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Abstract: A monochrome CCD camera is used in a reflectometer in order to measure the luminance of light 
reflected by a specimen. This application requires a compensation of the non-uniformities introduced by the 
optical system, also known as fixed pattern noise. We provide an image formation model and characterize the bias 
and the dark signal of the CCD sensor and we use a self-built integrating sphere with an inner diameter of 500 mm 
as a uniform light source in order to characterize the photo sensitivity of the whole optical system. Finally, a new 
effective approach to compensate the fixed pattern noise pixel by pixel and in dependence of the exposure time is 
proposed. 
 
Keywords: Camera calibration, Flat-field correction, Fixed pattern noise, Dark signal, Photo response, Integrating 
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1. Introduction 

 

We use a CCD camera from Allied Vision 
Technologies (model GC1600H) to measure the 
luminance  of reflected light in a gonio-
reflectometer. The reflectometer is used to evaluate 
the bidirectional reflectance distribution function 
(BRDF) of metallic specimens [1]. The camera 
features a monochrome Sony ICX274AL progressive 
scan 2 megapixel CCD sensor, a 12 bit ADC, and is 
equipped with a Pentax TV zoom lens (8 48 mm). 

The camera supplies the digital image , measured 
in ADU (analog-to-digital units). Obviously, the image 
value ,  depends on , , the mean luminance 
of the pencil of light which is imaged onto pixel , . 
In an ideal camera,  would be proportional to the 
imaged light field  with the same factor of 
proportionality for all pixels. A real camera sensor, 
however, has several imperfections which may be 

categorized in two main groups [2]: (a) fixed pattern 
noise (FPN), and (b) temporal noise [3-4]. Our 
application of the camera in the reflectometer requires 
it to supply a real measure of the luminance [5], Thus, 
our goal is to compensate the FPN in acquired images. 

The word noise in the term FPN may be, although 
widely adopted in the literature, somewhat misleading, 
because FPN means spatially varying but temporally 
constant (and thus deterministic) non-uniformities in 
acquired images [6]. In the remainder of this paper, the 
single word noise in another context than FPN refers 
to temporal noise only. In related literature [2], the 
FPN is often further subdivided into the so-called dark 
signal non-uniformity (DSNU) and the photo-
response non-uniformity (PRNU). The DSNU can be 
observed under dark conditions and the PRNU takes 
effect as soon as light strikes the image sensor. After 
presenting the physical image formation model in  
Sec. 3, we show measurements of the bias and the dark 
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signal of the CCD sensor as well as of the photo 
sensitivity of the whole optical system in Sec. 4. The 
photo sensitivity is evaluated by means of a custom 
integrating sphere which is introduced in Sec. 2. Based 
on the measurements, we finally propose a method for 
compensation of the FPN in Sec. 5 which is applied 
pixel by pixel. The presented method is more accurate 
than the conventional so-called flat-field correction 
which is often used in astronomical imaging. 

As the characteristics of the camera depend on the 
temperature of the CCD sensor and the electronics to 
a high degree [7], we have implemented temperature 
stabilization of the camera. The stabilization uses a 
thermoelectric cooler in a closed loop control to 
actively cool the aluminum housing of the camera 
(Fig. 1). For all measurements in this paper, we have 
stabilized the housing temperature at 20 0.1 °C1. 
This operating temperature has the advantage that it is 
close to the ambient temperature and hence a possible 
temperature gradient along the housing is minimized. 
It is also well above the dew point in order to avoid 
harmful water condensation. 

 
 

 
 

Fig. 1. The thermoelectric cooler is clamped 
between the housing of the camera and a fan. 

 
 

1.1. Mathematical Notation 
 
We will denote matrices with bold italic letters, 

e.g. the image , and we will use ,  to refer to a 
single entry of . Unless otherwise stated, 
mathematical operations between two matrices are 
carried out on a per-element basis. 

Throughout this paper, we will make use of two 
different sample means. We call 

 〈 〉  1 ,,  (1) 

the spatial mean and 
 

                                                 
1 Without the stabilization, the housing heats up to about 45 °C during operation. 

1 , ;  (2) 

 

the temporal mean [8], where  and  are the 
dimensions of an image or matrix and  is the number 
of temporally averaged images or matrices. Note that 
the former is a scalar value, whereas the latter is still 
an image or matrix. 

We will also introduce a few random variables and 
we will make no difference in notation between a 
random variable and its realization2, whereby the 
difference should be clear from the context. 

