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Introduction
The proliferation of the next generation
of imaging systems has been greatly ac-
celerated by the implementation of Com-
plimentary Metal Oxide Semiconductor
(CMOS) imagers.   These devices are fab-
ricated right alongside chips for modems,
fax engines, cellular phones and micro-
processors.  And, with these economies
of scale come subsequent cost reductions.
Ever since imager chip designs have im-
proved and design rules have shrunk to
sub-micron levels resulting in increased
functionality within the pixel site, the
image quality of CMOS imagers can now
compete with CCDs.  CMOS imagers are,
practically, more of an imaging system
rather than just a sensor.  A CMOS im-
ager typically consists of an imaging core
(similar to a CCD in that discrete signal
levels are multiplexed to a single output),
all of the timing logic, usually requiring
only a single clock for operation, on-chip
programmability of features such as gain,
integration time, and windowing, and an
Analog to Digital Converter.  Indeed,
when a designer purchases a CMOS im-
ager, its not like buying an
ECL NAND gate or a TTL
SRAM, but an entire sys-
tem consisting of an imag-
ing array, logic registers,
memory, timing genera-
tors, and an ADC.  Imag-
ing system integration on a
chip not only has the ad-
vantage of lower power dis-
sipation but also a smaller
BOM, less required space,
and overall lower cost com-
pared to a conventional
CCD imaging system.

Charge coupled device technology
background
Since the early 1970’s, Solid State
imaging systems have primarily been
utilizing Charge Couple Device
(CCD) technology for the imaging
component.  CCDs use the inherent
photoresponsiveness of silicon to convert
incident photons into electrons.  Implants
in the silicon and voltage biases on
polysilicon gates confine the generated
electrons to discrete packets.  These gates
are then sequentially clocked and the in-
dividual packets of charge in each pixel
eventually travel to an output amplifier.
In an imaging 2-D array this is usually
accomplished by keeping columns sepa-
rate by an implant and transferring each
row of data into a serial multiplexer.  Once
the serial multiplexer transfers a line of
data to the output amplifier the next row
is transferred into the serial multiplexer.
The output amplifier proportionally con-
verts the electrons into an output voltage.
A CCD is an analog device.  The clocks
required to clock the gates often have rail
voltages of various levels such as +4, -8,

-12, etc. and the output amplifier has it’s
own set of “non-standard” DC bias lev-
els.  This architecture helps explain some
of the advantages and disadvantages of
CCDs as imaging devices.  Because each
charge packet is separated by implants
and gate voltages, an excess amount of
charge can spill over to adjacent poten-
tial wells.  This effect is seen as bloom-
ing and takes place in the column direc-
tion.  Also, the transfer of charge is not
perfect.  A small amount is left behind
during every transfer.

On large arrays at high clock speeds
this becomes noticeable and can show up
as a smearing of the image.  Since every
charge packet is transferred to the same
output amplifier the global uniformity of
the image is very good, meaning the fixed
pattern noise is quite low.  It also means
that this one amplifier must have all of
the device gain and a very high band-
width, allowing for a high white noise
because every pixel in the array must be
amplified within a single frame time.
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Diagram 1. CMOS offers high system integration.
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CMOS imager technology
fundamentals
CMOS imagers on the other hand, have
an amplifier within each pixel site.  This
converts the discrete charge packets into
a voltage at a much lower bandwidth,
needing to reset only at the frame rate.
Because of this lower bandwidth the sig-
nal to noise ratio is increased which is an
advantage of CMOS imagers.  Early
CMOS imagers, due to larger process
geometries than today, did not have this
amplifier within the pixel site.  This tech-
nology, known as Passive Pixel Sensor
(PPS), had poor noise performance and
was responsible for the early criticism of
CMOS imagers.

But today, with the decreased process

geometries, increased pixel complexity is
possible.  Additional features can be
added within the pixel site including elec-
tronic shutter, Trans-impedance amplifi-
ers, and sample-and-hold circuitry to de-
crease fixed pattern noise.  Indeed, at
CONEXANT, on an advanced CMOS
imager design with six transistors per
pixel, read noise levels of one electron
have been measured.  The increased
amount of circuitry within the pixel has
reduced the area available for the light sen-
sitive diode.  The decrease in this ratio

(a.k.a. fill factor) has been obviated by the
use of micro-lenses; tiny lenses fabricated
on each pixel site which re-directs the in-
cident illumination that would have other-
wise fallen on interconnects or transistors
back to the photo sensitive diode area.

An additional advantage of CMOS
imagers is the inherent anti-blooming
since the charge is contained within the
pixel site.  The voltage that is generated
within the pixel site is switched first onto
a column buffer and then to the output
amplifier.  Since the voltage is switched
directly to the output amplifier there is
no loss of charge during transfer and sub-
sequently no image smearing.  The draw-
back is that each
amplifier in ev-
ery pixel has
slight differences
in threshold volt-
age creating off-
sets that result in
fixed pattern
noise.  As de-
signs and pro-
cesses improve
this effect has
d r a m a t i c a l l y
been reduced.

Due to this
functional inte-
gration, many
imaging applica-
tions are now

feasible that
would not have
been practical in
times past.
Children’s toys,
more discrete se-
curity cameras,
cameras embed-
ded in monitors
and laptop com-
puter displays,
cellular tele-
phone cameras,
fingerprint rec-
ognition systems,
and even dispos-

able cameras in medical imaging are all
are on some designer’s drafting board.

