
ATTHEEDGEATURAL 
CAMERA ON A CHIP CIENCE 

Imaging by Film or by Chip?
 
Chemical photography, in use 
for more than 130 years, 
involves basic operations that 
nearly everyone understands. 
Film is loaded into a camera. A 
shutter on the camera is acti­
vated, allowing light focused by 
a lens to fall on one frame of a 
roll offilm for a very short peri­
od. A typical roll offilm permits 
24 exposures, after which the 
roll is developed in a two-step 
chemical process that produces 
first a negative image and then 
paper prints that can be han­
dled, archived in a picture 
album, or hung on your refrig­
erator door. With automated 
film processors, the time from 
exposure to the finished print 
can easily be under one hour. 
For a slightly higher cost per 
picture and with somewhat 
lower photographic quality, 
"instant" photographic film can 
be used to reduce the time from 
exposure to finished print to 

journalists, insurance adjusters, 
medical trauma teams, realtors, 
and many others who can bene­
fit from being able to use a simple 
phone line to transmit the image 
to a distant location for viewing, 
printout, archiving, or processing. 
Images can be stored on diskettes 
or in flash memory cards. 

Camera on a chip 

In 1993, the JPL reported a new 
solid-state imaging technology 
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only a minute or two. 
The benefits of film-based 

image capture are its high res­
olution, portability, maturity, 
relatively low cost, and tangi­
bility-you can physically see 
and touch the captured image. 

However, the disadvan­
tages of chemical film when 
compared to electronic image 
capture systems are growing. 
Chief among these is the nec­
essarily long time between 
exposing the film and viewing 
the captured image. Itwould be 
convenient to be able to view a 
captured image instantaneous­
ly to ascertain if the exposure 
and scene were properly cap­
tured. For example, in studio 
photography, did someone 
blink? What amateur photog­
rapher hasn't felt that great 
disappointment when the photo 
opportunity of a lifetime dis­
solves as the prints come back 
from the photo lab. 

called the CMOS active pixel sen­
sor, or APS, which maintains the 
high performance of a CCD and 
also permits a second-generation 
revolution in miniaturization. 
(CMOS, complementary metal 
oxide semiconductor, is the name 
ofone of several types ofprocess­
es for making integrated semi­
conductor circuits.) 

Despite the great advances of 
electronic image capture using 
CCDs, more improvement in sys­
tem functionality is desired. For 

Another disadvantage of 
chemical film is the relative 
inability to manipulate the 
image's appearance. Contrast 
enhancement, color balancing, 
and graphical manipulation of 
images are only a few of the 
many tools readily available for 
use with electronically captured 
images, but they are very diffi­
cult to affordably accomplish by 
nonelectronic means. 

A third and growing disad­
vantage of chemical film is the 
potential environmental dam­
age caused during the creation, 
use, and disposal of chemical 
products necessary for film pro­
cessing. Electronic image cap­
ture, in contrast, permits 
instant feedback on captured 
image quality, enables the use 
of digital computer-based 
manipulation of image data, 
and is more environment 
friendly. 
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example, lower power is desired 
to prolong battery life in portable 
applications. A typical CCD imag­
ing system requires 5-10 watts to 
operate. Camcorder batteries last 
only an hour due to the high 
power drain. It is also desirable 
to shrink the size of camera elec­
tronics so very small cameras can 
be built, with consequent reduc­
tions in the power and size ofthe 
camera. Lighter-weight cameras 
are desired for many applications, 
particularly in space missions, 



where the weight of a remote 
sensing instrument may signifi­
cantly affect the cost of a launch 
vehicle. Hence, in the 1990s, JPL 
began the development of a sec­
ond-generation solid-state image 
sensor that could greatly reduce 
the cost, weight, and size ofimag­
ing instruments. 

To miniaturize instrument 
imaging systems, it is necessary 
to reduce the number of discrete 
electronic components. This can 
be achieved by using very large 
scale integration (VLSI) to inte­
grate all electronic components 
onto a single chip. However, the 
highly specialized CCD fabrica­
tion process is not well suited for 
also manufacturing conventional 
electronic components, which are 
typically made by the CMOS pro­
cess and operate at lower voltages 
than CCDs. Several groups in the 
United Kingdom, Sweden, and 
Japan have explored the use of 
CMOS for implementation of 
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image sensors, but the perfor­
mance of the sensors has fallen 
far short of the excellent perfor­
mance of the CCD. 

The CCD amplifier is one of 
the reasons the CCD performs so 
well. However, a major drawback 
of the CCD design is that it 
requires all the packets of elec­
trons from all of the pixels to be 
transported to that single ampli­
fier with a near-perfect efficiency 
that cannot be realized by the 
widely used and well-developed 
CMOS process. 

