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Abstract

Electro-optical and infrared (EO/IR) sensor models are useful tools that can facilitate
understanding a system's behavior without expensive and time-consuming testing of an
actual system. EO/IR models are especially important to the military industry where truth
data is required but is sometimes impractical to obtain through experimentation due to
expense or difficulties in procuring hardware. This work describes implementation of a
focal plane array (FPA) model of charge-coupled device (CCD) and complementary
metal-oxide semiconductor (CMOS) photodetectors as a component in the Air Force
Institute of Technology (AFIT) Sensor and Scene Emulation Tool (ASSET). The FPA
model covers conversion of photo-generated electrons to voltage and then to digital
numbers. It incorporates sense node, source follower, and analog-to-digital converter
(ADC) components contributing to gain non-linearities and includes noise sources
associated with the detector and electronics such as shot, thermal, 1/f, and quantization
noise. This thesis describes the higher fidelity FPA and electronics model recently
incorporated into ASSET, and it also details validation of the improved model using
EO/IR imager data collected with laboratory measurements. The result is an improved
model capable of generating realistic synthetic data representative of a wide range of
systems for use in new algorithm development and data exploitation techniques

supporting a broad community of academic, commercial, and military researchers.
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A FOCAL PLANE ARRAY AND ELECTRONICS MODEL FOR CMOS AND
CCD SENSORS IN THE AFIT SENSOR AND SCENE EMULATION TOOL
(ASSET)

1 Introduction

Advances in solid-state technology have increased image quality in recent years.
Reductions in photodetector (also called detector interchangeably in this thesis) sizes
have enabled an increase in the number of elements in a pixel array of constant area,
allowing proportional increases in the resolution of the system [1]. However, this
decrease in pixel size has also reduced the collection area available to convert incident
photons to photoelectron signal, which often results in a reduced signal to noise ratio
(SNR). This makes it increasingly difficult to sense dim signals or distinguish radiometric
characteristics from noise [1, 2]. New and better algorithms for signal processing are one
way to compensate for the potential loss in sensitivity and noise performance [3].

The AFIT Sensor and Scene Emulation Tool (ASSET) was created to produce
synthetic data representative of real electro-optic and infrared (EO/IR) sensors [4]. Its
development was driven by the need for realistic data under controlled conditions without
the expense of conducting field or laboratory experiments. ASSET can produce data
suitable for signal processing and algorithm development for both real and hypothetical
systems by accurately modeling scene and sensor characteristics. The latter is especially
important, as military researchers increasingly use modeling for assessing theoretical
system performance to keep pace with sensor technology development, without the need

to build an entire sensor system. This thesis describes the implementation of a focal plane



array (FPA) and electronics model for CCD and CMOS EO/IR photodetectors as a

component of ASSET.

1.1 Problem Statement

Many modern image sensors use charge-coupled device (CCD) or complementary
metal-oxide semiconductor (CMOS) solid-state photosensors to convert light into a
digital signal. Due to imperfections of photosensors, such a conversion is not ideal and
leads to noise in the measured signal. Therefore, one can either estimate and reduce the
impact of noise from the image sensor, or simulate and predict what the performance of a
given sensor will be in terms of image appearance, given the device specifications and
key design parameters.

The high-level simulation of noise in photosensors, however, is still an area of active
research. The main problem is that photosensors are affected by many different sources
of noise, some of which cannot be modeled effectively using only Gaussian noise. The
growing use of new pixel architectures, especially staring focal plane array (FPA)
technology, introduces new parameters affecting system performance that are not
adequately addressed by current models (e.g. offset FPN due to pixel’s transistors). There
is a need of high-level image sensor system modeling tools that allow engineers to see
realistic visual effects of noise where the user can change individual design or process
parameters to quickly see the resulting effects on image quality. This work attempts to
address the issue of the lack of high-level photosensor modeling tools that enable the user

to simulate realistic effects of noise on CCD and CMOS image sensors.



This effort describes the higher fidelity modeling of the FPA behavior recently added
to ASSET, expanding on Konnik’s [5] and Willers’ [6] work which are partly based on
the Photon Transfer model described by Janesick [7]. It also details validation of the
improved model using FPA data collected in laboratory measurements, including
examples from a high-speed Phantom v12.1 camera to demonstrate ASSET’s ability to
emulate real sensors.

The improved FPA and electronics model was implemented in MATLAB as part of
the baseline ASSET model and improves the detector response and read-out electronics
by (1) replacing the baseline linear conversion gain from electrons to counts with an
electronics component-based model that emulates the physics of CMOS and CCD pixels;
(2) including non-linear effects observed in real sensors such as change in capacitance
with signal level and gains associated with each electrical component; (3) implementing
fixed-pattern noise (FPN) based on FPA architecture (e.g. discrete number of ADCs,
column level amplifier, etc.) to replace baseline random model.

