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Declaration of Rachel J. Watters on Authentication of Publication 

I, Rachel J. Watters, am a librarian, and the Director of Wisconsin TechSearch 

("WTS"), located at 728 State Street, Madison, Wisconsin, 53706. WTS is an 

interlibrary loan department at the University of Wisconsin-Madison. I have worked as 

a librarian at the University of Wisconsin library system since 1998. I have been 

employed at WTS since 2002, first as a librarian and, beginning in 2011 , as the Director. 

Through the course of my employment, I have become well informed about the 

operations of the University of Wisconsin library system, which follows standard library 

practices. 

This Declaration relates to the dates of receipt and availability of the following: 

Mendis, S.K., Kemeny, S.E., Gee, R.C., Pain, B., Kim, Q., and 
Fossum, E.R. (1994) Progress in CMOS active pixel image 
sensors. In M.M. Blouke (Ed.), Charge-Coupled Devices and Solid 
State Optical Sensors IV (p. 19-29). Bellingham, WA: SPIE - The 
International Society for Optical Engineering. 

Standard operating procedures for materials at the University of Wisconsin-

Madison Libraries. When an issue was received by the Library, it would be checked in, 

stamped with the date of receipt, added to library holdings records, and made available 

to readers as soon after its arrival as possible. The procedure normally took a few days 

or at most 2 to 3 weeks. 

Exhibit A to this Declaration is true and accurate copy of the cover page with 

library date stamp of Charge-Coupled Devices and Solid State Optical Sensors IV 

(1994), from the University of Wisconsin-Madison Library collection. Exhibit A also 
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includes an excerpt of pages 19 to 29 of that book, showing the article entitled Progress 

in CMOS active pixel image sensors (1994). Based on this information, the date stamp 

on the journal title page indicates Progress in CMOS active pixel image sensors (1994) 

was received by University of Wisconsin-Madison Libraries on May 27, 1994. 

Based on the information in Exhibit A, it is clear that the book was received by 

the library on or before May 27, 1994, catalogued and available to library patrons within 

a few days or at most 2 to 3 weeks after May 27, 1994. 

I declare that all statements made herein of my own knowledge are true and that 

all statements made on information and belief are believed to be true; and further that 

these statements were made with the knowledge that willful false statements and the like 

so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 

of the United States Code. 

Date: January 7, 2020 

Wisconsin TechSearch 
Memorial Library 
728 State Street 
Madison, Wisconsin 53706 

Director 
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PROGRESS IN CMOS ACTIVE PIXEL IMAGE SENSORS 

Sunetra K. Mendis •, Sabrina E. Kemeny, Russell C. Gee, Bedabrata Pain, Quiesup Kim and Eric R. Fossum 

Center fm Space Microelectronics Technology 
Jet Propulsion Laboratory - California Institute of Technology 

Pasadena, CA 

ABSTRACT 

Recent research results regarding the investigation of CMOS active pixel image sensors (APS) are reported. An 
investigation of various designs for the pixel, including photogate devices of various geometries and photodiode devices has 
been performed. Opto-electronic performance including intra-pixel photoresponse maps taken using a focused laser scanning 

apparatus are presented. Several imaging arrays have also been investigated. A 128 x 128 image sensor has been fabricated 

and charactemed. Both p-well and n-well implementations have been explored. The demonstrated arrays use 2 µm CMOS 

design rules and have a 40 x 40 µm pixel pitch. Typical design fill-factor is 26%. Output sensitivity is 3.7 µV/e- for the 

p-well devices and 6.5 µV/e- for then-well devices. Read noise is less than 40 e- r.m.s. for the baseline designs. Dynamic 

range has been measured to be over 71 dB using a 5 V supply voltage. The arrays are random access with TIL control 
signals. Results regarding on-chip suppression of fixed pattern noise will also be presented. 

I. INTRODUCTION 

In smart image sensor applications, integration of the image sensor with other circuitry both for driving the image 
sensor and for performing on-chip signal processing is becoming increasingly important (1) . In addition to good imager 
performance with low-noise, no lag or smear and good blooming control, it is also desirable to have random access, simple 
clocks and fast read out rates. The development of a CMOS compatible image sensor technology is very beneficial since 
CMOS is a mature and commonly available technology. 

