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1 Introduction

This paperis anexplorationof usinga modulatedlight beammethodasthebasisfor anobjectdetectorusefulin
a mobilerobot.

Mobile robotsusetheir objectdetectorsto, well, detectobjects.Thesecanbeobjectsthatareto beavoided
(suchaswalls andbiggerrobots)or objectsthatareto bepursued(suchasanothersumorobot,or anobjectto be
cooperatively pushedto adestination).How thedetectionis usedis up to thepathmanagementsoftware.

Variousobjectdetectiondevicesandschemesareusedat present.Someof themaincandidatesare:

Unmodulated Infared Illumination Kube[1] showsasimpleapproachto anunmodulatedinfaredbeamillumi-
natoranddetector. His arrangementclaimsa rangeof 10 inches,but it is not clearwhetherthis is under
conditionsof strongambientillumination.
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Triangulation Beam Detector This device, SharpGP2D02,usesspecialoptics to generatea distancereading
over therangeof 10 to 80centimetres.It requiresamicroprocessorfor interfacing.Thedevice is relatively
expensiveatabout$20CDN each.

Sonar Sonarecho-ranging,asdescribedin [3], is apopularmethodof objectdetection.Thecircuitry is relatively
complex, generallyrequiresa microprocessorfor interfacing. It alsohassomeambiguityproblemswith
echoesandtransmittersidelobes.

Bumpers and Whiskers Thesemechanicaldevicesaregenerallyreliableandcouldn’t be simplerto interface.
However, they are limited in rangeandcanpresentproblemsin placement.A whisker switch is a fairly
bulky device.

Theobjectof this exercisewasto developanobjectdetectionmethodthat

� wassimpleto implement

� couldbeusedwithouta microprocessor

� hadthemaximumpossiblerange

Notwithstandingthecommonuseof infaredemittersanddetectorsfor simpleopticalrangingapplications,the
authorprefersto usevisible light. Being ableto seewherethe light is going is an invaluableaid to debugging.
Infaredis misleadingundersomecircumstances:surfacesthat we would expect (basedon our experienceof
visible light) to bereflectivearenot,andviceversa.Thereis no suchambiguitywith visible light.

2 Photodetectors

Illumination maybedetectedwith a CadmiumSulphideCdSphotoresistive cell, a visible-light photodiodeor a
phototransistor.

Cadmium Sulphide CdS Photoresistive Cell The CdS photoresistoris sensitive to visible light but responds
relatively slowly (20 millisecondsresponsetime is typical) to changesin illumination. As a result, it
integratesambient120Hzilluminationinto itsaveragelevel. Generally, thereis noopticalsystemassociated
with theCdScell, andsoit integratestheilluminationoverawidereceiving angle.Thismakesit usefulfor
detectingoverall illumination level, but difficult to usefor objectdetectionat a distance.TheCdScell is
effective in a line-following application,but it hasto bevery closeto theworking surface[4].

It wouldbeinterestingto usetheCdScell with anopticalfocussingsystem.Thismightwell makeit useable
for detectionat largedistances.

Visible Light Photodiode A light emitting diodewill function asa visible light photodiode,in which casethe
reverse-biasedcurrentis proportionalto illumination. Thedeviceis low sensitivity, requiringthatit beused
with ahigh-gain(eg, 5M

�
) transresistanceamplifier. Theresponseis veryfast,up into theMHz region. To

take advantageof this, thetransresistanceamplifierusea fastoperationalamplifier. A high intensityLED
is equippedwith anarrow beamwidthlenssystem.Whenit is usedasaphotodiodedetector, thishelpswith
discriminationagainstopticalnoise.
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Phototransistor The device usedin this investigationwasthe 2N5777,which is a darlingtonNPN phototran-
sistorwith a relatively wide beamwidth(70%relative response)of 45 degrees.A device like theBPW38
photodarlington,with abeamwidth of 5 degrees,mightbeabetterchoice.

