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On numerical simulation of high-speed CCD/CMOS-based Mikhail V. Konnik and James Welsh School of Electrical Engineering and Computer Science Wavefront Sensors for Adaptive Optics The University of Newcastle, Australia



M OTIVATION



AND



G OALS



S CHEME



OF THE PHOTOSENSOR : FROM PHOTONS TO DIGITAL NUMBERS



The paper presents an approach for the modelling of noise sources for CCD and CMOS sensors that are used for wavefront sensing in adaptive optics. fixed pattern noise, photon shot noise, read noises, charge-to-voltage noises are described; ◮ procedures for characterisation of both light and dark noises are provided; ◮ numerical simulation results of a photosensor for a high-frame rate Shack-Hartmann wavefront sensor are presented. ◮



P HOTOSENSOR



MODEL FOR THE



WAVEFRONT S ENSOR



Light noise - Photon shot noise: a process of photon capturing has an uncertainty that arises from random fluctuations when discrete photons are collected by the photodiode, described by the Poisson distribution: PIi −PI pi = e , i! where pi is the probability that there are i interactions per pixel and PI is the number of interacting photons. ◮ Light noise - Photo Response Non-Uniformity (PRNU): is the spatial variation in pixel output values under uniform illumination due to pixel-to-pixel variations. Well described by Gaussian probability distribution. ◮ Dark noise - Read Noise: any noise that is not a function of the signal: q 2 2 2 2 2 + σSN−RESET + σSF + σADC + σDFPN σREAD = σDSHOT ◮



◮



Read Noise - Dark Current: even in the absence of light, pixels generate electrons. The average dark current rate DR [e −/sec/pixel] is given:



I MPLEMENTATION



OF THE



P HOTOSENSOR M ODEL



The model of a 1024 × 1024 pixel CMOS photosensor R The with 10 bit ADC was implemented in MATLAB . sensor was simulated using: ◮



photon shot noise and PRNU for light noises;



◮



dark current, dark shot noise and dark FPN;



◮



sense node reset noise and source follower noise.



The photosensor was considered linear, i.e. non-linearity such as ADC, V/V and V/e − were not applied to the signal.



AND



N UMERICAL S IMULATION



OF A



WAVEFRONT S ENSOR



Sensor’s parameter Value pixel size 5.00µm pixel fill factor 50% Full well 20000 e − QE 0.80 PRNU / FPN factor 1% dark FPN factor 10% Column FPN factor 0.10% Sense node gain 5.00 µV /e − Clock speed 20 MHz



R ESULTS OF N UMERICAL S IMULATIONS Photon Transfer Curve Radiometric Function



Signal-to-noise



Dark noise



Three different regimes: ◮ shot noise regime - intermediate-light conditions, slope 1/2; ◮ FPN regime - in the middle and high levels of signal slope 0; ◮ full well regime - saturation level.



◮



DR = 2.55 · 1015PADFM T 3/2 exp [−Egap /(2 · kT )] ,



where PA is the pixel’s area [cm2], DFM is the dark current figure-of-merit at 300K [nA/cm2], Egap is the bandgap energy, and k is Boltzman’s constant. ◮ Read Noise - Dark shot noise: shot noise from the dark current, described by the Poisson statistics as random arrival of the dark current electrons: p σDshot = tI DR , where DR is the average dark current rate [e −/sec/pixel]. ◮ Offset Fixed Pattern Noise: a dark signal non-uniformity, which is the offset from the average dark current in the absence of light: σDFPN = tI DR · DN ,



where DN is the dark current FPN factor, DR is the average dark current rate. ◮ Sense node Reset noise (kTC noise): is generated at the sense node by an uncertainty in the reference voltage level due to thermal variations in the channel resistance of the MOSFET reset transistor: p σRESET (VSN ) = kTCSN /q, where σRESET (VSN ) is reset noise voltage [V], R is the MOSFET channel resistance [Ohms], k is Boltzmann’s constant, the noise equivalent bandwidth B = 1/(4τ ) = 1/(4RCSN ), -and T is a temperature [K]. ◮ Quantisation noise: the ADC noise is terms of noise electrons can be expressed as: √ σADC = KADC / 12, where the resolution of an ADC is KADC = (Vmax − Vmin)/Nmax , where Nmax = 2M is the number of voltage intervals.



The radiometric function has been measured in order to confirm that the response of the simulated CMOS photosensor is linear. The simulated sensor is highly linear as expected.



dark current and shot noise; ◮ dark shot noise, dark current and PRNU factor 0.01; ◮ dark pixel FPN noise of factor 0.1; ◮ sense node reset noise; ◮ column FPN offset noise, factor 0.1. ◮



dark current and dark shot noise; ◮ added dark pixel FPN; ◮ added sense node reset noise and source follower noise; ◮ added column FPN offset noise of the factor 0.1 from VREF .



C ONCLUSION ❶ The simulation results of 1024 × 1024 pixels CMOS photosensor with a 10 bit ADC are consistent with theory and reveal the impact of specific noise sources. Results can be used for the design and performance evaluation of centroiding algorithms. ❷ Numerical simulations allow to say that in case of CMOS sensors, skewed probability distributions are more adequate for description of dark FPN noise, which has a significant influence on wavefront sensor accuracy. ❸ The formulated high-level model can be used for the simulation of CMOS or CCD sensors, as well as scientific sensors for the astronomical objects registration.
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