Charge-coupled devices (CCDs) are currently the dominant technology fm image sensors. CCD arrays with high fill 
factor, small pixel sizes and large formats have been achieved and limited signal processing operations have been 
demonstrated with charge-domain circuits [2-7). However, CCDs cannot be easily integrated with CMOS circuits due to the 
additional fabrication complexity and increased cost CCDs also need complex clocks for operation. The readout rate is 
limited due to the inherent sequential read out of CCDs and the need to achieve nearly perfect charge transfer efficiency to 
maintain signal fidelity. CCDs also suffer from smear and susceptibility to radiation damage. 

An active pixel image sensor is defined as an image sensor technology that has one or more active transistors within 
the pixel unit cell (8). Previously demonstrated active pixel sensor (APS) technologies include the amplified MOS imager 
(AMI) [9], charge modulation device (CMD) (10), bulk charge modulated device (BCMD) [11), base stored image sensor 
(BASIS) (12] and the static induction transistor (SIT) [13). Although AMls are both CMOS compatible and amenable to 

integration with on-chip circuitry, high noise levels and lag are a problem. CMDs, BCMDs and BASIS are also amenable to 
integration with on-chip circuitry, but can be made CMOS compatible only with additional fabrication steps. SITs are 
difficult to integrate with on-chip circuitry and are not CMOS compatible. 

The CMOS active pixel sensors described in this paper are inherently CMOS compatible. Each pixel unit cell 
contains an imaging element and three transistors for readout, selection and reset. A column parallel architecture is used for 
readout and the imager is scanned row by row. In all the designs random access is possible, allowing selective readout of 

• Sunetra K. Mendis is a student at Columbia University, NY, conducting her Ph.D. dissertation research at the Jet 
Propulsion Laboratory. 

0-8194-1467-0/94/$6.00 SPIE Vol . 2172 I 19 



Samsung Exhibit 1036 
Page 9 of 18

Table 1: Summary of pixel designs 

1~11:1i~■l~1illll[lllilliiillll:llllil!illlill1llilllill;llilil,[~l1l~l1lillllilllli1~ilillll! llilI!lllll~illi 
AR28P2 P-well photogate 28 x 28 
AR128P2 P-well photogate 128 X 128 
AR28N N-well photogate 28x28 
AR128Nl N-well photogate 128 X 128 

APSG2 P-well photogate with light shield 28x28 

APSG4 P-well square photogate 28x28 
APSGl P-well tiny pixel photogate 28x28 
APSG3B P-well single poly tiny pixel 28x28 

APSG5 N-well photodiode 28x28 
AR28NCB N-well photogate with crowbar 28x28 

windows of interest The image sensors are operated with TIT. 
clocks and at most two other d.c. voltages. 1bese image sensors 
achieve lateral blooming control through proper biasing of the 
reset transistor. No lag or smear is evident. The reset and signal 
levels are read out differentially, allowing off-chip correlated 
double sampling (CDS) to eliminate lcTC noise. 1/f noise and 
fixed pattern noise from the pixel. Low noise and high dynamic 

Fig. 1: Photograph of completed integrated circuit. 
(128 x.128 array) 

range are achieved. The option of using a radiation hard CMOS process is also available. CMOS active pixel image sensors 
are suitable for many applications including robotics and machine vision, guidance and navigation, automotive applications, 
and consumer electronics such as video phones, computer inputs and home surveillance devices. 

This paper presents recent achievements in CMOS APS research. Section 2 describes the basic chip architectme 
employed in the design of CMOS active pixel image sensors. Section 3 presents the baseline design, its operation and 
experimental results. Section 4 describes the different pixel unit cell designs explored and compares their performance with 
the baseline design. Two fixed pattern noise suppression methods that were investigated are presented in section 5. 

