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You want to compare two cameras and find out which of them is more sensitive. Unfortunately, you find that 
their data sheets are completely incompatible. In the end, you must painfully test the cameras on your own. But if 
you were lucky, the data sheets for the cameras would have been prepared in accordance with the new 
EMVA 1288 industry standard making this problem a thing of the past and letting you make the comparison in 
no time. This article describes how to compare cameras with EMVA 1288 compliant data sheets. 

                                                           
*) Web: http://www.baslerweb.com/ 
 E-mail: friedrich.dierks@baslerweb.com      

What does it actually mean when we say that “cam-
era A is twice as sensitive as camera B”? Does it 
mean that camera A supplies twice the signal 
(= gray value) as camera B when being exposed to 
the same light source? What happens if we raise the 
gain on camera B until both cameras provide the 
same gray value? Have the cameras reached the 
same sensitivity at that point? Obviously not, be-
cause we would get the same effect if we multiplied 
all (digital) gray values from camera B by a factor 
of two in the viewer software, and it is clear that 
this can’t make the camera better or worse. 

The Business with Gain 

Gain has no effect on the sensitivity of a camera. 
This contradicts the common view, and many cam-
era manufacturers deliver their cameras with the 
default gain set to the maximum to give the impres-
sion that the cameras have a high sensitivity. Do not 
let this fool you. 

When it comes to a camera comparison, the decid-
ing factor is not the absolute gray value, but it is the 
ratio of that gray value to the level of temporal 
noise. This quotient is called the signal-to-noise 
ratio (SNR). The higher the quotient, the less cru-
cial the noise and the better the image. The signal-
to-noise ratio is therefore a measure of image qual-
ity. However, you should note that the signal-to-
noise ratio only reflects temporal signal variations, 
not the spatial variations the human eye finds really 
bothersome (stripes, etc.). 

As mentioned earlier, the signal-to-noise ratio does 
not depend on the gain of the camera. When we 
double the gain, we double the signal as well as the 
noise and the quotient of the two quantities remains 
the same. 

The Inherent Noise of the Light 

When we plot the signal-to-noise ratio of a camera 
image versus the amount of light that the camera 
pixels collect during exposure, we notice that the 
signal-to-noise ratio gets better (higher) as the 
amount of light increases. Unfortunately, the in-
verse is also true. Anyone who has ever tried to 
take a good photo in dim party light without a flash 
can surely confirm that. 

   

  

Fig. 1 Image Quality Depending on Signal-to-
Noise Ratio (Basler A311f Camera). From top left 
to bottom right: SNR = 1 / 10 / 20 / 40 / 80 
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Fig. 1 illustrates this effect very impressively. The 
series of owl images was captured with different 
exposure times. Since very little light is collected 
when exposure is short, the image is dark and the 
gain setting was used to bring all of the images to 
approximately the same medium brightness. De-
pending on the amount of light, the mean signal-to-
noise ratio of the images ranges from 1 (extremely 
noisy) to 20 (tolerable) to 80 (very good). 

This behavior occurs because light has a “built-in“ 
signal-to-noise ratio. When we take a look at the 
number of photons collected in a pixel during a 
certain exposure time, we can see that this number 
varies from one observation to the next. This hap-
pens because the photons do not arrive ”in step”, 
but rather at irregular intervals, more or less like 
this: ..p.....p.p....p...p. This variation in the number 
of photons observed during the measurement inter-
val can be seen as a gray value variation in the 
image. Live images captured by the camera will be 
flickering and noisy. Flickering and noise increase 
in relation to the signal as the amount of light de-
creases. 

Physics reveals that the signal-to-noise ratio pSNR  

of the light can be calculated as follows: 

ppSNR m=  

Where pm  is the mean number of photons collected 

by the subject pixel during exposure.  

