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I ntroduction

amobilerobot.

Unmodulated Infared Illumination Kube[1] shovsasimpleapproacho anunmodulatednfaredbeamillumi-
natoranddetector His arrangementlaimsa rangeof 10 inches,but it is not clearwhetherthis is under

Mobile robotsusetheir objectdetectorgo, well, detectobjects. Thesecanbe objectsthatareto be avoided
(suchaswalls andbiggerrobots)or objectsthatareto be pursued'suchasanothersumorobot,or anobjectto be
cooperatrely pushedo adestination) How the detectionis usedis up to the pathmanagemergoftware.
Variousobjectdetectiondevicesandschemesreusedat presentSomeof the main candidatesire:
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conditionsof strongambientillumination.



Triangulation Beam Detector This device, SharpGP2D02,usesspecialopticsto generatea distancereading
overtherangeof 10to 80 centimetreslt requiresa microprocessofor interfacing. Thedeviceis relatively
expensve atabout$20CDN each.

Sonar Sonarecho-rangingasdescribedn [3], is apopularmethodof objectdetection.Thecircuitry is relatively
comple, generallyrequiresa microprocessofor interfacing. It alsohassomeambiguity problemswith
echoesandtransmittersidelobes.

Bumpersand Whiskers Thesemechanicallevicesaregenerallyreliable andcouldnt be simplerto interface.
However, they arelimited in rangeand canpresentproblemsin placement.A whisker switchis a fairly
bulky device.

Theobjectof this exercisewasto developanobjectdetectiormethodthat
e wassimpleto implement

e couldbeusedwithoutamicroprocessor

¢ hadthemaximumpossiblerange

Notwithstandinghecommonuseof infaredemittersanddetectordor simpleopticalrangingapplicationsthe
authorprefersto usevisible light. Being ableto seewherethelight is goingis aninvaluableaid to delugging.
Infaredis misleadingundersomecircumstancessurfacesthat we would expect (basedon our experienceof
visible light) to bereflective arenot, andvice versa.Thereis no suchambiguitywith visible light.

2 Photodetectors

lllumination may be detectedwith a CadmiumSulphideCdS photoresistie cell, a visible-light photodiodeor a
phototransistor

Cadmium Sulphide CdS Photoresistive Cell The CdS photoresistoiis sensitve to visible light but responds
relatively slowly (20 millisecondsresponsdime is typical) to changesn illumination. As a result, it
integratesambientl20Hzilluminationinto its averagdevel. Generallythereis noopticalsystemassociated
with the CdScell, andsoit integratestheillumination overawide receving angle.This makesit usefulfor
detectingoverall illumination level, but difficult to usefor objectdetectionat a distance.The CdScell is
effectivein aline-following application but it hasto bevery closeto theworking surface[4].

It would beinterestingo usethe CdScell with anopticalfocussingsystem.This mightwell malkeit useable
for detectiomat largedistances.

Visible Light Photodiode A light emitting diodewill functionasa visible light photodiode jn which casethe
reverse-biasedurrentis proportionalto illumination. Thedeviceis low sensitvity, requiringthatit beused
with ahigh-gain(eg, 5MQ) transresistancamplifier. Theresponsés veryfast,upinto the MHz region. To
take adwvantageof this, the transresistancamplifier usea fastoperationabmplifier. A high intensityLED
is equippedwith anarrov beamwidtHenssystem Whenit is usedasa photodiodedetectoythis helpswith
discriminationagainstopticalnoise.



Phototransistor The device usedin this investigationwasthe 2N5777,which is a darlingtonNPN phototran-
sistorwith a relatively wide beamwidth(70% relative responsedf 45 degrees.A device like the BPW38
photodarlingtonwith a beamwidth of 5 degreesmightbe a betterchoice.

The switchingspeeds in the orderof hundredsof microsecondsThis is problematicwhenthe device is
usedto drive a resistordirectly, becausehe Miller effect severely limits the speedof response However,
whenit drivesatransresistancamplifier, thevoltageacrosghetransistoidoesnotchangeandtheresponse
is relatively muchfaster In this configuration,a switchingfrequeng of 2KHz is quite feasible,andmore
limited by the frequeny responsef alow-costoperationabmplifier The requiredtransresistancgainis
muchmoremodesthanrequiredwhenusinga photodiode about10kQ2.

3 Regecting Ambient Illumination

The photodetectoshouldhave somemechanisnfor ignoringambientillumination. Theinterferingillumination
takestwo forms: a zerofrequeng (DC) componentlueto sourcedik e sunlight,andancomponentit 1220Hzdue
to the AC lighting currentin artificial illumination sourcessuchasincandescentamps. Thesesourcegnay be
treatedasnoisethatworsenghe signal-nois€S/N) ratio at the detector

The objectdetectoris assumedo have a local sourceof illumination, typically a high-intensityred LED or
infaredLED. Sothe S/N at the detector which shouldbe aslarge aspossible dependn the ratio of thetotal
illumination into thedetectowvs the componengeneratedby thelocal source.