If the amplifier could be 

• Above: The active pixel image 
sensor, as shown, has simple input 
(power, digital commands, and a 
single master clock signal) and 
simple output (image data). It 
achieves this by integrating support 
electronics (labeled "timing and 
control" and "signal chain") on the 
chip together with the "pixel array." 
Left: An enlargement of the pixel 
array shows approximately 16 pixels, 
each containing a photosensitive 
region (blue) and readout circuitry. 
The pixels are connected by routing 
lines carrying power, control, and 
output. Four pixels are about as wicile 
as the diameter of a human hair. 

brought to the pixel instead of 
the electrons being brought to 
the amplifier, reasoned the team 
at JPL, the need for perfect 
transfer efficiency would be elim­
inated. The very small feature 
sizes available from state-of-the­
art CMOS chip manufacturers 
allow the insertion of amplifier 
circuitry into the pixel without 
much impact on pixel size. Such 
a sensor with an amplifier in 
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Relative Response of the Human Eye and a Silicon Detector 
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• Silicon detectors, such as CCDs 
and APS integrated circuits, are 
sensitive to "light" that is far beyond 
the range of human vision, 
especially in the infrared regions. 

each pixel is called an active 
pixel sensor. In the Jet Propul­
sion Lab's CMOS APS, the best 
features of the CCD and CMOS 
image sensors are combined. 
Photogenerated charge is col­
lected just as it is in a CCD. 
However, for readout, the charge 

is transferred only once to the 
output amplifier in the pixel. To 
save power, the output amplifi­
er in each pixel is turned on only 
during readout. 

Performance of the CMOS 
APS has been steadily improving 
over the two years since its inven­
tion. An early concern was the 
uniformity of such a large num­
ber of amplifiers, but uniformity 
competitive with CCDs (about 1 
percent) has been achieved in 
recent arrays. Extremely low 

power dissipation (lower than 10 
milliwatts) has been achieved at 
30 hertz operation, compared to 
5,000 milliwatts for a CCD sys­
tem. This means that tiny watch 
batteries can power a CMOS APS 
camera. 

To realize a camera on a chip, 
functions beyond detection and 
readout are required. All timing 
and control signals to operate the 
sensor, as well as the analog-to­
digital converter (ADC), must be 
realized by circuits integrated on 
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Our children will inherit a world 
where the limitations of four walls 
dissolve into a worldwide network 
of remote eyes. 

the same chip. Although 
it would be possible to 
integrate onto the imag­
ing array a single conven­
tional ADC circuit that 
would sequentially digi­
tize the signals from all 
the pixels, to reduce the 
chip's power consumption, 
the JPL architecture uses 
one tiny ADC circuit for 
each column of pixels. By 
increasing the number of 
ADC circuits handling the pixel 
outputs, this design decreases the 
operating rate of a single ADC, 
with the net effect of substantial­
ly reducing the chip's power dis­
sipation. 

Single-chip APS electronic 
cameras have already been devel­
oped and are expected to enter 
the commercial market by 1997. 
A single-chip, high-performance, 
low-power electronic image cap­
ture system enables many new 
applications that were previously 
impractical. The camera on a chip 
technology will result in low-end 
cameras that cost between $10 
and $30. These cameras will be 
virtually disposable and will be 
suitable for applications such as 
rear bumpers on cars, children's 
toys, and home security. Higher­
end cameras suitable for digital 
still photography will also incor­
porate APS technology. 

In addition to making cam­

• Mockup of the camera that the JPL 
Digital Imaging Camera Experiment 
aims to achieve in 1997 using the 
active pixel sensor chip. Similar low­
power, low-cost cameras are likely to 
find widespread consumer 
applications ranging from PC video 
conferencing to traffic surveillance 
to applications not yet imagined. 

eras smaller, cheaper, and lighter 
weight, new types of "smart" 
functions can be incorporated into 
cameras for machine vision appli­
cations. For example, a multires­
olution camera on a chip has been 
developed by JPL that will allow 
computers to "see" the world in a 
continuously variable resolution. 
This will dramatically reduce the 
amount of computation required 
to allow a robotically driven car 
to maneuver. Sensors that track 
stars for satellite navigation will 
be able to see both dim and bright 
stars simultaneously without 
overloading the sensor using a 

random-access camera on 
a chip. Security systems 
that can sense motion and 
automatically take a 
snapshot or short video 
clip of the intruder can 
also be easily envisioned. 

A network of remote
 
eyes
 

Where will this all lead? 
Our children will inherit 

a world where the limitations of 
four walls dissolve into a world­
wide network of remote eyes, 
accessible from their favorite 
armchair. Gone too will be the 
traditional privacies ofwalls and 
distance. 

New ethical questions re­
garding the viewing public's right 
to see all and be everywhere 
through the new telepresence 
need to be debated and decided. 
Concerns over "big brother's" abil­
ity to visually penetrate our per­
sonal lives need to be balanced 
with humans' seemingly insa­
tiable appetite for visual stimu­
lation and new information.• 

Eric R. Fossum is a senior research sci­
entist at the Jet Propulsion Laboratory 
in Pasadena, California, and leads the 
team developing the CMOS active pixel 
sensor technology. Sabrina Kemeny, a 
former member of the team, is the CEO 
of Photobit, a new company commer­
cializing the CMOS APS technology. 
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