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Abstract 

Scientific CMOS sensor usually manifests V/Q non-linearity in charge-to-voltage 

conversion. Starting from the mechanism underlying this non-linearity, we build the V/Q 

non-linearity model to study the influence of modulation transfer function (MTF) and 

signal-to-noise ratio (SNR). Meanwhile, simulation verification is carried out. The results 

show that V/Q non-linearity improves SNR but causes the decrease of MTF of the 

electronic device. We propose the combination of video response curve with photo 

response non-uniformity (PRNU) noise curve to locate V/Q non-linearity. The validity of 

this method is proved by simulation verification and physical experiment. The present 

study provides reference for design optimization and compensation for non-linearity in 

scientific CMOS sensor. 
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1. Introduction 

The performance of scientific CMOS sensors is gradually approaching that of scientific 

CCD sensors due to the advances in CMOS technique. Currently CMOS sensors have 

found wide applications in deep space exploration and space remote sensing. Response 

non-linearity is among the core indicators for assessing the performance of an image 

sensor
 [1, 2]

. While different types of non-linearity are produced during photoelectric 

conversion
 [3]

, the present study focuses on V/Q non-linearity specific to CMOS sensor.  

After light signals reach the light-sensitive surface of CMOS sensor, they are converted 

into digital signals through photo-electric conversion, charge measurement, signal 

sampling and AD conversion. Three conversions take place in succession, namely, photon 

to electron, electron to voltage, and voltage to code value 
[4,5]

, and all of them are 

supposed to be linear under ideal situations. In reality, non-linearity occurs after all, and 

non-linearity in electron to voltage conversion is defined as V/Q non-linearity; the non-

linearity in voltage to code value conversion is defined as DN/V non-linearity. For CCD 

sensors, DV/V non-linearity is paramount, while for CMOS sensors, V/Q non-linearity is 

paramount
[6,7]

.  

Modulation transfer function (MTF) and signal-to-noise ratio (SNR) are the core 

performance indicators of scientific image sensors. They reflect the discrimination 

capacity of the sensors for objects with different spatial resolution
[8,9]

 and under low 

irradiance. We emphatically analyze the influence of V/Q non-linearity on MTF and 

SNR.
1
 

Response non-linearity of CMOS sensor is more intuitively manifested on the video 

response curve, but it is difficult to determine which type of non-linearity is the leading 

one. We propose the method of combining video response curve with photo response non-
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uniformity (PRNU) noise curve to locate V/Q non-linearity. Based on theoretical 

derivation, we perform simulation analysis and experimental verification, which 

demonstrate the validity of the proposed method. 

 
2. V/Q Non-Linearity 

V/Q non-linearity in CMOS sensor is the non-linearity arising from electron to voltage 

conversion. The equivalent model of the conversion under ideal conditions is shown in 

formula (1). The measured capacitance C is a constant during the integral process. In a 

real CMOS sensor, the charge measurement unit is mainly in the form of a photodiode, 

which works under reverse bias voltage and undergoes the integral process
[10-12]

. The 

equivalent circuit of the photodiode is shown in Figure 1, where the equivalent 

capacitance Cd of diode is the capacitance measured based on charge. According to 

physical theory of semiconductor devices, the physical equivalent model of Cd is shown as 

formula (2), where A is area of PN node and M is the dielectric coefficient, a parameter 

related to the doping concentration of semiconductor material. For a given CMOS sensor, 

both A and M are constant, and V is the on-load voltage on the two sides of equivalent 

capacitance. Thus, Cd the capacitance measured based on charge is not a constant during 

charge measurement, but is inversely proportional to the 1/2 exponent of voltage V. The 

proportionality coefficient is directly related to A and M, which lead to V/Q non-linearity. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Equivalent Circuit of the Photodiode 

                                                                      (1) 

 

                                                                    (2) 

Substituting (2) into (1) for the integral process, the model of V/Q non-linearity is 

obtained as formula (3), where V0 is the voltage reference after reset. The output voltage 

VPIX is no longer linearly related to the measured amount of charge QPIX, but through a 

quadratic function. V/Q non-linearity can be expressed as formula (4), and the non-

linearity increases with the increasing amount of charge (incident irradiance), peaking at 

full well capacity. Generally, QP is far smaller than 2AMV0
1/2

 (the ratio between the two 

is smaller than 5%), and therefore V/Q non-linearity is negligible. However, for the 

reason of manufacturing process or of ensuring the sensitivity of CMOS sensor, 2AMV0
1/2

 

is smaller than this. Then the ratio of QP to 2AMV0
1/2

 will exceed 5% or even 20%. At this 

time, V/Q non-linearity has a non-negligible impact on the imaging system. Figure 2 is 

the V/Q non-linearity represented in a rectangular coordinate system, where X axis is the 

charge amount QPIX, and Y axis is the voltage VPIX. 