2. CMOS APS TEST CHIPS 

The 10 different active pixel arrays that were fabricated are summarized in table 1. All the designs were fabricated at 
Orbit Semiconductor through the MOSIS foundry service. In the baseline design, each pixel contains a photogate imaging 
element like a single CCD stage with a floating diffusion output. This design was first implemented using a p-well CMOS 
technology as a 28 x 28 test array (AR28P2) and later expanded to a 128 x 128 array (AR128P2) and n-well implementations 
(AR28N and AR128Nl). Other test arrays were demonstrated for pixel designs with a light shield on the transistors within 
the pixel (APSG2), a square photogate (APSG4), a minimum size photogate (APSGl) and a single-poly implementation ct 
the minimum size photogate (APSG3B). A 28 x 28 photodiode active pixel sensor array was also implemented (APSG5). A 
test array of the baseline pixel design with a modified readout circuit was developed for fixed pattern noise suppression using 
an n-well CMOS technology (AR28NCB). 

2.1 Chip architecture 

The CMOS active pixel sensor chips were fabricated using 2 µm CMOS technology with two levels of polysilicon 
and two levels of metal. The resulting pixel size was 40 µm x 40 µm . A photograph of a completed 128 x 128 CMOS APS 
array is shown in Fig. 1. A column parallel architecture was used, where an entire column of pixels shares one readout 
circuit. The row decoders and clock generator circuits to the left of the APS array and the column decoders and readout 
circuits below the APS array were all designed to fit within the 40 µm pixel pitch. The 7-bit row and column address 

20 I SPIE Vol. 2172 
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decoders were formed using standard CMOS logic permitting direct X-Y addressing of the image sensor. The circuitry 
outside the pixel array is covered by a light shield. The 28 x 28 test arrays were also designed with the same chip architecture. 
The die areas of the large and small arrays were 6.8 mm x 6.8 mm and 2.20 mm x 2.25 mm respectively. The pixel unit cell 
and readout circuits were designed to achieve 30 Hz operation of a 128 x 128 array. 

2.2 Readout circuit 

A schematic of the readout circuit used in the CMOS APS arrays is shown in Fig. 2(a). The pixel unit cell is shown 
within the dotted outline. In addition to the imaging structure consisting of a photogate (PG) with a floating diffusion output 
(FD) separated by a transfer gate (TX), the pixel unit cell also contains a reset transistor (R), the input transistor of the first 
source-follower and a row selection transistor (X). The readout circuit which is common to an entire column of pixels 
includes the load transistor of the first source-follower (VLN) and two sample and hold circuits for storing the signal level 
and the reset level. Each sample and hold circuit consists of a sample and hold switch (SHS or SHR) and capacitor (CS or 
CR) and a second source follower and column selection ttansistor (Yl or Y2). The load transistors of the second set of source­
followers (VLPl and VLP2) are common to the entire array of pixels. 

3. BASELINE DESIGN OF CMOS ACTIVE PIXEL IMAGE SENSOR 

3.1 Design and Operation 

The first CMOS active pixel image sensor demonstrated has a pixel unit cell with a photogate (PG), transfer gate 
(TX) and a floating diffusion output (FD) as shown schematically in Fig. 3(a). In essence, a small surface-channel CCD has 
been fabricated within each pixel. 

The operation of this image sensor is illustrated in Figs. 3(a)-(d). The rail voltages are set at 5V and 0V, and the 
ttansfer gate is biased at 2.5V. During the signal integration period (Fig. 3(a)), photo-generated electrons are collected under 
the photogate PG biued at 5V. The reset transistor R is biased at 2.5V to act ma lateral anti-blooming drain, allowing ~ 
charge to flow to the reset drain. The row-selection ttansistor X is biased off at 0V. Following signal integration, an entire 
row of pixels are read out simultaneously. FU'St, the pixels in the row to be read out are addressed by enabling row selection 
switch X. Then the floating diffusion output node of the pixel (FD) is reset by briefly pulsing the reset gate R to 5V. This 
resets FD to approximately 3.5V (Fig. 3(b)). The output of the first SOUICe follower is sampled onto capacitor CR at the 
boUmn of the column by enabling sample and hold switch SHR. Then, PG is pulsed low to 0V, transferring the signal charge 
to FD (Fig. 3(c)). The new output voltage is ~pied onto capacitor CS by enabling sample and hold switch SHS (Fig. 3(d)). 

