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Abstract

In this work, we explore homeostasis a silicon integrate-and-firaeu-
ron. The neuronadaptsdts firing rateoverlongtime periodson the order
of second®r minutessothatit returnsto its spontaneousring rateafter
a lasting perturbation. Homeostasiss implementedvia two schemes.
One schemelooks at the presynapticactvity and adaptsthe synaptic
weight dependingon the presynapticspiking rate. The secondscheme
adaptghe synaptic‘threshold” dependingon the neurons activity. The
thresholdis loweredif the neurons activity decreasesver a long time
andis increasedor prolongedincreasein postsynaptiactiity. Both
thesemechanismgor adaptatiorusefloating-gatetechnology The re-
sultsshowvn herearemeasuredrom a chip fabricatedn a 2-um CMOS
process.

1 Introduction

We exploredlong-timeconstantadaptatiormechanism# a simpleintegrate-and-firesili-
conneuron.Many researcherbave postulatecconstantdaptatiormechanismsvhich, for
example,presere the firing rate of the neuronover long time invernvals (Liu etal. 1998)
or usethe presynapticspiking statisticsto adaptthe spiking rate of the neuronso that
the distribution of this spiking rateis uniformly distributed (Stemmlerand Koch 1999).
Homeostasiss obsenedin in-vitro recordings(Desaiet al. 1999)whereif the K or Na
conductancesre perturbedby addingantagoniststhe cell returnsto its original spiking
ratein a coupleof days.

This work differs from previous work that explore the adaptationof the firing threshold
andthe gain of the neuronthroughthe regulation of Hodgkin-Huxley like conductances
(Shin and Koch 1999) and regulation of the neuronto perturbationin the conductances
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Figurel: Schematiof neuroncircuit with long time constanmechanisms$or presynaptic
adaptation.

(SimoniandDeWeerth1999).Our neuroncircuit is asimpleintegrate-and-fireeuronand
our adaptatiormechanism#$ave time constantof secondgo minutes. We alsodescribe
adaptatiorof the synapticweightto presynapticspikingrates.This presynapti@adaptation
modelsthe contrastain control curvesof corticalsimplecells (Ohzavaetal. 1985).

We fabricatedtwo differentcircuitsin a 2-um CMOS process. One circuit implements
presynapti@adaptatiorandthe othercircuit implementspostsynapti@adaptationThelong
time constantadaptatiormechanismsisetunnellingandinjection mechanismso remove
chagefrom andto addchage onto a floating gate(Diorio etal. 1999). We addedthese
mechanism#o a simpleintegrate-and-fireeuroncircuit (Mead1989). This circuit (shovn
in Figure 1) takesan input current, I, which chagesup the membrane},,. When
the membranexceedsa threshold the outputof the neuron,V,, spikes. The spiking rate
of the neuron, f,, is determinedby the input current, I, thatis, f, = m I.ps. Where

— 1 i
m = Ci¥Ca)Vdd IS aconstant.

2 Adaptation mechanismsin silicon neuron circuit

In orderto permit continuousoperationwith only positive polarity biasvoltages,we use
two distinctmechanism$o modify thefloating-gatechaigesin our neuroncircuits. We use
Fowler-Nordheimtunnelingthroughhigh-quality gateoxide to remove electronsrom the
floatinggateqLenzlingerandSnowv 1969).Here,we applyalargevoltageacrossheoxide,
which reduceghe width of the Si-SiO, enegy barrierto suchan extentthatelectronsare
likely to tunnelthroughthe barrier Thetunnelingcurrentis givenapproximatelyby

Tun = Iope™Vo/Vor,

whereV,, = Viun — Vg, is the voltageacrossthe tunnelingoxide and I; and 'V, are
measurablelevice parameters.For the 400-A oxidesthat aretypical of a 2-um CMOS
processatypical valueof V,, is 1000V andan oxide voltageof about30V is requiredto
obtainanappreciabléunnelingcurrent.

