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Abstract

Electronic image sensors used for nearly all imaging purposes today rely on measuring electrons
produced by the photoelectric effectAn inherent limitation of counting electrons produced by the
photoelectric effectis that chrominance information is lost Each measured photoelectron indicates
only that aphoton was absorbed current electronic photodetectos haveno intrinsic process by
which to discriminate absorbed photons of the 400nm wavelength variety (blue light) or the 700nm
variety (red light), or any other wavelength in its response spectra, athgtrefore regards them as the
same- thus the basic electronic image sensor is inherently monochromatinumber of schemes are
currently used with electronic image sensors to derive color, each witlvantages and tradeoffs.
New schemes and modifications of existing ones seekotger cost improve resolution and color
accuracy and decrease lightloss relative to thebasemonochromatic sensor.
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1. A brief overview of the monochromatic image sensor

The generafunction of an image sensor is to convert inoang light (photons) into a signal of some
sort from which the light information received can be derived.

Electronic image sensors work via the photoelectric effecs photons strikeand are absorbed by the
photodetector(typically a silicon material inmostvisible spectrumimaging devices today),

sufficiently energeticphotons(those with energy inexcessfo t he mat er i a-lthes wor k f u
bandgapseparatingvalence and conductance bands) will transfer their energyualenceelectrons

and cause thento eject from the material, moving into the conductance barid.

These ejected electronsphotoelectrons) are then collectedand stored in potential wells
("photowells"), from which a voltagemeasuremenbf the accumulated chargean be madeThis
voltage is proportional to the number of photoelectronaccumulated which is proportional to the
number of photons absorbed by the detect@nd gives an indication of the amount of input light.

An image sensor, then, is simply an array of sughotodetectors(commonly a two-dimensional area
sensor, or a onglimensional array that sweeps an areatime), enabling detection of light intensity
at each location ovethe imaging area.

The response spectra for a typical silicdrased image sensor (the most commifmn imaging
applications in the humanvisible spectrum) spans approximately from 400nm to 1100Am
encompassing the humanisible 406 700nm spectrum as well as part of the neenfrared spectrum.

Human eye

«—L—TSilicon

Figure 1.1.Responsespectraof the human eye(blue) and silicon-basedmagesensor(green) Source: Aptina
Imaging®

! Peterson:How It Works: The ChargedCouple Device, or CCD
2 Lowrance:A Review of Solid State Image Sensors
3 Aptina Imaging: Aptina's low-light and nearIR imaging solutions



There is however, one key issue with the functionality of biaisicphotodetectorc it isonly able to
detectluminance information.An inherent limitation of counting electrons produced by the
photoelectric effect for image detection purposes is that chrominance information is lost. For a given
electronic image sensor, any photon with energy exceeding (or corresponding wavelength thedo

work function of the surface material is able to eject an electron, which can then be counted. The color
information of the photon is encoded in itgavelength, or energy, and this is translated to the ejected
photoelectron as kinetic energy. Cuent electronic image sensors simply count the number of
accumulated electrons, however, irrespective of their energy, so this chrominance information is lost,
and the electronic image sensor is inherently monochromatidt measures the intensity of lighbver
only a singlewavelengthrangeencompassing theisible spectrum and thus is unable talerive

anything about thespectraldistribution of the input light within it.

2. Colordetection in the humanvision system

Though electronic image sensors are inherently monochromatic, the human vision system is
obviously not. How do our eyes accomplish the task of differentiating between differepectral
distributions of light?

The light-gathering functionality of the human vision system workshrough a similar procesas the
electronic image sensoethough with a much more complex processing to rendan image.
Photosensitive cells in the retina of the eye convert incoming photons into neural signals, which
collectivelycan be interpreted and rendered into an imageor purposes of imaging)eé humaneyehas
two types of photosensitive celtshighly sensitive rods which detect intensity agsdhe visible
spectrum (and thus are unable to discriminate between col@is), less sensitive cone cells, each of
which is sensitive to only a portion of the visible spectri@ane cells are classified into one of three
types(seeHg. 2.1), corresponding to th@ortion of thespectrum they are sensitive long-
wavelength oL cones (peak sensitivity at 5680nmwavelength mediumwavelength M cones (peak
sensitivity at 53445nm), and shortvavelength S cones (peak sensitivity at-420nm}>. While no
single cone cell can distinguish thal spectral distributiorof input light, the L, M, and S cones
collectively detect intensity at three different portions of the visibfgectrum and this information can
be used to derive a single color representative of spectial distributionof the input light®

4Hunt, RW.G.: The Reproduction of Colour
5 Gunther Wyszecki Color Science: Concepts and Methods, Quantitative Data and Formulae
6 Sharpe, Lindsay T., et. aDpsin genes, cone photopigments, loo vision, and color blindnesspg. 3
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Figure 2.1.Normalized response spectra of human cone célishort-wavelength (S), medium (M), long (L)

Humans are thus classified &sichromats" i all color information we see is deriveérom measuring
the relative intensities oflight in the three wavelength ranges detected by S, M, and L cones.

