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Design ,Analysis,and Optimization of a CMOS Active Pixel Sensor
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Abstract : A three-transistor active pixel sensor and its double sampling readout circuit implemented by a switch
capacitor amplifier are designed. The circuit is embedded in a 64 X 64 pixel array CMOS image sensor and success-
fully taped out with a Chartered 0. 334 m process. The pixel pitch is 8 m x& m with afill factor of 57 %,the pho-
to-sensitivity is Q. 8V/ (lux - s) ,and the dynamic range is 50dB. Theoretical analysis and test results indicate that as
the process is scaled down,asmaller pixel pitch reduces the sensitivity. A deep junction n-well/ p-substrate photodi-
ode with a reasonable fill factor and high sensitivity are more appropriate f or submicron processes.
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1 Introduction

CMOSimage sensors (CIS) with active pixel
have attracted much attention in the past ten
years. The advantages of CISare: (1) compatibility
with standard CMOS processes; (2) low system
cost and area due to the on-chip integration of am-
plifiers, analog-to-digital converters, and timing
control circuits; (3) low power consumption since
only one row of pixels needs to be active during the
readout and it has a low operation voltage;and (4)
random access to the image data’'. The scaling
down of the process yields a smaller pixel pitch,
higher resolution, and lower power disdpation.
Furthermore ,a shallow junction and a low power
supply voltage reduce the spectral response sens-
tivity and the sgnal-to-noise ratio (SNR) , respec
tively!*?' . Appropriate architectures must be devel-
oped to overcome performance deterioration. A
three-trandstor APS and its double sampling read-
out circuit are dedgned and fabricated with a Char-
tered 0. 33y m CMOS process. Based on smulation
and test results,the characteristics of fill factor ,
resolution ,photo charge collection,and sendtivity
are analyzed. A pixel structure with a reasonable
fill factor and sendtivity in a deep submicron
processis presented.
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2 Photodiode APS circuit and opera-
tional sequence

The photodiode (PD) APSand its readout cir-
cuit desgn are shown in Fig. 1. (Logic 1 means
gate closed,and logic 0 means gate open.) Each
pixel comprises a PD, a reset trandstor M1, a
source follower transstor M2,and a row-select
transistor M3. M4 is the column load trans stor of
the source follower buffer. The switch capacitor
amplifier performs double sampling to reduce fixed
pattern noise(FPN) . Assuming that the transistors
in the pixel have the same threshold voltage Vr ,
then when the PD is reset (reset =1,sel =1) ,the
pixel output voltageis

Voixd = Vad - 2V71 - Vlbas/ K (D
where luas iS the bias current of the source follo-
wer ,and Kisg Cox (W/ L)/2 of M4.

Then the reset signal is put high to integrate
the photocurrent on the PD. After the integration
period is finished ,the pixel output is

Vou = Vai - 2V 1 - liphoto tint/ Caiode - N lvias/ K
(2)
It can be seen from Eq. (2) that the threshold
voltage offset of M1 and M2 can affect the output
voltage and introduce FPN to the image.
A timing diagram of the APSis also shown in
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Fig.1 APScircuit and timing diagram

Fig. 1. The sensor is read out one row at a time,
and double sampling is performed by the switch
capacitor amplifier. At the end of each row’s ex-
posure time,the row select signal sel and amplifier
reset signal S1 are put high and the pixel output
given by Eq. (2) is sampled by the sampling ca-
pacitance C:. After sampling,the S1 signal is put
low ,and the reset signal is put high;the pixel en-
ters the reset state,and the amplifier enters the
amplification state. At this time,the sel signal re-
mains high,and the sampling capacitor C: is also
connected to the output of the pixel given by Eq.
(1) . The output of the amplifier can be written as

Vou = Vier - %:(Vrsi - Vsig)

= Vg - %(ipholo tint/ Caiode - W lbiss/ K)
2

(3)
The threshold voltage doesn’ t appear in Eq. (3).
The variation of threshold voltage from pixel to
pixel is eliminated because the result includes the
difference between the reset output and the expo-
sure output of the pixel. The output voltage can be
adjusted to an appropriate level by V. to fit the

following process'® .

3 Experiment and results

The three-trans stor active pixel sensor and its
readout circuit were designed and embedded in a 64

x 64 pixel array CIS with an 8 hit on-chip analog
to-digital converter. The sensor wasfabricated with
a Chartered 0. 331 m CMOS process. A photograph
of the chip is shownin Fig. 2.

