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ABSTRACT

The paperprovidesa completeanalysisof the APS pixel
andcolumncircuit delay. Contraryto commonbelief, we
show that shortersettlingtimescanbe achieved by reduc-
ing the biascurrentandhencereducingenergy consump-
tion. We theninvestigatetheeffect of non-idealitieson the
readoutoperation.Wefind thatwhenthefollowertransistor
channellengthmodulationis taken into consideration,de-
lay is reduced,which impliesthatshorterlengthtransistors
canbe usedin the pixel. As expected,we find that delay
decreaseslinearlywith technologyscaling.

1. INTRODUCTION

An importantadvantageof CMOS APS is its high frame
ratecapability[1]. In [2] Krymski et al. describea

����������	�
���
APSwith columnlevel ADC achieving framerateof�����

frames/s.In [3] Stevanovic et al. describea
�����������

APS with
��

analogoutputsachieving framerateof
�	�����

frames/s. Recentlyhigh speedCMOS APS baseddigital
camerashavebecomecommerciallyavailable[4]. Thehigh
frameratecapabilityof CMOSAPS combinedwith the a-
bility to integrateprocessingon the samechip canalsobe
usedto enablenew applicationsandto improve theperfor-
manceof existing applicationsasdiscussedin [5, 6].

Althoughtheoperationof CMOSAPSis quitestandard
and hasbeenextensively reportedon, to the best of our
knowledgeno completeanalysisof its readoutcircuit delay
hasbeenreported,especiallyfor deepsub-microntechnolo-
gies. A betterunderstandingof the readoutcircuit would
helpin optimizingits framerate.

In this paperwe provide a completeanalysisof the s-
tandardAPS pixel andcolumnreadoutcircuit delay. Our
analysisincludessuchnon-idealitiesasthe accesstransis-
tor resistance,channellengthmodulation,andnon-square
law saturationcurrent. The analysisis first performedas-
suminga standard

��� �����
m CMOStechnology. Contraryto

commonbelief, we find that shortersettling times canbe
achieved by reducingthe biascurrentandhencereducing
energy consumption.We find thatwhenthe follower tran-
sistorchannellengthmodulationis takeninto consideration,

delayis reduced,which implies that shorterlengthtransis-
torscanbeusedresultingin ahigherfill factor. Theanalysis
is thenextendeddown to

�������
m. As expected,we find that

delayimproveslinearly with technologyscaling.
The rest of the paperis organizedas follows. In the

following sectionwe analyzetheAPSreadoutcircuit delay
assuminga

��� �����
m CMOS technology. In Section3 we

analyzethe effect of the non-idealitieson circuit delay. In
the lastsectionwe discussthe effect of technologyscaling
on readoutdelay.

2. APS CIRCUIT OPERATION

ThebasicAPScircuit is shown in Figure1. After photocur-
rentintegrationtheaccesstransistoris activatedby applying
ahighsignalonits gate.Ideallytheaccessresistanceshould
bezero,leadingto ����������� . Consideringlevel onemodel
for both the biasandfollower transistors,(i.e., no channel
lengthmodulation),KCL at theoutputnodegives���! #"%$'& � �&�( �*),+.-/��0�+213� $54 13����687 �

This differentialequationcanbereadilysolvedanalyti-
cally byseparationof variablesandtheoutputvoltage,� � - ( 6 ,
is givenby

����- ( 69�*��0:+;13� $<4 13=>- �  @?BA>C?�DECBF!G HJI8K�LM�NPO� 1 ?BA>C?�DEC F!G HJI8K LM N O 6RQ
where=;�TS UWVX L , and Y3�Z� 0:+ 13� $<4 13� � - � 6 .

In mostAPSimplementationsaimedat high framerate
operation,eachcolumn,orgroupof columns,shareanADC
(e.g., [2]). The settling time [.\ is definedastime from the
accesstransistorturningonto theoutputvoltage��� reaching
to within half a bit of its steadystatevalue. For worstcase
delay, we settheinput voltage��0�+ to its maximumpossible
valueandassumethattheoutputvoltagebeforeswitchingis
at its lowestpossiblevalue, � � - � 6 . Undertheseconditions,
thesettlingtime is givenby[ \ � " $��] )^+�_ ���a`:b - -/c  =d6�-eYf1f=B6-/cg13=d6�-eY  =B6 6RQ where
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Fig. 1. APScircuit schematic.
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Figure2 plots settling time, [E\ , versusbiascurrent

�	�
assumingtypical

�y� �
���.z
technologyparameters.Notethat

decreasingbiascurrentleadsto shortersettlingtime, since
morecurrentis availableto chargetheoutputnode.
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Fig. 2. APSsettlingtimevariationwith biascurrent.

Reducingbiascurrentalsoleadsto anincreasein output
voltageswing, � , which is givenby��������-Ju#6v13����- � 69�*��0:+;13� $<4 1 w � �)^+ 13����- � 6 �
Thevoltageswingversusthebiascurrentis plottedin Fig-
ure3.

Theenergyconsumedby theAPScircuit duringreadout
canbecalculatedby integratingthepowerconsumedduring
readout,which gives� � " $�� &�& - = � `:b - -/c  =d6�-eY�1f=B6-/c�13=d6�-eY  =B6 6  � � - � 6v13� � -e[ \ 6j6 �
As biascurrentis reducedfrom

��� ���
A to

�������
A the ener-

gy consumeddropsby
���d�

as shown in Figure 4, while
settling time is reducedby as much as

���d�
as shown in

Figure 2. Thus,contraryto commonbelief, delaycanbe
reducedwhile consuminglessenergy.
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Fig. 3. Outputswingversusbiascurrent.
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Fig. 4. APSenergy consumedvariationwith biascurrent.