Theswitchingspeedis in the orderof hundredsof microseconds.This is problematicwhenthedevice is
usedto drive a resistordirectly, becausetheMiller effect severely limits thespeedof response.However,
whenit drivesatransresistanceamplifier, thevoltageacrossthetransistordoesnotchange,andtheresponse
is relatively muchfaster. In this configuration,a switchingfrequency of 2KHz is quite feasible,andmore
limited by thefrequency responseof a low-costoperationalamplifier. Therequiredtransresistancegain is
muchmoremodestthanrequiredwhenusinga photodiode,about10k

�
.

3 Rejecting Ambient Illumination

Thephotodetectorshouldhave somemechanismfor ignoringambientillumination. Theinterferingillumination
takestwo forms:a zerofrequency (DC) componentdueto sourceslike sunlight,andancomponentat120Hzdue
to the AC lighting currentin artificial illumination sources,suchasincandescentlamps. Thesesourcesmay be
treatedasnoisethatworsensthesignal-noise(S/N) ratioat thedetector.

Theobjectdetectoris assumedto have a local sourceof illumination, typically a high-intensityredLED or
infaredLED. So the S/N at the detector, which shouldbe aslarge aspossible,dependson the ratio of the total
illumination into thedetectorvs thecomponentgeneratedby thelocal source.

Optical Methods

Two opticalmeasurescanbetakento improvethesignal-noiseratio.

Restricted Beamwidth If the beamwidthof the detectoris restricted,thenthe S/N is improved. This requires
thatthedetectorbeableto seetheilluminationgeneratedby thelocal source.

Thebeamwidthcanbedecreasedby usinga lenswith a largeraperturethanthedetectoror by restricting
thefield-of-view of thedetectorwith a tubeor pinhole(anaperture stop). Sincea lensgatherslight overa
largerarea,it will generatea largersignalat thedetector. However, if thereis adequatesignalbut theS/N
is poor, anaperturestopwill besufficient. Putanotherway, a lenswill extendthesensitivity of detection
becauseit collectsmoreenergy. An aperturestopwill improve the signal-noiseratio, but not extendthe
sensitivity of thedetector. Theaperturestopwill work wherethereis astrongsignalbut poorS/N.Thelens
will work wherethesignalis weak.

Colour Filtering A narrowbandcolourfilter restrictsthebandwidthof thelight enteringthedetectorto thatof the
local source.By rejectingambientlight that is not at thesamewavelengthasthelocal source,it improves
theS/N.A comprehensiveexaminationof contrastenhancementby filtering is in [5].

Zero Frequency Ambient Light

Theobjectdetectoris assumedto havealocalsourceof illumination,typically ahigh-intensityredLED or infared
LED.

Therearetwo methodsof rejectingthezerofrequency (steady-state)componentof backgroundillumination.
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Subtraction of Background Thesimplestmethodof rejectingthezerofrequency componentof ambientillumi-
nationis to takeareadingof thebackgroundlevelwith theilluminatingLED switchedoff, andthensubtract
this from a readingwith the illuminating LED switchedon. If thereis an objectin the field of view, the
secondreadingwill be larger. The differencevalueis proportionalto the reflectivity anddistanceof the
target.

This methodis mosteasilyperformedwith a microprocessorwhich sensesthe detectorlevel via an A/D
converter. It can also be doneanalogcircuitry with two sample-holdcircuits that directssave the two
readingsto storagecapacitors. The voltagesof the capacitorsare then subtractedto get the difference
reading.

Themethodonly workswherethelight dueto theilluminating LED exceedsthebackgroundlevel. Obvi-
ously, thisalsoworksbetterif thefield-of-view of thedetectormatchesthatof theilluminator LED.

High Frequency Switching If the illuminating LED is switchedat somefrequency, thedetectedsignalmaybe
AC coupledto remove thezerofrequency componentof ambientillumination providing that theambient
illumination is not sostrongasto saturatethedetector. This requirementusuallyresultsin a compromize
betweensensitivity of thedetectorandimmunity to ambientlight.

