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1 Abstract

A thermalinfraredimagerof competitivesensitivityandvery simpleconstructionis presented.It is a
pyroelectricdeviceof 96 pixels, basedon ferroelectricpolyvinylidenefluoride (PVDF). It usesa novel
charge-dispensingmultiplexerbasedon ordinary light emitting diodesto achievea noise-equivalent
temperaturechange(NEDT) of 0.13K at a 5 Hz framerate(2.1 Hz BW). Designinformation,theory,and
measuredperformancearepresented. Achieving sucha low total systemcostrequiresthe useof the
very leastexpensiveoptical system,a mouldedpolyethyleneFresnellens,whoseadvantagesand
limitations arediscussed.Severalpossibleimprovements,aggregatingapproximately30 dB in sensitivity
arealsodiscussed,leadingto the interestingpossibility of few-millikelvin NEDT valueswith an uncooled
pyroelectricdeviceof extremelylow cost.

2 Introduction

Infraredimagingsensorsareexpensive,insensitive,or (usually)someof each. This limits their usefulness,
thoughtherearemanyapplicationsin which thermalIR imagesarevery useful,e.g. looking at traffic
patternsin indoor public spaces,wherethe self-luminosityof peoplemakesthemeasyto discriminatefrom
inanimateobjectssuchasshoppingcarts. Achieving high sensitivityat high resolutionrequirescooled
indium antimonide(InSb) andmercurycadmiumtelluride (HgCdTe)imagerscost tensof thousandsof
dollars,while evenuncooleddeviceswith few pixels suchas256-pixel leadzirconate-titanate(PZT)
sensors,costat leasta few thousanddollars. Sensitivitiesfor thesedevicesaretypically 0.1 K noise
equivalenttemperaturechange(NEDT), which is adequatefor mostpurposes.

Uncooledsensorsmadefrom pyroelectricPVDF films havebeenusedfor manyyearsfor thingssuchas
automaticporchlights andintrusionsensors,but their very low sensitivityandrequirementof one
amplifier per pixel haveseriouslylimited the useof PVDF in imagingsensors.Although its intrinsic
sensitivity is lower thanthat of crystallineandceramicpyroelectricssuchasPZT, triglycine sulphate,and
triglycine fluoroberylate,its very low cost,excellentelectricalproperties,andphysicalrobustnessmakeit
an attractivematerial. The primary reasonfor its unpopularityis the complexityof the multiplexing
schemescurrentlyusedwith pyroelectrics,usually involving laminatingor bump-bondinga pyroelectric
materialto a silicon readoutcircuit suchasa multiplexeror CCD. If oneis going to all that trouble,of
courseonewill usethe mostsensitivematerialaffordable,which is not PVDF.
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Figure 1: Mask patternfor 96-pixel pyroelectricPVDF imager. Actual wiring is screen-printedcarbonink.

3 PVDF SensorFilm

PVDF hasa lot of advantagesbesideslow cost. Oneis that the wiring canbe put on via screenprinting,
like the writing on T-shirts. Screenprinting of carbon-loadedink producesa very robustfilm of
reasonableconductivityandsomewhatbetterthermalemissivity thanmetal,but at the costof the added
thermalmassof 4 �m of ink on both sidesof eachpixel, nearlydoublingthe thermalmassof the 9 �m
film usedhere. The ink is so strongthat it will takea hardcreasewithout delaminatingor opening.
Comparedwith the extremefragility of metal films on thin PVDF, the speedtradeoff is very worthwhile² .

Anotheradvantageof PVDF is that it is mechanicallyrobustenoughto be usedfree-standing,suspended
in air, so that the thermalmassMth andthermalconductanceGth areminimized. Air suspensionincreases
the thermaltime constant,which slowsthe sensordown; this might seemlike a disadvantage,but really it
helpsthe SNR at all frequencies.Far down on the slopeof the thermaltransferfunction, the response
mustdecayasePopt/Mthf, wherePopt is the optical power incidenton the film, e is the thermalemissivity,
andf is the modulationfrequency. ReducingGth by air suspensionreducesMth, sinceonly the film itself
is heated,which automaticallyincreaseshigh frequencySNR. Furthermore,sincethe low-frequencylimit
of the responseis ePopt/Gth, the low frequencySNR is enormouslyenhancedby allowing the total
temperatureexcursionof the film to be aslargeaspossible. Therefore,insulatingthe film with gasor
vacuum(whosethermalmassis small) improvesSNR at all frequencies.Somepostprocessingis required
to recoverdecentspeedof response,of course.