3. Design djective of color detectionschemesn image sensors for
human use

Sincehumans employ a trichromatic vision systetnased on input from the L, M, and S conesvery
display medium ofimages intended fohuman viewing need not emit or reflecthe exact spectrunof
light matchingthat of the original scene but simply a combination of intensitiesn three separate
wavelengthregions such that thestimulus tothe three cone typesemain the samé.

Thus forelectronicimage sensordesignedo reproduce imagesf a scene for human visigrcolor
detection need only go so far as categorizing incoming light into one of three wavelength ranges
("primary colors'), rather than measuring the exact wavelength efich incoming photon

For the majority of imaging applications, the three wavelengths chosen for use as primary colors
correspondroughly to a"red", a"greerl’, anda"blue" (see Fig. 3.1)and the colorspace they forrs
commonly referred to as RGBThe exact wavelengths or range of wavelengths absorbeconitted
depends on thenethods and materials used for detection and emission

7”Wikipedia, based on data fron$tockman, MacLeod & Johnson (1993) Journal of the OptiBatiety of

America A, 10, 24912521d <http://en.wikipedia.org/wiki/File:Cones_SMJ2_E.swg
8 Sharpe, Lindsay T., et. aDpsin genes, cone photopigments, loo vision, and color blindnesspg. 5
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Figure 3.1.Emission spectrdor "red", "green”, and "blue" phosphors of a cathode ray tube (CRT) monitor.
Although combinationsof these three emission spectrums would not come close to replicating all possible
spectral distributionsacross the visible spectrupit is able toproducespectrumswhich stimulate thel, M, and
Scone cellsin many of the possible combinationgroducinga gamut ofmany of the colors visible to the
human eye(see Fig. 3.2

9 Wikipedia <http://en.wikipedia.org/wiki/File:CRT_phosphors.pny
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Figure 3.2.Color gamutsrange of producible colorsproduced by LCD screens using various backlighting
technologies The gamuts are overlaidn the CIE 1931Chromaticity Diagram which approximates the range of
chromaticities (color valuesirrespective to luminance)visible to humans. Note that while the LCD screens
here are only capable of emitting different intensiteof threewavelength ranges (approximated in the shown
color gamuts as three single wavelengths), itsidll able to represent many or most of the humaperceptible
colors since human trichromatic vision itself generates color only from differing inteitiss of the wavelength

ranges of its three cone typés.

4. The MosaicColor Filter Array (CFA)

The most commo#t method of color detection in image sensors todaie color filter array (CFA),
allows an image sensor tmimic the subspectrum sensitivityproperty of the human eyés cone cells
with color filters which restrict the wavelengthpassband of input light to each photodetector.

In a CFA, a pattern of color filters is overlaid on the image sensor, with a different type of color filter
for eachindividual photodetector. In this way, each photodetector will only measure lighintensity

for wavelengthswithin the passband of the filter. By employing three different types of color filters,
an image sensor is able to record intensities at three r@s1gf wavelengthswhich can serve as
intensities forthree primary colorsthat together producea gamut representing many of theolorsin

the human visible spectrum.

0 Koskela, Tomi:L ED Backiighting for LCDs Requires Unique Drivers
11 Katz, David and Rick GentileCCD and CMOS imagsensor processing pipeline



Figure 4.1. A color filter array (CFA) overlays individual color filterson each photodetector, thereby restricting
the sensitivity spectra of the filter+photodetector unitmimicking the limited spectral response afone cells in
the human eyé?

4.2 Drawbacks of color filter arrays

For a standard twedimensionalarealimage sensor, employing a color filter array (CFa)lows for
color detection but alsdntroducesa key issuewith a color filter placed over each photodetector, no
pixel locationreceives the totabmount nor completewavelength range ofnput light.

42.1Loss of luminance information

Snce the color filters placed over each photodetector adesigned to only allow a smailvavelength
rangeof light through, any input light outside the passband of the filter is essentially wastethis
light is absorbel or reflected by the filter, and its intensity is never recorded by the sensdéior a
color filter array employing r-color filter types (segmenting the input spectrum int@ ranges) with
each filter typeequally segmenting the spectrunfideally the case, though not achieved in practige
each photodetector will only receivdight from 1 of 77 spectral rangesor 1 ¢ of the total light,
assuming a light source with even spectral distributiorDverall the sensomill discardsé—1 of input
light on-average For image sensors intended for direct human uggis typically 3, matching the
trichroic nature of human vision, so a ful? 3 of input light is discarded.