        (3) 
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Figure 2.  V/Q Non-Linearity in Simulation 

3. Influence of V/Q Non-Linearity on Photoelectric Parameters 
 

3.1. Influence of V/Q Non-linearity on SNR 

According to noise distribution model of the CMOS sensor, the largest source of noise 

is the photon shot noise. Here SNR is modeled based on the shot noise. SNR transfer 

under ideal conditions is expressed as formula (5), and SNR does not change. 
   

(5) 

 

However, in the presence of V/Q non-linearity, the relation between SNRDN and SNRQ 

can be derived as (6) from (3) and (5). Due to V/Q non-linearity, the conversion gain of 

the signals is larger than the conversion gain of noise. This has the equivalent effect that 

the noise is suppressed and therefore SNR is improved. The curve showing the variation 

of SNR with irradiance is shown in Figure 3. However, the difference in conversion gain 

of signals and noise will lead to the change of the gain of the imaging system, which is 

unacceptable to the applications in surveying and mapping and spectral analysis. 
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Figure 3. Variation of SNR with Irradiance 

 

3.2. Influence of V/Q Non-Linearity on MTF 

MTF is defined as the ratio of output modulation to input modulation. Ideally, MTF is 

only the function of spatial frequency ω. MTF curve in the CMOS sensor is represented 

by formula (7), where G is the gain of voltage to code value conversion and C is the gain 

of charge to voltage conversion. No loss occurs during conversion. 

   

                                                                                                                                          (7)  

 

The relation between MTFDN and MTFQ will change into formula (8) in the presence of 

V/Q non-linearity. MTFDN is not only the function of spatial frequency ω, but also 

changes with Qmax. Irradiance being constant, the curve showing the variation of MTFDN 

and MTFQ with the spatial frequency is plotted in Figure4. Thus MTFDN is below the ideal 

value at any frequency point, which means that there is a loss due to V/Q non-linearity. 

Under Nyquist frequency, the variation of TFDN and MTFQ with irradiance can be 

represented by the curve in Figure5. It can be seen that V/Q non-linearity is the reason for 

the changing of MTF with irradiance; the higher the irradiance, the lower the MTF.  

(8) 
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Figure 4.  Variation of MTF with Spatial Frequency 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.  Variation of MTF with Irradiance 

 

4. Method for Judging V/Q Non-Linearity 

Non-linearity of the CMOS sensor can be more clearly visualized by plotting the video 

response curve. However, the video response curve alone cannot differentiate V/Q non-

linearity from other types of non-linearity. Therefore we propose the method of locating 

V/Q non-linearity by combining the video response curve with PRNU noise curve. 

 

4.1. Plotting of PRNU Noise Curve and Testing 

For single pixels of the CMOS sensor, the response within the dynamic range is 

considered a constant 
[13,14]

. However, the response of different pixels varies, and this 

difference is defined as PRNU noise, measured by noise factor Ф. Formula (9) is the 

mathematical model of Ф under ideal conditions. DNAV and б are mean and standard 

deviation of DN of all pixels after removing photon shot noise and black level correction, 

respectively; n is the number of pixels. The variation curve of noise factor Ф with 

irradiance is the PRNU noise curve, which is supposed to a horizontal straight line under 

ideal conditions. 

     (9) 
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To test the PRNU noise curve, dark frame test is first carried out. With the obtaining of 

N (1000) dark frame images, the mean DNdi and mean square deviation σDTOi
2
 are 

calculated for each image. Then the means of DNdi and σDTOi
2
 are calculated to obtain the 

dark signal DNda（i,j） and the noise of dark signal σDTO. 

In the subsequent bright frame test, the step length is increased by 1 for the output 

irradiance of the integrating sphere, and N frames of images are collected after the light 

source is stabilized. The mean DNP （ i,j ） of N samplings for each pixel under the 

corresponding irradiance is calculated, and these values form a new image. Then by 

calculating the mean DN（i,j） and the standard deviation σTO for this image, the dark noise 

is subtracted, thus obtaining the noise factor σTO. The output irradiance is increased until 

the device under the test achieves saturated output. The above procedures are repeated to 

obtain the sequence of noise factors {Φi}.  