² The sensors used here were made by Measurement Specialties Inc., Norristown PA,
http://www.msiusa.com.

2



Herethe film is gluedto a framethat holds it in registration. The film framefits tightly over oneof a
pair of spacersmadeof polyethyleneterephthalate(the plasticusedin sodabottles). All the plasticparts
canbe madeby injection moulding. Electricalconnectionsto the circuit boardaremadevia a conductive
elastomer(Zebra)connectorof the samesort usedwith liquid crystaldisplays. Figure1 showsthe mask
patternusedin this work. The pixels are3 � 5 mm, on a 6 � 6 mm pitch. Optically they are laid out as
12 rows by 8 columns,but electrically they arereadout as6 rows of 16 columns,with each"row" beinga
4 � 4 pixel block on the sensorsurface(e.g. row 1 is the 16 pixels at top left). The pixels arranged
outsidethe main arrayaredark pixels, intendedfor first-ordercompensationof chargeinjection dueto
switching.

PVDF is cheapandeasyto handle. If a goodmultiplexerwereavailableat low cost,it would transform
the economicsof uncooledinfraredimaging. Sucha multiplexer is the principal subjectof this paper. To
motivateits design,it is necessaryto understandthe difficulty.

4 The Multiplexer Problem

The reasonfor the difficulty of the multiplexer
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Figure 2: Pyroelectric Detection: Frozen-in field
Ebound

problemis the extremelyhigh impedancelevelsat
which pyroelectricsensorswork. As shownin
Figure2, the ferroelectricpolymerhasa frozen-in
electricpolarizationP, which in a planargeometry
behavesidentically to a sheetof boundchargeat its
top andbottomsurfaces.To achieveoverall
electricalneutrality,free chargesfrom the
environmentflow to neutralizetheseboundcharges,
leadingto a quiescentconditionwith zerovolts
acrossthe ferroelectric. The remanentpolarization
is a strongfunction of temperature,however,
decresingfrom its room-temperaturevalueto zeroat
the Curie point of the polymer,about120 æC.Its
temperaturecoefficientat 20 æCis approximately-
1%/K (PVDF propertiesaresummarizedin Table1).

For the 9 �m thick sensorsusedhere,this correspondsto a terminalvoltagechangeof 2 V/K. While this
may seeman enormouschange,thereis lesstherethanmeetsthe eye; this is its sensitivity to sensor
temperaturechanges,not scenetemperaturechanges.Typical ratiosDTsensor/DTsceneare10-4 to 5�10 -3, so a
sensitivityNEDT of 0.1 K in the scenetemperaturerequiresa noiseequivalentto 10-5 to 5�10 -4 K
uncertaintyin Tsensor.

Achieving a NEDT of 0.1 K requiresan rms chargereadoutnoiseof approximately
0.1 K /(dq/dTdTpixel/dTscene)» 0.18pC for a bandwidthof 0.1 Hz, andabout0.06pC for a bandwidthof
2.1 Hz (the signalandnoisearenot flat with frequency). While this is not in the CCD class,it is
stringentfor a built-up circuit. Evenallowing the multiplexer to dominatethe total noise,the noisecurrent
mustbe below 0.6 pA in the measurementbandwidth. Furthermore,sincethe readoutcircuit mustbe
replicated96 times,it mustbe very simpleor very highly integratedif low cost is to be achieved.
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The usualmethodof achievinghigh sensitivity in pyroelectricarraysis to bondthemto a silicon CCD
arrayor MOS multiplexer. Suchdeviceshavevery low readoutnoise,only a few tensof electronsat
room temperature,andtheir high degreeof integrationallows the useof manypixels. On the otherhand,
the very high thermalconductivityof the silicon substratereducesthe pyroelectricchargeobtainable,
which limits their sensitivitiesto approximately0.1 K NEDT. Furthermore,dueto complexity,high
startupcosts,andlow manufacturingvolumes,suchdevicesareexpensive,in the $4000rangeat present
evenfor a 256-pixeldevice. A built-up circuit madeof commonly-availablepartsis clearly desirable.
Unfortunately,conventionalapproachesbasedon discretesilicon MOSFETsor commodityCMOS
multiplexer ICs areunsuitabledueto largechargeinjection noise,leakage,andcost.