12 Wikipedia <http://en.wikipedia.org/wiki/File:Bayer_pattern_on_sensor.swg
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Figure 4.2 Assuming input light with even spectral distributiona typical 3color filter array will discardg of
light information 3

In addition, the color filters used do not transmit 100% of light, even within the passbanél.typical
color filter may only transmit 60-70% of light even at the peak wavelength of theassbandand
much less near the cutoff wavelength(see Fig 4.3)In all, an image sensor employing a&lor CFA
will end up absorbing the majority of input light and leave the image sensor operatinglabut20%
or lessefficiency*4 compared to a bare, monochromatic sensor.

Color filter Passband peak Quantum QE Color filter transmission
wavelergth Efficiency (QE} | Monochrome (D‘Q:mi 5 )
color sensor sensor eee
Blue 475nm 0.325 0.475 0.684
Green 540nm 0.400 0.600 0.667
Red 625nm 0.325 0.550 0.591

Figure 4.3.Light transmission of color filters at peak passband wavelengttisrived from comparisons of
quantum efficiency betweenCFA color andbaremonochrome versions othe Kodak KAR8300 sensat®

The loss of lightcauses several issuassociated with general lowight levelsi a longer sampling
period requiredto collect the same light arount, weaker signalto-noise ratio, and higher required
amplifier gain before readout With an efficiency of Erelative to a mamochromatic image sensor
(about 0.2 or less, as obtained aboy&me issues would includeequiring % = 5times input light flux
or 5 timeslonger samplingperiod (for photographic purposes, &times larger aperture diameter db
times longerexposureduration) to attain the same total light input; or dealing witte (0.2) weaker

L= 224 greater random shot noise associated

signatto-noise ratiofor fixed dark current noiseand 5

with 0.2timesas much input light.

13 Wikipedia. <http://en.wikipedia.org/wiki/File:Bayer_pattern_on_sensor_profile.swg

14 This figure obtainedassuming a moddRGB sensor with a transmission rate of 0.65 in the passband raiagé (
input light) and transmission of 0 outside of itThis (0.65 x %] + [0 % %]) produces a relative efficiency of

0.217, which should provide an upper limit athe 0.65 transmission rate at the peak wavelength is not achieved
elsewhere in the passband.

15 Quantum-efficiency data from Eastman Kodak Compaiiyimage Sensor Solution&odak KAF8300 Image
Sensor Device Performance Specification
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4.2.2.Lack ofchrominance informationfor light outside of passband

With each photodetectoronly measuring light within the passband of its overlaying color filter, each
photodetector (and resulting location in the output image) has no information bght intensity in
the spectrumoutsideoft he f i |l ter 6s passband.

The raw output from asensor using a typiceé8-color CFA, theRGBBayer filter, would look similar to
Fig 4.4(pixels colorcoded toshow intensities of red, green, or blue light recorded):

Figure 4.4. Raw output example from &ayer filter-equipped image senstr

There are two primary methods by which we may go abbrendering this output into a usablémage
such that each output pixel would contaimtensity values forred, green, and blue lightthough each
has its ownissues.

4.2.2.1 Pixel Binning

The first is by pixetbinning T collecting the information recorded bya set ofphotodetectors
(containing at least one of every type ablor filter in the CFA) into information for a single output
pixel. The intensity measured by each color photodetector is theanrmalized andtaken ashe
intensity for the color over the entire pixel

6 Wikipedia. <http://en.wikipedia.org/wiki/File:Shades framed bayer.png
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Figure 4.5.Image rendered from raw data in Fig 4.4, using pixel binning method over 2x2 sets of
photodetectors. Vertical and horizontal resolutioncompared to a monochrome sensisrhalved

This method is notcompletely precise(the intensity of a particular color assumed over the entire area
of the pixel is in fact only sampled frona fraction of the pixel area). In addition, this methoceduces
resolutiondrasticallyi instead of a 1to-1 correspondence between photodetectors and image pixels
as in the monochromatic sensomultiple photodetectors are used to produce one pixel, uéigg in

an output image With%) the resolutionin each direction(bbeing the number of photodetectors

binned for each output pixel)
4.2.2.1 Demosaicing/Interpolatiorlgorithms

Another method is to interpolate the missing datathough a particular photodetector may not have
measured light intensity of a different color at its precise location, it can approximate this information
by taking and combining values from nearbfideally adjacent)photodetectors measuring other

colors. This interpolation process is known as demosaicing, and maifferent algorithms exist

which differ in general quality, speed, and quality for images of various subject maftéfferent filter
patterns will also require different algorithms)

d

Figure 46. Demosaiced output image from raw Bayer pattern dataFig. 4.4.



Demosaicing algorithms tend to produce superior results to simple pixel binnintdhough color
reproduction may not be as accurate (the reduction in resolution in pixel binning will average out
some discrepancies and artifactslemoasicing carries the advantage of maintainitige full
theoretical resolution of the sensor (1o-1 correpondence of photodetectors to output pixels),
though in practicethe interpolation of different colors involves interpolation of some of the
luminance information as well, so resolution will still be below that of a natively monochrome
sensor.