Imaging system design considerations
However, there remains in this industry a
general concern regarding the lack of
standards in measurements, specifica-
tions, array sizes and characteristics.  The
reason is simple: each company has it’s
own strengths and weaknesses.  So, in
comparing data sheets, an engineer may
find one giving data on read noise or sig-
nal to noise ratio at low light levels

whereas another data sheet may empha-
size dynamic range or full well capacity.
The designer’s challenge is, therefore to
determine which parameters are most
critical for their application and take ad-
vantage of the vast “array” of CMOS
imagers available.  The successful de-
signer will find the right imager that pro-
duces great image quality for their appli-
cation at a low system cost.

A few of the critical device charac-
teristics to be concerned about with any
imager are signal to noise ratio, dynamic
range, noise, optical format, and voltage
requirements.  Important parameters to
know and compare are full well capacity,

read noise at your operating conditions,
quantum efficiency, and dark current.
Other parameters, like signal to noise ra-
tio (SNR), are derived from those basic
measurements.

For low-light level applications, such
as security cameras, read noise and quan-
tum efficiency are most important.  In
moderate to high light level applications,
such as outdoor photography, a large full
well capacity is more important.

The most misunderstood and often
misquoted parameters are dynamic range
and signal to noise ratio.  Dynamic range
is the full well capacity divided by the
lowest measurable read noise.  It may be
misleading because often times the read
noise is not measured at the typical oper-
ating speed and often does not take dark
current shot noise into account.  Signal
to noise ratio (SNR) depends upon the
incident light level (at very low light lev-
els the noise may actually be larger than
the signal).  SNR should take into account
all noise sources.  Some data sheets ig-
nore shot noise, which is the dominant
noise source at moderate to high signal
levels.  Instead SNR

DARK
 is specified,

which is really nothing more than dy-

Diagram 3. CMOS imager design structure

Diagram 4. Noise level to be competitive with CCDs.

Diagram 2. CCD Array.
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namic range.  Another confusing spec is
digital SNR or dynamic range, which is
only the characteristic of the A/D con-
verter.  This may be important, but does
not accurately describe image quality.
Also keep in mind the A/D resolution may
not necessarily limit imager dynamic
range if the imager has multiple analog
gain settings.

Optical format also confuses many

because its legacy has generated an un-
usual definition.  From the days of vidi-
con tubes where only part of the area pro-
duced useful imagery, the calculation in-
cludes swapping units and rounding up.
By taking the diagonal dimension of the
imager in millimeters and dividing by six-
teen, you have the optical format in
inches.  However, if your answer is 0.38
your format is not 1/3 inch, its 1/2 inch.
This is where the rounding up occurs.  If
you specify a 1/3 inch lens for such an
imager, you could suffer from image vi-
gnetting (shadowing) in the corners.  Data
sheets sometimes cheat on this by round-
ing down, taking that 0.38 inch format
and calling it 1/3 inch, for example.  The
reason is simple, 1/3 inch optics cost less
than 1/2 inch optics but it may hurt sys-
tem performance.  The designer should
perform the calculation and try various
optics to get desirable performance.

A great advantage of CMOS imagers
is the requirement for only a single volt-
age to power the device but the designer
should still take care in laying out the
board to power the chip.  As common
practice dictates, digital and analog volt-
ages should remain as separate as pos-
sible to prevent unwanted crosstalk and,
as with all good board layout, grounding
and shielding are very important.  Even
though the imager is a CMOS device with
standard voltages for the I/O, the real in-
put signal of interest (photons) is quite
small and can be susceptible to noise.

For the designer this is an exciting and
challenging time.  It is up to the manu-
facturer to define exactly what their im-
aging system is supposed to do and who

the target customer is.  If the customer is
the school system with established sys-
tems with Windows ’95 you better make
sure your imaging system does not re-
quire Win ’98.  If the goal is to capture
and store many low-resolution images,
don’t specify a high-resolution imager
that will provide excellent image quality
but will produce more data than can be
stored.  There are also many non-stan-

dard interfaces.  There are currently sev-
eral types of removable memory media
for digital still cameras, including
PCMCIA, Toshiba flash and even floppy
disk.  The most important thing is to get
samples and spend up-front time evalu-
ating performance in the environment that
the product will operate in.

Potential applications
Arising from all of these CMOS imager
benefits is a vast number of potential ap-
plications.

A new cellular telephone standard
being implemented within the next couple
of years will have sufficient bandwidth
to send images along with sound.  Most
all phone manufacturers are planning on
implementing imagers into telephones;
first addressing the insurance and realtor
markets and then for everyday use.  More
and more toys will be implementing im-
agers.  These will likely be of low-reso-
lution format to keep data amounts small
and will interface to television.  The in-
dustrial and medical imaging markets will
increase in size due to the lower cost of
imaging and the decreased cost of image
storage and processing.  Of course, the
traditional imaging markets of digital still
cameras and video cameras will remain
strong.  It is even possible to integrate the
entire camera on a chip, where only an
oscillator and power supply would be re-
quired with complete video (digital or
analog) out of the chip.  The only reason
that has not been marketed yet is due to
its limited market potential due to such
specialization.  All imager manufactur-
ers at this time are concentrating on pro-

Diagram 5. CONEXANT’s USB Camera Module.

ducing imagers that address a variety of
applications.
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