
modes allows electronic pan, tilt and zoom to be 
implemented. 

Pixel Circuits 

Pixel circuits can be divided into passive pixels and 
active pixels. The active pixel sensor (APS) contains an 
active amplifier. There are three predominant approaches 
to pixel implementation in CMOS: photodiode-type 
passive pixel, photodiode-type active pixel, and 
photogate-type active pixel. These are described below. 

A. Passive pixel approach 

The photodiode-type passive pixel approach remains 
virtually unchanged since first suggested by Weckler in 
19673,4. The passive pixel concept is shown below in Fig. 
3. It consists of a photodiode and a pass (access) 
transistor. When the access transistor is activated, the 
photodiode is connected to a vertical column bus. The 
charge integrating amplifier (CIA) readout circuit at the 
bottom of the column bus keeps the voltage on the column 

5bus constant . When the photodiode is accessed, the 
voltage on the photodiode is reset to the column bus 
voltage, and the charge, proportional to the photosignal, is 
converted to a voltage by the CIA. The single-transistor 
photodiode passive pixel allows the highest design fill 
factor for a given pixel size or the smallest pixel size for a 
given design fill factor for a particular CMOS process. 
The quantum efficiency of the passive pixel (ratio of 
collected electrons to incident photons) can be quite high 
due to the large fill factor and absence of an overlying 
layer of polysilicon such as that found in many CCDs. 
This passive pixel is the basis for arrays produced by 
EG&G Reticon, Hitachi6

, Matsushita7 and more recently, 
by Edinburgh University and VLSI Vision in Scotland8,9, 
Linkoping University and IVP in Sweden 10,Il,12, and 
Toyohashi Universityl3. 

TX 
--'­

-=ry

: COL BUS 

IIIIiiiI 
Fig. 3. Passive pixel schematic and potential well. When the 
transfer gate TX is pulsed, photogenerated charge integrated on 
the photodiode is shared on the bus capacitance. 

The major problems with the passive pixel are its 
noise level and scalability. Noise on a passive pixel is 
typically of the order of 250 electrons r.m.s., compared to 
commercial CCDs that achieve less than 20 electrons 
r.m.s. of read noise. The passive pixel also does not scale 
well to larger array sizes and or faster pixel readout rates. 
This is because increased bus capacitance and faster 
readout speed both result in higher readout noise. To date, 
passive pixel sensors suffer from large fixed pattern noise, 
though this is not a fundamental problem. 

B. Active pixel approach 

It was quickly recognized, almost as soon as the 
passive pixel was invented, that the insertion of a 
buffer/amplifier into the pixel could potentially improve 
the performance of the pixel. A sensor with an active 
amplifier within each pixel is referred to as an active pixel 
sensor or APS. Since each amplifier is only activated 
during readout, power dissipation is minimal and generally 
less than a CCD. Non-CMOS APS devices have been 
developed that have excellent performance such as the 
charge-modulation devices (CMD)14 but these 
devices 15

,16,17 require a specialized fabrication process. In 
general, APS technology has many potential advantages 
over CCDs 18 but is challenged by residual FPN and less 
maturity than CCDs. 

The CMOS APS trades pixel fill factor for improved 
performance compared to passive pixels using the in-pixel 
amplifier. Pixels are typically designed for a fill factor of 
20-30%, similar to interline-transfer (lLT) CCDs. Loss in 
optical signal is more than compensated by reduction in 
read noise for a net increase in signal to noise ratio and 
dynamic range. Microlenses are commonly employed 
with low fill factor ILT CCDs 19,20 and can recover the lost 
optical signal. The simple, polyimide microlense refracts 
incident radiation from the circuitry region of the pixel to 
the detector region. The microlense can improve optical 
fill factor by 3-fold so that the net optical aperture for the 
detector is 60%-80%. 

C. Photodiode-type APS 

The photodiode-type (PD) APS was described by 
P.Noble in 19685 and has been under investigation by 
F.Andoh at NHK in Japan since the late 1980'S21,22,23 in 
collaboration with Olympus, and later, Mitsubishi Electric. 
A diagram of the PD-APS is shown below in Fig. 4. 

VDD 

COL BUS 

Fig. 4. A photodiode-type active pixel sensor (APS). The 
voltage on the photodiode is buffered by a source follower to the 
column bus, selected by RS-row select. The photodiode is reset 
by transistor RST. 