For a further discussion of demosaicing, including an explanation and visual demonstration of various
algorithms, seéttp://www.thedailynathan.com/demosaic

Despite these issues, color filter arrays are by far thest commonly used method for color detection
for image sensors, especially in the consumer digital imaging market.

4.3Types ofColor Filter Arrays

The selection of color filters used in a CFA are somewhat arbitrérgny combination of three or
more color filter types which allow the image sensor to measure light intensity at three or more
wavelength regions will suffice to recreateolor images for trichroic human vision.

4.3.1Bayer Filter

The Bayer filter pattern is a repetition of groups of 2x#ocks, which have in clockwiseorder,
"greert, "red", "greert’, and "blue" color filters. A Bayer filter is therefore composed of 50% "green"”
filters, 25% "red" filters, and 25% "blue" filters.

The color filters in a Bayer filter are designed witpassbands for approximately "red", "green”, and
"blue" light. This pattern closely matches the color response of the human eye, which has,long
medium, and short wavelength cone cells which are approximately sensitive to red, green, and blue
wavelength ight, respectively. The RGB measurement provided by the Bayer filter also corresponds
to the common RGEBcolorspace that most digital image files are stored &, well as the RGB output

of most electronic displaysFor these reasons, the Bayer filter patn is currently the most common
CFA implementation found todayt’

Though color rendition uses normalized measurements from the separate R, G, and B channels, the
existence of two green photodetectors for every 2x2 bloickproves luminance response in thgreen
spectrum which corresponds to the human eye having better response in the saamge(Fig. 4.6).

17 Lukac,Rastislav and Konstantinos N. Platanioti€o/or Image Processing: Methods and Applications

10
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Figure 4.7.Graph of spectral sensitivityfor the human eye for photopic visior{combined sensitivity of SML
cones) The peak occurs at about 555nnndicating human vision ismostsensitiveto the greenyellow light of
this wavelengthrange!®

While the exact passbands vary from one Bayer filter design to anottzard have evolved as different

filter dyes and pigments have been developedtypicalexampleused in a modernmage sensois
shown in Fig 4.8

8 Sharpe, Lindsay T. et. alA /Juminous efficiency function, VV¥(lambda), for daylight adaptatiomg. 965

11
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Figure 4.8.Passbands dfifferent color filter types for the Bayerpattern filter on the Kodak KAR8300 image

sensor, used on digital still cameras such as the Olympt20B and E500.Note the KAF8300 uses a slight

variation on the classi®ayerRGB pattern, using two similar green filter types, designated GRr and GBhe
passband peaks are located at 480nm (B), 540nm (GRr and GBr), and 600rth (R).

4.3.2Cyani MagentaYellow (CMY) Filter

An alternative to the Bayer pattern filter ishe CMY filter (sometimes referred to as CYMthis
paper will use the CMY abbreviation)which consists of a pattern of cyamagenta, and yellowcolor
filters. The usage ofhe subtractiveCMY primary colorsruns contrary to the additiveRGBprimary
colorswhich areemployedby the Bayer filter, most electronic displays, and the human ey&he
CMY primaries do, howevermatchthe primary ink colors used in mostolor printers, which
typically employ a subtractivegprocess of absorbing light components starting from completely
reflective white surfaces®

Cyan, magentaand yellowcomprise a set asubtractive primary colors which generateolors by
subtracting cobr components from an even spectral distributionMoreover, CMY represent
complementary colorso RGBI cyan light is produced by the absence of light in the red spectrum,
magentaby absence of green light, and yellow by absence of blue.

19 Eastman Kodak Companiy Image Sensor Solution&odak KAF8300 Image Sensor Device Performance
Specification
20 PrepressXColor Theory Basics

12



Compared to the RGB filters, each of which approximately segmeimf the visual spectrum and
thus takes in onIy% of full spectrum light on average, each CMY filteb/ockslight in the range of its

complementary RG, or B color, and takes in th%2 remaining light. In theory, aCMY filter would

be twiceas efficient in lightgathering ability asan RGBbased filter. For its KAG 1310 sensqgmwhich
can be outfitted with either an RGB oCMY CFA, Kodak claims a 50% gain in sensitivity for iGMY
sersor over RGB*

Current production techniquedor CFAs also enabla higher rate of transmittance foCMY filters.

