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Abstract

In this work, we explorehomeostasisin a silicon integrate-and-fireneu-
ron. Theneuronadaptsits firing rateover long timeperiodson theorder
of secondsor minutessothatit returnsto its spontaneousfiring rateafter
a lasting perturbation. Homeostasisis implementedvia two schemes.
One schemelooks at the presynapticactivity and adaptsthe synaptic
weight dependingon the presynapticspiking rate. The secondscheme
adaptsthesynaptic“threshold”dependingon theneuron’s activity. The
thresholdis loweredif the neuron’s activity decreasesover a long time
and is increasedfor prolongedincreasein postsynapticactivity. Both
thesemechanismsfor adaptationusefloating-gatetechnology. The re-
sultsshown herearemeasuredfrom a chip fabricatedin a 2-� m CMOS
process.

1 Introduction

We exploredlong-timeconstantadaptationmechanismsin a simpleintegrate-and-firesili-
conneuron.Many researchershavepostulatedconstantadaptationmechanismswhich, for
example,preserve the firing rateof the neuronover long time invervals(Liu et al. 1998)
or usethe presynapticspiking statisticsto adaptthe spiking rate of the neuronso that
the distribution of this spiking rate is uniformly distributed(StemmlerandKoch 1999).
Homeostasisis observed in in-vitro recordings(Desaiet al. 1999)whereif the K or Na
conductancesareperturbedby addingantagonists,the cell returnsto its original spiking
ratein acoupleof days.

This work differs from previous work that explore the adaptationof the firing threshold
andthe gain of the neuronthroughthe regulationof Hodgkin-Huxley like conductances
(Shin andKoch 1999)and regulationof the neuronto perturbationin the conductances
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Figure1: Schematicof neuroncircuit with long timeconstantmechanismsfor presynaptic
adaptation.

(SimoniandDeWeerth1999).Our neuroncircuit is asimpleintegrate-and-fireneuronand
our adaptationmechanismshave time constantsof secondsto minutes.We alsodescribe
adaptationof thesynapticweightto presynapticspikingrates.Thispresynapticadaptation
modelsthecontrastgaincontrolcurvesof corticalsimplecells(Ohzawaet al. 1985).

We fabricatedtwo differentcircuits in a 2-� m CMOS process.Onecircuit implements
presynapticadaptationandtheothercircuit implementspostsynapticadaptation.Thelong
time constantadaptationmechanismsusetunnellingandinjectionmechanismsto remove
chargefrom andto addchargeontoa floatinggate(Diorio et al. 1999). We addedthese
mechanismsto asimpleintegrate-and-fireneuroncircuit (Mead1989).Thiscircuit (shown
in Figure 1) takesan input current, �������	� , which chargesup the membrane,
�� . When
themembraneexceedsa threshold,theoutputof theneuron,
�
 , spikes. Thespiking rate
of the neuron, ��
 is determinedby the input current, � �����	� , that is, ��
������ �����	� where��� ������������! �"$#%# is a constant.

2 Adaptation mechanisms in silicon neuron circuit

In orderto permit continuousoperationwith only positive polarity biasvoltages,we use
two distinctmechanismsto modify thefloating-gatechargesin ourneuroncircuits.Weuse
Fowler-Nordheimtunnelingthroughhigh-qualitygateoxideto remove electronsfrom the
floatinggates(LenzlingerandSnow 1969).Here,weapplyalargevoltageacrosstheoxide,
which reducesthewidth of theSi-SiO& energy barrierto suchanextent thatelectronsare
likely to tunnelthroughthebarrier. Thetunnelingcurrentis givenapproximatelyby

�('*),+-�.�%/0'	132 ",465%",487:9
where 
�
6;<�=
>'*)?+A@�
�B�C is the voltageacrossthe tunnelingoxide and �%/6' and 
�
 are
measurabledevice parameters.For the 400-˚

D
oxidesthat are typical of a 2-� m CMOS

process,a typical valueof 
�
 is 1000V andanoxidevoltageof about30 V is requiredto
obtainanappreciabletunnelingcurrent.