120Hz Ambient Light

Wherethelight sourceis operatedfrom the60Hzline, therewill beastrongcomponentof illuminationat120Hz.
Thiscomponentcanberemovedby averagingoveronecompleteAC cycleor by high-passfiltering.

Averaging Over One Cycle Theaveragevalueof anAC waveformis zero.Consequently, if a seriesof detector
readingsaretakenover onecompletecycle andthenaveraged,theresultis theaverageor DC component
of the waveform. In fact, two readingswill suffice if they are taken �������	��
 secondsappart,where ������
is the periodof a 120Hzwaveform (8.3 milliseconds). This is mosteasilydonewith a microprocessor.
Consequently, if you were using the subtractionmethodto detectthe presenceof a reflection,a good
strategy wouldbe

� take readings8.3millisecondsappartwith thelocal sourceturnedoff. Thisgivesyou theDC compo-
nentof ambientlight.

� take readings8.3millisecondsappartwith thelocal sourceturnedon. This givesyou theDC compo-
nentof ambientlight plusthelocal illuminationsource.

High Pass Filtering If thelocal sourceis chopped(switched)atsomefrequency ��� suchas2400Hz,thenit may
beseparatedfrom the120Hzcomponent��� by high passfiltering. In practice,the120HzAC component
canbemuchlargerthanthedesiredsignal,sofairly severe(ie, multi-pole)filtering is required.

For example,I foundthattherewas80milli voltsof AC noiseat120Hz( ��� ) in thepresenceof 10milli volts
of signalat ��� . We’d like to amplify thecomponentat ��� , sothatmeanstheAC componentat �	� mustbe
substantiallyattenuated.In this case,if thenoisecomponentis to bereducedto thesameamplitudeasthe
signal,thenoisewould beattenuatedby a factorof 8, or 18db. A two polefilter hasanattenuationof 20db
perdecade,soa2-poleSallen-Key highpassfilter with acutoff frequency � � of 1200Hz wouldwork. (See
[6] for designof theSallen-Key filter.)

Theresponseof thehigh-passfilter is down3dbatthecutoff frequency andthephaseshift is plus45degrees
(ie, the outputsignal leadsthe input by 45 degrees),so it’s desireableto have the signalfrequency � � at
twice thefilter cutoff frequency, wheretheattenuationandphaseshift aremuchless.
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Alternatively, oneor morebandpassfilters, centredon the signalfrequency, may be used[7]. Whatever
filter is usedshouldbesimulatedto checkthatit’sactualresponseis asrequired.

4 Baseline Correction

A baselinecorrectioncircuit is a feedbackcircuit thatmaintainstheoutputof thesensorstageat someaverage
value.It doesthisby addingto or subtractingfrom thesensorbiascurrent,atsuchafrequency thatit hasnoeffect
on thesignalfrequency. Thebasicsensortransimpedanceamplifiercircuit is shown in figure1.
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Figure1: TransimpedanceAmplifier

Theoutputof this amplifieris simply

 �!#" $&%('*),+
where %(' is the detectorcurrentinducedby illumination on the phototransistor. Notice that the voltageof the
emitterof thephototransistoris a virtual groundpoint,sotheop-ampholdsit at closeto zerovolts. Thecollector
voltageof thetransistoris - �.� , sothevoltageacrossthetransistoris fixed,which allows it to switchquickly.

Thevalueof feedbackresistor) + is acompromise.Ontheonehand,it shouldbemadeaslargeaspossible,to
makethesensorstageoutputaslargeaspossible.However, if thereis ahigh level of ambientlight, thiswill drive
anexcessivecurrentthroughthephototransistor, whichwill drive theoutputof theop-ampto it’s lowerbound.A
smallervalueof )/+ reducesthelikelyhoodof this happening.