The first high-performance PD-APS was 
demonstrated by JPL in 1995 in a l28xl28 element array 
that had on-chip timing, control, correlated double 
sampling and fixed pattern noise suppression circuitryN. 
Arrays as large as 1024x 1024 have been developed by a 
JPLIAT&T collaboration25 . A 640x480 ?D-APS with 
5.6 /lm x 5.6 ~m pixels and on-chip color filter arrays and 
microlenses was described by Toshiba in 199726

, and a 
800x 1000 element PD-APS was reported by VLSI Vision 
also 199727 

. 
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power for video-rates. Oversampled ADCs require 
significant chip area when implemented in column-parallel 

fonnats66 
. A successive approximation ADC has a good 

compromise of power, bit resolution, and chip area. On­

chip ADC enables on-chip DSP for sensor control and 

compression preprocessing. 

Conclusions 

CMOS image sensors are well-poised to both penetrate 
many traditional CCD markets as well as enable new 

applications. The low system power enables new portable 

applications, and the low system cost enables semi­

disposable applications. Rapid advancement is expected 

over the next few years. 

Acknowledgments 

The author would like to thank his fonner colleagues at 
the Jet Propulsion Laboratory and his present colleagues at 

Photobit for their assistance and support in the preparation 

of this manuscript. 

References 

'E.R. Fossum, "CMOS image sensors: electronic camera on a 
chip," Tech. Dig. of IEEE International Electron Devices 
Meeting, pp. 17-25, Dec. 1995.
2 .. 
R.H Nixon, S.E. Kemeny, B. Pain, C.O. Staller and E.R. 

Fossum, "256x256 CMOS active pixel sensor camera-on-a­
chip,"IEEE J. Solid-State Circuits, vol. 31(12) pp. 2046-2050 
(1996). 
3 G. P. Weckler, "Operation of p-n junction photodetectors in a 
photon flux integration mode," IEEE 1. Solid-State Circuits, vol. 
SC-2, pp. 65-73 (1967). 
4R. Dyck and G. Weckler, "Integrated arrays of silicon 
photodetectors for image sensing," IEEE Trans. Electron Dev. 
vol. ED-15(4), pp. 196-201 (1968). 
sp. Noble, "Self-scanned silicon image detector arrays," IEEE 
Trans. Electron Dev. vol. ED-15(4), pp. 202-209 (1968). 
6S. Ohba, et aI., "MaS area sensor: part II - low noise MaS area 
sensor with anti-blooming photodiodes," IEEE Trans. Electron 
Dev. vol. EO-27(8), pp. 1682-1687 (1980). 
1K. Senda, S. Terakawa, Y. Hiroshima, T. Kunii, "Analysis of 
charge-priming transfer efficiency in CPD image sensors," IEEE 
Trans. Electron Dev. vol. ED-31(9) pp. 1324-1328 (1984). 
80. Renshaw, P. Denyer, G. Wang, and M. Lu, "ASIC image 
sensors," Proc. IEEE ISCAS pp. 3038-3041 (1990). 
9p. Denyer, O. Renshaw, G. Wang, and M. Lu, "CMOS image 
sensors for multimedia applications," IEEE Proc. CICC. pp. 
11.5.1-11.5.4 (1993). 
10K. Chen, M. Afghahi, P. Danie1sson, and C. Svensson, 
"PASIC - A Processor-AID converter sensor integrated circuit," 
IEEE ISCAS, pp. 1705-1708 (1990). 
11R. Forchheimer, P. Ingelhag, and C. Jansson, "MAPP2200: a 
second generation smart optical sensor," Proc. of SPIE vol. 1659 
Image Processing and Interchange, pp. 2-11 (1992). 
12c. Jansson, O. lngelhag, C. Svensson, and R. Forchheimer, 
"An addressable 256x256 photodiode image sensor array with 
an 8-bit digital output," Analog Integrated Circuits and Signal 
Processing, vol. 4, pp. 37-49 (1993). 
13S. Kawahito, M. Yoshida, M. Sasaki, K. Umehara, Y. 
Tadokara, K. Murata, S. Doushou, and A. Matsuzawa, "A 
compressed digital output CMOS image sensor wHh analog 2-D 

OCT processors and ADC quantizer," IEEE ISSCC Tech. Dig.
 
pp. 184-185 (1997).
 
~4K. Matsumoto, et ai., "A new MaS phototransistor operating
 
In a non-destructive readout mode," Jpn 1. Appl. Phys., vol.
 