5 DIODE SWITCHING
The simplestsemiconductorswitch is a diode. If its forward voltagedrop canbe tolerated,a diodeis a
goodcurrentswitch, conductingheavily in the forward directionandvery little in the reverse. In the
presentregime,though,silicon diodesareunsuitable,dueto their relatively low zero-biasresistancesof
100 MW to 10 GW, which makesub-picoampleakagecurrentsunattainable.In addition,sincethe
pyroelectricsensorsare inherentlybipolar, an unbiaseddiodecannotbe usedsincethe negativesignal
swingswould be lost.

On the otherhand,ordinaryred LEDs haveleakagesmanyordersof magnitudebetter. The diode
equationpredictsthat the forward currentof a diodeis

(1)

whereVg is ideally kT/e(25.8mV at 300K) but in real devicesis 35-70mV. The zero-biasresistanceof a
diodeis

A silicon diodewith IF = 1 mA might haveVF = 0.6V, whereasa red LED would haveVF»1.6V. Because
of the exponentialfactor, a 1-V changein VF correspondsto a decreasein IS of exp(-14)to exp(-28),and
an increaseof the samefactor in R0, a matterof 6 to 12 ordersof magnitude. OrdinarydisplayLEDs
(ChicagoMiniature Lamp) conductheavily for forward voltagesof 1.3V, but leak lessthan100 fA from -
5 V to +0.5 V biasvoltage,makingthemextremelygoodcurrentswitches.
e
Biasing is a seriousproblem. In our application,the maximumreadoutchargein a 200 ms integration
time is about1 pC, so the biascurrentshouldbe around5 pA. With a reversebiasof a few volts on the
switchesin the off state,the biasresistorwould haveto be about1 TW, an unattainablevaluefor a low-
costdesign. Fortunately,thereis an easierway.
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5.1 PhotocurrentBiasing
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Figure 3: Simplifiedschematicof themultiplexer,showingthesensorelements,switchingLEDs,darkpixels,
andcharge-sensitivereadoutamplifiers for onerow.

Besidesemitting light, LEDs arealso low-sensitivityphotodiodes,so eachpixel canbe biasedby shininga
small amountof light on its switch LED. To get adequateuniformity andpreventambientlight from
interfering,an arrayof four greenLEDs distributedamongthe switch LEDs andcoveredwith an opaque
white diffusing cover. The greenLEDs werecontrolledby a pulse-widthmodulationoutputof the
processor,andconvenientlya 1 mA drive currentproducedabout1 pA photocurrentin eachswitch LED,
uniform to within a factor of two. Filtering ensuredthat the photocurrentnoisewasdominatedby shot
noise,contributing(TeIbias)

1/2 » 0.4 fC chargenoiseper pixel per frame.

The multiplexercircuit is shownin Figure3, a photoof the disassembledmultiplexerandopaquediffuser
is shownin Figure4, andthe assemblyin Figure5 andFigure6. It achievesa fundamentallyminimal
componentcountof oneper pixel, with two bufferedshift registersproviding the 16 columnstrobesignals
andtwo quadop ampsproviding the 6 row amplifiersandtwo LED drivers. Eachrow hasa dark pixel
andassociatedswitch LED to allow first-ordercancellationof the chargeinjection dueto the capacitance
of the LEDs, which works adequately.
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5.2 ReadoutAmplifiers

Figure 4: Disassembled multiplexer, showing
switchingLEDs in array,biasLEDs in eachquadrant,
and the diffuser made of the white silkscreenand
opaquecover.

Figure 5: Side view of assembledsensorelectronics.
Row amplifiersareon top board,sensorfilm clamped
betweenit andthe multiplexerboardwith the opaque
lid, andthe CPU is at bottom.

The readoutamplifiers themselvesaresimple.
Whena columnstrobegoesactive,the chargeon
eachpixel in that columnis dumpedinto the
summingjunction of its readoutamplifier, which
forcesit to go into Cf. Within 500 �s, the
resultingvoltageis digitized,andafter a 5 ms wait
for the integratorto be resetby the 10 MW Rf, the
next columnis readout. After all columnshave
beenread,the sensorreturnsto integrationmode
until the next 200 ms integrationtime hasexpired.

