Designof an integrated photo detector circuit for laser Doppler blood flow
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Abstract

A methodo measue the blood perfusionof tissueis to
applyphotongo tissueand measue the frequencyshift of
the Dopplershiftedphotons.

To avoid the useof fibers, a chip wasdesignedwvhich
containsphotodetecta and electonic circuitry to am-
plify the signal. ThisIC servesas an interfacebetween
the tissueand the signal processarwhich transformghe
electricaldatato medicalinformationaboutthe perfusion
of tissue

To beableto measue at varioustissuedepthsthe die
containsphotodiodest variousdistancegromthelaser

To male thephotocurrentlesssusceptibléo noiseand
disturbancesthecurrentis amplified.Thecircuit featues
very low noiseelectonic circuitry. The electrical input
noisecurrentof thecircuitis compaableto thenoisecur-
rentof a resistorof 400 k2.

Thedie areais 4.5 by 5 millimeter Thetotal areafor
photodiodess about0.93 mnt. The electonics, which
is largely analag, requite almostthe restof the available
area.

1. Intr oduction

LaserDopplerbloodflowmetryis anoninvasivewayto
measurehebloodperfusiorof humartissueupto adepth
of aboutl mm. It is usedin plastic suigery and other
medicalfields.

The principle of laser Doppler blood flowmetry is
drawn in figure 1 [1]. A lasertransmitsphotonsinto the
tissue. The photonsare scatteredandreflectedin thetis-
sue. Every photonthat meetsa moving (blood) parti-
cle getsa shift in frequeng. A photodioderecevesthe
photonsleaving the tissueand corvertstheminto a cur-
rent. TheDopplershiftedphotonscausean AC currenton
top of the DC currentfrom the nonshiftedphotons. The
frequeng spectrumof the AC currentgivesinformation
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aboutthe Dopplershift andthusaboutthe bloodperfusion
of thetissue.

Figure 1. Principle of laser Doppler measurements.

PresentaserDopplerblood flowmetersusean optical
fiberto transporthephotons A disadwantageof thissetup
is thatmovementof thefiber causea faulty readout.

In this paper a circuit is describedwhich is to be in-
tegratedin a probefor laserDopplerbloodflow measure-
ments.The chip containdive pairsof photodiodest var
ious distancedrom the laser analogcircuitry to amplify
thesignalanddigital gatesto selecta sourcedetectordis-
tance.Dueto the coppercablebetweerthe probeandthe
signal processarthis setupis immuneto movementsof
thecable.

2. Systemsetup

An overview of the systemis givenin figure 2. The
systemcanbedividedin threeparts,the photodiodesthe
amplifierandthedigital circuitry which malkesit possible
to selectanothersourcedetectordistance.The laserwill
bemountedonaseparatsubstratendis nottreatedhere.

The photodiodesare placedin pairs at five distances
from thelaser As the DC valueof the photocurrents re-
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Figure 2. Overview of system.

guiredasanoutputsignal,eachsignalis treatedassingle
ended.

To decreas¢heinfluenceof disturbanceshe signalis
amplifiedby a currentamplifier The probewill be cali-
brated,sothe linearity doesnt have to be high. The AC
currentcontainsfrequenciesip to 40 kHz, which dictates
thebandwidthof the system.The mostimportantpoint of
concernis thenoisecontrikution of thesystemwhich has
to be assmall as possiblethe AC signalis rathersmall
andit is easilydrownedin thenoise.

3. Photodiode

A crosssectionof a photodiodeis givenin figure 3.
The photodiodehasto be madein a CMOS processso
optimizationof the photodiodds notreally possible.

Figure 3. Cross section of the photo diode.

Thephotocurrentanbewritten as:
I, =P R (2)

where I, is the photocurrent,P,,; is the optical power
of the light on the photodiodeand R is the responsiti-
ity of thediode. Theresponsitrity depend®n the wave-
length of the photons. Accordingto a simulationof the
photodiode,the responsitiity peaksat a wavelengthof
800nm. In figure4 the simulatedcathodecurrentis plot-
ted againstthe optical wavelengthat a constantoptical
power (35.68uW/mnr). Thewavelengthof thelaserwill
be 780 nm. The measuredensitvity at a wavelengthof
675nmis 0.3A/W [2] and0.32A/W at780nm.