FD 

PO TX 
I J.. 

r I r 'VLN-1 . I •• .-. I I I . 
,Ou, J m. 1......: • 

~ 1/fil : vss ·- - - .. - - ... - . . - -

VDD 

vours 

VOUI'lt 

vss 

R 

SHR 

PG 

SHS 

Figure 2(a): Schematic of readout circuit (b) timing for CMOS APS read out 
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(a) 

(c) 

PO TX PD R VDD 

I ~J}-9 
I - I 
.l,.·!.,; J I • I 

~~ 

(b) 

(d) 

Fig. 3: Operation of CMOS APS (a) signal integration 
(b) reset (c) signal charge ttansfer (d) signal readout 

3.2 Experimental Results 

The stored reset and signal levels are sequentially scanned 
out through the second set of source followers by enabling 
column address switches Yl and Y2. This timing sequence 
is shown in Fig. 2(b) . 

Sampling both the reset and signal levels permits 
correlated double sampling (CDS) which suppresses kTC 
noise from the floating diffusion node of the pixel and 1/f 
noise and threshold variations from the source-follower input 
ttansistor within the pixel [14]. The main sowce of noise in 
this system is the kTC noise inttoduced by the sample and 
hold capacitors in the readout circuit The sample and hold 
capacitors of the 28 x 28 test arrays and the 128 x 128 p-well 
array were designed to be polyl-poly2 capacitors of 1 pF. The 
calculated r.m.s. noise is 64 µV per capacitor, resulting in 
91 µV for differential mode. The sample and hold capacitors 
of the n-well 128 x 128 arrays were increased to 
approximately. 2.3 pF by using an MOS capacitor under the 
polyl-poly2 capacitor. The calculated r.m.s. noise for this 
circuit is 42 µV per capacitor, resulting in 60 µV for 
differential mode. 

The active pixel image sensors were operated with the timing and voltages described above. However, in the n-well 
imager sensors, the load transistor of the first source follower had to be biased at 1.25 V. Higher biasing made the column 
amplifiers "glow" and saturate the bottom part of the image sensor array. This effect can be reduced by switching off column 
selection transistors YI and Y2 in all the columns during long integration periods. Both dark and illuminated testing of the 
sensors were performed. Through shot noise measurements, the pixel sensitivity was determined to be 3.7 µV/e- for the p­
well design and 6.5 µV/e- for the _n-well design. By performing electrical tests on a test structure on a separate IC, the 
sensitivity at the output of the first source follower was measured to be 4.0 µV/e- for the p-well design. Although the well 
capacity was calculated to be approximately 6 x 1o6 e-, saturation was determined by the output amplifier. The observed 
saturation level was 600 m V corresponding to 162,000 e- for the p-well design and 1.2V corresponding to 185,000 e- for the 
n-well design. However, higher saturation levels can be achieved by operating the image sensors with a higher supply voltage. 
For example, by increasing the supply voltage to 6V, the saturation level in the p-well design was increased to approximately 
1.1 V corresponding to 297,000 e-. 

The sensors were nominally clocked at 2 µs/pixel, corresponding to a frame rate of approximately 30 Hz. For 5V 
operation, power dissipation was measured to be approximately 7 mW for the 128 x 128 arrays and 5.9 mW for the 28 x 28 
arrays. The major power dissipation was in the p-channel ttansistors (87%) compared to the column-parallel n-channel 
ttansistors (13%). Low power operation of the test array was demonstrated with a supply voltage of 3V. The power dissipation 
was 0.84 mW and the saturation level was 200 m V for this mode of operation. 

A raw output image from the 128 x 128 p-well image sensor is shown in Fig. 4(a). The fixed pattern noise is 
dominated by column-wise fixed pattern noise as evidenced by faint vertical streaks in the image. (Note that the half-toning 
process gives rise to artificial streaks not present in the original photograph.) In the p-well designs, global fixed pattern noise 
(FPN) observed in the differential output signal was approximately 20 mV p-p (3.3% sat.), with a local variation of 
approximately 8 m V p-p. The global variation is attributed to poor control of the p-well potential towards the center of the 
array since slower clocking rates reduced the effect, and the 28 x 28 array showed a similar but much smaller effect Dark 
current was measured to be approximately 0.26 V/s, or under 1 nA/cm2. Noise in the fabricated p-well array is fundamentally 

22 I SPIE Vol. 2172 
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Fig. 4(a): Raw image from 128 x 128 CMOS APS Fig. 4(b): Image with FPN suppression through 
subtracting a column reference 

limited to 88 µV due to the kTC noise on the 1 pF sample and 
hold capacitors. However, the measured noise level at a 30 Hz 
frame rate at room temperature is presently limited by dark 
current shot noise to approximately 160 µV, resulting in a 
dynamic range of71 dB. Fig. 4(c) shows a raw image from the 
p-well 28 x 28 array in the low power mode of operation. 