 
 

2. The Integrating Sphere 
 

The custom integrating sphere (Fig. 2) with a 
diameter of 500 mm provides, in the ideal case, a 
uniform and fully diffuse light field at the 140 mm 
wide exit port and is used to evaluate the photo 
sensitivity of the optical system (Sec. 4.3). 

 
 

 
 

Fig. 2. The integrating sphere is used to evaluate the photo 
sensitivity of the optical system. 

 
 

The sphere is made of two metal-spun and powder-
coated aluminum hemispheres. Inside it is additionally 
coated with white and diffusely reflecting barium 
sulfate with a reflectance in the visible wavelength 
range of more than 97 %. It is illuminated by six high 
power LEDs with three of them having a correlated 
color temperature (CCT) of 3000 K and a luminous 
flux of 300 lm@1050mA and the other three having 5700 K and 360 lm@1050mA. It is possible to set a 
desired CCT by means of driving the two LED types 
with appropriate currents. With all six LEDs at 
nominal current of 1050 mA, the luminance at the exit 
port is about 1.46 10  cd/m . The LEDs can 
temporarily be operated at up to 3A to increase light 

2 Some authors use capital letters for a random variable 
and lowercase letters for a corresponding realization. 
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output even further. For our experiments, all six LEDs 
have been operated at a constant current of 500 mA. 

Important quality characteristics of the sphere are 
the spatial and the angular homogeneity of the output 
light field. We have used the CCD camera at hand to 
measure both of them. In order to determine the spatial 
homogeneity, we have applied a linear and a rotation 
stage to move the camera around the whole area of the 
exit port automatically and for the angular 
measurement we have used just the rotation stage to 
rotate the camera around its own axis, one time 
horizontally and the other time vertically. In the 
acquired images, we build the average of a 150px150px center section in order to get a value which is 
proportional to the luminance. The center section 
instead of the whole image is used to improve the 
directionality of the measurements. The results are 
shown in Fig. 3 and Fig. 4. 

 
 

 
 

Fig. 3. Spatial homogeneity of the output light field. 
 
 

 
 

Fig. 4. Angular homogeneity of the output light field 
measured in the horizontal and the vertical direction. 

 
 

In the plot of the spatial luminance distribution 
(Fig. 3) it can be seen that the relative luminance stays 
well above 99 % of the maximum luminance and in 
the plot of the angular luminance distribution (Fig. 4), 
the relative luminance stays above 98 % in the range 
from 40° to 40°. The negative peaks at 45° can 
be explained by the influence of the interface where 
the two aluminum hemispheres are stitched together. 

Regarding the homogeneity and the optical output 
power, the performance of the sphere compares well 

to those commercially available, while the 
manufacturing costs were just about one-tenth. 
 
 

3. An Image Formation Model 
 
The CCD camera sensor principle is based on 

photoelectrons generated in sensor cells, also known 
as pixels. The photoelectrons per unit time for all 
pixels can be summarized in the matrix of photo 
currents . Our model assumes that  is proportional 
to the matrix  of illuminances at the image pixels: 

 ∝  (3) 
 

Furthermore, it can be shown [1] that  is 
described by 

 4 cos , (4) 

 

when the optics is approximated by a single thin lens. 
Here,  is the matrix of attenuation factors which are 
determined by the transmittance of the lens and 
distortions in the optical path, , is the diameter of the 
entrance pupil, , is the image distance, , is the 
matrix of angles between the principal ray of each 
pixel and the optical axis of the sensor, and , is the 
imaged light field. 

Equations (3) and (4) can be combined by using a 
single matrix  of factors of proportionality, 
measured in A/ cd/m² : 
 . (5) 
 

This matrix depends, besides the parameters of the 
optics noted in Eq. (4), on characteristics of the CCD 
sensor like the effective pixel area, the fill factor, the 
quantum efficiency, or the charge collection efficiency 
[2]. 

There are also thermally induced charges in the 
sensor cells, even if no light strikes the sensor. These 
charges are the source of the so-called dark current . 
The dark current is well understood and described in 
[6], for example. It depends exponentially on the 
sensor temperature. 

During the exposure time  of an acquisition,  
and  are integrated and the matrices of mean 
numbers of generated dark and photo charges are 

 

  
 

(6) 

with  being the elementary charge. The actual values 
in  and  are subject to shot noise and can thus be 
modeled as Poisson distributed random variables with 

 and  being the matrices of the corresponding 
Poisson parameters: ~  and ~ . Note 
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that the Poisson parameter denotes the mean as well as 
the variance3. For large values of the parameter, the 
Poisson distribution can be approximated by the 
normal distribution. The shot noise implies an inherent 
limit for the attainable signal-to-noise ratio (SNR) of 
the sensor. 