3. EFFECT OF NON-IDEALITIES

In thissectionweinvestigatetheeffectof circuit non-idealities,
namely, non-zeroaccesstransistorresistance,��� , current
sourcechannellengthmodulation �y0 , andfollower transis-
tor channellengthmodulation�5� . With thesenon-idealities



included,thecircuit equationsare� � � � ��� 13� ���� Q� � � ��� - �  �<0J����6  #"�$ & ���&�( Q and� � � ) + -e� 0:+ 13� $54 13� ��� 6j7�- �  � � -e� lol 13� � 6r6 �
To investigatetheeffectof eachnon-idealityseparately,

we setthetermscorrespondingto theothertwo to zeroand
solvethesetof equations.Firstweconsidertheeffectof the
non-zeroaccesstransistorresistance,� � , on settlingtime,
andgetthat[ \ � "%$� ] ) + _ � � `�b - -ec  =B6R-�Y�13=B6-ecg1f=B6R-�Y  =B6 6  � � " $ `�b - Y 7 13= 7c 7 13= 7 6 �
Notethatdecreasingtheaccesstransistorresistance,which
canbe doneby increasingits width, reducessettlingtime.
This, however, is not desirable,sinceit leadsto largerpix-
el sizeor smallerfill-f actor. Fortunately, this effect canbe
mitigatedusinglowerbiascurrentasshown in Figure5.
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Fig. 5. APS settling time variationwith accessresistance
for different

� �
.

Now we considerthe currentsourcetransistorchannel
lengthmodulation.We set � � and � � to zero. In this case
thesettlingtime is givenby

[E\%� "�$� ) + = `:b - -/c  =d6�-eY�13=B6-/cg13=d6�-eY  =B6 6�Q
where c � � 0 � �� ) +  ��0:+�13� $54 13���r���R�BQY � �<0 �	�� ) +  ��0:+�13� $54 13���r�%0�+>Q and

= � � � � - �  � 0 -/� 0�+ 1f� O � 6r6)^+ 1x- � 0 � �� )^+ 6 7 �

This is plottedin Figure6. Notethatsettlingtime increases
whentheeffectof thechannellengthis takeninto consider-
ation,dueto thereductionin thecurrentavailableto charge
the output node. Sincethe channellength modulationis
inverselyproportionalto the the transistorgate length, �
canbedecreasedby increasingthetransistorchannellength.
Therefore,increasingthecurrentsourcetransistorgatelength
reducessettling time. This canbe donewith no effect on
pixel sizeor fill-f actor, sincethe currentsourceis part of
thecolumnlevel circuits.
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Fig. 6. APS settling time versuslambdaof the current
source.

Finally we considerthe effect of the follower transis-
tor channellengthmodulation.Theresultis plottedin Fig-
ure 7. As shown in the figure, settling time decreasesas�5� increases,dueto the increasein thecurrentavailableto
charge the output node(for a given bias current). There-
fore,settlingtime canbedecreasedby makingthefollower
transistorchannellengthassmall aspossible. Othercon-
siderations,suchasoff current,may precludethe useof a
minimumchannellengthtransistor, however.

Figures6 and7 alsoshow thatreducingbiascurrentnot
only reducessettlingtime,but alsodiminishestheeffect of
channellengthmodulation.

4. TECHNOLOGY SCALING

As technologyscalesthesquarelaw drainsaturationcurrent
relationbecomeslessaccurate.A moreaccuratemodelfor
thefollowercurrentis givenby� �¦�§)^+.-/��0�+;1f� $54 1f���	6W¨5Q for

��©«ª�©Z�B�
In this case,neglectingnon-idealities,thesettlingtime can
bereadilycalculatedto be

[E\%� " $)^+¬®¯ � t -
� �),+ 6 ¯ A.t �-:° ª 1 � 6 - �c ¡ ¯ ¨ AEt ¥ 1 �Y ¡ ¯ ¨ AEt ¥ 6 �
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Fig. 7. APS settling time versuslambdafor the follower
transistor.

This is plottedin Figure8. As technologyscales,set-
tling time decreasesand the effect of the bias currentbe-
comeslesspronounced.
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Fig. 8. APSsettlingtimeversusbiascurrentfor different
ª

.

Figure9 plots the settling time for technologiesdown
to
�������

m. The device and circuit parametersusedin the
simulationsarefrom [7]. Note thatsettlingtime decreases
almostlinearly with minimumfeaturesize.

5. CONCLUSION

We presentedacompleteanalysisof theAPSpixel andcol-
umncircuit delay. Contraryto commonbelief, we showed
that shortersettlingtimescanbe achievedby reducingthe
biascurrentandhencereducingenergy consumption.We
theninvestigatedtheeffect of non-idealitieson thereadout
operationandfoundthatwhenthefollower transistorchan-
nel lengthmodulationis taken into consideration,delayis
reduced.As expected,we foundthatdelayimproveslinear-
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Fig. 9. Settlingtimeversusminimumfeaturesize.

ly with technologyscaling.
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