The responsivity of the n-well image sensor was 
approximately 3 times that of the p-well sensor at the same 
illumination. Global fixed pattern noise (FPN) observed in the 
differential output signal was approximately 30 m V p-p 
(2.5% sat). Dark current was measured to be approximately 
1.76 V/s. The measured noise level at a 30 Hz frame rate at 
room temperature was approximately 209 µV, resulting in a 
dynamic range of 75 dB. In both the p-well and n-well 
implementations, no lag or smear was observed. Blooming was 
suppressed through proper biasing of the reset transistor R. 

The higher responsivity in the n-well designs can be 
Fig. 4(c): Raw image at 3V operation (28 x 28 array) attributed to the increased collection depth as shown in the 

pixel cross sections in Fig. 5. In the p-well designs, the well 
depth of approximately 2 µm limits the carrier generation 

depth (Fig. 5(a)). In addition, the well depth is small compared to the pixel dimensions of 40 µm x 40 µm. Therefore, 
electrons that are generated deep in the well outside a photogate area are more likely to diffuse to the n-substrate than be 
collected under a photogate. In the n-well designs, electrons that are generated in the substrate below a photogate can be 
collected by that pixel or diffuse to adjacent pixels (Fig. 5(b)). This phenomenon also results in higher cross talk in then-well 
designs than the p-well designs. 

SPIE Vol. 21 72 I 23 
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Fig. 5(a): Cross section of p-well pixel Fig. 5(b): Cross section of n-well pixel 

VOlfr 

Fig. 6(a): Layout of baseline pixel 

Laser spot scans of individual pixels at 632.8 nm and 488 nm showed both 
higher response and higher cross talk in the n-well designs than the p-well designs. 
The pixel layout of the baseline pixel is shown in Fig. 6(a) for comparison with the 
responsivity maps. The 632.8 nm He-Ne laser had a beam diameter of approximately 
1.5 µm and a step size of approximately 2 µm. The responsivity maps of the p-well and 
n-well pixel are presented in Fig. 5(b) and 5(c) respectively. In the p-well design, the 
response is uniform across the photogate area with only poly I and drops off rapidly at 
the edges. A lower response is noticeable in areas overlapped by poly2 or metal. In the 
n-well design, the response drops off more gradually, and cross talk from adjacent 
pixels is evident The responsivity maps at 488 nm in Figs. 5(d) and 5(e) show similar 
patterns. However, the response is lower than at 632.8 nm due to the polysilicon 
photogate. 

''''1"''1"''1'' 1 '1'"'1'"'1' ' ''1''"1"''1'"'1 :. 

5 10 15 20 25 30 35 40 45 

Fig. 6(b): responsivity map ofp-well pixel at 632.8 nm 
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Fig. 6(d): responsivity map of p-well pixel at 488 nm 
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Fig. 6(c): responsivity map of n-well pixel at 632.8 nm 
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Fig. 6(e): responsivity map of n-well pixel at 488 nm 
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4. OfHER CMOS APS DESIGNS 

Variations of the baseline CMOS APS design were investigated and fabricated using a p-well CMOS process. In 
addition to normal operation of the image sensors laser spot scans of pixels were performed at 632.8 nm. These designs and 
results are presented below and summarized in table 2. 

4.1 Light shielded pixel 

A pixel design with light shield covering the entire pixel except the photogate to limit aoss talk was fabricated 
(Fig. 7(a)). The responsivity (Fig. 7(b}) was similar to the p-well bueline design, but showed a steeper drop off at the edge of 
the photogate area and no detectable response in the area covered by the light shield. The saturation level was 800 m V and 
the output sensitivity was determined to be 3.0 µV/e-. The measured noise was 168 µV, similar to the other p-well designs. 

