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ABSTRACT

The paperprovides a completeanalysisof the APS pixel
andcolumncircuit delay Contraryto commonbelief, we
shav that shortersettlingtimes canbe achieved by reduc-
ing the bias currentand hencereducingenegy consump-
tion. We theninvestigatethe effect of non-idealitieson the
readoubperation We find thatwhenthefollowertransistor
channellengthmodulationis taken into considerationgde-
lay is reducedwhich impliesthatshorterlengthtransistors
canbe usedin the pixel. As expected,we find that delay
decreasebnearly with technologyscaling.

1. INTRODUCTION

An importantadvantageof CMOS APS is its high frame
ratecapability[1]. In [2] Krymski et al. describea 1024 x
1024 APSwith columnlevel ADC achieving framerate of
500 frames/sin [3] Stevanovic et al. describea 256 x 256
APS with 64 analogoutputsachieszing framerate of 1000
frames/s. Recentlyhigh speedCMOS APS baseddigital
cameratave becomecommerciallyavailable[4]. Thehigh
framerate capabilityof CMOS APS combinedwith the a-
bility to integrateprocessingon the samechip canalsobe
usedto enablenew applicationsandto improve the perfor
manceof existing applicationsasdiscussedn [5, 6].

Althoughthe operationof CMOS APSis quite standard
and has beenextensvely reportedon, to the bestof our
knowledgeno completeanalysisof its readoutcircuit delay
hasbeenreportedgspeciallyfor deepsub-microntechnolo-
gies. A betterunderstandingf the readoutcircuit would
helpin optimizingits framerate.

In this paperwe provide a completeanalysisof the s-
tandardAPS pixel and columnreadoutcircuit delay Our
analysisincludessuchnon-idealitiesasthe accesdransis-
tor resistancechannellength modulation,and non-square
law saturationcurrent. The analysisis first performedas-
suminga standard).35um CMOS technology Contraryto
commonbelief, we find that shortersettling times canbe
achieved by reducingthe bias currentand hencereducing
enegy consumption.We find thatwhenthe follower tran-
sistorchannelengthmodulationis takeninto consideration,

delayis reducedwhich impliesthat shorterlengthtransis-
torscanbeusedresultingin ahigherfill factor Theanalysis
is thenextendeddown to 0.1um. As expectedwe find that
delayimproveslinearly with technologyscaling.

The rest of the paperis organizedas follows. In the
following sectionwe analyzethe APSreadoufircuit delay
assuminga 0.35um CMOS technology In Section3 we
analyzethe effect of the non-idealitieson circuit delay In
the last sectionwe discusghe effect of technologyscaling
onreadoutdelay

2. APSCIRCUIT OPERATION

ThebasicAPScircuitis shovnin Figurel. After photocur
rentintegrationtheaccessransistoiis activatedby applying
ahighsignalonits gate.ldeallytheaccessesistancshould
be zero,leadingto v, = v,. Consideringevel onemodel
for both the biasandfollower transistors{i.e., no channel
lengthmodulation) KCL attheoutputnodegives

dv,
dt
This differentialequationcanbereadily solved analyti-

cally by separatiomf variablesandtheoutputvoltage v, (t),
is givenby
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wherep = \/é:"n, anda = vy, — vrr — v,(0).

In mostAPS implementationgimedat high framerate
operationgachcolumn,or groupof columns shareanADC
(eg., [2]). Thesettling time T is definedastime from the
accessransistoturningonto theoutputvoltagev, reaching
to within half a bit of its steadystatevalue. For worstcase
delay we settheinputvoltagewv;,, to its maximumpossible
valueandassumehattheoutputvoltagebeforeswitchingis
atits lowestpossiblevalue,v,(0). Undertheseconditions,
thesettlingtime is givenby

-G, BEoa=p)
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Fig. 1. APScircuit schematic.

B = Uin_UTF_Uo(Ts)a
W(T) = (1= i) (0o(00) = vp(0)) + vo(0), and
0o(00) = i —vre — [ 7

Figure 2 plots settlingtime, T, versusbiascurrent,
assumindypical 0.35um technologyparametersNotethat
decreasingiascurrentleadsto shortersettlingtime, since
morecurrentis availableto chagethe outputnode.

500

450 [

400

350 [

300 |

SettlingTime (ns)

250 [

200 |

150 . . . . . . . . .
0 0.2 04 06 08 1.0 1.2 1.4 16 1.8 2.0

biascurrently (uA)
Fig. 2. APSsettlingtime variationwith biascurrent.

Reducingpbiascurrentalsoleadsto anincreasen output
voltageswing, S, whichis givenby
Iy
K,
The voltageswing versusthe biascurrentis plottedin Fig-
ure3.

