractory
period , thesecondpulse response canbe generated whichhas
been shownintheinset(ii)ofFig.3(inputtemporal separation
=0.388 DS). Whenthetemporal separation oftwoinputpulses
islarge enough (greater than 0.5 DS), theneuronwillfiretwo
spikeswithidenticalpeakpowerastheinset(iii)ofFig.3
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