Directly after the exposure, the collected charges 
are transferred off the sensor4 and are serially applied 
to a capacity. The capacity converts the charges to a 
voltage which is amplified and finally AD-
converted [2]. This process can be modeled by a bias 
image  and a matrix of factors  which denotes the 
conversion between the amount of charge and the 
output signal in ADU. The bias image is modeled to 
contain additive white Gaussian noise. This noise is 
often referred to as read out noise [3]. 

The final image is composed of the bias image and 
the dark-, and the photo signal and can be  
written as 

  . (7) 

 
 

4. Analysis of the FPN 
 
The pixels of the CCD sensor differ in the bias 

signal, the dark current and the photo sensitivity. 
These temporally constant inter-pixel variations are 
the cause of the so-called fixed pattern noise. 

The FPN is analyzed in the following subsections 
by looking at (a) bias images, (b) dark images, and (c) 
flat-field images. Flat-field images for different 
exposure times  are acquired with the lens directed 
at the exit port of the integrating sphere, which 
provides a uniform and flat light field. Dark images for 
different  are produced by suppressing the photo 
signal  in the acquisitions. In practice, this is 
achieved with an opaque lens cap. Finally, bias images 
are acquired by suppressing the dark signal  in 
addition to . This is done by choosing  as low as 
possible. For the camera at hand, the minimal  is 10 μs. 
 
 
4.1. The Bias Image 

 

The mean bias image  shown in Fig. 5 is the 
result of averaging 256  2048 single bias frames. It 
shows a vertically striped pattern and has a darker 
region on the very left. These effects may be caused 
by the readout electronics and a non-uniform 
temperature distribution over the sensor. The spatial 

                                                 
3 As the Poisson parameter is without unit, there is no 

contradiction regarding units in this statement. 
4 There are different kinds of sensor structures available, 

the most common being (a) frame transfer, (b) interline 

mean 〈 〉 is ~36.8ADU. This is a bit less than 1 % of 
the total dynamic range of 4095ADU. 

 
 

 
 

Fig. 5. The averaged bias image . 
 
 

The bias image can be further subdivided in 
 

 (8) 
 

with the steady component  and additive white 
Gaussian noise . An interesting observation during 
our experiments was that  is not entirely constant, 
but with each new acquisition sequence5 it randomly 
appeares as one out of a finite number  of different 
steady components , , whereby the number  and 
the steady components ,  themselves depend on the 
temperature and possibly on other parameters. This 
effect is presumably caused by a camera-intern and 
temperature-dependent  
offset compensation. 

When the camera housing temperature is stabilized 
at ° , we have  and the mean variance 
between single pixels of the different steady 
components ,  (~ ) is very small as 
compared to the mean variance of  (~ ). 
Thus, this effect can be safely neglected in  
most cases. 
 
 

4.2. The Dark Signal 
 

While the bias images were acquired at the 
minimal possible exposure time, the effect of the dark 
current is analyzed by means of dark images acquired 
with 128 different  between 10 μs and 2 s. At each 
of these exposure times, 256 dark images are 
acquired. Moreover, this measurement is repeated 
three times. Thus, 256 3 images are averaged at 
each exposure time in total in order to reduce temporal 
noise. 

Fig. 6 shows the trends of three typical pixels in 
the averaged dark images. As the physical model 
predicts, the dark signal is linear in  in good 

transfer and (c) frame-interline transfer CCDs [2]. The 
sensor at hand is an interline transfer CCD. 

5 In order to modify camera settings like the acquisition 
time, the current acquisition sequence has to be stopped and 
a new one has to be started. In MATLAB, this corresponds 
to a stop/start of the video object associated with the camera. 
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approximation. Thus, it can be modeled by means of 
linear regression lines for each pixel. The slope ,  of such a line is proportional to the magnitude 
of dark current generated in pixel ,  and we call it 
the dark signal rate of this pixel, measured in ADU/s. 

 
 

 
 

Fig. 6. The trends of three typical pixels in the averaged 
dark images versus exposure time. The corresponding 

regression lines are shown dashed. 
 