Fig.2 Photograph of the CIS

The photodiode array is located in the upper
right area of the chip. The analog signal process ng
circuitry is located adjacent to the photodiode ar-
ray ,in the lower right-hand corner of the chip. The
timing control for the pixel array and processing
circuit is located on the |&ft sde of chip. Meta 4
acts as a light shielding layer to reduce the photo
charge generated in the non-photosenstive area of
the pixel. The readout circuit was tested separately
from the PD array with an external electrical stim-
ulus. The performance of the readout circuit was
confirmed by smulation and testing. The circuit in-
serted for testing the pixel is shown in Fig. 3. In
the diagram’, buf” is a buffer used to drive a large
outside load.
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Fig.3 Test circuit of the pixel

The qualitative test results of the photo re-
sponse at room light are shown in Fig.4. Theillu-
mination intensty was 800lux ,as measured by a
luxmeter. The row select sgnal sel is connected to
Va ,and the reset sgnal is provided by the FPGA
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control circuit. The reset time is 50Q s, and the
output sgnal is measured by an oscillograph.
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Fg.4 Qualitative test result

The output voltage at different photo intens-
tiesis plottedin Fig.5. The exposure timeis 3ms,
and the control circuit isthe same asin Fig.4. The
incident light is adjusted by a bulb with variableil-
[umination intensty.
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Fig.5 Output voltage versus incidence density

The main characteristics of the APS are listed
in Table 1. The zero digital output in darkroom
conditions indicates that the FPN is less than 1
L B of the 8 hit analog-to-digital converter ,which
is3 9ImV.

Table 1 Main characteristics of the APS

Technology 0.3% m 2PAM nwell CMOS
Pixel size Ymx §m
Photo detector n diff usion/ p-substrate photodiode
Supply voltage 3.3V
Fill factor 57 %
Signal swing 0.17 1.5V (1.33V)
Sensitivity 0.8V/ (lux - s)
FPN <3.9mV (1L SB of 8hit ADC)
Dynamic range 50dB

4 Characteristic analysis and optimi-
zation with device scaling consider-
ations

4.1 Fill factor and resolution

The fill factor isthe ratio of the photosenstive
area to the pixel area. We want to increase the fill
factor in order to enhance the senstivity and dy-
namic range. First ,the pixel capacitance includes a
photosendtive part and a parastic non-photosens-
tive part ,which comesfrom the floor ,the peripher-
y,and the pixel buffer. The output voltage is
shownin Eq. (4) ,where A isthe photosenstive ar-
eaand Qs the photo-generated charge' ' .

Vot = Q(A)/ [ Conoto (A) + Charasitic | (4)
The photosensitivity can be improved by increasing
the photosensitive capacitance. Second, unwanted
charges that are non-linearly dependent on pixel ar-
ea,such as dark current and‘ reset noise” , can de-
crease the SNR,as shown in Eq. (5). As the fill
factor increases,the Qi level is reduced,and the
SNR isimproved.
SNR = Qsigna/ Qnoise (5)

4.2 Photocharge collection and sensitivity

Carriers generated by photons within the de-
pletion region constitute the drift current that is
collected by the PD. Carriers generated by photons
in the bulk constitute the diffuson current that is
collected by the PD within the diffuson length L

= JD_,where D is the diffuson constant andT is
the carrier lifetime. Both the mohility and the carri-
er lifetime decrease with process scaling due to the
increase of the substrate doping. The effective vol-
ume for collecting photo charge reduces ,leading to
a decrease in spectral response sensitivity''! .

Three possble PD structures can be imple-
mented using a p-substrate process:n*/p-sub ,p*/
nwell ,and n-well/ p-sub™ . The first two are shal-
low junctions,and the third is a deep junction. The
n*/p-sub PD used in this desgn has a smple lay-
out ,small pixel area,low FPN due to lithographic
variations, and a middle spectral response. The
spectral response of thep ™/ n-well PD isthe worst
because of narrowness and shallowness of the junc
tion. Carriers generated outside of the well are
shielded ,and the n-well takes up much area,so this
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structure cannot be used. The n-well/ p-sub PD has
the best spectral response for vigble light due to
the width and depth of its depletion region layer ,
which allows the collection of photo-generated mi-
nority carriers deep in the substrate. But the n-well
a0 takes up much area. With a 0. 334 m process,
the n*/p-sub may be the best tradeoff between ar-
ea and spectral regponse.

The measured sendtivity is 0. 8V/ (lux - s) ,
which islower than the typical value (0. 7 3 5V/
(lux - 9)) . The junction will be much shallower ,
and the sensitivity will decrease with process scal-
ing. The nmwell ,on the other hand, will become
much smaller ,and the n-well/ p-sub structure will
be the best choice in deep sub-micron processes.

5 Conclusion

A threetransstor active pixel sensor and its
double sampling readout circuit are desgned. It is
embedded in a 64 x 64 pixel array CIS and fabrica
ted. Thefill factor is57 % with an & m x &1 m pixel
pitch ,the sendtivity is 0 8V/ (lux - s) ,and the dy-
namic range is 50dB. A's processes are being scaled
down , high resolution requires smaller pixel area
and lower senstivity with shallower junctions. Cir-
cuit sze can be scaled down faster than pixel sze,

CMOS
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and the n~well/ p-sub PD structure can be used to
enhance sendtivity with an acceptable fill factor in
deep submicron processes. Analys s and test results
suggest that CIS process will depart from the
standard CMOS processin thefuture. Snce the de-
pletion depths become shallower as feature sze
shrinks ,CMOS technologies must be optimized by
tailoring the depletion to maintain spectral sens-
tivity and reduce crosstak for acceptable cost and
performance.
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