The passbands fabsorptivecolor filters used in CFAsare generatedvith the use of dyes or pigments
which block certain spectra of light typically cyan (redblocking), yellow (blue-blocking), or
magenta (greerblocking) filters are used, and RGB filters are simply constructed from combinations
of thesei red filters are created from a combination of yellownal magenta, green from cyan and
yellow, and blue fromcyanand magenta.Though thebaseCMY dye/pigment layersare only
designed to block a single wavelength ranggopband), they also blockome ofthe light in the
spectrum outside of the stopband as veSince RGB filters are conaicted from multiple CMY

filters, light in the designed passband of the combined dye/pigment layers will in fact be partially
absorbednultiple times by the layers, resulting in lower overall transmittanceompared toasingle
CMY filter (see Fig. 4.p2

2t Eastman Kodak Companily Image Sensor Solution&odak Digital Science KA€1310 CMOS Sensor
TechnicalData Sheet
22Noble, Stephen A:The Technology Inside the NevKodak ProfessionaDCS 620x Digital Camera

13
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Figure 3: KAC-1310 Bayer Spectral Response
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Figure 4: KAC-1310 Xena Spectral Response

Figure 4.9.Spectal response of KodaKAC-1310 sensowith Bayer RGB filter and with XenaCMY filter. Note
that transmittance rate in thepassband for each CMY filter is greater than that of the RGB filter in the same
range, and that each CMY filter has approximatetyice as large passband compared to RGBese two
attributes lead to a much greater quantum efficiendgr CMY sensorg?

2 Eastman Kodak CompanyKodak Digital Science KA€L310 CMOS SensdrechnicalData Sheet
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Another advantage of the CMY filter stems from the considerable overlap of the cygellow, and
magenta passbands. Depending on the design of the RGB filter, considerable gaps may appear
between the passbands of the red, green, and blue filters, where transmittance is very low through
any of the filters (observe quantum efficiency aparoximately 495nm and 590nm in Fig.9). By
comparison, the considerable overlap of passbands among the CMY filters ensures that no such gaps
existi at the 495nm gap between yellow and magenta passbands, lifthis wavelength is still
transmitted very well through the cyan filters, and light at the 590nm gap between magenta and cyan
is still transmitted through the yellow filter. This full spectrum sensitivity is a critical feature in
spectroscopy and astronomy applications, which often deal with puspectral colors (light of a single
wavelength)?

An issue with the CMY filter is a general need to convert images to an RGB colorspace, which is
required for many digital storage formats and all additive display mediums (CRT monitors, LCD
screens, projetors, etc.) CMY produces a different and generally smaller color gamut than that of
RGBi thus the range of producible colors iess than that of an RGB sensor. However, RGB images
must undergo CMY conversion for subtractive display mediums (cofwinting), while CMY sensors
are able to render the full CMY gamut.

RGB GAMUT

Figure 4.10RGB and CMYK color gamuts overlaid on 1931 CIE Chromaticity DiagrakVhen RGBto-CMY
or CMY-to-RGB colorspace conversion occurs, the range of producible colors is lintiteithe intersection of
the RGB and CMY gamutsThis places native CMY images at a considerable disadvantage for RGB display
mediums, and RGB images at a similar disadvantage when used with CMY display medfums.

4.3.22 Comparisonsof signatto-noise ratbsbetween native RGB and CMXonverted RGB images

One claimmade bysome(Holmegs, Buil?") againstCMY CFAs isalower signatto-noise ratio (SNR)
relative to RGBbased sensors, once the conversigincolor valuesto RGBis taken into account (this

24 Buil, Christian: RGB versus CMY Color Imagery
25 Adobe System#ncorporated 7he RGB (CMY) Color Model
26 Holmes, Alan: The Fictitious CMY Filter Advantage

15



is required for storing digital images in the most common RGB colorspace, and for RGB display of
images by CRTs, LCDs, and projector syst¢ms

For purposes of SNR, signal corresponds simply to the amount of light collected, and noise is random
variation in the signal (the standard deviation in the signal is used her&hages created using
electronic image sensors hatkree primary sources of noisé:

1 Dark noise:Dark noise refers to the random generation of electrons in photowells as a result of
random excitation of electrons andits average ratés temperaturedependert. This isalso
referred to as thermal noise.

1 Readout noiseWhile the accumulated charge for a particular photodetector can range wildly
dependingon exposure and the photowell capacitin most caseg is too small to bemeasured
reliably. Thus, the charge signal must be passed through an analog amplifier befoseréad,
introducing noise.Some image sensors also apply a variable gain to the sigoaphotographic
purposes this iseferred to as ISO sensitivity), which can introduce different amounts of noise
depending on the gain Readout noise ialso referred to as bias noise.

1 Photon noise:Photon noise is caused kiyregular arrival rates of photongmitted from any
naturally-occurring light source. Photon noise is a Poisson processid sahe distribution of
arrival rates (and thus photons detected) will carry a standard deviatiorysf, where nis the
meannumber of photons detectedPhoton noise is also known as shot noise or Poisson noise.

For purposes otomparing CMYagainstRGB-type CFAs in this sectionwe assume usage of the same
underlying image sensomapturing an image of the same light source, under the same conditidns.
this case, temperaturglependentdark noise is the sameith both CMY and RGB CFAs, as is readout
noise(though this will factor in later). Thus the primary noise variablés photon noise, sinc€MY

and RGB capture different amounts of light.