Due to the discretenatureof photons(and electrons)
the conversionfrom light to currentproducesshotnoise.
Thesquaredoisecurrent,of the photodiodds givenby:

i2 = 2qI,Af )

wheregq is the elementarychage, I, is the currentgen-
eratedby photonsand A f is the bandwidth. As the AC
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Figure 4. Plotof cathodecurrentof thephotodiodeagainst
opticalwavelength.

currentwill besmallcomparedo theDC currentthe DC
valuecanbeusedto calculatethe noisecurrent.

To increasethe signalto noiseratio, the photodiodes
at a larger distancefrom the laser have a larger area.
The smallestdiode is 100x100 pm and the largestis
1200x 100pum. Thediodesareshapedasa partof aring.
(Seefigure12in section6.)

The graphon theleft in figure 5 shaws the currentof
thediodeasfunctionof thereversebiasvoltagein several
cases.Thegraphon theleft shavs theresultof measure-
mentswith a light sourceascloseaspossibleto a diode
(light), with the light source4 mm above a diode (twi-
light) andwithoutary light. Thegraphontheright shawvs
the breakdaevn behaiour of the diodes. The diodeshave
a breakdavn voltagearound16 V. The high currentbe-
tween6 and16V canbeexplainedby theforwardbiasing
of thepnjunctionof the PMOStransistoravhichareused
to connectthe diodeto one of the amplifiers. The bump
around5.4V couldbeexplainedby the presencef apar
asiticdevice.
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Figure 5. Currentof photodiodeas function of reverse
bias.

4. Setupof Amplifiers

In figure6 theschematiof theanalogcurrentamplifier
is given. The photocurrent is corvertedinto a voltage
by transimpedancR1. Thenthevoltageis amplifiedand
corvertedinto acurrentagain.

Theresistorsn the circuit have a parasiticcapacitance
tothebulk. Thiscapacitanceeduceshebandwidthof the
system.To maximizethebandwidth theareaof theresis-
tor shouldbeassmallaspossible Thevalueof theresistor
shouldalsobe assmallaspossiblebut that conflictswith
the noiserequirement.Neglectingnoisein the amplifier,
the resistornoisecanbe modelledasan additionalinput



R4
R1
R3

oO—— R2 Iout

L R -
— —0
IV converter +
Voltage amplifier
(D

VI converter

Figure 6. Schematic of the current amplifier.

currentsource: KT

2 =
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wherei,, is the noisecurrent, k is the Boltzmanncon-
stant,T' is the absolutetemperatureR is the resistance
and A f is the bandwidth. Taking into accounta band-
width of 100kHz, variationsin processingindtheamount
of noise,a value of 400 k2 was chosenfor the resistor
By dimensioningthe other stagesn the properway, the
noiseperformancef the circuit is mainly determinedoy
thefirst stage.

The opampsin figure 6 are actually commonsource
(CS)amplifiers. The CSamplifierhadto be dimensioned
in suchawaythatits noisecontributionis smallcompared
to the noisecurrentof theresistor

Thewidth overlengthof theamplifying PMOSdevice
of the CSamplifierwassetto 2000micronover5 micron
andits biasingNMOS transistorhasa width over length
ratio of 600 over 50 micron. The bias currentis setto
125 A.

A disadwantageof the CSamplifieris thelow openloop
gain. Theopenloopvoltagegainis determinedy the g,,,
of thePMOStransistorof the CSamplifierandthe output
resistorf bothtransistorsin formula:

Ay = gm X (Top/[Ton) (4)

whereA, is thevoltageamplification,g,, is thesmallsig-
nal transconductancndr,, andr,, aretheoutputresis-
torsof thetransistorsAccordingto simulationsthe g, is

1.7mSandtheoutputresistancés 282k2. Theresulting
voltageamplificationis about480. Loadingwith 10 kQ

theamplifierreducest to 31in thefirstamplifierandwith

250k$2 to 270in thevoltageamplifier(seebelow). These
valuesareabsolutelysufficient for this application.

The secondstage the block in the middlein figure 6
is aninvertingvoltageamplifier Dueto therelatively low
openloopgain, the amplificationwill be someavhatlower
than R3 divided by R2 (both of figure 6). R4 andthe
switch make it possibleto changethe amplificationfrom
24t08.

The CS amplifiersare biasedby a currentreference
source.This currentsourcess a V;-referenceaelf-biased
circuitandcanbefoundin [3].

Theoutputstageis a sourcefollower usedasa voltage
to currentcorverter(the drain of the PMOStransistoris

usedascurrentoutput). Thetransconductands:

1

szc - gm + R

whereG,;. is thetransconductanacef the voltageto cur-

rentcorverter g,,, is thesmall signaltransconductanoaf

thetransistorand R is value of theresistor The g,,, will

vary with the DC valueof the photocurrentThe effectis
reducedy theresistor
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Figure 7. Simulated and measured DC characteristic.