Yield of Electrons 

When comparing different cameras, we find that the 
signal-to-noise ratio of the gray value images can 
definitely vary when exposed to the same amount 
of light. This happens because the signal-to-noise 
ratio is just the borderline case. No gray value im-
age can provide a better ratio, but can only be 
worse. 

There are two main reasons for this worsening. On 
the one hand, not every photon generates a free 
electron when it hits the pixel, but only these elec-
trons contribute to the useful signal in the gray 
value image. For example, think of a CMOS cam-
era where half of the pixel area is not light sensitive 
at all because it is covered with transistors. On 
average, just due to reasons of geometry only every 
second photon can generate an electron. On the 
other hand, the ratio is even worse because even in 
the light-sensitive part of the pixel, the yield is 
lower than 100%. 

By the way, the geometry effect can be lessened by 
placing a micro lens over each pixel. The micro 

lens focuses the incident light on the light-sensitive 
part of the pixel (see Fig. 2).  

geometrisches Pixel

lichtempfindlicher
Teil des Pixles

Mikrolinse

 

Fig. 2 Geometric Fill Factor and Micro Lens 

Both effects together – the geometry effect and the 
yield in the material – are described by the quantum 
efficiency (QE) in [%]. The quantum efficiency is 
the ratio of the number of electrons generated by 
the light em  to the number of incident photons pm :  

pe QE mm =  where %100<QE  

The quantum efficiency strongly depends on the 
wave length of the incident light and reaches a 
maximum when green light (~550 nm) is present. 
Typical maximum values for area scan cameras are 
20 to 30% for CMOS and 40 to 60% for CCD tech-
nology. CMOS cameras have a lower value because 
they need a higher number of transistors per pixel 
and the transistors reduce the light-sensitive pixel 
area. Line Scan sensors have even higher quantum 
efficiency because the pixel’s non light-sensitive 
electronic parts can be placed besides the pixel row. 

Some manufacturers state the geometrical part (”fill 
factor”) and the yield in the material (”quantum 
efficiency of material”) separately. However, to 
evaluate the sensitivity, only the product of the two 
factors is relevant. The product is described as the 
(total) quantum efficiency here. 

The signal-to-noise ratio ySNR  of the gray value 

image follows the signal-to-noise ratio pSNR  of the 

light, and the two are related via the quantum effi-
ciency QE as follows: 

py SNRQESNR =  

Since %100<QE , a real camera always has a 
lower signal-to-noise ratio than the light.  

The quantum efficiency is a property of the sensor 
and can only be slightly influenced by the camera 
manufacturer. 

Micro lens 

Light-sensitive part 
of pixel 

Geometric pixel 
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The maximum value for ySNR  follows from the 

maximum number of electrons that a pixel can 
store, the so-called saturation capacity sate.m : 

sateySNR .max. m=  

Typical values for the saturation capacity are about 
10 to 50 ke- (read ”kilo-electrons“). As a conse-
quence, the optimum signal-to-noise ratio for most 
cameras is limited to about 250:1.  

In contrast to the QE, the saturation capacity can be 
influenced by the camera manufacturer within cer-
tain limits. 

Noise in Darkness 

Apart from the incomplete yield of electrons, there 
is another unpleasant property that real cameras 
unfortunately have, they output signal noise in 
darkness. This so-called dark noise adds to the 
inherent noise of the light and can be considered as 
constant in a first approximation. Actually, the dark 
noise depends on the exposure time and the tem-
perature. However, this dependence can be ignored 
under ”normal” operating conditions. 

The constant dark noise has the largest effect on the 
signal-to-noise ratio when only a small amount of 
light is available, because in this case, the signal is 
low compared to the dark noise. The higher the 
amount of incident light, the lower the effect of 
dark noise and the more prominent the inherent 
noise of the light. Close to saturation, dark noise 
finally loses all importance. 

The dark noise is stated as standard deviation ds  
in [e-] (= number of electrons). Typical values for 
uncooled cameras are 10 to 20 e- for CCD cameras 
and 50 to 120 e- for CMOS cameras.  