The FPA model covers conversion of photo-generated electrons to voltage (or
current) and finally to digital numbers. It incorporates sense node and source follower
components contributing to gain non-linearities. It also includes noise sources associated
with the detector and electronics such as shot, thermal, 1/f, reset, fixed-pattern, and
guantization noise. The model aims to provide realistic noise characteristics and sensor
artifacts to predict the performance of real imaging systems for given device
specifications and design parameters. The additional input sensor information provided to

ASSET gives the user full control over sensor FPA and electronics characteristics.



1.2 Overview

The remainder of this thesis is outlined as follows. Chapter 2 discusses the physics
basis of the ASSET model, including a description of the approximations used for the
detector and read-out circuitry in the original model. Chapter 3 presents the theoretical
background on CCD and CMOS image sensors that are the basis of the improved model,
discussing the basics of photodetection, CCD and CMOS photodiodes, and their
respective pixel architectures. Furthermore, a description of the end-to-end process of
modeling the image sensor from photon irradiance at the detector to electrons, voltage,
and then digital numbers is discussed. Chapter 4 presents the laboratory experiments
conducted using the Phantom camera, describes configuration of the ASSET model used
to generate synthetic test data for validation against measured CMOS data, and discusses
the process of generating a photon transfer curve (PTC) and a dark transfer curve (DTC)
that are used to analyze the results. Chapter 5 compares the performance of ASSET with
the improved FPA model to data collected in the laboratory measurements, and the

validation results are analyzed.



2 ASSET

This chapter provides an overview of ASSET, including a description of the
approximations used for the detector and read-out circuitry. The model described here is
that of the baseline ASSET model (sometimes referred to as baseline for brevity) only
and does not include the improvements implemented as part of this thesis; these
enhancements are discussed in Chapter 3. Because ASSET includes physics spanning the
generation of scene radiance, atmospheric radiation transfer, effects of the optical system
and detector array, and ultimate conversion of scene signal to digital units; it is not
practical to provide a detailed description of the ASSET model. Instead, an overview is
given that is sufficient for understanding the end-to-end process of photons to digitized

signal data, and a more through description can be found in the Appendix and citations.

2.1 ASSET Overview

Currently available high-fidelity modeling tools are generally intended for small
fields of view (FOV) [4, 8]. Even though some simulators may be used to cover larger
areas (e.g. wide FOV, WFOV), they can become computationally expensive. ASSET was
designed to emulate sensor response to at-aperture irradiance, generate synthetic EO/IR
sensor data suitable for algorithm development and testing, and to allow investigation of
sensor configurations in a way that is computationally efficient and easily accessible to
the user. Therefore, ASSET generates synthetic data sets with realistic radiometric, noise,
and sensor properties representative of a broad range of scenes and sensors operating in

the visible through thermal infrared wavelengths.



ASSET is a physics-based, image-chain model [4]. The principal inputs include a
source image and a configuration file. The latter contains all parameters necessary to
specify characteristics of the sensor (e.g. wavelength band, integration time,
instantaneous field of view, etc.) and scene (e.g. solar geometry, atmospheric model, etc.)
that define a scenario as well as tuning of model fidelity versus computational speed. The
source image (uncalibrated or calibrated imagery, certain types of video files, or
MATLAB arrays) represents the scene viewed by a sensor and is used to generate photon
radiance at the sensor’s aperture by: (1) directly specifying scene radiance, (2) applying
calibration metadata, or (3) calculating apparent radiance from scene reflectivity and
emissivity coupled with solar geometry and atmospheric conditions. In both (1) and (3)
the source image is treated as a texture map that is scaled to radiance, reflectivity, or
emissivity bounds.

At-aperture irradiance is propagated through the sensor in a series of steps that
emulate blurring by the optical system’s point spread function (PSF), attenuation by
optical and filter components, and addition of radiance contributed from thermal
emissions by the sensor itself (called self-emission). The model includes appropriate
sensor and atmospheric response data for operation in the visible and infrared regions of
the electromagnetic spectrum. Figure 1 shows a high-level overview of the steps in
baseline ASSET model. See [4] for a more detailed description.

This work improves the Detector Response and Read-out & Electronics blocks
depicted in Figure 1. The photon flux incident at each detector is converted to a number
of digital counts in the baseline model as follows. Photon radiance from the scene is

imaged onto the FPA and spatially integrated over discrete detector areas, yielding the



total rate of photons incident on each detector (the input to the Detector Response block).
The result is multiplied by the system integration time and quantum efficiency to
generate the per-detector number of photo-electrons generated during an integration time.
Dark current and various noise sources (e.g. read, shot, thermal) are then added. The
resulting total number of electrons is divided by the conversion gain [electrons / count] to
obtain fractional counts, which are then rounded down to integer counts, representing
digitization and the introduction of quantization error. The digital output of the entire

FPA is referred to as a frame of sensor data.
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Figure 1. High-level overview of the physics-based image-chain process in the baseline
ASSET model. The diagram is notional based on version 1.0 of ASSET [4].