4.2 Square pbotogate pixel 

A pixel design with a square photogate which achieved a fill factor of 18% was demonstrated (Fig. 8(a}). The 
baseline design was optimized for high fill factor, which resulted in an L-shaped photogate area. However, a pixel with a 
regular photogate structure is more suitable for use with microlenses which can increase the effective fill factor to over 70%. 
A square pixel is also more amenable for use by centroiding algorithms. The sensitivity of the square photogate pixel was 
determined to be 3.1 µV/e-. The full well capacity of the square pixel was calculated to be approximately 3.7 x 1o6 e-, but 
similar to the lmeline design, saturation was limited to approximately 132,000 e- by the output amplifier. A laser spot scan of 
this pixel (Fig. 7(b)) shows that responsivity is highest under the photogate as in the other p-well designs. 

4.3 Tiny pbotogate pixel 

A minimum size photogate design of 3 µm x 4 µm with a fill factor of 0.75% was investigated (Fig. 9(a)). Typical 
diffusion length for electrons in these devices is in the order of centimeters. Therefore, it is possible for photo-generated 
charge outside the photogate area to diffuse towards the photogate and be collected. Since the blue response is affected by the 
photogate, it was hoped that the open area within the pixel with a minimum size photogate would improve the blue response. 
HowevC'I', due to the effect of the p-well depth described in section 3.2 above, no significant response was observed outside the 
photogate area as shown in the responsivity map in Fig. 9(b). It is expected that an n-well implementation of this design 
would show much higher response. The saturation level was 400 m V and the sensitivity was determined to be 2.8 µ V/e-. The 
measured noise level was 168 µV/e-. The full-well capacity for this design was approximately 175,000 e- which is still higher 
than the saturation limit determined by the output amplifier. 

4.4 Single-poly tiny pbotogate pixel 

A p-well tiny pixel was also implemented as a single-poly design (Fig. lO(a)). This design was investigated as 
single-poly CMOS processes are more commonly available in sub-micron technologies than double-poly processes. The 
responsivity was very similar to the tiny photogate pixel (Fig. lO(b)). The sensitivity of the single-poly tiny-pixel was 
determined to be 3.6 µV/e- and the saturation level was 500 mV. The measured noise level was 180 µV. 

4.5 Pbotodiode pixel 

A photodiode pixel with the same output structure as the above circuits was demonstrated in a p-well process 
(Fig. 1 l(a)). This pixel design achieved a fill factor of 35%. Since the output node is the same as the signal charge collection 
area, it is not possible to reset the output node before readout to eliminate lcTC noise by CDS as in the photogate designs. 
However, by resetting the photodiode after readout and using that reset level for CDS, it is possible to eliminate 1/f noise and 
fixed pattern noise from the pixel. The capacitance of the photodiode node is higher than the capacitance of the output node 
of the photogate designs, resulting in lower sensitivity. The sensitivity of the photodiode pixel was determined to be 
approximately 2.1 µV/e-. Although the sensitivity is lower, the signal level was approximately 5 times higher than in the 
baseline photogate design at the same illumination due to the improved blue response. The saturation level was observed to be 
approximately 1.3 V. Fixed pattern noise was approximately 7 mV p-p or less than 0.6% sat. Measured noise was 177 µV. 
Laser spot scans at 632 nm and 480 nm (Figs. 1 l(b) and 1 l(c)) show improved blue response over the photogate designs. 
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Fig. 7(a): Layout of light-shielded pixel 
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Fig. 8(a): Layout of square pixel 
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Fig. 9(a): Layout of tiny photogate pixel 
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Fig. 10 (a): Layout of single poly pixel 
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Fig. 7(b): Responsivity map of light-shielded pixel 
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Fig. 8(b): Responsivity map of square pixel 

Fig. 9(b): Respo~sivity map of tiny photogate pixel 
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Fig. lO(b): Responsivity map of single poly pixel 
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Fig. ll(a) Layout of photodiode pixel Fig. 11 (b): responsivity map at 632 nm Fig. ll(c) responsivity map at 488 nm 

5. FIXED PA TIERN NOISE SUPPRESSION 

5.1 Subtracting a column reference 

It was evident in all the CMOS active pixel image sensor designs described above that the fixed pattern noise was 
dominated by the column to column variations. FPN can therefore be greatly reduced by eliminating or reducing the column­
wise FPN. The first such method demonstrated uses computer software to subtract a dark reference voltage from the signal. 
The reference for each column is obtained from the last row of pixels in the array, which is covered by light shield. Fig. 4(b) 
demonstrates the improvement in image quality when FPN suppression is on. With FPN suppression on, the measured global 
FPN reduces to 0.8% p-p from 3.3% p-p in the p-well baseline design. Of course, an entire dark image can be subtracted from 
an acquired image for greater FPN suppression, but this requires acquisition of the dark image. 