Next PRNU noise curve is plotted with output irradiance on the X axis and Φ on Y axis, 

and the test is over. 

 

4.2. Method for Judging V/Q Non-Linearity 

In the presence of DN/V non-linearity or other types of non-linearity, the video 

response will be non-linear, but the PRNU noise curve is still a horizontal straight line. 

When there is V/Q non-linearity, the slope Ф of PRNU curve is calculated by formula 

(10) by combining (3) and (9). 

 

    (10) 

 

 

 

 

 

With integral time fixed, the results of simulation of video response curve and PRNU 

curve under the changing incident irradiance are shown in Figure 6 and 7, respectively. It 

can be seen that the video response curve is non-linear, while PRNU noise curve is also 

non-linear and decreases with the increasing irradiance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Video Response Curve 
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Figure 7.  PRNU Noise Curve 

V/Q non-linearity increases with the increase of measured amount of charge in CMOS 

sensor. Therefore, for CMOS sensors having maximum non-linearity not above 10%, the 

high-response interval for 5%-10% non-linearity can be corrected by look-up table 

method. Then the correction effect can be verified by the testing of PRNU curve. For 

CMOS sensors with maximum non-linearity above 10%, replacement or other treatments 

should be performed. 

 

5. Experimental Verification 

The proposed method for judging V/Q non-linearity in CMOS sensor is verified 

experimentally. The experiment environment is displayed in Figure 8. Halogen lamp is 

used as the integrating sphere, and the diaphragm is adjusted with a motor to ensure an 

adjustable irradiance under fixed color temperature. Closed-loop automation control of 

the irradiance is realized by using a standard illuminometer. Irradiance output at equal 

step length from dark frame to saturation using the integrating sphere, and shooting and 

image collection and storage with CMOS sensor are all placed under computer-assisted 

control. Video response curve and PRNU noise curve are plotted after processing of the 

raw image data. Finally, the presence of V/Q non-linearity is judged according to the 

variation trend of the curves. 

 

 

 

 

 

 

 

 

 
Figure 8.  Experimental Facilities 
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A sample of CMOS sensor was tested under constant temperature of 25℃, with the 

removal of dark signals by black level correction. Images were collected from dark frame 

to irradiance saturation. For each irradiance level, 1000 frames of images were collected, 

and the average was calculated. The video response curve is plotted as shown in Figure 9, 

which indicates an obvious non-linearity. 

Figure 9.  Measured Video Response Curve of CMOS Sensor 

PRNU noise curve was further tested, and the test results are shown in Figure 10. It can 

be seen that PRNU noise factor decreases with the increase of irradiance. Therefore 

serious V/Q non-linearity exists in the sensor. MTF testing was carried out under Nyquist 

frequency, and the results are shown in Table 1. As the irradiance increases, MTF 

decreases considerably. 

To locate the V/Q non-linearity, the non-linear interval of the video response curve was 

corrected by look-up table method. Then the video response curve and PRNU noise curve 

were tested again. The tests showed that the video response curve has an improved 

linearity after correction, with maximum non-linearity controlled under 5%. PRNU noise 

curve is basically a horizontal straight line, as shown in Figure 11. The result of MTF 

testing under Nyquist frequency is shown in Table 1. Apparently, the test value of MTF 

increases after V/Q non-linearity is removed, and MTF generally stays constant regardless 

of the change of irradiance. 

 

 

 

 

 

 

Figure 10. Measured PRNU Noise Curve of CMOS Sensor 
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Figure 11. PRNU Noise Curve after Correction 

Table 1.  Results of MTF Testing 

Input 

irradiance 

(W/m
2
) 

Result of MTF 

testing under V/Q 

non-linearity   

Result of MTF 

testing under 

linear conditions  

0.0643 0.493 0.513 

0.0776 0.488 0.508 

0.0883 0.483 0.511 

0.0985 0.478 0.509 

The above experiments indicate that the proposed method can effectively locate V/Q 

non-linearity, thus providing the tool for design optimization and verification of 

correction effect. 

 

6. Conclusion 

We build the mathematical model of V/Q non-linearity for CMOS sensor and carry out 

a simulation analysis. The method of combining video response curve with PRNU noise 

curve for judging V/Q non-linearity is proposed. Experiments show that V/Q non-

linearity does have an impact on MTF, which is consistent with the simulation. The 

proposed method is capable of locating V/Q non-linearity in CMOS sensor. 
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