24(5) pp. L323-L325 (1985).
 
15 A. Yusa, et aI., "SIT image sensor: design considerations and
 
characteristics," IEEE Trans. Electron Dev., vol. ED-33(6) pp.
 
735-742 (1986).
 
I~. Tanaka, et aI., "A 310 pixel bipolar imager (BASIS)," IEEE
 
Trans. Electron Oev., vol. ED-37(4) pp. 964-971 (1990).
 
17J. Hynecelc, "A new device architecture suitable for high
 
resolution and high performance image sensors," IEEE Trans.
 
Electron Dev. vol. EO-35(3) pp. 646-652 (1988).
 
18E R F ossum, "A" sensors -- are CCDs dinosaurs?,"
 . . ctlve plxe I 
in CCO's and Optical Sensors III, Proc. SPIE vol. 1900, pp. 2­
14, (1993). 
19y. Ishihara and K. Tanigaki, "A high sensitivity IL-CCD 
image sensor with monolithic resin lens array," IEEE IEDM 
Tech. Dig. pp. 497-500 (1983). 
20y' Sano, 1. Nomura, H. Aoki, S. Terakawa, H. Kodama, T. 
Aoki, and Y. Hiroshima, "Submicron spaced lens array process 
technology for a high photosensitivity CCD image sensor," 
IEEE IEDM Tech. Dig. pp. 283-286 (1990). 
21F. Andoh, K. Taketoshi, J. Yamazaki, M. Sugawara, Y. Fujita, 
K. Mitani, Y. Matuzawa, K. Miyata, and S. Araki, "A 250,000
 
pixel image sensor with FET amplification at each pixel for high
 
speed television cameras," IEEE ISSCC Tech. Dig. pp. 212-213
 
(1990).
 
22H. Kawashima, F. Andoh, N. Murata, K. Tanaka, M.
 
Yamawaki, and K. Taketoshi, "A 1/4 inch format 250,000 pixel
 
amplifier MaS iamge sensor using CMOS process," IEEE
 
IEOM Tech. Dig. pp. 575-578 (1993).
 
23M. Sugawara, H. Kawashima, F. Andoh, N. Murata, Y. Fujita,
 
and M. Yamawaki, "An amplified MOS imager suited for image
 
processing," IEEE ISSCC Tech. Dig. pp. 228-229 (1994).
 
24R.H. Nixon, S.E. Kemeny, C.O. Staller, and E.R. Fossum,
 
"128x 128 CMOS photodiode-type active pixel sensor with on­

chip timing, control and signal chain electronics," in Charge­

Coupled Devices and Solid-State Optical Sensors V, Proc. SPIE
 
vol. 2415, pp. 117-123 (1995).
 
2S A. Dickinson, B. Ackland, D. Inglis, P. Jones, and E.R.
 
Fossum, unpublished.
 
26E. Oba, K. Mabuchi, Y. Iida, N. Nakamura, and H. Miura, "A
 
Y..-inch 330k square pixel progressive scan CMOS active pixel
 
Image sensor," 1997 IEEE International Solid State Circuits
 
Conference, Digest of Technical Papers, pp. 180-181, San
 
Francisco CA, February 1997.
 
27p. Denyer, J.E. Hurwitz, OJ. Baxter, and G. Townsend, "800k­

pixel CMOS sensor for consumer still cameras," to appear in
 
Proc. SPIE vol. 3019, paper 12, Solid-State Sensor Arrays:
 
Development and Applications, 1997.
 
28M. Kyomasu, "New MaS imager using photodiode as current
 
source," IEEE 1. Solid-State Circuits, vol. 26(8) pp. 1116-1122
 
(1991 ).

290. Yadin-Pecht, R. Ginosar, and Y. Diamand, "A random
 
access pholOdiode array for intelligent image capture," IEEE.
 
Trans. Electron Dev. vol. 38(8) pp. 1772-1780 (1991).
 
30e. Aw and B. Wooley, "A l28x128 pixel standard CMOS
 
image sensor with electronic shutter," IEEE J. Solid-State
 
Circuits, vol. SC-31(12) pp. 1922-1930 (1996).
 
JIO. Yadid-Pecht, B. Pain, C. Staller. e. Clark. and E.R.
 
Fossum, "CMOS active pixel sensor star tracker with regional
 
electronic shutter," JEEE 1. Solid-State Circuits, vol. 32(2) pp.
 