ASSET begins with a high-resolution source image which provides the basis for the
background scene [9]. Characteristics of the sensor, scene, source, viewing geometry, and

noise are specified with an ASCII text configuration file containing all user-provided



parameters and the location of various support files. The baseline model then uses the
source image to generate the spectral scene radiance in units of photons/s-m2-sr-pum.
Figure 2 illustrates how reflected, emitted, and path radiance contribute to the total
spectral radiance incident at the sensor’s aperture. In ASSET, for both reflected and
emitted components, spectral radiance is attenuated by the atmosphere and path radiance

is then added to obtain the total apparent spectral radiance at the aperture,

Ly (1) =[ Lyt (A) + L (A, T) ] 73 () + L,y (4)  [Photons / s-mP-sr-pm], (1)

atm

where Lyor(A), Lems(A), and Ly, (1) are the reflected, emitted, and path radiance,

respectively; and 7575 (1) is the atmospheric transmission from scene-to-sensor.*
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Figure 2. Contributions to total spectral radiance at the sensor’s aperture. Top of the
atmosphere (TOA) irradiance, Etoa(}), is attenuated by the atmosphere to obtain the solar
incident irradiance, Esoi(A). The spectral radiance for both reflected and emitted
components is attenuated by the atmosphere and path radiance is then added to obtain the

total spectral radiance at the aperture.

! Calculation of Lyer(4), Lems(4), and Ly, (4) using radiometric and atmospheric properties is shown
in Appendix A and B.



The optical components in the imaging system will introduce some limitations that
will affect the efficiency of the system, and consequently the amount of signal measured
by the sensor [3]. The transmission of the optics, among other sensor characteristics, will
play a key role in defining the overall efficiency of the system. The spectral transmission
of the optics 7, (A1) reduces the amount of energy that arrives at the detector from the total
energy captured by the receiver’s aperture because secondary mirrors, lenses, and filters
will block and attenuate some of the incoming radiation. Furthermore, self-emission from
each individual component of the optical system will also contribute to the total radiation
measured at the detector array [10], which is important when imaging in the MWIR
through LWIR.

Given that a scene is viewed by a sensor with a certain spectral bandwidth, the total
radiance is computed in ASSET by integrating the spectral radiance over the band of
interest. If the sensor is only responsive to certain wavelengths, which are usually
specified by the sensor’s relative spectral response (RSR), we can generally integrate
within the specified spectral band. The total scene radiance incident at a detector within a

spectral band is given by

L = rsysf Lapp (A)R(A)d A [photons / s-m?-sr], 2)
A

where R(4) is the peak-normalized relative spectral response of the system, L, (1) is
the apparent spectral radiance, and t,,,; is the peak transmission through the optical
system; the product of 7, and R(A) represents the unnormalized, wavelength-dependent

transmission through the system that includes both optical system losses and filter

attenuation: 7,(1) = 74,;R(A). Here, Lg3"* is the total scene radiance imaged onto the



detector and does not include self-emission from the optical system (discussed next),
which will also contribute to the total radiance at the detector. A more detailed
description of the approximations used to model the radiometry and effects of the
atmosphere can be found in appendices A and B, respectively.

To account for the imaging effects of the optical system, the optical point spread
function (PSF) is convolved with the spatially resolved apparent spectral scene radiance,
Lapp(X,Y,A), where (X,Y) are horizontal and vertical coordinates in the detector plane.
The PSF of an imaging system is the spatial impulse response of a system that accounts
for diffraction (and potentially aberration) effects by the optics. A more detail description
of the approximations used to model the PSF can be found in Appendix C.

A typical imaging system may contain several optical components such as lenses,
mirrors, and filters, and it can become increasingly complicated to model the actual self-
emission for these types of optical systems. We therefore make two simplifying
assumptions. The first assumption is that the temperature is uniform along the optical
path from the first lens (or mirror) to the detector. This assumption is reasonable since
temperature changes across the optical path can be made negligible with good thermal
controls. We further assume the sides of the optical path to have zero reflectivity so that
light hitting the walls will not bounce back into the detector. Hence, a single optical
transmission and an overall self-emission radiance can be used that accounts for all

components in the optical system.? The baseline ASSET model generates the spectral

2 ASSET does have the ability to model self-emission with both a cold stop and warm optics, but only
the simpler one-temperature model is considered here.
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self-emission produced by the optical system which is then band-integrated to obtain the

total self-emission:

L (X,Y) = L L (X,Y,2)dA [photons / s-m?-sr], (3)

where Lgg(X,Y, 1) is the spectral self-emission as a function of focal plane coordinate.