Optical Methods

Two opticalmeasuresanbetakento improve the signal-noiseatio.

Restricted Beamwidth If the beamwidthof the detectoris restricted thenthe S/N is improved. This requires
thatthe detectobe ableto seetheillumination generatedby thelocal source.

The beamwidthcanbe decreasety usinga lenswith a larger aperturethanthe detectoror by restricting
thefield-of-view of the detectowith atubeor pinhole(anapertuie stop. Sincealensgatherdight overa
largerarea,it will generatea largersignalat the detector However, if thereis adequatesignalbut the S/N
is poor, anaperturestopwill be sufficient. Putanotherway, a lenswill extendthe sensitvity of detection
becauset collectsmoreenegy. An aperturestopwill improve the signal-noiseratio, but not extendthe
sensitvity of thedetector Theaperturestopwill work wherethereis a strongsignalbut poorS/N. Thelens
will work wherethe signalis weak.

Colour Filtering A narrovbandcolourfilter restrictsthebandwidthof thelight enteringthedetectoto thatof the
local source.By rejectingambientlight thatis not at the samewavelengthasthelocal source it improves
the S/N. A comprehensie examinationof contrastenhancemeriy filtering is in [5].

Zero Frequency Ambient Light

Theobjectdetectoiis assumedo have alocal sourceof illumination, typically a high-intensityred LED or infared
LED.
Therearetwo methodsof rejectingthe zerofrequeng (steady-statejomponenbf backgroundllumination.



Subtraction of Background Thesimplestmethodof rejectingthe zerofrequeny componenbf ambientillumi-
nationis to take areadingof thebackgroundevel with theilluminating LED switchedoff, andthensubtract
this from a readingwith the illuminating LED switchedon. If thereis an objectin the field of view, the
secondreadingwill belarger The differencevalueis proportionalto the reflectivity and distanceof the
target.

This methodis mosteasily performedwith a microprocessowhich senseshe detectorlevel via an A/D
corverter It canalso be doneanalogcircuitry with two sample-holdcircuits that directs save the two
readingsto storagecapacitors. The voltagesof the capacitorsare then subtractedo get the difference
reading.

The methodonly works wherethe light dueto theilluminating LED exceedshe backgroundevel. Obvi-
ously, thisalsoworksbetterif thefield-of-view of the detectormatcheghatof theilluminator LED.

High Frequency Switching If theilluminating LED is switchedat somefrequeng, the detectedsignalmay be
AC coupledto remove the zerofrequeny componenbf ambientillumination providing thatthe ambient
illumination is not so strongasto saturatethe detector This requiremenusuallyresultsin a compromize
betweersensitvity of the detectorandimmunity to ambientight.

120Hz Ambient Light

Wherethelight sources operatedrom the60Hzline, therewill beastrongcomponentf illuminationat120Hz.
Thiscomponentanberemovedby averagingover onecompleteAC cycle or by high-pasdiltering.

Averaging Over One Cycle Theaveragevalueof an AC waveformis zero. Consequentlyif a seriesof detector
readingsaretaken over onecompletecycle andthenaveragedtheresultis the averageor DC component
of the waveform. In fact, two readingswill suffice if they aretaken T14¢/2 secondsappart,whereT}sg
is the period of a 120Hz waveform (8.3 milliseconds). This is mosteasily donewith a microprocessor
Consequentlyif you were using the subtractionmethodto detectthe presenceof a reflection, a good
stratey would be

o take readings8.3 millisecondsappartwith thelocal sourceturnedoff. This givesyouthe DC compo-
nentof ambientight.

o takereadings8.3 millisecondsappartwith thelocal sourceturnedon. This givesyou the DC compo-
nentof ambientlight plusthelocal illumination source.

High PassFiltering If thelocal sourceis choppedswitched)atsomefrequeng f, suchas2400Hz,thenit may
be separatedrom the 120Hzcomponentf,, by high passfiltering. In practice the 120HzAC component
canbemuchlargerthanthe desiredsignal,sofairly severe(ie, multi-pole)filtering is required.

For example,| foundthattherewas80 milli volts of AC noiseat 120Hz(f,,) in thepresencef 10 millivolts
of signalat fs. We'd like to amplify the componenat f., sothatmeanghe AC componenat f,, mustbe
substantiallyattenuatedin this casejf the noisecomponents to be reducedo the sameamplitudeasthe
signal,the noisewould be attenuatedby a factorof 8, or 18dh A two polefilter hasanattenuatiorof 20db
perdecadesoa2-poleSallen-Key high pasfilter with a cutoff frequeny f. of 1200Hz would work. (See
[6] for designof the Sallen-Key filter.)