4.3.2.21 Noisewith an RGBCFA

Each pixel location in the image is made up of three color componetétected at that locatiori thus
the signal Sssof the image can be considered as the sum of those three componé&t§, and 5,
when using an RGB colofilter.

'"=|11 I = 1+q+ | Equation 4.1

The noise/Nfor our signalis the rootmeansquare (RMS) sum of noise for the R, G, and B signals
Modeling the standard deviation as an average fluctuation due to photon ndise= 'Y, noise is as
follows:

Hap= Ag Ay oAy = W vy 0T =g+ T = g Equation 4.2

The signal to noiseatio (SNR ) is then:

27 Buil, Christian: RGB versus CMY Color Imagery
28 Medkeff, Jeff:Using Image Calibration to Reduce Noise in Digital Images
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Pegpp=dob= 2ol =] Equation 43

4.3.2.22 Noisewith a CMY CFA

The signal&wy for aCMY image is created by a combination of Cyag)( Magenta (), and Yellow
(Y) components Analogous to an RGB sensor, tleise for a CMY sensor is defined:

_”FMLz F+JJ + 1L Equation 44

Jfﬂlz :ﬂmz jr +4, +dy =|/||=+3|] + 1L Equation 45
L . ,

‘”‘]:IP”JL JFM if”_m: -||Fu1L:I/I|=+JJ + 1L Equation 46

4.3.2.23 Comparison between RGB and CMY CFAs

By definition, cyan, magenta, and yellow are simply combinations of red, green, and blue ligist
defined by the followingidentities2®

F= ||+ Equation 47
=9+ | Equation 48
L=4+4 Equation 49

This allows us to compare directlthe RGBand CMY images by substituting in Eqns. 4.74.9.

Jus= ped v de Jaq o g | qed = [ 4+ Eovstonsica
fpr= {+q9+]) Equation 4.1®

d o= Jar= F+q+D=vvH+q+ Equation 4.1

-||J=| JuL=J—‘:—JL -“:"—% :"FJJJL= I7I_I/‘l;| +qt Equation 4.2

Directly comparing these results to the RGB signal, we obtain:

Ters _ _GoarlD - Equation 4.B
ol = eae] | '
d
J:|FHT|L A "'i;ll* Equation 4.1
|
24 pa _ M H+q+ '
e — Equation 4.5

22Holmes, Alan: The Fictitious CMY FilterAdvantage
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From Egns. 4.131.15we obtain thata CMY filter, under the same input light and captureonditions,
receivestwice the signal and generates a better SNR by a factovidfcompared to the RGB filter
ignoring dark noise and readout noise, which remains constant between both fiketups

4.3.2.24 Saturationlevel scenario

However, while CMY sensorwill always generate a greater signal given the same input light
theory, in practicethere is an upper limitto the amount of signal which can be captured: the electron
capacity of the potential well at each photodetectoiThus, while CMY sensors may be abte detect
light with greater efficiency and reach a certain level of signal at a faster rate than an RGB setiser,
final signal forany color channel in both cases can be at m@stme Sax correspondingto the

electron capacityX of the potential wells of the image sensor.

Under this scenario, then, whettight input rate and sampldime is a norrissue(in this case, each
sensor operates at its minimum gain level, or "base ISO sensitivity" in photographic t¥rinis clear
to see that the maxinum signal will be:

é::l :-n: " = I::J-I =1 Equation4..’6

It is clear then that Egns. 4-4.3 and 4.44.6 are now equivalent, anthus ¥y &, = g, Usp o =
Ovg, and™ Yy 6 = ™ Yy . In the scenario of a maximally saturated senstrere is no
appreciable advantage in using either RGBOMY, in terms ofsignatto-noise ratia

Note that the CMY-RGBidentities in Egqns. 4.74.9 are no longer valid in this scenario
4.3.2.2.9Noiseintroduced in CMY -to-RGB conversion

One element left out thus far is the neeith most casefor CMY imagesto be converted into RGBas

most instance®f digital storage andll current electronic display output of imagesequires handling
in the RGBcolorspace Manipulating the CMY identitiesin Eqns.4.7-4.9, we obtain the following:

= Ly £ Equation 4.17
%= L+ g Equation 4.18
||ae: F+ 11 Equation 4.19

4.3.2.2.5 Saturatiottevel scenario
In the case of our maximally saturated seng@ubstituting Egn. 4.16 into Egns. 4.14.19):
%= %= [|®= £+ L L=<+ Equation 420

And so the signal for each color channel in the native RGB image and the ChbYiverted RGB
image is the same, as is the case between the native RGB and CMY images.
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Lo qo= o= 4 = 4= | Equation 421