5.3 NoiseSources
The dominantnoisesourceis the (kTCpixel)

1/2 »
0.86 fC from dumpingthe chargeoff the pixel
capacitance,andthe Johnsonnoiseof the feedback
resistor,which contributesan uncertaintyof

or 1.1 fC, sincethe noisebandwidthof the parallel
RFCF is p/2 timesits 3 dB bandwidth,or B =
1/(4RFCF). This makesthe point that the
uncertaintyof resettinga capacitorto zero is the
sameregardlessof how it is done. Along with
the 0.4 fC shotnoise,the RSSchargenoiseis
1.29 fC rms noiseper pixel, which with a 100-pF
CF amountsto 12.9 �V at the amplifier input.
Amplifier noiseis comparativelyinsignificant.
The typical total input-referrednoiseof the
LMC6034 from 5 Hz to 4 kHz is 1.7 �V, so the
total expectednoiseis 13.0 �V at the amplifier
input. The amplifier gain is 100, so the total
outputnoiseis expectedto be 1.3 mV, lessthan
the (5 V/1024 » 5 mV) analogue-to-digital
converterunit (ADU).

Actual noiseperformanceis limited by small
amountsof convectionandelectricalpickup to 10
mV rms at the ADC input. Evenso,a 15 K changein the scenetemperatureproducesabouta 1.25V
signalat the ADC.
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6 Postprocessing

Figure 6: Front view of assembled sensor
electronics,showingsensorfilm suspendedbetween
readoutamplifierandmultiplexercards,andtheCPU
underneath. Not shown is a 80 �m polyethylene
cover tapedover the sensorto control convection.

Figure 7: Mosaic image from 3 sensorsbasedon an early 28-�m, metal-cladfilm, showing the bipolar
responseto two peoplewalking aroundin the scene. Scaleis 30 cm per pixel.

The transferfunction of this deviceis somewhat
unusual. If we takethe impulseresponseg(t) at the
outputcorrespondingto an instantaneouschangein
scenetemperature,we get a stepfunction followed
by decayingexponentialof 3.1-sthermaltime
constantasthe film coolsbackdown. This surface
chargeis dumpedandsampledevery200 ms,so the
impulseresponseis convolvedwith an odd impulse
pair (finite differenceoperator)of 0.2 s width. The
first is approximatelyan integration,andthe second
approximatelya differentiation,so that the temporal
transferfunction hasa flat top. This is
inconvenient,sincepassingpeoplegive rise to
bipolar blobs,asshownin Figure7. Oneperson
candisappearinto the divot left by someoneelse,
which complicatesthe trackingproblemandmakes
the datahardto interpret.

Although the effectivefilter is manysampleswide,
it turnsout to be easyto invert this transferfunction
by factoring. After digital baselinerestorationto get
the datacenteredon zero,a 9-sampleFIR filter
booststhe high frequencies,turning transferfunction into that of a band-limiteddifferentiator. A simple
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runningsumthenproducesa flat transferfunction up to nearly the Nyquist frequency(2.2 Hz out of 2.5
Hz).

The difficulty with this is that sincethereis no actualsignalat dc, andan integratorhasinfinite gain

Figure 8: Pseudo-integrateddatafrom 9-�m PVDF sensorswith carbonink. As before,the subjectis a top
view of peoplemovingaround,at 30 cm/pixel.Notethat thedivots left behindhavedisappeared,andthat the
SNR is dramaticallybetter.

there,we wind up with a signal to noiseratio (SNR) of 0 with a linear integrator. This manifestsitself as
a randomchequerboardpatternthat growswith time, which makesthis postprocessingstrategypretty
useless.We're savedby a positivity constraint:peoplearewarmerthanfloors. By applyinga slight gain
enhancementto the negativegoing peaks,we ensurethat the integratedsignalcorrespondingto a person
crossinga pixel will go negativeafter he passes.Becausewe know that the true integralcannotbe
negative,we chopoff the negativevalues,which forcesthe signalalwaysto be nearthe baseline. A long
(100 second)exponentialdecayis alsoappliedto the clippedintegral,andthe combinationensuresa stable
baselineandpeoplethat look like unipolarblobs. The result is to enhancethe SNR of the result,sincethe
noisegain is principally at low frequencywherethe signal is strongest(sincepeoplearerelatively slow-
moving)² . A sampledataframeafter postprocessingis shownin Figure8 (Figurecourtesyof R. H.
Wolfe).

² P. C. D. Hobbs,S. Pankanti,andR. H. Wolfe, in preparation.
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7 Noise-EquivalentTemperature Difference NEDT
As shownin Table2, the NEDT of this sensoris approximately0.13K, which is a reasonablycompetitive
value,especiallyfor a sensorof suchlow costandsimpleconstruction. Matterscanbe improvedby using
a speciallytunedabsorberfilm madeof very thin metal,whoseaverageemittancecanbe ashigh as0.5
without the thermalmasspenaltyof the carbonink² . Carbonink in an openlattice over the pixel could
be usedto stitch the metal film togetherinto somethingelectricallyrobustwhile maintainingthe emissivity
improvement. Suchfilm could provideabout14 dB improvedsensitivity,which would get this very
simplesensorinto the 0.025K NEDT range.