Figure 7 givesthe simulatedand measuredC char
acteristicof the amplifier (with the switchto R4 in fig-
ure 6 closed). The measuredyain is higherfor the first
two stagesand lower at the outputof the last stagethan
the simulationpredicted. It canbe explainedby higher
resistorvaluesthanexpected.

In figure 8 the frequeng responsef the amplifiersis
given. Ontheleft the simulatedandon theright the mea-
sured. The capacitancef the photodiodeis assumedo
be 70 pF, which is a worstcasevalue. A smallercapaci-
tancemakesthe bandwidtha little higher The measured
bandwidthis higherthansimulated.
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Figure 8. Frequency response of the amplifiers.

Figure 9. Input referred noise current of the amplifiers.

Theinputreferrednoisecurrentof theamplifierfor var-
iousvaluesof thediodecapacitanceés shavn in theleft of
figure9. Thediodecapacitancevasvariedfrom 4.7 pFto
70 pF. Thehigherthe capacitancethe higherthe noiseat
100kHz. Thetemperaturés 298Kelvin. Ontheright, the



measurednput referrednoise currentwithout ary diode
connectedo the amplifier The1/f noiseis a lot higher
thanexpecteddueto poormodellingof the noiseandbe-
causehefinal H,-anneaktepfor reducinginterfacestates
in theoxidewasnotyetdone.

5. Digital part

Thefunctionof thedigital partis to selectandconnect
a photodiodeto anamplifier It consistsof switches,see
figure10,somebooleariogic in theblock ‘switch control’
andtwo flip-flops.
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Figure 10. Schematiof photodiodeselectiorprinciple.
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The switchesconnecthe photodiodgo oneof theam-
plifiers or to noneof them. The switchesareactuallyused
asanalogswitches.As the switcheshave to passcurrent
insteadof a voltageandthevoltageat theterminalsof the
switchesremainsrelatively constantthey canbeimple-
mentedoy PMOStransistors.

The block ‘switch control’ in figure 10 performsthe
decodingof the statestoredin theflip-flopsto controlthe
signalsof the actualswitches. The decodingis donein
suchawaythatonly oneswitchcanbeclosedatatime. It
is possibleto connectmultiple photodiodeso oneampli-
fier input atthe sametime. This is not very useful. How-
ever additionalcircuitry to preventthis would requiretoo
muchareaandit doesno harmeither

Thestateof thesystemtheselecteamplifier, is stored
in a shiftregister The usercanclock datainto thechipto
changethe state. The shiftregisterconsistsof a chainof
flip-flops. The outputof the first flip-flop is connectedo
the input of the secondflip-flop andsoon. A schematic
diagramof aflip-flop is givenin figure11.

During measurements was discoveredthat the used
flip-flop changes 0100datasequencén a0110sequence
undercertaincircumstancesSo the shiftregisteris unre-
liable. The problemis causedby the delay betweenthe
clock signalandits inverse. It caneasilybe solvedin a
next realisation.

Figure 11. Schematic of a master slave flip-flop.

6. Layout

Thechipis 5.0mmwide and4.5 mm high. It contains
4 amplifiers,10 photodiodes24 flip-flops and somedig-
ital gatesseefigure 12. Thetotal areafor photodiodess
about0.93mn?. Theelectronicswhichis largely analog,
requirealmosttherestof theavailablearea.

Theamplifiersareconcentrateth the upperpartof the
chip, the digital partin the lower/middlepartof the chip
(it looks like a ¥J) andthe diodesare the small squares
whichtogetherform partsof circles.

Figure 12. The layout.

7. Conclusion

Simulationsand measurementmdicate that an inte-
grated photodetectorircuit was successfullydesigned.
The simulated performanceis excellent for the laser
Dopplerblood perfusionprobe. The circuit hasa band-
width of 100 kHz and a quiescentcurrentconsumption
of 1.4 mA. The input referrednoise currentis lessthan
250fA/+/Hz at atemperaturef 298 Kelvin. The circuit
malkesit possibleto measureat two laserdiodedistances
simultaneouslyThe outputcurrentcontainsboththe AC
and DC component®of the photocurrent. The measured
performancas largely asexpected.The photodiodegper
formwell, exceptfor thebehaiour aborethe supplyvolt-
age.Theamplifiershave alargerbandwidththanexpected
but also producemore noise. The digital part however
needssomeredesigning.
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