The band-integrated radiance measured at the detector is therefore given by
Lo (X,Y) = Lo (X,Y) + L. (X,Y) [photons / s-m?-sr]. (4)

and additional details of these calculations can be found in Appendix C.

Since the detectors emulated in ASSET respond directly to photons, the total per-
pixel radiance at the detector is converted to photon flux. Throughput, AQ, also known as
etendue, is used to convert from photon radiance to photon flux falling on the detector,
where Q is the solid angle subtended at the source by an area A. In ASSET, the AdetQopt
product is used, since the detector size and the solid angle subtended by the optics at the
detector are nearly constant and easy to determine for any imaging system. Thus, the total

photon-flux at the detector is given by
Pt (X,Y) = Lyt (X, Y) A Q. [PhotoOns / s, (5)
where Qopt is the solid angle subtended by the optics at the detector with area Aget.
2.2 Focal Plane Array
The focus of this research is on the end-to-end process of modeling CCD and CMOS

FPAs and read-out circuitry, thus a more in-depth description of the approximations used

for the FPA and read-out circuitry will be presented in Sections 2.2 and 2.3. Again, the
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model described here is of the baseline only and does not include the improvements
implemented as part of this thesis; these enhancements will be discussed in Section 3.3.

The detector in an imaging system converts an optical signal (measured in photons)
into an electrical signal (measured as current, voltage, or capacitance). This electrical
signal is proportional to incident radiation arriving at the detector [1]. The detector in the
imaging system will introduce some limitations that will affect the performance of the
system, for example, the quantum efficiency of an imaging system is used to describe the
fraction of incident photons converted to electrons, which affects the amount of signal
measured by the sensor [3], and detector size places a limit on the spatial resolution of the
imaging system.

To account for the effects of the optical system and sampling by the detectors, the
image is convolved with the point spread function (PSF) of the optics and also with a
detector response function (DRF). The PSF was described previously in Section 2.1. The
DRF, heet(X,Y), represents the effects of spatial integration and sampling by the finite-size
detectors and is convolved with the photon flux at the detector to determine the total
photon flux incident in each pixel, Pger (X, V) = Pger (X, V) & hger (X, Y).2 A more detail
description of the approximations used to model the DRF can be found in Appendix C.

A detector does not directly measure photon flux. Rather, a fraction of photons
incident on a pixel are converted to electrons over a finite duration referred to as the
integration time. ASSET assumes mean photon flux is constant during an integration

time, allowing the integral of photon flux with respect to time to be approximated as the

3 Note that we have chosen the convention that (X,Y) are sub-pixel coordinates in the FPA and (x,y) are
the subset of coordinates corresponding to pixel centers; (X,Y) is fixed but (x,y) may change from frame to
frame as the focal plane move across the scene due to drift, jitter, or other pointing motion.

12



product of the photon flux and integration time At. This yields the mean number of
photons incident during an integration time. The actual number of photons collected by a
detector over an integration time follow Poison statistics, and the per-pixel value in
ASSET is obtained as a random draw from a Poisson distribution whose mean is
proportional to the expected number of photons [3]. Only a fraction of photons incident
on a detector are converted to electrons; this fraction is referred to as the quantum
efficiency, which is a wavelength-dependent quantity. In ASSET, the total number of

photoelectrons generated in the detector by the incident photon flux is given by
npe = P(nAt¢det) [e] ’ (6)

where ¢qet IS the mean photon-flux measured by a single pixel, At is the integration time,
P(n) represents a random draw from a Poisson distribution with mean p, and 7 is the
band-average quantum efficiency of the detector. In order to capture the wavelength
dependence of quantum efficiency in ASSET, it is separated into a constant term » and a
relative term whose wavelength dependency is incorporated as part of the system’s
relative spectral response R()).

Per Equation (6), the numbers of photoelectrons for all pixels in the FPA, npe(X,y),
are calculated identically. However, all pixels do not respond identically, and pixel-to-
pixel non-uniformities must be applied to the detector array, resulting in fixed pattern
noise (FPN) [1]. There are two primary components to non-uniformities in the detector
frame: (1) dark signal non-uniformity (DSNU), D(x,y), and (2) photo response non-
uniformity (PRNU), P(x,y); the term FPN usually refers to these two components and is
due to material imperfections in the detector [4]. Fixed-pattern noise is not temporal and

is spatially fixed with respect to the focal plane.
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PRNU refers to variations in how a pixel responds to incident radiance and is a
multiplicative factor of the photo-generated electrons. In ASSET, P(x,y) is a user-defined
relative non-uniformity centered on unity, thus representing minor differences in net
generation of electrons in each pixel (deviations from the average quantum efficiency).