However, becaus¢he color channels in the CMYconverted imageare simply summations othe C,
M, and Y signals originallycaptured, the noise associated with the CMY signaisist also be summed
(in RMS fashion):

34&,:3“@:3"&: jr +dy +dy =+ T+ L Equation 422

Substituting Eqn. 4.16 into Egn. 22, we arrive at

J=|$= JJ“&z Jl (== W+ T+ L= pEr T+ L= VIES Equation 4.3

for each color channel, and an overall noisand SNRof

g Tetd e+td o=+ T+ = pE Equation 4.2

1 _ ¥4 e 1% e L+l L ]
‘||J=Haqqaﬁae— M;j;i = TA; = E T OET V= Equation 4.5

Comparing this tothe native RGB imagéas well as the native CMY image, which we established as
equal in4.3.2.2.4:

J=|11||= WH+q+=vE+I+L=n< Equation 4.26
451 = jﬂ:“ = 4;“—; L - é;i:__ = MTi =n <L Equation 427
t F= Lé = Equation 4.3

17l n
%ﬁ%z mﬁ—_t =7 . Equation4.29

Equations 4.284.29 demonstratehat the CMY-convertedRGBimage in facthasmore noise(and
thus lower SNR, as we have established the signals are equivatethiis scenarig than the native
RGB imageas well as the original CMY image.

For appliations in which the sensor is maximally saturated, a CMY sensor loses its sensitivity
advantage, andhas an increased noise level due to the summing of noise during the Cid"RGB
conversion process. This produces a lower overall sigtmahoise ratiowhen compared to a native
RGB image or the original CMY image.
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4.3.2.2.6Non-saturation-level scenario

Qummarizing Sections4.3.2.2.24.3.2.2.5the superior lightgathering capabilities of a CMY sensor
give it an advantage irsignal while the necessary RGB conversion introduces noise which
counteractsthe advantagen SNR In a maximally-saturated sensor scenario the signal advantage of
CMY is eliminated, while the RGB conversiofinduced noise remains, resulting in worse overall SNR
performance. This section analyzes whether thEMY signal advantage in a hemaximally saturated
scenario (as discussed 8ec4.3.2.2.14.3.2.2.3)is great enough to overcome the noise disadvantage
of the RGB conversion.

We assumae light source with even gectral distribution as input such that

F=9= 'ﬂ = || Equation 430

I:: |+ T Equation 431

=4+ || = T Equation 432

JJ-: 7+9 = T Equation 433

As defined inEgns. 4.174.19, the CMY-converted RGB signals will then he

=|€E: 141 F= + T T Equation 434

7%= AL+ g 4= 54+ T Equation 435

”ae: F+ | I T+ T T= T Equation 436

The noise foreach of the channels ithe CMY-converted RGB signal ifrom Eqn. 4.23)

J:{&,: J_"ee:J”ae: MI:+J.| +J.L:|7| ?+ ?+ —r =|7|Tr Equati0n437

and SNRsfor the overall CMY-converted RGBand native RGBsignakare

‘||J=Haqa¢| = ﬂmd* m Equation 438a
Hade 4y a0,
] _ Tt Tt T o F oo .
19yl = e U Equation4.38b
‘”J=|=| | = fal - & Equation 439a
e I
T
‘”J]:H“ll = =T = _mi—: W T Equation 439b
el tom i r
Ve +VRp +p

Finally, comparing the converted RGB signal to the native RGB signal yields:

W _ .
=== - Equation 440
N
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This result seems to validate claims by Buil and Holmes thaCMY CFA does in fact produce images
with weaker SNR whenthe final output image is in RGB formatHowever, some confounding
variables still exist makingit impossble to claimthat an RGBCFA sensor produces superior SNR
absolute terms.

1 As mentioned abovend shown in Fig. 4.9CMY filters more effectively transmit light in the
passband, and are not as effective at blocking light in the stopband. Thus total light transmitted
will in fact exceedthe theoretical 2x that of the RGB filter and generate i even greaterelative
SNRthan that shown in Eqgn. 4.15

9 This discussion ignores readout noise, on the presumption that it woulddagiivalentgiven the
same sensor and readout hardware is used. Howesera more effective light detector, GBMY
sensor would operate using a lower anifgr gain in all casegin photographic terms, it would
have a lower base ISO)An RGB sensor, having collected only half the signal aSMY sensor,
would need twice the signal gaitefore readoutintroducing the potential for greater noise via
the amgifier. How much of an effect the gain would have on readout noise is dependent on the
amplifier, and would vary from sensor to sensor

1 For animaging device intended solely to output ta display format using subtractive primaries
(color printing, for instance) no RGB conversion would be necessary an@ilY sensor would
retain its SNRadvantages as outlined i6ec4.3.2.2.3 Native RGB images would be placed at an
even further disadvantage in this case Impise introduced by the RGBo-CMY conversion by
math similar to that shown in Eqn. 4.22 for the CMXo-RGB conversion process.

