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Abstract
A physical model is used to describe the image modulation and noise characteristics of charge-coupled
device (CCD) imagers. The model includes the effects of photon absorption, charge generation and
collection, and signal quantization. The imaging characteristics are presented in terms of the MTF and
Wiener, or noise power, spectrum. A computed example illustrates the use of the model.

1. Introduction

The improvements in performance and reliability of charge-coupled device (CCD) sensors have led to their wide
application in electronic imaging systems. These systems often employ several technologies to detect, process and
display the image information and the characteristics of any subsystem can limit system imaging performance. A
consistent systematic description of signal modulation and noise degradation is valuable when identifying limitations
to image quality. Such an analysis can be used in system development to set imaging requirements and also in the
simulation of imaging performance. In particular, signal-to-noise ratio techniques aid in the comparison of competing
technologies employing different imaging mechanisms, and in the evaluation of ultimate (e.g., quantum-limited)
performance.

The analysis of electro-optical systems in this way requires a description of the imaging performance of each
element in the signal chain. System optimization can then be attempted, given specific criteria such as information
capacity or fidelity.14 Improvements in solid state detectors have come about by identifying specific internal
mechanisms that limit performance. The aim here is to describe the signal modulation and noise characteristics of CCD
imagers in terms of the various parameters associated with charge generation, collection and readout. The emphasis will
be on their contribution to system imaging characteristics for visible light applications.

A CCD imager consists of a detector, CCD shift register and amplifier.5'6 We will also consider the quantization
step but not the effect of scanning optics. The input exposure is detected and converted to a sampled, quantized record
before it is stored or transmitted. In general, the effect of the various signal processing steps on the final image is not
isotropic and depends on the specific architecture (e.g., area or linear array type, pixel size). We will express the
imaging characteristics (i.e., transfer functions and noise sources) in terms of the input image dimensions, given a
particular imaging application. The device will be oriented so x is along the CCD array. Two types of noise sources
will be considered: those independent of the signal, and those that are a function of its mean value. Aliasing errors,’
which are also dependent on the image autocorrelation, are not addressed.

Although CCD cameras vary in the materials used, fabrication and architecture, several common signal
transformations can be identified. 5-6 Figure 1 shows a functional block diagram of a CCD sensor in the focal plane of
an optical system and its associated electronics. Incident photons are detected in the photosensitive layer
simultaneously at each photosite (pixel) location across the detector. The energy released by the absorbed photons
generates electron-hole pairs. The electrons then migrate to potential wells in the device so that the collected charge
represents the signal integrated over each photosite. This charge, collected during a fixed time interval, is then
transferred from the potential wells through a shift register to the readout node. The final step is the readout of the
charge packets, analog amplification and quantization of the signal.
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Figure 1. Functional diagram for CCD imager.

2. Model

As each step of the imaging system is examined, the signal and noise characteristics will be described in terms of
the resulting MTF and Wiener, or noise power, spectrum. The application of the MTF to describe the signal
transformations in solid state sensors is well established. 3+6:8-10 The noise power spectrum!1:12 js the two-
dimensional spectral density for a wide sense-stationary stochastic process (e.g., number of electrons/pixel). It
represents the decomposition of the variance over spatial frequency. In order to provide an absolute noise measure, this
can be expressed in units of variance-area. The noise power spectrum for the case of a uniform uncorrelated photon
exposure will now be analyzed at various steps in the signal path. For a uniform exposure of He photons/area the

fluctuations are governed by Poisson statistics and therefore the variance is

°i=“¢'

The chance of a photon being absorbed by the photosensitive material depends on both the optical surface
characteristics and absorption properties of silicon. Since we are only considering visible light, it is assumed that each
absorbed photon generates a single electron-hole pair.® A fraction of the generated electrons are lost. The absorption of
light of wavelength A, generation and loss of charge is described by the absolute quantum efficiency, 17(4), which is
the probability that an incident photon generates a collected electron. This can be described as the multiplication of the
quantum exposure by a binomial random variable with mean, 7. No scattering is associated with the absorption and
therefore there is no resulting degradation of signal modulation. We will associate any scattering prior to absorption

with charge diffusion, which follows. If 7 is assumed constant, the image noise remains uncorrelated but with
reduced variance