We usesubthresholdchannelhot-electroninjectionin annMOStransistor(Diorio, Minch,
andHasler1999) to addelectronsto the floating gates. In this process,electronsin the



channelof thenMOS transistoracceleratein thehigh electricfield thatexistsin thedeple-
tion region nearthedrain,gainingenoughenergy to surmounttheSi-SiO& energy barrier
(about3.2eV). To facilitatethehot-electroninjectionprocess,we locally increasethesub-
stratedopingdensityof the nMOS transistorusingthep-baselayer that is normallyused
to form thebaseof a verticalnpn bipolar transistor. Thep-basesubstrateimplantsimulta-
neouslyincreasestheelectricfield at thedrainendof thechannelandincreasesthenMOS
transistor’s thresholdvoltagefrom 0.8V to about6 V, permittingsubthresholdoperationat
gatevoltagesthatpermit thecollectionof the injectedelectronsby thefloatinggate.The
hot-electroninjectioncurrentis givenapproximatelyby

�(E +?F �HG:���%1JIJK	L 5%"�MON�P 9
where ��� is the sourcecurrent, Q # � is the drain-to-channelvoltage,and G and 
RE +,F are
measurabledevice parameters.Thevalueof 
RE +,F is a biasdependentinjectionparameter
andtypically rangesfrom 60mV to 0.1V.

3 Presynaptic adaptation

The first mechanismadaptsthe synapticefficacy to the presynapticfiring rateover long
timeconstants.Thecircuit for thisadaptationmechanismis shown in Figure1. Thesynap-
tic currentis generatedby aseriesof two transistors;oneis drivenby thepresynapticinput
andtheotherby thefloating-gatevoltage.Thefloating-gatevoltagestoresthesynapticef-
ficacy of thesynapse.A discreteamountof chargeis integratedon a diodecapacitorevery
time thereis a presynapticspike. The charge that is dumpedonto the capacitordepends
on theinput frequency andthesynapticweight. Theexcitatorypostsynapticcurrentto the
membraneof the neurondependsalsoon the gain of the current-mirror. The tunneling
mechanismwhich is controlledby 
 '*)?+ is continuouslyon sothesynapticefficacy slowly
decreasesovertime. Theinjectionmechanismis turnedononly whenthereis apresynaptic
spike. This presynapticadaptationcanmodelthe contrastgain control curvesof cortical
simplecells.

3.1 Steady-state analysis

In steady-state,the tunnelingcurrent, � '*)?+ , is equalto the averageinjectioncurrent, �(E +,F
andthey areasfollows:

�%'*)?+ � ��
	'�1 2 S 4S6TVU NXW SZY![8\ (1)

�(E +,F � ]�1
^ 4`_0a�b�c SZY![8\(d	e,f f%gh f @ji,k Dmlon ��E (2)

where
D

is thegainof thecurrentmirror integrator,
l n �.p #Jq nsr�t , 
�B�CZ/ is thesteady-state

floating-gatevoltage,�JE is thepresynapticrateand uwv is thepulsewidth of thepresynaptic
pulse. From Equations1 and2, we cansolve for 
 B�CZ/ and thusdeterminethe synaptic
current,����x + :

����x + �.� 
 ��y61 c S0Y6[8\e,f �.�(� r ]��JE`u�v�k
�zs{

In this equation, � � is a preconstantand | is approximately1. The steady-stateinput
currentis givenby � �����	� �}� ��x +:u v D � E�~ � � D , thusit is independentof thepresynaptic
input frequency.

3.2 Transient analysis

With a transientchangein thepresynapticfrequency, � E , theinitial postsynapticfrequency
is givenby:

� 
���� � 
 �H��� � �
D ]�� E ��� � E k

�JE ��� 
�� �����(� D ] � ��E r �JE`k { (3)
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Figure2: Adaptationcurvesof synapticefficacy to presynapticfrequenciesusinglongtime
constantadaptationmechanisms.

As derivedfrom Equation3, weseethatthetransientchangein theneuron’sspikingrateis
dependenton thecontrastof theinputspikingrate, � � E r � E .

� ��
����}��� � � D � � � E r � E ����
3] � � E r � E k� � � 
 r � �JE$�H� 
 r ��E (4)

Hence,thetransientgainof theneuronis equalto theratioof thepostsynapticspikingrate
to thepresynapticinput rateandit decreaseswith theinput rate.

3.3 Experimental results

We measuredthetransientandsteady-statespikingratesof theneuronaroundfour differ-
entsteady-statepresynapticratesof 100Hz,150Hz,200Hz,and250Hz.In thesemeasure-
ments,thedrainof thepbaseinjection transistorwassetat 4V andthe tunnellingvoltage
wassetat 35.3V. For eachsteady-statepresynapticrate,we presentedstepincreasesand
decreasesin thepresynapticrateof 15Hz,30Hz,45Hz,and60Hz.Theinstantaneouspost-
synapticrateis plottedalongonethefour steepcurvesin Figure2. After every changein
the presynapticrate,we returnedthe presynapticrate to its steady-statevaluebeforewe
presentedthe next changein presynapticrate. The transientgain of the curvesdecreases
for higherinput spikingrates.This is predictedby Equation4.