We usesubthreshola@hannehot-electrorinjectionin annMOS transistor(Diorio, Minch,
and Hasler1999)to add electronsto the floating gates. In this processglectronsin the



channebf thenMOS transistoracceleratén the high electricfield thatexistsin thedeple-
tion region nearthe drain, gainingenoughenegy to surmountthe Si-SiO, enegy barrier
(about3.2eV). To facilitatethe hot-electrorinjectionprocessyve locally increasehe sub-
stratedopingdensityof the nMOS transistorusing the p-baselayer thatis normally used
to form the baseof a verticalnpn bipolartransistor The p-basesubstratémplantsimulta-
neouslyincreaseshe electricfield atthedrainendof the channelandincreaseshe nMOS
transistorsthresholdvoltagefrom 0.8V to about6 V, permittingsubthreshol@peratiorat
gatevoltagesthat permitthe collectionof the injectedelectronsby the floating gate. The
hot-electrorinjectioncurrentis givenapproximatehby

Linj = nIsed)dc/‘/inj’
where I, is the sourcecurrent, ¢4 is the drain-to-channeloltage,andn andV;,,; are

measurabl@evice parametersThe valueof V;,; is a biasdependeninjection parameter
andtypically rangedrom 60mV to 0.1V.

3 Presynaptic adaptation

The first mechanismadaptsthe synapticefficacy to the presynaptidiring rate over long
time constantsThecircuit for this adaptatiormechanisnis shavn in Figurel. Thesynap-
tic currentis generatedby a seriesof two transistorspneis drivenby the presynaptiénput
andthe otherby thefloating-gatevoltage. The floating-gatevoltagestoresthe synapticef-
ficacy of thesynapseA discreteamountof chageis integratedon a diodecapacitorevery
time thereis a presynapticspike. The chage thatis dumpedonto the capacitordepends
ontheinputfrequeny andthe synapticweight. The excitatory postsynapticurrentto the
membraneof the neurondependsalso on the gain of the current-mirror The tunneling
mechanisnwhichis controlledby V;.,.,, is continuouslyon sothe synapticefficacy slowly
decreasesvertime. Theinjectionmechanisnis turnedon only whenthereis apresynaptic
spike. This presynapticadaptationrcan modelthe contrastgain control curvesof cortical
simplecells.

3.1 Steady-stateanalysis

In steady-statethe tunnelingcurrent, I, is equalto the averageinjection current, I;, ;
andthey areasfollows:

77‘,0

Liyn, = Ige Viun =Vigo (1)
Loppe” 190/ VT 7

Linj = (e er - DAQrfi (2)

whereA isthegainof thecurrentmirrorintegrator Qr = CqUr [k, Vi40 iSthesteady-state
floating-gatevoltage, f; is the presynapticateandTs is the pulsewidth of the presynaptic
pulse. From Equationsl and 2, we cansolve for V;, andthusdeterminethe synaptic
current, Iy,

kVig0 1
Isyn = Iopbe Ur = m/(szé)E
In this equation,r,,, is a preconstanaind 3 is approximatelyl. The steady-staténput
currentis givenby Ieps. = IiynT5Af; = In, A, thusit is independenof the presynaptic
inputfrequengy.

3.2 Transent analysis

With atransientthangedn the presynaptidrequeng, f;, theinitial postsynaptidrequengy
is givenby:
Lo A(fi + df;)

Jo+dfo =mx 2

= fo +mx I A(dfi] f3)- ®3)
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Figure2: Adaptationcurvesof synapticefficacy to presynaptidrequenciesisinglongtime
constantdaptatiormechanisms.

As derivedfrom Equation3, we seethatthetransienicthangan the neurons spikingrateis
dependentnthecontrasiof theinput spikingrate,df; / f;.

dfo = m* Iy, x Ax df; [ fi = fo(dfi/ fi)
idfo/dfi:fo/fi (4)

Hence thetransientgainof the neuronis equalto theratio of the postsynaptispikingrate
to the presynaptiénput rateandit decreasewith theinputrate.

3.3 Experimental results

We measuredhe transientandsteady-statspiking ratesof the neuronaroundfour differ-
entsteady-statpresynapticdatesof 100Hz,150Hz,200Hz,and250Hz. In thesemeasure-
ments,the drain of the pbasenjectiontransistorwassetat 4V andthe tunnellingvoltage
wassetat 35.3V. For eachsteady-stat@resynaptiaate, we presentedgtepincreasesand
decreasem the presynapticdateof 15Hz,30Hz,45Hz,and60Hz. Theinstantaneoupost-
synapticrateis plottedalongonethe four steepcurvesin Figure2. After every changen
the presynaptiaate, we returnedthe presynapticate to its steady-statealue beforewe
presentedhe next changein presynapticate. The transientgain of the curvesdecreases
for higherinput spikingrates.Thisis predictedby Equation4.