This is the parameter over which the camera manu-
facturer has the highest influence. With the help of 
a careful system design and sensor cooling, the 
manufacturer can hold the dark noise at the mini-
mum limit that is given by the sensor. 

But what influence does the dark noise have on the 
signal-to-noise ratio? There is an outstanding oper-
ating point where the useful signal from the light is 
exactly as high as the dark noise, that is, where 

1=ySNR . As per convention, this is the minimum 

possible signal that can be detected in the noise. 
The number of photons required to generate such a 
signal is called the absolute sensitivity min.pm of a 

camera and it is calculated as follows: 

QE
d

p
s

m =min.  

The absolute sensitivity is given in [p~] (= number 
of photons). For example, a CCD camera having a 
dark noise of 10 electrons and a quantum efficiency 
of 50% produces a perceptible signal increase in the 
gray value image compared to darkness when at 
least 20 photons per pixel are collected during ex-
posure. Please note that the absolute sensitivity 
depends on the wave length of the light used. 

We have already seen that the camera is saturated 
by sate.m  electrons, which corresponds to  

QE
sate

satp
.

.
m

m =  

photons. As a result, the ratio of the brightest un-
saturated signal to the darkest perceptible signal in 
the noise can be calculated as follows: 

d

sate

p

satpDYN
s

m
m
m .

min.

. ==  

This value is called the dynamic range (DYN) of 
the camera. A typical value is 1000:1. Note that this 
corresponds to approximately 10 digital bits and 
cannot be transmitted using the usual resolution of 
8 bits per pixel (which corresponds to one byte per 
pixel). 

By the way, the statements in this article only apply 
to linear sensors. If your camera is equipped with a 
“high dynamic range“ (CMOS) sensor with a non-
linear curve, the output dynamic range DYN de-
scribed here only describes the electrical output 
signal of the sensor. On the optical input, such a 
high dynamic range (HDR) sensor has a much 
higher input dynamic range.  

Let’s Get Down to Comparisons 

Now, we have introduced the three key elements 
that are of importance when it comes to a compari-
son of sensitivities: 

�  Quantum efficiency QE in [%] 

�  Dark noise ds  in [e-] 

�  Saturation capacity sate.m  in [e-] 

These three elements are rather good indicators of a 
camera’s signal-to-noise ratio under ”normal” oper-
ating conditions. They can be used to derive the 
following auxiliary figures: 

�  Maximum signal-to-noise ratio maxSNR  in [1] 

�  Absolute sensitivity min.pm  in [p~] 

�  Photon saturation capacity satp.m  in [p~] 

�  Dynamic range DYN in [1] 
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Tab. 1 shows the key figures for some camera mod-
els from Basler. The figures are measured and 
monitored automatically for every camera during 
production.  
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Fig. 3 Signal-to-Noise Ratio Depending on the 
Number of Photons Collected During Exposure to 
Light. (Graphics: Basler Vision Technologies) 

A diagram can represent these four derived figures 
in an elegant way (see Fig. 3). 

The X-axis of the diagram represents the number of 
photons pm  a pixel can collect during exposure. On 

the Y-axis, you will find the signal-to-noise ratio 

ySNR  of the resulting image. 

Both axes are logarithmic and use the logarithm to 
a base of 2 (= 2log ). The resulting numbers have 
the unit [bit] and are well-known from digital tech-
nology. For example, a value of 256 translates to 8 
bits, a value of 1024 translates to 10 bits, and so on. 
Each increment on an axis is a duplicate of the 
other increments. Normal pocket calculators offer 
no 2log  function. Here, the following relation is of 

help:  

2log
log

log
10

10
2

x
x =   

 

The diagonal line passing through the origin of the 
diagram represents the signal-to-noise ratio pSNR  

of the light. The straight line has a gradient of 1/2, 
which corresponds to the root function in a double 
logarithmic representation.  