Thebaselinecorrectioncircuit is shown in figure2.
An slowly-respondingintegratoris connectedto theoutputof thetransimpedanceamplifiersothatit generates

asignalproportionalto theaveragevalueof theoutput.If theoutput 	! isnon-zero,theintegratorwill drivecurrent
into thesummingjunctionto restore 	! backto zerovolts.

For example,if theambientlight level changes,thenthevalueof  	! would gonegative. Theintegratoroutput 	+ graduallyrampsnegative,drawing morecurrentout of thesummingjunctionuntil  	! is restoredbackto zero
volts.

Sincetheintegratorrespondsslowly, it ignoreshigh frequency signalssuchasthechoppedlight signalwhich
appearsat theoutputaspreviously. Sothesteadycomponentof illumination is removedfrom thesignalbut the
high frequency componentremains.

A morecompletecircuit is shown in figure3.
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Figure2: BaselineCorrectorCircuit
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Figure3: BaselineCorrectorCircuit

An analysisof this circuit shows thatthetransferfunctionis

 	!
% ' " $ 7 )98:<; 7>==�?

8

where )@"A) � )/B and 7 "DC�E . At high frequencies(where 7 ==�?
8 is large comparedto 1), this reducesto 	! � %.'9"F$G),+ asbefore.However, ),+ canbemadelargerbecausethebaselinecorrectorwill preventsaturation

astheambientlight level increases.
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This transferfunctionis ahigh-passfilter with cutoff frequency at

�H�JILK !M+�+>"
)/+


�N ) � )/BL8 Hz

This cutoff frequency shouldbe positionedwell below the choppedsignalfrequency. In the prototype,we
used ) + " :LOQP �

, ) � " :SR �
, )/BT" :LOUO �

, 8V" :LOUO�W�X
giving a cutoff frequency of 159Hz,well below

thesignalfrequency � � of 2400Hz.If thecutoff frequency wasmovedto somethinglike 1000Hz,it would have
helpedrejectthe120Hzambientillumination. However, a differenttechniquewasusedfor that,asdescribedin
thenext section.

Similar circuitsareshown in [8] and[9].

5 Differential Current Technique

A differentialtechiquecanbeusedfor cancellingoutbackgroundillumination,whetherzerofrequency or 120Hz.
Two phototransistorsareused. One(the referencedevice) detectsthe backgroundillumination. The other(the
detectordevice)measuresthebackgroundillumination plusthedesiredsignal.Thedifferencebetweenthesetwo
measurementsis thedesiredsignal.

Whenusingatransresistanceamplifier, addingthereferencedeviceis assimpleasaddingasecondphototran-
sistor, asshown in figure4.
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Figure4: DifferentialTechnique

Whenthe referenceterminalof the op-ampis grounded,the lower transistormustbe biasedby a negative
supply -a`(` .

In this arrangement,bothtransistorsconducta currentproportionalto theambientillumination,but thefeed-
backresistorconductsonly thedifference(signal)current,soit canbemadelargerthanif it hadto conductcurrent
dueto theambientillumination.
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6 Complete Circuit

A completephotodetectorsystem,usingthepreceedingconcepts,is shown in figure5.
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Figure5: PhotodetectorSystem
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Thecircuit is operatedfrom a single+5 volt Vcc supply, soa ’pseudoground’voltageof 2 volts is generated
by thevoltagedividerR6-R7to actasa referencelevel betweengroundandVcc. Thisestablishesthelevel at the
op-ampnon-invertingterminals,sothis becomesthereferencefor thevariouscircuits. (Thepseudogroundis less
than2.5volts becausethemaximumoutputof theLM324 amplifier is about4 volts. Thepseudogroundis setto
half this.)

Thebasicdetectorusesabaseline-correctedtransimpedancedetectorwith two phototransistorsin adifferential
currentconfiguration. This makes the detectorstagerelatively imperviousto ambientlight, thoughit can be
disabledby anincandescentlampwith a foot or two of thesensors.

