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CCDs
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Introduction Charge coupled device technology -12, etc. and the output amplifier has it's
The proliferation of the next generationbackground own set of “non-standard” DC bias lev-
of imaging systems has been greatly acSince the early 1970’s, Solid Stateels. This architecture helps explain some
celerated by the implementation of Com-imaging systems have primarily beenof the advantages and disadvantages of
plimentary Metal Oxide Semiconductor utilizing Charge Couple Device CCDs asimaging devices. Because each
(CMOS) imagers. These devices are fablCCD) technology for the imaging charge packet is separated by implants
ricated right alongside chips for modemscomponent. CCDs use the inherentaind gate voltages, an excess amount of
fax engines, cellular phones and microphotoresponsiveness of silicon to convertharge can spill over to adjacent poten-
processors. And, with these economie#cident photons into electrons. Implantgtial wells. This effect is seen as bloom-
of scale come subsequent cost reductionm the silicon and voltage biases oning and takes place in the column direc-
Ever since imager chip designs have impolysilicon gates confine the generatedion. Also, the transfer of charge is not
proved and design rules have shrunk telectrons to discrete packets. These gatgerfect. A small amount is left behind
sub-micron levels resulting in increasedare then sequentially clocked and the ineluring every transfer.

functionality within the pixel site, the dividual packets of charge in each pixel On large arrays at high clock speeds
image quality of CMOS imagers can noweventually travel to an output amplifier. this becomes noticeable and can show up
compete with CCDs. CMOS imagers areJn an imaging 2-D array this is usually as a smearing of the image. Since every
practically, more of an imaging systemaccomplished by keeping columns sepaeharge packet is transferred to the same
rather than just a sensor. A CMOS im+ate by an implant and transferring eactoutput amplifier the global uniformity of
ager typically consists of an imaging corerow of data into a serial multiplexer. Oncethe image is very good, meaning the fixed
(similar to a CCD in that discrete signalthe serial multiplexer transfers a line ofpattern noise is quite low. It also means
levels are multiplexed to a single output) data to the output amplifier the next rowthat this one amplifier must have all of
all of the timing logic, usually requiring is transferred into the serial multiplexer.the device gain and a very high band-
only a single clock for operation, on-chip The output amplifier proportionally con- width, allowing for a high white noise
programmability of features such as gainyerts the electrons into an output voltagebecause every pixel in the array must be
integration time, and windowing, and anA CCD is an analog device. The clocksamplified within a single frame time.
Analog to Digital Converter. Indeed, required to clock the gates often have rail
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Diagram 1. CMOS offers high system integration.
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(a.k.a. fill factor) has been obviated by thewhereas another data sheet may empha-
use of micro-lenses; tiny lenses fabricatedize dynamic range or full well capacity.
on each pixel site which re-directs the in-The designer’s challenge is, therefore to
cident illumination that would have other- determine which parameters are most
wise fallen on interconnects or transistorgritical for their application and take ad-
back to the photo sensitive diode area. vantage of the vast “array” of CMOS
An additional advantage of CMOS imagers available. The successful de-
imagers is the inherent anti-bloomingsigner will find the right imager that pro-
since the charge is contained within theduces great image quality for their appli-
pixel site. The voltage that is generatectation at a low system cost.
within the pixel site is switched firstonto A few of the critical device charac-
a column buffer and then to the outputeristics to be concerned about with any
amplifier. Since the voltage is switchedimager are signal to noise ratio, dynamic
directly to the output amplifier there is range, noise, optical format, and voltage
no loss of charge during transfer and subrequirements. Important parameters to
sequently no image smearing. The drawknow and compare are full well capacity,
back is that each

Diagram 2. CCD Array.

CMOS imager technology amplifier in ev- &
fundamentals ery pixel has

CMOS imagers on the other hand, havslight differences [
an amplifier within each pixel site. This in threshold volt- 1

converts the discrete charge packets intage creating off-
a voltage at a much lower bandwidth,sets that result in
needing to reset only at the frame ratefixed pattern
Because of this lower bandwidth the signoise. As de-
nal to noise ratio is increased which is arsigns and pro-
advantage of CMOS imagers. Earlycesses improve o
CMOS imagers, due to larger processhis effect has
geometries than today, did not have thislramatically
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nology, known as Passive Pixel Sensor Due to this “F'.