OF=lg="TH,y . 4y

Not all of the charge generated by incident illumination at a given pixel is collected and contributes to the signal charge
at that pixel. The diffusion of charge in the sensor remains a serious source of image degradation. Charge diffusion
causes the signal charge generated within a pixel boundary to be collected at neighboring pixels. Seib® developed
diffusion expressions for front- and backside-illuminated CCDs based on a model by Crowell and Labuda.!3 Blouke and
Robinson? addressed the case of a frontside-illuminated device with an epitaxial layer aimed at reducing charge
diffusion. More recently, Monte Carlo simulation techniques have been used to model diffusion in more complicated
devices.14 For our purposes, charge diffusion will be viewed as a stochastic scattering process. The probability density
function associated with the scattering of electrons from point of generation to that of collection becomes a point
spread function (psf). The Fourier transform of the psf is the corresponding MTF, H j(u, v), where u and v are the
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spatial frequency coordinates. Note that merely scattering spatially uncorrelated electrons does not change the noise
power spectrum. So, although the image signal modulation is reduced, the noise power spectrum remains flat
(white).13

It is not possible to measure the diffusion MTF without including the MTF due to charge integration which, for a
rectangular photosite is

Hi(u) = Sin 27 43) sin Qmvty) @
m 2nu Ax 2nvAy

where Ax and Ay are the dimensions of the active pixel area. Charge integration also represents sampling of the
continuous charge density, and a more complete treatment would include aliasing artifacts introduced here.® The
modulation transfer functions combine® so the MTF associated with diffusion and integration is

Hgi(uy)=Hq@uy)Hi@uy) . 3)
The integrated charge will have a mean and variance given by

Bi= Ax Ay p, @

of = Ax Ay
since the input exposure was expressed as charge/area, and the integrated charge is in terms of charge/pixel. The
integrated pixel charge is Poisson distributed since each is the sum of independent Poisson random variables.16 The

spectrum shape remains unchanged since the pixel integration is over nonoverlapping regions containing the
uncorrelated charge fluctuations so

Sfuv)=p; electrons? - pixel . G)

The integrated charge is now transferred from the sensor to the charge-coupled device array. The CCD transfers the
charge packet repeatedly over the length of the device to the output amplifier. At each transfer a small fraction, ¢, of
the signal charge is left behind and therefore is added to the next pixel charge. This introduces a nonstationary blurring

of the image which, for a simple readout scheme, can be approximated by the MTF 5,10

H () = exp(-N&( 1 - cos (2ruX) ) ©)

where N is the total number of transfers and X is the effective image sampling interval.
The loss of charge also represents a source of image noise. If the charge lost during each transfer can be described,
as above, as a fixed fraction, then the corresponding variance is17
O'g =4e2u; N . Q)
The noise power spectrum for the transferred signal is

Suv) = Si(u,v) H2(u, v) + Sg (uv) | @®)

where S, is the component due to charge transfer inefficiency. Recent improvements, including the use of buried
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channel CCDs, have increased the charge transfer efficiency, making this a minor source of image degradation for many
devices.

So far the fluctuations in the uniform image signal are due to the intrinsic detection, collection and transfer of
quantum exposure fluctuations. The variance of this shot noise is proportional to the mean signal. Two other sources
of noise are important: fixed pattern noise and read noise. Fixed pattern noise results from pixel-to-pixel sensitivity
variations in the device, i.e., variations in 7 and volts/electron for each pixel. Recently,17:18 several sources of fixed
pattern noise have been identified and reduced. The effect of fixed pattern noise can also be reduced by calibration and
post processing. The residual uncompensated component is read noise.

The read noise is independent of the mean signal and is a result of several sources20 including background noise,’
reset noise2! and output amplifier noise.®-16 This is treated as a combined uncorrelated noise source, with zero mean
and variance 6,2 .