When taking into account that QE < 100%, the 
straight line moves to the right by an amount of 

QE2log . For a QE of 50%, the movement is 1 bit. 

As a result of the dark noise, the line starting from 
the point of absolute sensitivity min.pm  initially has 

a gradient of 1 and only asymptotically turns to a 
gradient of  ½ further above. 

The camera provides a useful image between 

min.pm  and satp.m . The distance between these two 

points represents the dynamic range DYN in [bit].  

The maximum value on the Y-axis corresponds to 
the maximum signal-to-noise ratio max.ySNR . 

When you have the SNR curve of a camera, you 
can use that camera to determine the quantity of 
light required. Configure the operating point as 
given in the data sheet. The operating point typi-
cally uses a minimum gain and an offset that places 
the gray value in darkness darky.m  just above the 

zero level. Now, when you illuminate the camera in 
such a way that the gray value nearly saturates at 

saty.m , you are collecting satp.m  photons per pixel. 

Each measured lower gray value scales linearly 
according to: 

Camera model A102f A641f A631f A312f A311f A622f A60xf
Sensor type CCD CCD CCD CCD CCD CMOS CMOS
Resolution 1.45 M 2 M 1.4 M CCIR VGA 1.3 M VGA
Frame rate 15 14 18 53 73 25 100
Pixel size (square) [µm] 6,45 4,4 4,65 8,3 9,9 6,7 9,9
Quantum efficiency @ 545 nm [%] 56% 48% 42% 44% 38% 23% 32%
Dark noise [e-] 9 8 12 23 23 54 113
Saturation capacity [ke-] 18 8 10 21 20 31 50
Maximum signal-to-noise ratio [bit] 7,1 6,5 6,6 7,2 7,1 7,5 7,8
Absolute sensitivity @ 545 nm [p~] 16 17 29 52 61 235 353
Photon saturation capacity @ 545 nm [kp~] 32 17 24 48 53 135 156
Dynamic range [bit] 11,0 10,0 9,7 9,8 9,8 9,2 8,8  

            Tab. 1 Sensitivity Data for Different Basler Cameras According to EMVA 1288. 
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Fig. 4 shows the diagram for a Basler CCD camera 
and a CMOS camera. This diagram easily answers 
the question that we had at the beginning, which of 
the cameras is more sensitive. First of all, we must 
decide on the image quality. A signal-to-noise ratio 
of 3 to 4 is usually accepted to be useful and an 
SNR of 5 to 6 to be very good. 

Assume that we want to have very good image 
quality and demand bit6=ySNR . As you can see 

in the diagram, the CCD camera requires 213 pho-
tons to reach that SNR while the CMOS camera 
requires 215 photons. The distance on the X-axis 
between these two points is 2 bit. This means that at 
this operating point, the CCD camera is four times 
(= 22) more sensitive than the CMOS camera. 

Note that the distance increases as the amount of 
light decreases. At the limit of perception, the CCD 
camera is 20 times more sensitive than the CMOS 
camera. 

On the other hand, due to its significantly higher 
saturation capacity, the CMOS camera can reach a 
slightly higher signal-to-noise ratio close to satura-
tion, though it requires much more light than the 
CCD camera to do it. 

Note that each step (mark) on the X-axis corre-
sponds to a duplication of the light quantity. This 
can be done either by doubling the exposure time or 
by reducing the lens aperture setting by one step. 
The lens aperture settings are scaled in such a way 

that each step doubles or halves the amount of light 
received.  

Roughly Speaking 

The diagram explained above is important get a 
deeper insight and an intuitive grasp of the matter. 
To do just a rough comparison, you only need the 
pure numerical values and to take the following rule 
of thumb into account: 

When bright light is present, the relative ratio of the 
sensitivities of camera A to camera B can be calcu-
lated as follows: 
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and when light is low: 
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This means when bright light is present, you just 
need to look at the quantum efficiency values to 
compare the sensitivities of two cameras. The 
higher the QE, the more sensitive the camera. 