5.2 Crowbar circuit 

A column-FPN suppression scheme was incorporated into the output circuit of the next design. The baseline design 
of a photogate pixel with floating diffusion output was used with the modified output circuit shown in Fig. 12(a). In each 
column output circuit, a crowbar switch (CB) and two column selection switches on either side (S 1 and S2) were added to 
selectively short the two sample-and-hold capacitors CS and CR. The image sensor is operated as described previously up to 
the sampling of the reset and signal levels onto the two sample-and-hold capacitors. However, during the scanning of the 
columns, an additional step is performed. After differentially reading out the reset level and signal level stored in each 
column (~1), the crowbar switch is pulsed, thereby shorting the two sample-and-hold capacitors in the column that is being 
addressed. The outputs of the reset and signal branches are again read out differentially and this reference level (~) is 
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Fig. 12(a): CMOS APS unit cell and crowbar readout circuit Fig. 12(b): Timing for crowbar readout 
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Fig. 13(a): FPN with crowbar off Fig. 13(b): FPN with crowbar on 

subtracted from the previous reading (~'=~1-.:il). Oscilloscope photos of the output from an n-well crowbar array without and 
with the crowbar operation are shown in Figs. 13(a) and 13(b) respectively. Global FPN of approximately 10 mV was reduced 
to approximately 1 m V with the crowbar operation. Since the saturation in this image sensor was 1.3V, the FPN is reduced 
from 0.8% sat. to less than 0.08% sat. The output sensitivity was determined to be 7.1 µV/e· and the measured noise level 
was 197 µV/e·. 

6. CONCLUSIONS 

The development of several CMOS-based image sensors has been presented. Good blooming control was achieved 
and no lag or smear was observed. Various pixel designs optirniud for limiting cross tallc, integration with microlenses, 
improving blue response and use of single-poly CMOS processes have been investigated. In general, n-well designs had 
higher sensitivity and saturation levels than p-well designs which can be attributed to lower capacitance of the floating 
diffusion output node in then-well process than in the p-well process. P-well designs showed lower responsivity and no cross 
tallc between pixels due to the well depth. N-well designs showed higher responsivity but also showed some cross tallc. Since 
the noise levels were also higher in the n-well designs, dynamic range was comparable to the p-well designs. Both on-chip 
and off-chip column-FPN reduction schemes were explored. Global FPN was reduced to less than 0.1 % using the crowbar 
circuit. 

Table 2: Summary of experimental results 

AR28P2 P-wellPG 700 mV 3.3 160 37 73 26mV 
AR128P2 P-wellPG 600mV 3.7 153 30 72 20mV 0.262 V/s 
AR128Nl N-well PG 1.2 V 6.5 209 28 76 30mV 1.76 V/s 
APSG2 Light-shielded 800 mV 3.0 168 44 74 
APSG4 Square PG 1 V 3.1 
APSGl TinvPG 400mV 2.8 168 47 68 
APSG3B Single ooly 500 mV 3.6 180 41 75 
APSG5 Photodiode 1.3 V 2.1 177 68 77 7mV 
AR28NCB Crowbar 1.3 V 7.1 197 23 76 1 mV 1.16 V/s 

*System noise: 102 µV 
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Improved readout schemes and methods to further reduce FPN are currently being investigated. Integration of on­
chip analog-to-digital conversion is being explored. Reduction in pixel size through the use of 0.8 µm and 1.2 µm CMOS 
technology can reduce dark current. The use of microlenses can improve the effective fill-factor to over 70%. This on-going 
research wortc paves the way for the development of more complex pixel structures and the integration of on-chip electronics 
in the future (15]. 