The on-chip output amplifier contributes two components to the read noise, an uncorrelated white noise and a
source with a 1/f spectral density. We model the output as in reference 6 as the addition of these two sources followed
by a linear filter that includes the response of any correlated double sampling operation2! and integration of the A/D
converter. The MTF from input to amplifier and noise power spectrum at the output of the amplifier are

Hy.q (uv) =Hg (uv) H; (w,v)H; WHg (1) )

Sa ) = {S; () + Sy (uV)} HEW) 10

The exposure range and number of quantization bits used in the CCD imager depend on the imaging application.
They are usually chosen to minimize the visibility of image quantization artifacts. For continuous-tone images and
scientific applications this may require more than 8 bits, with the size of each interval being a nonlinear function of
input exposure. Here we model the process of quantization as the addition of a zero-mean quantization noise source.
Making the usual assumption of a uniform distribution of error about a given quantization interval, the variance is
given by?2

Aq* (1)
12

electrons2

ﬁw&=

where Aq(uQ ) is the quantization interval written as a function of average input signal. The corresponding noise
power spectrum is

2
A% , 1)
S b(u¢,u,v) = —¢) electrons? pixel
12
For the special case of uniform quantization intervals
2
Sp(uy) = d-max.  electronsZpixel (12)

12 226
where g,y,,x is the maximum pixel charge, and b is the number of bits used.
Each step in the signal chain has now been addressed and is shown schematically in Figure 2. The system MTF is
the product of each component MTF from equations (2), (3), (6) and (9):

MTF(u,v) =Hg(uvH ; (u)H ¢ (WH (1)
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The output Wiener spectrum, from equations (5), (8), (10) and (11) is

Suy) = {u,- th (u) + Sg (uy) + 8¢ (u,V)} H2@) + Sp(uv) . 13)
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Figure 2. Schematic diagram of CCD imager model.

3. Computed Example
Consider a linear array CCD image to be used for scanning hardcopy images. The manufacturer specifies that the
maximum, or full well, charge is 10° electrons and the dynamic range (Qmax/RMS pixel read noise) is 1500. Since the
image noise associated with input document granularity is often expressed in terms of its Wiener spectrum, we are
interested in the apparent spectrum due to the CCD imager when it scans a uniform area. The signal is quantized using
8 bits. For this example we will assume that the charge transfer efficiency is high (H; = 1. and S = 0.), and
amplifier 1/f noise is negligible when compared to other read noise sources.

From equation (13) we only need the amplifier MTF, which we will assume to be described by a simple low-pass
filter

1
H{u) = ,
1+4

where u 1s in cy/mm on the input document. An alternative MTF 1s that derived for correlated double sampling
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readout, given reference 21. The read noise power spectrum from equation (12) is

Sy () = ("D—m;x)zﬂz(u)

(14)
=4.44x 10° Haz(u) electrons? pixel , (15)

where DR is the dynamic range. The shot noise power spectrum for a mean charge q is
Sq (g uVHZW) = g H2(u) electrons® pixel (16)

For uniform quantization, from equation (12) the spectrum is

Sq= _Ghax__ 127 x 10* electrons? pixel
12216

For hardcopy images we need to express the CCD imager noise in terms of reflectance or, more often, optical
density. If we require that the imager noise be expressed in terms of reflectance (or transmittance), we first establish
that the maximum reflectance, 1.0, corresponds to the saturation charge, ¢,,,, ( this may not always be the case).
Dividing each of the noise power spectrum components by qmax2 therefore expresses them in units of R2 pixel.
These fluctuations can then be expressed in density using the approximation

2
Sdensi ty(u,v) = (logip €) Sreﬂectancez(u,v) . an

mean reflectance

If the noise power spectrum is to be expressed in terms of density? um2 on the hardcopy input image, as is usually
done for photographic prints, then this is given by substituting equations (14), (15) and (16) into (13) and (17)

o i,

(log1g €)% Axdy
12 216/  D2um?

Sa(#q,u,v) =

w2

Figures 3-5 show the noise power spectrum of the CCD imager as a function of spatial frequency and average density.
To plot the function here, the single frequency axis corresponds to u=v. The calculated Wiener spectrum levels are
higher than those usually measured for photographic print granularity, but comparable to dry electrophotographic
granularity. Film scanning usually requires more than eight bits of quantization, and a CCD imager dynamic range
greater than 1500 (i.e., lower read noise levels than in this example).

4. Conclusions
The functional model for a CCD imager provides a way to interpret the imaging performance that is consistent
with established metrics for not only photographic but also other electro-optical systems. It facilitates the comparison

of detectors and the selection of any CCD device in the context of the subsequent image processing and display tasks to
performed.
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Figure 3. Noise power spectrum of read and shot noise for the computed example.
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Noise power spectrum for the output of the amplifier.

Figure 4.
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Figure 5. Noise power spectrum for the quantized image (note change of scale).
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