When light is low, you must also multiply the QE 
by the ratio of the dark noise values. The lower the 

ds , the better. 
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Fig. 4 Signal-to-Noise Ratio for a CCD and a CMOS Camera. (Graphics: Basler Vision Technologies) 
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And What About the Pixel Size? 

Finally, let’s do away with the misbelief  that larger 
pixels are a guarantee of a higher sensitivity. Be-
cause of the lens, this is not the case. 

Imagine that the camera had no sensor, but instead 
had a screen. Also imagine that the camera is look-
ing at a piece of paper containing squares whose 
sides are 5 mm long. From a distance of a = 10 m, 
you want the sides of the squares to have a length 
of d = 5 µm when being projected on the screen. 
The desired ”magnification” factor would be 
m = 1/1000 and you would need a lens with a focal 
length of : 

mm10
1

=»
+

= ma
m

m
af  

If you then replace the screen with a sensor whose 
pixels are 5 µm (and ignore the aliasing effect), you 
will get an image where each pixel corresponds to 
exactly one square on the paper sheet. 

Imagine that you now replace the sensor with a 
sensor that has a pixel size of 10 µm. Since the 
pixels of the new sensor are four times larger than 
the pixels of the old sensor, each pixel collects four 
times more light than before. However, since the 
image projected by the lens remains the same as 
before, each of the new pixels now images four 
squares, instead of one square. As a consequence, 
we paid for the higher light collection with a re-
duced resolution. 

To play fair, we must adapt the focal length of the 
lens in such a way that each 5 mm square of the 
paper is exactly imaged on one of the d’ = 10 µm 
pixels again. To do that, we need a magnification 
factor of m’ = 1/500, which results in a focal length 
of f’ = 20 mm. In general, we can say approxi-
mately that if 1<<m , the required focal lengths are 
to each other as the lengths of the pixels are: 

d
d

f
f

¢
»

¢
 

After we replace the lens and adjust the resolution, 
there is another question remaining. Which lens 
aperture setting is required to collect the same light 
quantity? To find an answer, we must realize that 
only the area of the lens aperture determines the 
light quantity a lens can collect (provided that the 
distance between camera and scene is kept con-
stant). The squares on the piece of paper emit light 
in all directions. The larger the aperture area, the 
more light the lens can collect and transmit to the 
pixel. 

The f number #f  of a lens is defined as the ratio of 
the focal length  f  to the aperture diameter D 

D
f

f =#  

Since the aperture area follows the square of the 
aperture diameter, the f number #f  must be 
adapted as follows when changing the focal length 
from f to f’: 

d
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f
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Regarding our example, we must reduce the f num-

ber by a factor of 21  when doubling the side 
lengths of the squares so that the sensor comparison 
remains fair. However, the resulting aperture di-
ameter D, which determines the size and signifi-
cantly influences the cost of the lens, remains the 
same. 

Upshot 

As you have seen, it is rather easy to compare the 
sensitivity of cameras when the right key figures 
are specified. The new EMVA 1288 standard for 
the creation of camera data sheets ensures that these 
figures are determined correctly and that they are 
actually comparable. 

Of course, the standard includes more key figures 
than the figures presented here, which only cover 
the temporal noise and thus the sensitivity. Another 
group of key figures, which we did not cover here, 
describes, for example, the spatial noise. Spatial 
noise has a considerable impact on the perceived 
image quality, but has no influence on the sensitiv-
ity. 

If you want to get deeper into the subject, visit the 
EMVA 1288 standard website at www.emva.org. A 
detailed article about the mathematical basis of the 
standard and further material is available at 
www.basler-vc.com in the Technologies > EMVA 
1288 section. 

 

Dr. Friedrich Dierks is in charge of the components 
software development at the Basler AG and respon-
sible for the development of the product group 
frame grabber-less cameras. 

 