(PPS), had poor noise performance antunctional inte- | } |
was responsible for the early criticism ofgration, many ’ '

CMOS imagers. imaging applica- ! Mimti T

But today, with the decreased processions are now

Diagram 4. Noise level to be competitive with CCDs.

e b feasible that read noise at your operating conditions,

would not have quantum efficiency, and dark current.
Piml _L Piusil_Fesat been practical in Other parameters, like signal to noise ra-

J\q "-I times past. tio (SNR), are derived from those basic
Children’s toys, measurements.
more discrete se- For low-light level applications, such
i Pl Fioad] curity cameras, as security cameras, read noise and quan-

seovEse cameras embed- tum efficiency are most important. In
ded in monitors moderate to high light level applications,
and laptop com- such as outdoor photography, a large full

T ok puter displays, well capacity is more important.
B cellular tele- The most misunderstood and often

PPS APS phone cameras, misquoted parameters are dynamic range
fingerprint rec- and signal to noise ratio. Dynamic range
ognition systems, is the full well capacity divided by the
and even dispos- lowest measurable read noise. It may be
geometries, increased pixel complexity isable cameras in medical imaging are almisleading because often times the read
possible. Additional features can beare on some designer’s drafting board. noise is not measured at the typical oper-
added within the pixel site including elec- ating speed and often does not take dark
tronic shutter, Trans-impedance amplifi-lmaging system design considerations  current shot noise into account. Signal
ers, and sample-and-hold circuitry to deHowever, there remains in this industry ao noise ratio (SNR) depends upon the
crease fixed pattern noise. Indeed, agjeneral concern regarding the lack oincident light level (at very low light lev-
CONEXANT, on an advanced CMOS standards in measurements, specificaels the noise may actually be larger than
imager design with six transistors pertions, array sizes and characteristics. Ththe signal). SNRhould take into account
pixel, read noise levels of one electrorreason is simple: each company has it'all noise sources. Some data sheets ig-
have been measured. The increaseawn strengths and weaknesses. So, imore shot noise, which is the dominant
amount of circuitry within the pixel has comparing data sheets, an engineer mayoise source at moderate to high signal
reduced the area available for the light serfind one giving data on read noise or sigievels. Instead SNR_, is specified,
sitive diode. The decrease in this ratimal to noise ratio at low light levels which is really nothing more than dy-
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Diagram 3. CMOS imager design structure
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namic range. Another confusing spec ishe target customer is. If the customer iglucing imagers that address a variety of

digital SNR or dynamic range, which isthe school system with established sysapplications.

only the characteristic of the A/D con-tems with Windows '95 you better make

verter. This may be important, but doessure your imaging system does not reAuthor’s contact details

not accurately describe image qualityquire Win '98. If the goal is to capture Edward A. Jakl

Also keep in mind the A/D resolution may and store many low-resolution imagesProduct Applications Staff Engineer

not necessarily limit imager dynamic don’t specify a high-resolution imager Conexant System Inc.

range if the imager has multiple analoghat will provide excellent image quality (formerly Rockwell Semiconductor Systems)

gain settings. but will produce more data than can beNewport Beach, California, USA
Optical format also confuses manystored. There are also many non-stan949) 483-7403 phone

(949) 483-5426 fax
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Diagram 5. CONEXANT’s USB Camera Module.

because its legacy has generated an udard interfaces. There are currently sev-
usual definition. From the days of vidi- eral types of removable memory media
con tubes where only part of the area profor digital still cameras, including
duced useful imagery, the calculation in-PCMCIA, Toshiba flash and even floppy
cludes swapping units and rounding updisk. The most important thing is to get
By taking the diagonal dimension of thesamples and spend up-front time evalu-
imager in millimeters and dividing by six- ating performance in the environment that
teen, you have the optical format inthe product will operate in.
inches. However, if your answer is 0.38
your format is not 1/3 inch, its 1/2 inch. Potential applications
This is where the rounding up occurs. IfArising from all of these CMOS imager
you specify a 1/3 inch lens for such arbenefits is a vast number of potential ap-
imager, you could suffer from image vi- plications.
gnetting (shadowing) in the corners. Data A new cellular telephone standard
sheets sometimes cheat on this by roundeing implemented within the next couple
ing down, taking that 0.38 inch formatof years will have sufficient bandwidth
and calling it 1/3 inch, for example. Theto send images along with sound. Most
reason is simple, 1/3 inch optics cost lesall phone manufacturers are planning on
than 1/2 inch optics but it may hurt sys-implementing imagers into telephones;
tem performance. The designer shouldirst addressing the insurance and realtor
perform the calculation and try variousmarkets and then for everyday use. More
optics to get desirable performance.  and more toys will be implementing im-
A great advantage of CMOS imagersagers. These will likely be of low-reso-
is the requirement for only a single volt-lution format to keep data amounts small
age to power the device but the designeand will interface to television. The in-
should still take care in laying out the dustrial and medical imaging markets will
board to power the chip. As commonincrease in size due to the lower cost of
practice dictates, digital and analog voltimaging and the decreased cost of image
ages should remain as separate as postorage and processing. Of course, the
sible to prevent unwanted crosstalk andiraditional imaging markets of digital still
as with all good board layout, groundingcameras and video cameras will remain
and shielding are very important. Evenstrong. Itis even possible to integrate the
though the imager is a CMOS device withentire camera on a chip, where only an
standard voltages for the 1/O, the real in-oscillator and power supply would be re-
put signal of interest (photons) is quitequired with complete video (digital or
small and can be susceptible to noise. analog) out of the chip. The only reason
For the designer this is an exciting andhat has not been marketed yet is due to
challenging time. It is up to the manu-its limited market potential due to such
facturer to define exactly what their im- specialization. All imager manufactur-
aging system is supposed to do and whers at this time are concentrating on pro-