285-288 (1997).
 
32B. Pain and E.R. Fossum, unpublished.
 

/997 International Symposium on VLSI Technology. Systems. and Applications (Invited) Taipei, Taiwan June 3-5 8/.5 



3JR. D. McGrath, V. Clark, P. Duane, L. Mcilrath, and W. 
Washkurak, "Current-mediated, current -reset 768x512 active 
pixel sensor array" 1997 IEEE International Solid State Circuits 
Conference, Digest of Technical Papers, pp. 182-183, San 
Francisco CA, February 1997.
340. Yadid-Pecht, B. Pain, B. Mansoorian, and E.R. Fossum,
 
"Optimization of active pixel sensor noise and responsivity for
 
scientific applications," to appear in Solid-State Sensor Arrays:
 
Development and Applications, Proc. SPIE vol. 3019, paper 30,
 
1997.
 
35 S. Mendis, S. Kemeny and E.R. Fossum, "A 128xl28 CMOS
 
active pixel image sensor for highly integrated imaging
 
systems,"IEEE IEDM Tech. Dig., pp. 583-586, (1993).
 
36S.Mendis, S.E. Kemeny and E.R. Fossum, "CMOS active pixel
 
image sensor," IEEE Trans. Electron Devices, vol. 41(3), pp.
 
452-453 (1994).
 
J7S.K. Mendis, S.E. Kemeny, R.C. Gee, B. Pain, Q. Kim, and
 
E.R. Fossum, "CMOS active pixel image sensors for highly 
integrated imaging systems," IEEE J. Solid-State Circuits, vol. 
32(2) pp. 187-197 (1997). 
38 S. Mendis, S.E. Kemeny, R. Gee, B. Pain, and E.R. Fossum, 
"Progress in CMOS active pixel image sensors," in Charge­
Coupled Devices and Solid State Optical Sensors IV, Proc. SPIE 
vol. 2172, pp. 19-29 (1994). 
39 E.R. Fossum, unpublished. 
40 S.G. Chamberlain and J. Lee, "A novel wide dynamic range 
si licon photodetector and linear imaging array," Proc. IEEE 
Custom Integrated Circuits conference, pp. 441-445 (1983). 
41c. Mead, "A sensitive electronic photoreceptor," 1985 Chapel 
Hill Conference on VLSI, pp. 463-471 (1985). 
42J. Mann, "Implementing early visual processing in analog 
VSLI: ~ight adaptation," in Visual information processing: from 
neurons to chips, Proc. SPIE vol. 1473 pp. 128-132 (1991). 
43 N. Ricquier and B. Dierickx, "Pixel structure with logarithmic 
response for intelligent and flexible imager architectures," 
Microelectronic Engineering, vol. 19, pp. 631-634 (1992). 
44N. Ricquier and B. Dierickx, "Active pixel CMOS image 
sensor with on-chip non-uniformity correction," 1995 IEEE 
Workshop on CCDs and Advanced Image Sensors, Dana Point, 
CA, April 20-22 1995. 
45P.Lee, R. Gee, M. Guidash, T.Lee, and E.R. Fossum, "An 
active pixel sensor fabricated using CMOS/CCD process 
technology," 1995 IEEE Workshop on CCDs and Advanced 
Image Sensors, Dana Point, CA, April 20-22 1995. 
46S. Mendis, B. Pain, R. Nixon, and E.R. Fossum, "Design of a 
low-light-level image sensor with an on-chip sigma-delta 
analog-to-digital conversion,"' in CCD's and Optical Sensors III, 
Proc. SPIE vol. 1900, pp. 31-39 (1993) 
47J. Nakamura, S.E. Kemeny and E.R. Fossum, "A CMOS active 
pixel image sensor with simple floating gate pixels," IEEE 
Trans. Electron Dev. vol. ED-42(9) pp. 1693-1694 (1995). 
48c.H. Koch, H. Li (Eds), Vision Chips: Implementing Vision 
Algorithms with Analog VLSI Circuits, IEEE Computer Press. 
1995.
 
4'1'. Wong, "Technology and scaling considerations for CMOS
 
imagers," IEEE Trans. Electron Devices, vol. 43(12) pp. 2131­

2142 (1996).
 
50J. Nakamura and E.R. Fossum, "Design of an image sensor
 
using a neuron MOSFET with image smoothing capability," in
 
Charge-Coupled Devices and Solid State Optical Sensors IV.
 