We also recordedthe dynamicsof the adaptationmechanismsby measuringthe spiking
rateof the neuronwhenthe presynapticfrequency wasdecreasedat time (t=0) from 350
Hz to 300 Hz asshown in Figure3. The systemadaptsover a time constantof minutes
backto theinitial outputfrequency. Thesedatashow thatthesynapticefficacy adaptedto a
higherweightvalueover time. Thetime constantof adaptationcanbeincreasedby either
increasingthetunnellingvoltageor thepbaseinjector’sdrainvoltage,
 # .
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Figure3: Temporaladaptationof spiking rateof neuronto a decreasein the presynaptic
frequency from 350Hzto 300Hz.Thesmoothline is anexponentialfit to thedatacurve.

4 Postsynaptic adaptation

In the secondmechanism,the neuron’s spiking ratedeterminesthe synaptic“threshold”.
The schematicof this adaptationcircuitry is shown in Figure4. The floating-gatepbase
transistorprovidesaquiescentinputto theneuronsothattheneuronfiresataquiescentrate.
Thetunnelingmechanismis alwaysturnedonsotheneuron’sspikingrateincreasesin time
if theneurondoesnot spike. However theinjectionmechanismturnson whentheneuron
spikes. The time constantof thesemechanismsis in termsof secondsto minutes. The
increasein thefloating-gatevoltageis equivalentto adecreasein thesynapticthreshold.If
theneuron’sactivity is high,theinjectionmechanismturnsonthusdecreasingthefloating-
gatevoltageandthe input currentto theneuron.Thesetwo opposingmechanismsensure
thatthecell will remainataconstantactivity understeady-stateconditions.In otherwords,
the thresholdof the neuronis modulatedby its outputspiking rate. The thresholdof the
neuroncontinuouslydecreasesandeachoutputspike increasesthethreshold.

4.1 Steady-state analysis

Similar equationsas in Section3.1 canbe usedto solve for 
 B�CZ/ , thus leadingus to the
following expressionfor thesteady-stateinputcurrent,� E +J/ :

� E +J/m�.��
 ��y 1 c SZY6[8\e f �.� � r ]���
(u v k��
where �(� is a preconstantand � is closeto 1.

4.2 Transient analysis

Whena positive stepvoltageis appliedto 
�� ; , the stepchange,��
 , is coupledinto the
floatinggate.Theinitial transientcurrentis:

�(E + ]*����� � k����(E +J/ 1 c	� Se,f
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Figure4: Schematicof neuroncircuit with longtimeconstantmechanismsfor postsynaptic
adaptation.

andtheinitial increasein thepostsynapticfiring rateis

��
 ��� ��
�����
w1 c	� Se,f {
If weassumethatthestepinput, 
 E +��H�V�3��]�� E k (where� E is thefiring rateof thepresynaptic
neuron),thenthechangein thefloating-gatevoltageis describedby ��
�� � � E r � E . Wethen
solve for � � 
 ,

� � 

� 
 �.1 c	� Se f @�i ~

t
q n � ��E�JE { (5)

Equation5 shows that the transientchangein the neuron’s spiking rateis proportionalto
theinput contrastin thefiring rate.With time, thefloating-gatevoltageadaptsbackto the
steady-statecondition,sothespikingratereturnsto � 
 .
4.3 Experimental results

In theseexperiments,we setthetunnelingvoltage, 
 '*)?+ to 28V, andthe injectionvoltage
to 6.6V. We coupleda stepdecreaseof 0.2V into the floating-gatevoltageandthenmea-
suredtheoutputfrequency of theneuronover a periodof 10 minutes.The outputof this
experimentis shown in Figure5. Thefrequency droppedfrom about19Hzto 13Hzbut the
circuit adaptedafter this initial perturbationandthespikingrateof theneuronreturnedto
about19Hz over 26min. A similar experimentis performedbut this time a stepincrease
of 0.2V wascoupledinto thefloatinggatenode(shown in Figure5). Initially, theneuron’s
rateincreasedfrom 20Hzto 28Hzbut overa longperiodof minutes,thefiring ratereturned
to 20Hz.

5 Conclusion

In this work, we show how long-timeconstantadaptationmechanismscanbe addedto a
silicon integrate-and-fireneuronin a normalCMOS process.Thesehomeostaticmecha-
nismscanbecombinedwith shorttimeconstantsynapticdepressingsynapseson thesame
neuronto providearangeof adaptingmechanisms.Thepresynapticadaptationmechanism
canalsoaccountfor thecontrastgaincurvesof corticalsimplecells.
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Figure5: Responseof siliconneuronto anincreaseanda decreaseof a stepinput of 0.2V.
Thecurveshows thattheadaptationtimeconstantis in theorderof about10min.
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