DSNU refers to the pixel-to-pixel variations in the offset (generally due to dark
current) of the pixel values when no light is present at the detector surface and does not
depend on signal [11]. In ASSET, DSNU is included as normally distributed variations in

the dark signal as

N (X, Y) = N + AL, X (X, Y) = Ny +D(X,Y) [e], )

where 0,4,k 1S the user-specified RMS dark current (in electrons per second), X(x,y) is an
array of random draws from a normal distribution with mean x4 = 0 and variance ¢? = 1,
and D(x,y) is the net variation in DSNU across the FPA. Thus, to account for
perturbations due to the non-uniformities in the detector, the number of electrons in a

detector frame is multiplied by the PRNU and DSNU is added,

FPN DSNU

nsignal (X’ y) = npe (X, y)P(Xv y) + r]dark (X’ y) [e]’ (8)

where P(x,y) accounts for FPN due to PRNU, n23MUV is the dark signal with DSNU
included, and n£PN . is the total signal in the detector with FPN included. Figure 3 shows

signal

an example of how non-uniformities are calculated in the baseline ASSET model.

Shot noise is caused by fluctuations in signal due to the discrete arrival of photons at
the detector and discrete arrival of electrons in electrical components. Shot noise due to

the time of arrival of photons (often referred to as photon noise) was accounted for in
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Equation (6). The number of electrons counted during an integration time also follows a
Poisson distribution with variance proportional to the mean number of electrons collected
(photo-generated electrons and dark signal) during the interval, and the per-pixel value in
ASSET is obtained as a random draw from a Poisson distribution whose mean is
proportional to the expected number of electrons. In addition, since photo-generated shot
noise is dependent on signal, and because FPN affects the number of collected electrons,
FPN should be included before the shot noise calculations.

ASSET returns the detector frame with random samples of shot noise, n;{l;,fal, drawn

from an approximation of the Poisson distribution with a mean proportional to the sum of

photo-generated signal plus the dark signal,

nSh"t _P(nFPN) [9], (9)

signal signal

where nf[ T, is the signal in electrons with FPN included and P(y) represents a random

draw from a Poisson distribution with mean p. Note that (x,y) have been dropped for
shot

conciseness but are implied, i.e. ng ., and future quantities represent per-pixel values

for the entire FPA where all pixel’s noise values are independent and identically

distributed (i.i.d.).

Figure 3. Examples of non-uniformities in ASSET; PRNU is multiplied by the
photogenerated signal and electrons due to dark signal are added to obtain the detector
frame with FPN. To account for perturbations due to the non-uniformities in the detector,

the detector frame is multiplied by the PRNU and electrons due to dark signal are added.
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The detector frame with shot noise (left) alongside an image of net fluctuation due to
shot noise (right), obtained by subtracting nZ/Y,, from ngior, are displayed in Figure 4.
From the figure it should now be evident that shot noise is dependent on signal since shot
noise is larger in areas where the signal incident on the detector is larger. In other words,

the signal coming from the ground generates more electrons than the signal coming from

the water, and therefore, more shot noise is generated by the ground radiance.
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Figure 4. The signal image with shot noise (left) along an image of shot noise (right)

FPN

obtained by subtracting ng;nq, from n;h;,fal. From the figure it is evident that shot noise

is dependent on signal since shot noise is larger in areas where the signal incident on the
detector is larger (e.g. signal coming from the ground generates more electrons than the

signal coming from the water.

2.3 Electronics

The electronics in an imaging system transforms an analog signal in electrons into a
digital signal in counts, also referred to as digital numbers (DNs). This digital signal is
proportional to incident radiation arriving at the detector [1]. The electronics in the
imaging system will introduce noise that will affect the performance of the system.

Several of the noise components associated with the electronics are thermal, read, flicker,

16



and quantization noise. In addition to noise, we have additional offsets (or biases) due to
the system’s electronics.

Thermal noise, or white noise, arises from the random motion of carriers in any
electrical conductor; any material that is not at 0 K produces electrons in the conduction
band, resulting in thermal noise. Since the detector and electronics materials are not at 0
K, they will generate noise [3]. In ASSET, thermal noise is added as random draws from

a time-dependent normal distribution with user-defined RMS 6;1¢rmais
nthermal = Oihermal X \/E [E], (10)

in the equation, Gype,mq; IS the time-dependent RMS thermal noise (with units e/s*?), At

is the integration time, and X is the array of i.i.d. random draws from a normal
distribution with zero mean and unit variance. The product ... VAt scales the time-

dependent RMS to units of electrons, which in turn scales the normal distribution’s
variance based on the specified integration time.

