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Introduction 
Cameras are used for collecting light and imaging in a wide 
range of diagnostics. The following report details properties and 
characteristic features of a range of different cameras used in 
experiments including charged coupled devices (CCD), electron 
multiplying charged coupled devices (EMCCD) and 
complementary metal–oxide–semiconductor (CMOS). The 
dynamic range and linearity of the cameras are compared and 
the different components of noise and their levels for each 
camera are studied.  The cameras tested are listed in Table 1.  

Dynamic Range and Linearity  
The dynamic range quantifies the ability of a sensor to image a 
range of light intensities in the same image. It is defined as the 
ratio of the largest non-saturating input signal to the smallest 
detectable signal.[1] Saturation is when the pixels are exposed to 
so much light that the pixels cannot store more charge, meaning 
any additional signal is not recorded.  
A 3x3cm green uniform light source was focused down onto the 
camera sensor using a 50mm diameter, 150mm focal length 
lens. The exposure time of the cameras was 100ms. The source 
was continuously on. The luminosity of the light source was 
uniform so that variance of the image across the source reflects 
non-uniformities in the camera.  
A range of neutral density filters were placed in front of the 
light source in order to measure the linearity of the camera 
response to changes in light intensity. 
Background images were taken with the light source on but 
with a very high level of filtering (to give a transmission of  0) 
to account for the signal scattered into the CCD from any leaks 
in the shielding as well as the dark current. The difference 
between the background and dark current readings (light source 
removed) was found to be on the order of a few counts so 
shielding was assumed to be adequate. This average 
background taken over 10 exposures was subtracted from the 
images taken during the linearity tests. The counts were 
measured across a region of the camera chip that was evenly 
illuminated with no defective pixels, the same area size was 
used on each camera. 
For colour cameras the signal from the pixels with a green filter 
were separated out from the other colours as the light source 
was green. This was used for comparison to monochromatic 
cameras. 
In figures 1 and 2, the graph of standard deviation and mean 
number of counts are plotted for different filter transmissions. 
The SX-25C responds differently from the other cameras near 
saturation and has a less linear response. This is because the 
SX-25C camera has anti-blooming features. Blooming occurs 
when a pixel saturates causing excess charge to spill into 
adjacent pixels. The anti-blooming feature removes excess 
charge to prevent it spilling over into neighboring pixels [2], the 
onset of this is not linear and results in reduced sensitivity. The 
starlight express SX-694, SX-25C and H9C and the Andor neo 
have similar response with dynamic ranges of around 104. 
However, the neo appears to have the most linear response 
down towards the noise level. The Kite appears to have an 

additional source of background noise not removed by the 
background subtraction giving a dynamic range of around 103 - 
102.  
 

 
Figure 1: Linearity curve for Raptor kite EMCCD and 
Andor Neo CMOS cameras 

 
Figure 2: Linearity curve for SXVF-H9C, Trius SX-694 and 
Trius SX-25C CCDs. 

Defective Pixels 
Every camera tested is made up of over 200 000 pixels, even 
with a very low manufacturing defects, some pixels are 
expected to be defective. Only if a region or a significant 
percentage is defective does action need to be taken. 
Hot pixels are caused due to the thermal generation of electron-
hole pairs from damage caused by high energy cosmic rays or 
other processes. The dark current in these pixels is much higher 
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than in neighboring pixels [3,4]. These are a form of fixed pattern 
noise (FPN) so can be removed by subtracting a background 
image in post processing. To find defective pixels, the CCD is 
shielded from light using aluminum foil and many images are 
taken. The images are averaged and any pixels which have 
higher count rates than surrounding pixels are deemed as 
defective. Summarized results are listed in Table 2. The 
Starlight express cameras all have similar numbers of defective 
pixels (<20), the Raptor kite however has double this number 
with 40 defective pixels. 
 