Signal level improvementscanbe takento the bank,as long asthereareno noiseconsequences.Since
the dominantnoisein this sensoris a coupleof ADUs' worth of pickup, switchingartifacts,andthermal
convectionnoise,emissivity improvementstranslatedirectly into SNR improvements.Noisereductions
area bit moreproblematical,becausetheremay be somesubdominantnoisesourcethat leapsinto
prominancewhena dominantoneis fixed. Accordingly, the factor of 5 in the noisefloor that seemsto be
availablemay not be so easyto get. If it is, however,the total NEDT for an optimizedsensorof this sort
could be aslow as0.005K in a 2 Hz bandwidth.

Table 1: PVDF Pyroelectric Element Properties

PVDF Film
MassDensity r 1.79 g/cm3

ThermalConductivity a 0.19 W/(m K)
SpecificHeat cp 1440 J/(kgK)
Dielectric Constant e 12.5
PyroelectricCoefficient(25æC) p -25 �C/(m 2 K)
Film Thickness t 9 �m

Pixel Dimensions 3 � 5 mm
Pixel Pitch 6 x 6 mm
Pixel Capacitance C 185 pF
Chargefor 1 K DTsensor dq/dT 380 pC/K
Pixel Voltagefor 1 K DTsensor dV/dT 2.0 V/K

Carbon Ink
ThermalEmissivity (Ink) eT » 0.1
MassDensity r ink » 1.6 g/cm3

SpecificHeat cp » 1500 J/(kgK)
Thickness(EachSide) » 4 �m

Fresnel Lens
Transmittanceof Lens h lens 0.5
Solid Angle of IFOV at pixel Wi 0.78 sr

² S. Bauer,S. Bauer-Gogonea,W. Becker,R. Fettig,B. Ploss,W. Ruppel,andW. von Munch,"Thin
metal films asabsorbersfor infraredsensors",Sensorsand ActuatorsA, v 37-38,pp. 497-501(1993).
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Calculated Thermal Properties (300K, still air)
ThermalConductance:

Air Gair 1.8 10-4 W/K
Film Gfilm 9.0 10-6 W/K
Radiative,total Grad 1.8 10-5 W/K
Radiative,to IFOV GradI 1.1 10-6 W/K
Radiative,to ambient GradA 1.2 10-5 W/K

Total ThermalConductance Gtot 2.1 10-4 W/K
DC ThermalCouplingRatio ¶Tpixel/¶TIFOV 0.0052

ThermalMassof Pixel Mth 6.6 10-4 J/K
ThermalTime Constant
of Pixel t pixel 3.1 s

ThermalCouplingCoefficient DTfilm/DTIFOV »0.005

Input Voltagedueto 1K DTIFOV

in 1 frametime (0.2 s) tf¶V/¶TIFOV 10. mV s
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Table 2: NoisePerformance

Amplifier Bandwidth B 4 kHz
RFCF Bandwidth BRC = 1/(2pRFCF) 53 Hz

Amplifier Input VoltageNoise VNamp 1.7 �V rms
CF ResetNoise DqCf = Ö(kTCF) 0.87 fC
Cpixel ResetNoise DqCp = Ö(kTCpixel) 0.64 fC
Bias CurrentShotNoise Dqshot = Ö(eqbias) 0.40 fC
RSSChargeNoise Dqtot 1.15 fC rms

ChargeNoiseat ADC Input Vnoise 1.15 mV
Amplifier Noiseat ADC Input VNaout 0.17 mV
Total Front-EndNoise VFE 1.16 mV
QuantizationNoise VNquant = 5 mV/Ö12 1.4 mV
Total Noiseat ADC Input VN 1.8 mV
Actual RMS NoiseAt ADC Output VNmeas 10 mV

Actual ThermalResponse
for 15 K DTIFOV Vs(15 K) 1.25 V
Actual RMS NoiseAfter
Pseudo-Integration VNint 40 mV
Actual Pseudo-IntegralResponse
for 15 K DTIFOV VSint 19.7 V

DT for SNR = 1 (0.1 Hz, integral) NEDT(0.1 Hz) 0.03 K
DT for SNR = 1 (2 Hz, filtered) NEDT(2 Hz) 0.13 K
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