Theresponsef thehigh-pasdilter is down 3dbatthecutoff frequeny andthephaseshiftis plus45degrees
(ie, the outputsignalleadsthe input by 45 degrees),soit’s desireablgo have the signalfrequeng f, at
twice thefilter cutoff frequeng, wherethe attenuatiorandphaseshift aremuchless.



Alternatively, one or more bandpasdilters, centredon the signalfrequeng, may be used[7]. Whatever
filter is usedshouldbe simulatedto checkthatit’s actualresponsés asrequired.

4 Basdline Correction

A baselinecorrectioncircuit is a feedbackecircuit that maintainsthe outputof the sensorstageat someaverage
value.It doesthis by addingto or subtractingrom the sensobiascurrent,at sucha frequeng thatit hasno effect
onthesignalfrequeny. Thebasicsensottransimpedancamplifiercircuit is shavn in figure 1.
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Figurel: TransimpedancAmplifier

Theoutputof thisamplifieris simply
€ = —ide

whereiy is the detectorcurrentinducedby illumination on the phototransistor Notice that the voltage of the
emitterof the phototransistois a virtual groundpoint, sothe op-ampholdsit at closeto zerovolts. Thecollector
voltageof thetransistoiis V., sothevoltageacrosghetransistoris fixed,which allows it to switch quickly.

Thevalueof feedbackesistorR; is acompromiseOntheonehand,it shouldbemadeaslargeaspossibleto
male the sensoistageoutputaslargeaspossible However, if thereis ahighlevel of ambientight, thiswill drive
anexcessve currentthroughthe phototransistqwhich will drive the outputof theop-ampto it’s lowerbound.A
smallervalueof R reduceghelikelyhoodof this happening.

Thebaselinecorrectioncircuitis shovnin figure 2.

An slowly-respondingntegratoris connectedo theoutputof thetransimpedancamplifiersothatit generates
asignalproportionako theaveragevalueof theoutput. If theoutpute, is non-zerotheintegratorwill drivecurrent
into the summingjunctionto restoree, backto zerovolts.

For example,if theambientlight level changesthenthevalueof e, would go negative. Theintegratoroutput
ey graduallyrampsnegative, drawing morecurrentout of the summingjunctionuntil e, is restoredbackto zero
volts.

Sincetheintegratorrespondslawly, it ignoreshigh frequeng signalssuchasthe choppedight signalwhich
appearat the outputaspreviously. Sothe steadycomponenbdf illumination is removed from the signalbut the
highfrequeng componentemains.

A morecompletecircuit is shavn in figure 3.
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Figure2: BaselineCorrectorCircuit
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Figure3: BaselineCorrectorCircuit

An analysisof this circuit shavs thatthe transferfunctionis

€o sRC

ia 1+ sR C
whereR = Ry;R3 ands = jw. At high frequenmes(wheresR C is large comparedo 1), this reducesto

€o/tq¢ = —Ry asbefore.However, Ry canbe madelargerbecausehe baselinecorrectorwill preventsaturation
astheambientlight levelincreases.



Thistransferfunctionis a high-pasdilter with cutoff frequeng at

Ry

cutoff = =5~ H
f toff 27TR2R3C z

This cutoff frequeng shouldbe positionedwell below the choppedsignalfrequeng. In the prototype,we
usedR; = 10k, Ry = 1MQ, Rz = 1008, C = 100nF giving a cutoff frequeny of 159Hz, well belov
the signalfrequeny f; of 2400Hz. If the cutoff frequeny wasmovedto somethindike 1000Hz,it would have
helpedrejectthe 120Hzambientillumination. However, a differenttechniquewasusedfor that, asdescribedn
thenext section.

Similar circuitsareshavn in [8] and[9].

5 Differential Current Technique

A differentialtechiquecanbeusedfor cancellingoutbackgroundllumination, whetherzerofrequeng or 120Hz.
Two phototransistorare used. One (the refelencedevice) detectsthe backgroundllumination. The other (the
detectordevice) measureshe backgroundllumination plusthe desiredsignal. The differencebetweerthesetwo
measurements the desiredsignal.

Whenusingatransresistancamplifier, addingthereferencealeviceis assimpleasaddinga secondhhototran-
sistor asshownin figure4.
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Figure4: DifferentialTechnique

Whenthe referenceterminal of the op-ampis groundedthe lower transistormustbe biasedby a negative
supplyVee.

In this arrangementothtransistorsconducta currentproportionalto the ambientillumination, but the feed-
backresistorconductonly thedifferencgsignal)current,soit canbe madelargerthanif it hadto conductcurrent
dueto theambientillumination.