Read noise is the variance associated with reading out the signal collected by the
detector and is similarly white noise. It is characterized as the noise measured with zero
incident signal and zero integration time, and it comprises the noise added by the read-out
electronics. As each pixel is read, some electrons are randomly lost or gained from the
signal. In ASSET, read noise is added from a time-independent normal distribution with

user-defined RMS ¢,..,4 (in units of electrons),
nread :O-read X [E], (11)

where X is an array of i.i.d. random draws from a normal distribution with zero mean and

unit variance. Unlike thermal noise, read noise is independent of integration time.
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Regardless of how long the sensor integrates, there will be read noise of a fixed
magnitude in every frame, but a long enough integration time will ensure the measured
signal to be well above the read noise [12].

Flicker noise, also known as 1/f noise, is present in the electronics and is related to
the mean current traveling through the detector. Flicker noise occurs in almost all
electronic devices, and it results from a variety of effects, although these are usually
related to the flow of direct current [13]. In ASSET, flicker noise is added as random
draws from a distribution whose power spectrum is inversely proportional to frequency.

The magnitude of the flicker noise is scaled to a user-defined RMS o, (with units of
electrons) and frequency dependence,

Ny = oy Y(F) [el, (12)

where o is the RMS flicker noise and Y (f) is an array of i.i.d. random draws from a
1/f (pink) noise distribution. In ASSET, the pink noise distribution is implemented using
a distribution that goes as f# where the argument S shapes the frequency characteristics
of the distribution; this allows for other noise distributions to be add (for example, brown
when g = =2).

Thermal, read, and flicker noise are then added to the detector frame to obtain the
total analog signal in electrons. The total analog signal in the system with noise included

is given by

total __ ,.shot
r.'s,ignal - nsignal + nthermal + nread + r.'1/f [e], (13)

Where n¢permars Mreaa, @Nd ny /¢ are signals in electrons generated by thermal, read, and

flicker noise and nﬁﬁ,",{al is the total signal after shot noise. Furthermore, values for all
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noise sources per pixel and per frame can be output independently. It is generally
assumed nﬁ{‘g",fal is much greater than the noise sources so that negative electrons do not
occur. If the resulting signal value in electron units is negative, ASSET sets the negative
values to zero. Figure 5 shows an example of how the total analog signal is obtained in

ASSET with images of each noise.

white noise

Figure 5. Example on how the total signal is obtained in ASSET. Noise components are

added to the detector frame nﬁ{lg",fal to obtain the total analog signal in electrons. From

left to right: Total signal after shot noise, thermal noise, read noise, and flicker noise.

Also shown are the units and the distribution used for each noise.

The detector frame, ngg;ggl, whose signal is in units of electrons and includes most

noise sources, is quantized by dividing the signal by the conversion gain CG derived in
ASSET from user-defined well-depth w, number of bits, and analog gain factor y,

w

CG=————— [e/counts], 14
7/(2b“s _1) [ ] ( )
then,
DN =2 (2" ~)n'S@ " [counts]. (15)
w

The resulting count values are rounded down, introducing quantization error (noise)

[4]. Quantization noise is directly proportional to the number of bits used: given n bits,
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the signal can be separated into 2" quantization levels. In ASSET, quantization noise is
implemented by directly converting the electron signal to integer counts based on user-
defined number of bits.

In ASSET, a hardware offset (DNofiset) represents an offset (or bias) of the system
due to the system’s electronics (hardware). It is included in ASSET to add a bias term
that does not contribute to photon or electron noise, for example, a voltage bias resulting
in a minimum count value greater than zero. Like CG, hardware offset is a term used to
represent more complicated underlying physics. In ASSET hardware offset (DNoffset) iS

added directly to the digital number computed from signal and noise,

DN = min{ {Z(zb“s ~)nge, J +DN ey 27 —1} [counts], (16)
w
where ng?gtf‘lﬁuis the analog signal and CG. If the resulting count value is greater than the

maximum allowed based on number of bits then the signal is capped at (2°"-1).

Some sensors will collect a certain number of frames and then instead of outputting
all the frames at once, the sensor co-adds (or sums) all those frames and sends only one
co-added frame. This is generally done due to limited bandwidth (i.e. cannot download
all frames) and is a means of increasing signal-to-noise at a reduced frame and data rate.
This onboard co-add is be computed in ASSET by summing over a specified number of
frames (called subframes). Depending on the system, the co-added frame may have a
larger dynamic range (number of bits) than the individual subframes. In this case, bits
refer to the subframe and BITS is used for the co-added frame.

Another parameter affecting the co-added frame is the digital gain. Digital gain is

used in cases where 28!™ -1 is also greater than the download bandwidth and is usually
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used to prevent saturation in the output frame. Digital gain is expressed by 29, where d is

the digital gain coefficient, and it is multiplied with the sum of all subframes in counts:

DN(x,y)=2" Z DN, (x,y) [counts]. a7)

i=t

In the equation, if d is zero, we get 2° = 1 and the signal will remain unchanged, but
if d is one, we get 271 = 1/2 and the signal is reduced by half (as a bit shift). Since the
digital gain can be used to decrease the number of counts it allows for larger signals to be
encoded in the output frame, and then the gain can be undone in post-processing to
restore the signal. However, this is at the cost of reduced signal resolution due to the loss
of one or more least significant bits. Thus, digital gain trades least significant bits for

most significant bits.