4.3.3.RGBW partial panchromatic fiter

A recentmodification to the Bayer filter desigrby Kodak is a replacement of some green
photodetectors with what Kodak terms "panchromatic pixels"essentially, a complete removal of
some of the green color filters, so théhosephotodetectors will be sensitive to light across the visible
spectrum. By converting half of the green filters to filterless monochromatic photodetectorghis
"RGBW" filter (W standing for white) losegoughly a quarter ofcolor resolution but gainsabout50%
in light gathering efficiency® (the actual amountwill be even hgher, due to eliminatingthe loss from
light absorptionin the passbanaf the removedgreen filter). Thus far the primary application of
these RGBW sensors has beensmaller scale sensors for compact devices such as mobile phones,
where small sensor &as necessitate maximiziright collecting efficiency 3!

30 A 3x light-gathering increase in the 'panchromatic' photodetectors (25% of total detectovd)ile the color
photodetectors (75%) remain the saméx .75+ 3x 25= 15
31 Eastman Kodak CompanywWew KODAK Image Sensor Technology Redefines Digitaage Capture
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Figure 4.11Classic Bayer filter (lefé? and RGBW filter (right)*3.The RGBWfilter removes one of the green
filters from the Bayer filter design allowing it to detect the full spectrum of lightand improving overall
luminance sensitivity, at the expense of chrominance resolution

Though roughly one quarter of color resolution is lost using an RGBW filtehjs loss is minor
relative to the 50%gain in luminance information, which human visionhas a greater responsive.6
An example in the following section following thisdemonstratesthe relatively minor effects of color
resolution decrease

A somewhat restrictive issuén the RGBW filter design is use in maximal saturation scenari@swest
gain or "base ISO sensitivity.")Sincethe panchromatic photodetector collects light much more
efficiently than its adjacent filtered photodetectorst will thus saturate the electron capacity of its
photowell much quickers. At this point, allowing the sensor to detect any additional light will
exceed the saturation level for the panchromatic photodetector, effectively rendering its information
useless.Thus, at the saturation level for the panchromatic photodetector (and thus for the entire
sensor), the colored photodetectorsvill always beundersampledand cannot reach full saturation
leading to greater noise (chrominance noise especiatigmpared to a conventional CFAThis
problem is not encountered in higher gain modes where the sensoed not fully saturateand allows
extra headroom for the panchromatic detectomhusthe RGBW filter is most usefufor low-light
situations when highgain modes are used.

s2Wikipedia. <http://en.wikipedia.org/wiki/File:Bayer_pattern.svg
33 Wikipedia. <http://en.wikipedia.org/wiki/Fil e:RGBW_Bayer.svg
34 Compton, John and John HamiltanColor Filter Array 2.0

35 Johnston, Mike:A Brief Interview With John Hamilton
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4.3.3.1Demonstration of effects of color resolution decrease

Figure4.12.In this image, resolution has been dowsampledto %, or by 93.75%. This is an exaggeration of

the effect of the RGBW filterfor illustrative purposesThe RGBW filter only decreases color resolutiotm%
(25% reduction)compared to a Bayer CFA.
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Figure 4.13A greyscaled version of the original image, averaging all chrominance values and displaying only
luminance information.
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Figure 4.14 A combination ofthe imagesin Fig. 4.12 and Fig. 4.13ising luminance values fronfrig. 4.13and
hue and saturation(chrominance)values from4.12 This image has 1/160of the color resolution and the full
luminanceresolution of the original image, taken using an image sensor with Bayer filter. We shoedgbect
much better performance on an RGB sensor, which wouldretain 3/4 the color resolution and full luminance
resolution of a Bayer filter image, anth return enhance sensitivity by 50%
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Figure 4.15The original image, for reference. Note the differences between it and the modified imegEig.
4.14are fairly minor, despite a dramatic (93.75%) reduction in color resolution.

5. Sequentialcolor capture(“"Multishot™)

One alternative to using a patteed color filter array is to simplysplit the capture of an image into
multiple captures,each one using one of the color filter typesver the entire image sensdp collect
intensity information for that color. As a replacement for an RGBasedilter array, for example a
sequential capture process would involve the sensor making three captilresce each with a red,
green, and blue filteri to recordintensity for each of those color components, at every pixel location.

Since color intensity for eah color component is measured at every pixel location, a sequential color
capture system does not requiny demosaicing to reinterpolate color data like CFAs do. This
results in better color accuracy, less interpolation artifacts, and greater colopha$on.

The multiple capture requirement of sequential capture limits its applications howevVetotal capture

time for the entire image is at least-times (n for the number of color filter types) that of an

equivalent CFA sensor, and any inconsistensii the imagebetween captureseither from

displacement of the camera or displacement of the subject, will cause subjects in the image to appear
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