Readout Noise 
Readout noise is a random Gaussian noise of the camera caused 
by the readout architecture. It cannot be reduced by background 
subtraction. It can be measured by exposing the camera for the 
shortest possible time so dark current can be assumed to be 
negligible, in light tight conditions (this is a bias image). In post 
processing, a large value is added to every pixel (to stop zeroing 
issues) then the average of the bias images is subtracted. The 
image which remains is the isolated readout noise, which should 
be a Gaussian noise. The fast-Fourier transform (FFT) of the 
image shows the distribution of frequencies in the image, any 
patterns in this image is a sign there is a periodic component to 
the readout noise. This cannot be removed by averaging a series 
of images and will shrink the dynamic range and the signal to 
noise ratio. The readout noise of each camera is listed in table 2. 
All the cameras tested where found to have similar levels of 
readout noise. None of the cameras showed significant periodic 
noise. 
 

Dark Current and Temperature  

Dark current only images were taken with the camera chip 
covered.  Dark current is a signal caused by electrons absorbing 
thermal energy and crossing the band gap. It is proportional to 
the sensor material, pixel size, the exposure time and absolute 
temperature. Most cameras tested have internal thermoelectric 
coolers; some also have a thermometer so temperature can be 
measured. To test the cooling, the camera was cooled, shielded 
and fixed exposure time images (30s) were taken. An example 
of the change in dark current as a camera is cooled over a 
period of time is given in Figure 3, with the count rate clearly 
decreasing as the camera is cooled. Figure 4 shows the effect of 
increasing exposure time on dark current. To test the dark 
current, when the temperature had stabilized, images of 
increasing exposure time were taken. The time taken to cool to 
the maximum possible cooling is given with the counts per 
second of the dark current. The measured SX-694 and SXVF-
H9C camera dark current is given in table 2 with the SXVF-
H9C having a larger dark current this could be due to its larger 
pixels.  
 
Conclusions  
The dynamic range, linearity and noise levels of a variety of 
CMOS and CCD cameras have been measured. The starlight 
express SX-694, SX-25C and H9C and the Andor Neo were all 
found to have dynamic ranges of around 104. The Raptor Kite 
had a dynamic range of around 103 - 102 due to background 
noise. The cameras were all found to have similar amounts of 
readout noise, with the Raptor Kite having a larger number of 
defective pixels than the other cameras. Dark current was 
measured for the SX-694 and SXVF-H9C cameras. The SXVF-
H9C was found to have a larger dark current most likely due to 
its larger pixels.  
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Figure 3: Dark current against time for a SX-25C CCD as it 
is cooled from room temperature to -15C over time.  

 

 
Figure 4: Dark current against exposure time for a SX-25C 
CCD. 
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Camera	  Name	   Manufacturer	   Active	  Pixels	   Sensor	  Type	   Pixel	  Size	  (µm)	   Cooling	  

Trius	  SX-‐25C	   Starlight	  Express	   3032	  x	  2016	  
Colour	  CCD	  

7.4	   -‐15°C	  held	  

Kite	   Raptor	  Photonics	   658x496	   EMCCD	   10	   -‐20°C	  	  

Trius	  SX-‐694	   Starlight	  Express	   2750x2200	  
CCD	  

4.54	   -‐15°C	  held	  

SXVF-‐H9C	   Starlight	  Express	   1392x1040	   Colour	  CCD	  
	   6.45	   No	  cooling	  

Neo	  5.5	   Andor	   2560	  x	  2160	   CMOS	   6.5	   -‐40°C	  	  

	   	   	   	   	   	  

Table 1: List of cameras tested and their properties 

Camera	  
Name	  

Cooling	  Time	   CCD	  Quality	  (#	  of	  
Hot	  Pixels)	  

Readout	  Noise	  
Measured	  (ADU)	  

Dark	  Current	  
Measured	  (ADU/s)	  

Trius	  SX-‐
25C	  

30±5	  	  min	   19±3	   17	  	   Not	  measured	  

Kite	   20	  seconds	   40±15	   17.8±0.05	  	   Not	  measured	  

Trius	  SX-‐
694	  

25±5	  	  min	   13±2	   16±1	  	   0.057±0.003	  

SXVF-‐H9C	   40±10	  min	   15±2	   17	  	   0.082±0.002	  

Table 2: Noise data summary for tested cameras 