International IC ‘99 ¢ Conference Proceedings



Presentation Materials

Market Segment Opportunities
— T p— o
Consumer Y P ™ 7 Industrial
PC camaras, Toys, : /-/‘:|'r IMAGERS ( Machine Vision,
Security, Camcorders, ST Markets \ Medical, J
Portable Communication e H_I_r!sinnmn]g__...-f”
R A =
/ Buainm
I!mu:luﬂi'lg

Market Opportunities
) 2002
Traditinnal Applications Tatal CCD & CMOS
= Diigital Siill M Maurked
il fﬂ:r‘::""“ = Analog & Digltal b rrionnd
Camogenders
= PO Vitso-Contersncing
= Inguskrisd RIS
I e o | - Lt
.;|nn| Esrsangineg
l.mllrlln-l Apphcalions
5 Irmsigeer Marhal = Taluphsny, Madical, Taya GRS Imagar Marked
EX M ¢ PC-Emibadded Vides- EzTa1 B

Coerenoing
= friomotive, Office Aulomaiion
= Flim Asplacament

b LS T 1 Dl uee

= Functional integration = Low Spatial Moiga
= [nharani .an!Il-I:l-Iu;H:lrnlng
= Low Temporal Noise

& Single wodtage
réaguirament

Markel Advantages

& | oaver total systiem
cosl

= Graater levals of
integration laveraging
new standards -
LISE Firewirg

Market .-‘\-I:h‘Eir"IIHgEE-
= Markal marmanium
= Known capabilities

CMOS vs. CCD Imagers
= CMOS = CCD
Technical Advantages Tachnical Advantagas
= Standard procossing = Liriforrm output

International IC ‘99 ¢ Conference Proceedings

67



CCD Characteristics/Shortcomings

LLight (phoson energy) hits the imaging region, cawsing a charge 1o baild up at each pixed.
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CMOS Offers High System Integration
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Noise Level to Compete with CCDs
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CMOS Imager Design Structure

F'Irlll_Hl-.:lt_|
B I__uhrul_nnu

Te Codums
[TFTH)

Twn HEODS FETe Simplest Fixsl Thres HEOS FETs
Mighan! Yisdd Lares FTN Facior
Highi Flll Facior High Ansd nodse Blary nivesd ol mns
Lo SHR & low e Lower Tamporsl noles
Pasalve hng oo Spoesal Moasas High SHR @ o ligha

.6 pm 3T Actlive Pixel Sensor

2% Opical Fil Facior geing Plocissd™s 0,5 prm Lifograpbny

.

International IC ‘99 ¢ Conference Proceedings 69



70

CMOS Imager Pixel Profile

= Silicon process is
followed by color filter
deposition and then
micralens depoaition

*  Smaller procass
geamairies anable
amplification within the
pixel decreasing noise
bandwidth to Increass
SMR

= Further procaessing
advances will lead to
evan greater levels of
performance and
tunctional integration

.'magar Desfgn Considerations

Signal-to-Noise Ratio (SNR)

Definition
= “Wanimum signal divided oy total noise from all sources™
Amplifier noise dominates at low light levels
» Dark current shat nalse dominates at high lemperature
Shaot noise dominates with moderate and high signal levels

Canexant's SNR is naminally 48dB, which is in ling with
industry standards

CMOS Imager Design Considerations

Dynamic Range

Definition

- "Maximum signal capacly divided by lowest read noise” o
*Full chage capacky ranoe available for sigral”

Dften confused with Signal-to-Noise ratio
Specified in d8 or as a ratio

* Conexant's measured dynamic range is B0dB which is
above the typical industry standard

Considerations
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CMOS Imager Design Considerations

Optical Format

Definition

- Optical Format in inches is defined as the imager's
diaganal measurement in mm divided by 16.

¢ Defined during the vidicon years

Imager Optical Format must be kess than lens Optical
Format to avold vignetting

v Increased Imager size increases cost of Imager and
Optics; It also increases device sensitivity
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USB Camera Module Reference Design Conclusions

* CMOS imager design is now sufficiently mature
o W to technically compete with CCDs.

'-'mwﬁm-m-_ Unger S-moun Laee. Carmans Engine Functional integration results in lower system
cost and power dissipation.

Designers can take advantage of proliferation of
imagers but need to carefully analyze device
characteristics.

CCDs are holding on to market share. Howewver
after evaluating all design considerations, CMOS
imagers are the future.

International IC ‘99 ¢ Conference Proceedings 71