Proc. SPIE vol. 2172, pp. 30-37 (1994).
 
51A. Dickinson. B. Ackland, E-S. Eid, D. Inglis and E.R.
 
Fossum, "A 256x256 CMOS active pixel image sensor with
 
motion detection", 1995 IEEE International Solid State Circuits
 

Conference, Digest of Technical Papers, pp. 226-227, San 
Francisco CA, February 1995. 
52Z. Zhou, S.E. Kemeny, B. Pain, R.C. Gee, and E.R. Fossum, 
"A CMOS active pixel sensor with amplification and reduced 
fixed pattern noise," 1995 IEEE Workshop on CCDs and 
Advanced Image Sensors, Dana Point, CA, April 20-22 1995. 
53S. E. Kemeny, B. Pain, R. Panicacci, L. Matthies, and E.R. 
Fossum, "CMOS active pixel sensor array with programmable 
multiresolution readout," 1995 IEEE Workshop on CCDs and 
Advanced Image Sensors, Dana Point, CA, April 20-22 1995. 
54 K. Aizawa, H. Ohno, Y. Egi, T. Hamamoto, M. Hatori, and 1. 
Yamazaki, "On sensor video compression," 1995 IEEE 
Workshop on CCDs and Advanced Image Sensors, Dana Point, 
CA, April 20-22 1995. 
55v. Brajovic and T. Kanade, "New massively parallel technique 
for global operations in embedded imagers," 1995 tEEE 
Workshop on CCDs and Advanced Image Sensors, Dana Point, 
CA, April 20-22 1995. 
56J. Kramer, P. Sietz, and H. Baltes. "Industrial CMOS 
technology for the integration of optical metrology systems 
(photo-ASICs)," Sensors and Actuators, vol. A34, pp. 21-30 
( 1992). 
57R. Miyagawa and T. Kanade, "Integration-time based 
computational sensors," 1995 IEEE Workshop on CCDs and 
Advanced Image Sensors, Dana Point, CA, April 20-22 1995. 
58A. Dickinson, S. Mendis, D. Inglis, K. Azadet, and E.R. 
Fossum, "CMOS digital camera with parallel analog to digital 
conversion architecture," in Program of 1995 IEEE Workshop 
on CCDs and Advanced Image Sensors, Dana Point, CA, April 
20-22 1995. 
59U. Ringh, C. Jansson, and K. Liddiard, "Readout concept 
employing novel on-chip 16 bit ADC for smart IR focal plane 
arrays," Infrared Readout Electronics III, Proc. SPIE vol. 2745, 
pp. 99-109 (1996). 
6oM. Dahlin, et aI., "Development of high speed IR sensor chip 
technologies," in Infrared Readout Electronics III, Proc. SPIE 
vol. 2745, pp. 22-39 (1996). 
61Z. Zhou, B. Pain, R. Panicacci, B. Mansoorian, J. Nakamura, 
and E.R. Fossum, "On-focal-plane ADC; recent progress at 
JPL," Infrared Readout Electronics III, Proc. SPIE vol. 2745, 
pp. 111-122 (1996). 
62B. Pain, E. R. Fossum, "Approaches and analysis for on-focal­
plane analog-to-digital conversion," Infrared Readout 
Electronics II, Proc. of SPIE, vol. 2226, pp. 208-218 (1994). 
63W. Mandl, 1. Kennedy, and M. Chu, "MOSAD IR focal plane 
per pixel AID development," Infrared Readout Electronics III, 
Proc. SPIE vol. 2745, pp. 90-98 (1996). 
64B. Fowler, A. Gamal, and D. Yang, "A CMOS area image 
sensor with pixel-level AID conversion, IEEE ISSCC Tech. 
Dig., pp. 226-227 (1994). 
65B. Pain and E.R. Fossum, "Design and operation of self-biased 
high-gain amplifier arrays for photon-counting sensors, in 
Infrared Readout Electronics III, Proc. SPIE vol. 2745, pp. 69­
77 (1996). 
66 S. Mendis, B. Pain, R. Nixon, and E. R. Fossum, "Design ofa 
low-light-level image sensor with an on-chip sigma-delta 
analog-to-digital conversion," Proceedings of SPIE, vol. 1900, 
pp. 31-39, CCD's and Optical Sensors III. 1993. 

1997 International Symposium on VLSI Teci·"olog)!. Systems. and Applications (Invited) Taipei. Taiwan June 3-5 81.6 