7. ACKNOWLEDGMENTS 

The authors would like to thank Monico Ortiz for writing the image acquisition and display software that was used 
in this research. The authors appreciate useful conversations and encouragement from our colleagues at JPL, especially 
C. Stevens and B. Nixon. The support of V. Sarohia of JPL and G. Johnston of NASA Headquarters is gratefully 
acknowledged. The research described in this paper was carried out at the Jet Propulsion Laboratory, California Institute ex 
Technology, and was jointly sponsored by the Advanced Research Projects Agency and the National Aeronautics and Space 
Administration, Office of Advanced Concepts and Technology. 

Reference herein to any specific commercial product, process or service by trade name, trademark, manufacturer or 
otherwise, does not constitute or imply endorsement by the United States Government or the Jet Propulsion Laboratory, 
California Institute of Technology. 

8. REFERENCES 

(l] S. K. Mendis, S. E. Kemeny and E. R. Fossum, "A 128 x 128 CMOS Active Pixel Image Sensor for Highly Integrated 
Imaging Systems," IEDM Technical Digest, December 1993. 

[2] E. R. Fossum, "Architectures for focal-plane image processing," Optical Engineering, vol. 28(8) pp. 865-871 (1989). 
[3] E. R. Fossum, "Charge-coupled computing for focal-plane image processing," Optical Engineering, vol. 26(9) pp. 916-

922{1987). 
[4) W. Yang and A. Chiang, "A full-fill factor CCD imager with integrated signal processors," Proc. 1990 IEEE 

International Solid-State Circuits Conference, pp. 218-219 (1990). 
[5] E-S. Eid and E. R. Fossum, "Real time focal-plane array image processor," in Automated Inspection and High Speed 

Vision Architectures III, Proc. SPIE vol. 1197, paper 1 (1989). 
[6] S. E. Kemeny, E-S Eid, S. Mend.is and E. R. Fossum, "Update on focal-plane image processing research'" in Charge­

Coupled Devices and Solid-State Optical Sensors II, Proc. SPIE vol. 1447, pp. 243-250 (1991). 
[7] S. E. Kemeny, H. Torbey, H. Meadows, R. Bredthauer, M. LaShell and E. R. Fossum, "CCD focal-plane image 

reorganization processors for lossless image compression," IEEE J. Solid-State Circuits, vol. 27(3) pp. 398-405 (1992). 
[8] E. R. Fossum, "Active pixel sensors- are CCDs dinosaurs?," Proc. SPIE, vol. 1900, pp. 2-14, 1993. 
[9] 0. Yadid-Pecht, R. Ginosar and Y. Shacham Diamand, "A random access photodiode array for intelligent image 

capture," IEEE Trans. Electron Devices, vol. 38(8), pp. 1772-1780 (1991). 
[l0]M. Ogata, T. Nakamura, K. Matsumoto, R. Ohta and R. Hyuga, "A Small pixel CMD image sensor," IEEE Trans. 

Flectron Devices., vol. 37(4) pp. 964-971 (1990). 
[ll]J. Hynececk, "BCMD - An improved photosite structure for high density image sensors" IEEE Trans. Electron Devices, 

vol. 38(5), pp. 1011-1020 (1991). 
[12]N. Tanaka, T. Ohmi and Y. Nakamura, "A novel bipolar imaging device with self-noise reduction capability," IEEE 

Trans. Electron Devices, vol. 36(1) pp. 31-37 (1989). 
[13]J. Nisizawa, T. Tamarnushi and T. Ohmi, "Static induction transistor image sensor," IEEE Trans. Electron Devices, vol. 

26(12), pp. 1970-1977 (1979). 
[14]M. White, D. Lampe, F. Blaha and I. Mack, "Characterization of surface channel CCD image arrays at low light levels," 

IEEE J. Solid-State Circuits, vol. 9, pp. 1-13 (1974). 
[15] S. Mend.is, B. Pain, R. Nixon and E. Fossum, "Design of a Low-Light-Level Image Sensor with On-Chip Sigma-Delta 

Analog-to-Digital Conversion," Proceedings of the SPIE vol. 1900, February 1993. 

SPIE Vol. 2 7 72 I 29 