2.4 End-to-End Equation

In this model we considered the electromagnetic spectrum, radiometry, atmospheric
transmission, the optical path, the detector, noise associated with the detector and
electronics, and finally the analog-to-digital conversion from electrons to counts.
Combining each of the pieces discussed in this section results in a complete analysis
approach to a final end-to-end sensor process. Sensor output from processes modeled in

ASSET can be represented as:

DN(X,y) =2 iﬁ(zb“s ~1)n, (X, y)+ DNoﬁsetJ

j=1

0, (%, ) = At (7P (x, )] 4, (X,Y) ® gy (X,Y) ]+ g D(x,Y)) (18)
B,06Y) = A [[ 75157 (X,Y, 2) @y (X,Y) + L (XY, ) [R(A)d A

sys )

where
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Agee = Detector area [m?]

Aopt/fesz = Solid angle subtended by the optics at the focal plane [sr]
d = Digital gain coefficient [unitless]

D(x,y) = Dark Signal Non-Uniformity (DSNU) [unitless]

DN(x,y) = Total number of counts [counts]

DNottset = Hardware offset [counts]

haet(X,Y) = Detector response function (DRF)

hopt(X,Y) = Point spread function (PSF)

igark = Average dark current [e/s]

j = Subframe index [unitless]

Lapp(X,Y, ) = Source radiance at the aperture [ph/s-m2-sr-um]
Lsz(X,Y,2) = Radiance from self-emission in the optics [ph/s-m?-sr-um]
n = Total number of electrons, including noise [e]

P(x,y) = Photo Response Non-Uniformity (PRNU) [unitless]

R () = Spectral relative response [unitless]

w = Full-well number of electrons [e]

y = Analog gain [unitless]

n = Average quantum efficiency [e/ph]

At = Integration time [s]

Tsys = System’s transmission [unitless]

#(X,Y) = Band-integrated photon irradiance incident on the focal plane [ph/s]
(x,y) = FPA pixel indices [unitless]

(X,Y) = FPA sub-pixel coordinates [unitless]
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ASSET is not intended to simulate a scene with absolutely correct radiance values,
but rather is meant to emulate real data with the goal of modeling radiometrically realistic
scenes and sensor response data quickly and realistically [4]. Thus, some physical effects
and processes are not included here (e.g. sky shine). Some terms are approximations, and
some are global representations of more complex processes.

Although ASSET provides many realistic noise, detector, and electronics properties,
the focal plane model needs significant improvement in order to have full control over
pixel read-out characteristics. As already described, all calculations from photons
incident at the detector through to digital numbers are treated as linear processes in the
baseline model. However, as each component in the system introduces a non-linearity,
the output signal cannot be simplified as the input in electrons multiplied by a linear
conversion gain CG. For example, in CCD and CMQOS image sensors, conversion gain
from electrons to voltage is given by q/C. In CCDs this term is relatively constant, but in
CMOS devices the bias voltage across a photodiode’s capacitor is small, causing a large
change in capacitance from zero signal to high full-well performance, leading to a non-
linear conversion gain for some CMOS image sensors. The model described above does
not include the improvements implemented as part of this thesis; these enhancements will

be discussed next.
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3 Theoretical Background

The previous chapter provided an overview of the baseline ASSET model, including
a description of the approximations used for detector and read-out circuitry. The model
described does not include the improvements implemented as part of this thesis; these
enhancements will be discussed in this chapter. This chapter presents the theoretical
background on CCD and CMOS image sensors that will be modeled, discusses the basics
of photodetection, and the CCD and CMOS photodiodes and their respective pixel
architectures.

This research focuses on adding higher fidelity modeling of the FPA behavior to
ASSET to more accurately reproduce a sensor’s detector response to incident irradiance.
Currently in ASSET, the input electrons are multiplied by the conversion gain in counts
to convert from electrons to a digital signal. However, other processes need to be
modeled in order to obtain realistic visual and statistical effects, representative of real
data. Some of these processes include: conversion from electrons to voltage in the sense
node, source follower gain, introduction of fixed-pattern noise (FPN) due to the
electronics, correlated double sampling, and analog-to-digital converter (ADC)
conversion from voltage to counts.

The FPA model covers conversion of photo-generated electrons to voltage (or
current) and finally to digital numbers. It incorporates sense node and source follower
gain non-linearity. It also includes noise sources associated with the detector and
electronics such as shot, thermal, 1/f, reset, fixed-pattern, and quantization noise. The
model aims to provide realistic noise characteristics and sensor artifacts to predict the

performance of real imaging systems for given device specifications and design
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parameters. The additional input sensor information provided to ASSET gives the user

much more control over sensor FPA and electronics characteristics.