S =v,(00) —1,(0) = vip, — v1TF — — v,(0).

Theenegy consumedy the APScircuit duringreadout
canbecalculatedy integratingthepowerconsumediuring
readoutwhich gives

P, (B+p)a—p)
B= GV (e pya+p)
As biascurrentis reducedrom 1.9uA to 0.1uA the ener
gy consumeddropsby 20% as shown in Figure 4, while
settling time is reducedby as much as 50% as shown in
Figure 2. Thus, contraryto commonbelief, delay canbe
reducedvhile consumindesseneny.
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Fig. 3. Outputswingversushiascurrent.
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Fig. 4. APSenegy consumedariationwith biascurrent.

3. EFFECT OF NON-IDEALITIES

In thissectionwe investigateéheeffectof circuit non-idealities,
namely non-zeroaccesdransistorresistance R,, current
sourcechannellengthmodulation);, andfollower transis-
tor channelengthmodulation) ;. With thesenon-idealities



included the circuit equationsare

Vof — Vo
I = 2t
f Ra ?
dv,
If = Ib(1+)\ivo)+CTE; and
It = Kp(in —vrF — 0op)*(1 + Ap(Vaqg — v,))-

To investigatehe effect of eachnon-idealityseparately
we setthetermscorrespondingo the othertwo to zeroand
solvethesetof equationsFirstwe considettheeffect of the
non-zeroaccesgransistorresistanceR,, on settlingtime,
andgetthat

7=y, Btola=p) a? p2
C2VE,xL,  (B-p)a+p) B2 —

Notethatdecreasinghe accesgransistorresistancewhich
canbe doneby increasingits width, reducessettlingtime.
This, however, is not desirable sinceit leadsto larger pix-
el sizeor smallerfill-f actor Fortunately this effect canbe
mitigatedusinglower biascurrentasshovnin Figureb.
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Fig. 5. APS settlingtime variationwith accesgesistance
for differentry.

Now we considerthe currentsourcetransistorchannel
lengthmodulation. We setR,, and\; to zero. In this case
thesettlingtime is givenby
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Thisis plottedin Figure6. Note thatsettlingtime increases
whenthe effect of thechannelengthis takeninto consider
ation,dueto thereductionin the currentavailableto chaige
the outputnode. Sincethe channellength modulationis
inversely proportionalto the the transistorgate length, A
canbedecreaseby increasinghetransistoichannelength.
Thereforejncreasinghecurrentsourceransistoigatelength
reducessettlingtime. This canbe donewith no effect on
pixel size or fill-f actor, sincethe currentsourceis part of
the columnlevel circuits.
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Fig. 6. APS settling time versuslambdaof the current
source.

Finally we considerthe effect of the follower transis-
tor channelengthmodulation. Theresultis plottedin Fig-
ure 7. As shawn in the figure, settlingtime decreasesas
Ay increasesgueto theincreasdn the currentavailableto
chage the output node (for a given bias current). There-
fore, settlingtime canbe decreasetty makingthe follower
transistorchannellength as small as possible. Other con-
siderationssuchasoff current,may precludethe useof a
minimumchannelengthtransistoy however.

Figures6 and7 alsoshaw thatreducingbiascurrentnot
only reducessettlingtime, but alsodiminishesthe effect of
channelengthmodulation.

4. TECHNOLOGY SCALING

As technologyscaleghesquardaw drainsaturatiorcurrent
relationbecomedessaccurate A moreaccuratenodelfor
thefollower currentis givenby

If = Kn(’l)m —UTF —'l)o)fy, forl < v < 2.

In this case heglectingnon-idealitiesthe settlingtime can
bereadilycalculatedo be
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Fig. 7. APS settlingtime versuslambdafor the follower
transistor

This is plottedin Figure8. As technologyscales set-
tling time decreasesndthe effect of the bias currentbe-
comesdesspronounced.
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Fig. 8. APSsettlingtime versushiascurrentfor differenty.

Figure 9 plots the settling time for technologiesdown
to 0.1um. The device and circuit parametersisedin the
simulationsarefrom [7]. Note thatsettlingtime decreases
almostlinearly with minimumfeaturesize.

5. CONCLUSION

We presente completeanalysisof the APS pixel andcol-
umncircuit delay Contraryto commonbelief, we shoved
that shortersettlingtimes canbe achievzed by reducingthe
bias currentand hencereducingenegy consumption.We
theninvestigatedhe effect of non-idealitieson the readout
operatiorandfoundthatwhenthefollowertransistorchan-
nel lengthmodulationis taken into considerationdelayis
reducedAs expectedwe foundthatdelayimproveslinear
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Fig. 9. Settlingtime versusminimumfeaturesize.

ly with technologyscaling.
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