 

The histogram of the dark signal rates is shown in 
Fig. 7. The range from 0 to 35 ADU/s covers 99.14 % of all pixels of the sensor. The mean dark 
signal rate is about 8.84ADU/s. This indicates a quite 
low impact of the mean dark current of the 
temperature-stabilized camera: After an exposure time 
of 1 s, the mean dark signal would be just 0.22 % 
of the whole dynamic range of the sensor. 

 
 

 
 

Fig. 7. Histogram of the dark signal rates. The Histogram is 
normalized such that the covered area equals 1. 

 
 

However, there also a few pixels which exhibit 
untypical dark signal behavior. Such pixels can be 
roughly classified into two categories which are not 
mutually exclusive: (a) pixels with exceptional high 
dark signal rates, the so-called hot pixels, and (b) 
pixels with varying dark signal rates. 

The trends of some of the pixels with the highest 
dark signal rates are shown in Fig. 8. The rates range 
from ~1100ADU/s for the purple curve up to ~19200ADU/s (measured in the linear range) for the 

red curve. An interesting effect is that the dark signal 
obviously saturates before it reaches the upper limit of 4095ADU. The red curve saturates at ~3710ADU, 
while the yellow curve saturates yet at ~750ADU. 
Another observation is that some of the hot pixels 
exhibit a slightly nonlinear behavior [9] as it is the case 
with the green curve, for example. 

 
 

 
 

Fig. 8. The trends of five of the pixels 
with the highest dark current. 

 
 

When we define the threshold for the dark signal 
rate of hot pixels to be 100ADU/s, we have 496 pixels 
above this value. This means that ~0.0251 % of all 
sensor pixels are hot pixels. 

The second main category of untypical dark signal 
behavior comprises those pixels with a varying dark 
signal rate. The dark current generated in these pixels 
seems to alternate randomly between two or more 
discrete values. The signals of three examples of this 
group are shown in Fig. 9. 

 
 

 
 

Fig. 9. Three examples of pixels 
with varying dark current. 

 
 

We define pixels to be of this type when the 
maximum absolute value of the forward difference of 
the corresponding dark signal is above a certain 
threshold. In our experiments, 8ADU has proven to be 
a reasonable value and using this threshold we have 
identified ~1.96 % of all pixels to be of  
this category. 
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4.3. The Photo Signal 
 

For evaluation of the photo signal, we use images 
of the exit port of the integrating sphere which 
provides the spatially constant light field . We 
have acquired flat-field images with 128 different 
exposure times  between 10 μs and 13.3 ms. The 
upper bound of 13.3 ms has been chosen such that all 
pixels reach at least an output signal of 4000ADU. At 
each of these exposure times, 128 flat-field  
images have been averaged in order to reduce 
temporal noise. 

The corresponding trend for three typical pixels is 
shown in Fig. 10. It can be observed that the pixels 
have a different photo sensitivity and that the trends 
are slightly nonlinear in  [9] (even before reaching 
the saturation level at 4095ADU). 

 
 

 
 

Fig. 10. The trends of three pixels versus exposure time 
in the averaged flat-field image. The used pixels are those 
with the highest (red), the mid-level (green) and the lowest 

(blue) photo sensitivity. The maximum output value  
is 4095ADU. 

 
 
The varying photo sensitivity can be observed even 

more clearly in a flat-field image itself. The image 
 shown in Fig. 11 is the result of averaging 512 

flat-field images acquired at 6 ms. The gray 
values in the image are scaled from the minimum 
value of 1963ADU to the maximum value of 2532ADU. The plot in Fig. 12 shows the values of the 
pixel row which is marked with the blue line  
in Fig. 11. 

 

 
 

Fig. 11. The mean of 512 flat-field images 
acquired at 6 ms. 

The high number of averaged images causes the 
temporal noise to be effectively removed and the FPN 
to be dominant. The FPN exhibits a low frequency part 
which is mainly caused by vignetting of the lens and a 
high frequency part which is presumably caused by the 
read-out electronics. The visible dark spots are caused 
by distortions in the optical path, like dust or smear on 
the optics. 

 
 

 
 

Fig. 12. Values of a single row of the flat-field image. 
 
 

5. Compensation of the FPN 
 
As the FPN is temporally constant, it can be 

considered a systematic error which can be corrected. 
In this section, we derive a way to calculate  (or at 
least an image proportional to ) based on an 
acquisition  and its given exposure time . 