6 Complete Circuit

A completephotodetectosystemusingthe preceedingonceptsis shovn in figure5.
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Figureb: PhotodetectoBystem



Thecircuit is operatedrom a single+5 volt Vcc supply soa’pseudogroundivoltageof 2 volts is generated
by thevoltagedivider R6-R7to actasareferencdevel betweergroundandVcc. This establisheshelevel atthe
op-ampnon-invertingterminals sothis becomeshereferencdor thevariouscircuits. (The pseudogrounds less
than2.5volts because¢he maximumoutputof the LM324 amplifieris about4 volts. The pseudogroundk setto
half this.)

Thebasicdetectorusesabaseline-correctelansimpedanceéetectomith two phototransistori adifferential
currentconfiguration. This makes the detectorstagerelatively imperviousto ambientlight, thoughit canbe
disabledby anincandescenampwith afoot or two of the sensors.

The signalis thenfiltered througha Sallen-Key highpasdilter, designedusingthe informationin [6]. The
filter removesary remainingl20Hzcomponent.lt is biasedin suchaway thatits outputis establishecta DC
valueof 2 volts.

The signalis furtheramplifiedin two AC coupledamplifiers,for a total gainthroughthe highpasdilter and
two amplifier stageof approximately400volts/wlt. The gainbandwidthof the LM324 is suchthatit hasabout
40db(x100v/v) of open-loopgainat 2KHz. The closedloop gain mustbe muchlessthanthis, sothe gain must
be spreadover at leasttwo stagef amplification. The amplifiershave a DC gain of unity, sothatthe DC level
establishedt the outputof the highpasdilter propagateshroughto the outputof U1D.

Theamplifiedsignaloutputis synchronouslyletectedy anelectronicswitchS1whichis synchronizedo the
original 2KHz drive signal. The following lowpassfilter R18-C7averageghe outputof the switchwith atime-
constanf about0.2 second45 Hz cutoff frequeng). The effect of the synchronouswitchis to translatethis 5
Hz filter to the 2KHz signalfrequeny andremove componentdelov 1995Hzandabove 2005Hz.Consequently
thesignal-noiseatiois greatlyimproved.

Alternatively, one canview the switch asa modulator In that case,the signalandthe syncfrequeng are
multipliedtogetherproducingthesumfrequeng at2 x f; andadifferencerequeng atzeroHz (DC). Soif there
is asignalfrequeng presentthenthe outputwill have a DC component.

Onecanalsoview this asa simplecorrelatorcircuit, in which theincomingsignalis correlatedagainsttself.
If thereis amatch thentheresultis anon-zercaverageduringthe switchinginterval, anda DC outputwill occur
If thereis no correlationthe averagevoltageduringthe switchinginterval will bezero.

The netresultis thatary frequencieotherthanthe signalfrequeny are essentiallyignored,andthe signal
frequeng is corvertedinto a DC valueproportionatto its amplitude.

A spareswitch S2 in the 74HC4066packagds usedasan inverterto control the phaseof the correlation
switchS2.

Noticethatthe phaseshift throughthe high pasdilter mustbe minimal sothatthe signalwaveformis in sync
with thereferencevaveformthatoperatesS1.

7 Results

Theoutputlevel variedfrom approximately2.25volts for no objectdetectedo 3.5volts for anobjectcloseto the
emitteranddetector

Without muchattemptat optimization,the circuit canreliably detecta white squareof paper about2 inches
onaside,atadistanceof 15inchesor so. Somavhatarbitrarily, thethresholdfor distancedetectiorwastakenas
achangeof approximately70 milli voltsin the outputlevel.

The systemworks in the presenceambientillumination, which wastestedby a benchmountedLuxo lamp.
Thereis asmallshiftin outputDC level (about20mV typically) whenthelampis turnedonandoff. If thelampis
moved closerthanwithin 12 inchesof the detectorsthe systemstopsoperating.This is without any mechanical
shieldingor opticalfocussingof the detectorsboth of which would undoubtablyimprove performance.



Thesystemis sensitve to signalfrequeng onthepower supplyline. Consequentlyif you attemptto drivethe
emitterLED (which requiressubstantiaturrent)from the samesupplyasthedetectorcircuit, it will malfunction.
Theemitterneedsts own supply or atleastits own regulator

Thesummingjunctionof thetransimpedancamplifieris extremelysensitve to noise.lt maybenecessaryo
placea metalareaunderthatpointandconnectheareato groundpotential.

Theresultantcircuit is ratherlarge, thoughit is madeup of simplebuilding blocks. Undoubtablytechniques
thatrequirelesscircuitry will be preferredin mary applications.However, it the circuit illustratesseveral useful
conceptsaandpointstheway to achieve long-rangeobjectdetectionusingvisible light.
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