We alsorecordedthe dynamicsof the adaptatiormechanism$y measuringhe spiking
rate of the neuronwhenthe presynaptidrequeny wasdecreaseat time (t=0) from 350
Hz to 300 Hz asshawn in Figure3. The systemadaptsover a time constantof minutes
backto theinitial outputfrequeng. Thesedatashow thatthesynapticefficacy adaptedo a
higherweightvalueover time. Thetime constanbf adaptatiorcanbeincreasedy either
increasinghetunnellingvoltageor the pbasenjector’'s drainvoltage,V;.
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Figure3: Temporaladaptatiorof spiking rate of neuronto a decreasén the presynaptic
frequeng from 350Hzto 300Hz. The smoothline is anexponentialfit to the datacurve.

4 Postsynaptic adaptation

In the secondmechanismthe neurons spiking rate determineghe synaptic“threshold”.
The schematioof this adaptatiorcircuitry is shovn in Figure4. The floating-gatepbase
transistoprovidesaquiesceninputto theneuronsothattheneurorfiresataquiescentate.
Thetunnelingmechanisnis alwaysturnedon sotheneuronsspikingrateincreasesn time
if the neurondoesnot spike. However the injection mechanisnturnson whenthe neuron
spikes. The time constantof thesemechanismss in termsof secondgo minutes. The
increasen thefloating-gatevoltageis equivalentto adecreasén the synapticthreshold.If
theneuron§sactiity is high, theinjectionmechanismurnson thusdecreasinghefloating-
gatevoltageandtheinput currentto the neuron. Thesetwo opposingmechanismgnsure
thatthecellwill remainataconstantctivity understeady-stateonditions.In otherwords,
the thresholdof the neuronis modulatedby its outputspiking rate. The thresholdof the
neuroncontinuouslydecreaseandeachoutputspike increaseshethreshold.

4.1 Steady-state analysis

Similar equationsasin Section3.1 canbe usedto solve for V7, thusleadingusto the
following expressiorfor the steady-stateput current,/;,,o:
kV.

fg0
Ling = Iopbe Ur = m/(foT(?)rY
wherel,, is apreconstanénd-y is closeto 1.

4.2 Transient analysis

Whena positive stepvoltageis appliedto V.., the stepchange AV, is coupledinto the
floatinggate.Theinitial transientcurrentis:
AV

Iin(t = 0+) = in()ekU_T
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Figure4: Schematiof neuroncircuit with longtime constantechanism$or postsynaptic
adaptation.

andtheinitial increasen the postsynaptidiring rateis

fotdfo=f,e0r

If weassumehatthestepinput,V;,, = log(f;) (wheref; is thefiring rateof thepresynaptic
neuron)thenthechangen thefloating-gatevoltageis describedy AV = df;/ f;. Wethen
solvefor df,,

— —eUr —1%—;. (5)

Equation5 shows thatthe transientchangein the neurons spiking rateis proportionalto
theinput contrastin thefiring rate. With time, thefloating-gatevoltageadaptshackto the
steady-stateondition,sothe spikingratereturnsto f,.

4.3 Experimental results

In theseexperimentswe setthe tunnelingvoltage, V.., to 28V, andtheinjectionvoltage
to 6.6V. We coupleda stepdecreas®f 0.2V into the floating-gatevoltageandthenmea-
suredthe outputfrequeng of the neuronover a periodof 10 minutes. The outputof this
experimentis shavn in Figure5. Thefrequeny droppedrom aboutl9Hzto 13Hzbut the
circuit adaptedafterthis initial perturbatiorandthe spikingrate of the neuronreturnedto
about19Hz over 26min. A similar experimentis performedbut this time a stepincrease
of 0.2V wascoupledinto thefloatinggatenode(showvn in Figure5b). Initially, theneurons
rateincreasedrom 20Hzto 28Hzbut overalong periodof minutes thefiring ratereturned
to 20Hz.

5 Conclusion

In this work, we shov how long-time constantadaptatiormechanismganbe addedto a

silicon integrate-and-fireneuronin a normal CMOS process. Thesehomeostatianecha-
nismscanbe combinedwith shorttime constansynapticdepressingynapsesnthesame
neuronto provide arangeof adaptingmechanismsThepresynapti@daptatiormechanism
canalsoaccountfor the contrasigain curvesof corticalsimplecells.
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Figure5: Responsef silicon neuronto anincreaseanda decreasef a stepinput of 0.2V.
The curve showvs thatthe adaptatiortime constanis in the orderof about10 min.
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