We infer from Eqs. (6) and (7) that the photo signal 
 in an acquisition is a function of the product of the 

acquired light field  and the exposure time . In other 
words: For a given , the product   is constant. As 
a consequence, we can write 

 ,  (9) 
 

Here,  describes the spatially constant reference 
light field provided by the integrating sphere and ,  is a function which maps the given photo 
signal  to the matrix of reference exposure times ,  which would be required to generate  under the 
assumption that  is imaged by the  
optical system. 

Rearranging Eq. (9) and substituting the quantities 
from Eq. (7) for , we finally get  
the expression 

 , . (10) 

 

The acquisition  and the exposure time  are 
given. For now, we assume the exact value of  
from the integrating sphere to be known, too. What we 
yet need in order to compute expression (10), is (a) an 
estimate  of the bias image, (b) an estimate  of the 
dark signal (which depends on the exposure time), and 
(c) an estimate ,  of the function which maps 
a given photo signal to the reference exposure time. 

For the bias image estimate  (a), the following 
method has proven to work well: We perform a 
polynomial regression of order 4 to approximate the 
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dark signal measurements of pixels with typical 
behavior presented in Sec. 4.2 and use the resulting 
matrix of constant coefficients  as the estimate of 
the bias. The higher order polynomial deals with 
nonlinearities which may occur in the dark signal. For 
pixels with untypical behavior, the polynomial 
regression does not yield satisfying results and we thus 
use the mean bias image  presented in Sec. 4.1. This 
approach can be summarized as follows: 

 , , , typical , , untypical (11) 

 
The dark signal has been shown to be linear in  

in good approximation for the majority of the pixels. 
Thus, we use  

 
 (12) 

 
for the dark signal estimate (b). In order to determine 
the matrix of dark signal rates , we apply a least 
squares approach to determine the slopes of the lines 
which approximate the measurements presented in 
Sec. 4.2, while having the intercepts of these lines 
fixed at  from Eq. (11). 

The estimate ,  of the function for the 
reference exposure time (c) is performed using the 
measurements of the photo sensitivity in Sec. 4.3. In a 
first step, we subtract  and  from the acquired 
image  to isolate the photo signal . In a second step, 
we model the reference exposure time by a polynomial 
of order 4: 

 

,  . (13) 

 
Finally, polynomial regression is used to determine 

the matrices of coefficients . The results of the 
regression for the three example pixels from Fig. 10 
are shown in Fig. 13 as dashed lines.  

 
 

 
 

Fig. 13. The reference exposure time in terms  
of the photo signal. The results of the polynomial 

regression are shown dashed. 
 

Only measurements with an output signal less than 4000ADU have been used for the regression. Note that 
the axes in Fig. 13 are interchanged as compared to the 
axes in Fig. 10: Now, ,  is the independent 
variable, whereby ,  is the dependent variable. 

It should be noted that the measurement of the 
photo sensitivity and the polynomial regression in 
order to determine the matrices of coefficients   have 
to be repeated as soon as a parameter of the optical 
system (e.g. the zoom level of the lens) changes. 

 
 

5.1. Evaluation of the FPN Compensation 
 

The proposed method is verified by applying it to 
the flat-field image  from Fig. 11. The results are 
shown in Figs. 14 and 15. 

 
 

 
 

Fig. 14. The corrected flat-field image. 
 
 

 
 

Fig. 15. A single row of the corrected flat-field image. 
 
 

Usually the exact value of  is not exactly 
known. However, from Eq. (10) it can be seen that  
can be used as arbitrary scaling factor, as long as it is 
the same for the whole image. Here, we  
have used 
 〈 〉/〈 〉 (14) 
 
in order to make the original and the corrected image 
easily comparable. 

The corrected image is reasonably flat. The low 
frequency FPN is effectively eliminated and also the 
high frequency FPN is significantly reduced. Even the 
dark spots from the original image are compensated. 
There are a few distortions in the corrected image, as 
can be seen around column 200 in Fig. 15. These are 
either caused by local inhomogeneities in the output 
light field of the sphere or by distortions in the optical 
path which have changed between the measurements 
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of the photo sensitivity and the acquisition of the flat-
field image.  
 
 

6. Conclusion 
 

An optical system, consisting of a CCD camera 
and a zoom lens has been characterized by means of 
the FPN. We have done measurements to evaluate the 
bias, the dark signal in dependence of the exposure 
time and the photo sensitivity by means of a custom 
integrating sphere. Using these measurements, a 
method has been proposed to correct the FPN pixel by 
pixel and in dependence of the exposure time. Finally, 
we have verified our method by applying it to a flat-
field acquisition. 
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