The signal is thenfiltered througha Sallen-Key highpassfilter, designedusingthe information in [6]. The
filter removesany remaining120Hzcomponent.It is biasedin sucha way that its outputis establishedat a DC
valueof 2 volts.

Thesignalis furtheramplifiedin two AC coupledamplifiers,for a total gain throughthehighpassfilter and
two amplifierstagesof approximately400volts/volt. Thegainbandwidthof theLM324 is suchthat it hasabout
40db(x100v/v)of open-loopgainat 2KHz. Theclosedloop gainmustbemuchlessthanthis, sothegainmust
bespreadover at leasttwo stagesof amplification.Theamplifiershave a DC gainof unity, sothat theDC level
establishedat theoutputof thehighpassfilter propagatesthroughto theoutputof U1D.

Theamplifiedsignaloutputis synchronouslydetectedby anelectronicswitchS1whichis synchronizedto the
original 2KHz drive signal. Thefollowing lowpassfilter R18-C7averagestheoutputof theswitchwith a time-
constantof about0.2seconds(5 Hz cutoff frequency). Theeffect of thesynchronousswitchis to translatethis 5
Hz filter to the2KHz signalfrequency andremovecomponentsbelow 1995Hzandabove2005Hz.Consequently,
thesignal-noiseratio is greatlyimproved.

Alternatively, onecanview the switch asa modulator. In that case,the signalandthe syncfrequency are
multipliedtogether, producingthesumfrequency at 
&b>��� andadifferencefrequency atzeroHz (DC). Soif there
is a signalfrequency present,thentheoutputwill havea DC component.

Onecanalsoview this asa simplecorrelatorcircuit, in which theincomingsignalis correlatedagainstitself.
If thereis amatch,thentheresultis anon-zeroaverageduringtheswitchinginterval, andaDC outputwill occur.
If thereis no correlation,theaveragevoltageduringtheswitchinginterval will bezero.

Thenet result is thatany frequenciesotherthanthe signalfrequency areessentiallyignored,andthe signal
frequency is convertedinto a DC valueproportionalto its amplitude.

A spareswitch S2 in the 74HC4066packageis usedasan inverterto control the phaseof the correlation
switchS2.

Noticethatthephaseshift throughthehigh passfilter mustbeminimal sothatthesignalwaveformis in sync
with thereferencewaveformthatoperatesS1.

7 Results

Theoutputlevel variedfrom approximately2.25volts for noobjectdetectedto 3.5volts for anobjectcloseto the
emitteranddetector.

Without muchattemptat optimization,thecircuit canreliably detecta white squareof paper, about2 inches
on a side,at a distanceof 15 inchesor so.Somewhatarbitrarily, thethresholdfor distancedetectionwastakenas
a changeof approximately70 milli volts in theoutputlevel.

The systemworks in the presenceambientillumination, which wastestedby a benchmountedLuxo lamp.
Thereis asmallshift in outputDC level (about20mVtypically) whenthelampis turnedonandoff. If thelampis
movedcloserthanwithin 12 inchesof thedetectors,thesystemstopsoperating.This is without any mechanical
shieldingor opticalfocussingof thedetectors,bothof which would undoubtablyimproveperformance.
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Thesystemis sensitiveto signalfrequency onthepowersupplyline. Consequently, if youattemptto drivethe
emitterLED (whichrequiressubstantialcurrent)from thesamesupplyasthedetectorcircuit, it will malfunction.
Theemitterneedsits own supply, or at leastits own regulator.

Thesummingjunctionof thetransimpedanceamplifieris extremelysensitive to noise.It maybenecessaryto
placea metalareaunderthatpointandconnecttheareato groundpotential.

Theresultantcircuit is ratherlarge,thoughit is madeup of simplebuilding blocks.Undoubtably, techniques
thatrequirelesscircuitry will bepreferredin many applications.However, it thecircuit illustratesseveraluseful
conceptsandpointstheway to achieve long-rangeobjectdetectionusingvisible light.
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