3.1 Photodiodes

Photodiodes operate on the principle that the absorption of photons creates a voltage
difference or current proportional to incident photon flux. Although several kinds of
detectors fall in this category, the common example is the basic photodiode. Photodiodes
are not bidirectional but can be used in forward-biased (photovoltaic) or reverse-biased
(photoconductive) modes. Photoconductive detectors measure the change in current as
the photodetector's conductivity changes with the absorption of photons creating a
depletion region in the n-type and p-type regions [14]. In a p-n junction diode, the

diffusion dark current i, iS expressed as

quias
idark = iO [1_6 o j [E/S], (19)

where Vhias IS the bias voltage of the photodiode, T is the temperature in Kelvin, q is the
electron charge, k is the Boltzmann’s constant, and io is the dark saturation current.
The total output current in the photodiode is equal to the sum of the photocurrent and

dark current and is expressed as

AVhias
oo =y, + g =1, o (1—e 5 j [efs], (20)

where ipe is the photogenerated electron current. The plot in Figure 6, reproduced from [1,

15], illustartes the photodiode 1-V curve of the current (1) vs bias voltage (V).
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Figure 6. Bias voltage of photodiode versus current [1, 15].

When the photodiode is in reverse-biased mode, the exponential term in Equation (20) is
neglected and the total output current becomes
=i, +igan =1 +iy [€/5], (21)

PD dark

and the total number of electrons collected by the photodiode is given by
nPD = At( + Idark ) [e] (22)

where At is the integration time.

The photodiode acts as a capacitor and is pre-charged to a reference voltage. As
electrons are collected, the capacitance starts to discharge linearly with the number of
electrons, npp. A photodiode can be represented by a current source ipe in parallel with
the photodiode’s capacitance (Csn) and resistance (Rsn). The circuit shown in Figure 7,
based on [16], shows the photodiode and its equivalent circuit. The difference in voltage

between the discharged value and the reference voltage is then amplified and further
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processed by the electronics. In CCD arrays, the charge is transferred outside the pixel
and then converted to a voltage. In CMOS arrays, the charge-to-voltage conversion
process is done inside each pixel. In this thesis, the total pixel area is the photo-detector
area and electronics combined. For example, in a CMOS sensor inside the pixel we have
the detector, the sense node, and the source follower, whereas on a CCD sensor only the
detector is inside the pixel. In other words, the detector is only the photo-sensitive part of
the pixel. Section 3.2 discusses the key differences between CCD and CMOS sensors and

describes their functionality according to their array architecture.
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Figure 7. Photodiode and its equivalent circuit [16].

3.2 CCD and CMOS Read Out Technologies

In CCD and CMOS arrays, an image is produced from photons collected in the
FPA’s detectors. Each detector converts the incident photon flux into photoelectron flux
at a rate determined by the quantum efficiency. Photoelectrons collected in the
photodiode are converted to a voltage that is then amplified and converted to a digital
signal. Both CMOS and CCD sensors are operated with a p-n or p-i-n junction
photodiode with a reverse bias that produces a depletion region in the junction [14, 17,

18]. The primary difference between CCD and CMOS arrays is the readout architecture.
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Figure 8 illustrates the differences between a CCD and CMOS image sensor array. This

research is architecture agnostic in an effort to keep the model applicable to a large range
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Figure 8. FPA Architectures of (left) CCD image sensors and (right) CMOS image

Sensors.

Converting a signal from photons to a digital signal is very similar in CCD and
CMOS sensors, but storing, moving and reading out the signal are different [6]. In CCD
sensors, charge is collected in the detector and transferred along columns to the serial
readout register, where charge is again transferred to the sense node to be converted into
a voltage or current signal. In CCD arrays, all pixels share the same sense node, source
follower and output amplifier. As a result, differences in gain and offset are mainly due to
variations in the photodetector and dark current, which exhibit as fixed pattern noise
(FPN). Since the pixel output values are uncorrelated, a white noise model can
characterize the FPN in CCD sensors [19]. In CMOS sensors, the pixel area is shared by

the photodetector, sense node, and source follower. The FPN is mainly due to threshold

28



voltage differences between pixels. These differences are caused by variations in
photodetectors, dark current, and mismatches of pixels’ transistors. In addition, variations
in CMOS column amplifiers cause a column-to-column FPN, which is very different to
the noise observed in CCD sensors.
3.2.1 Pixel Circuit

CCDs provide the conversion of photons into a measurable voltage or current signal
and refer to a semiconductor device in which charge is read out of the pixel into storage
areas. In CCD image sensors, charge in the pixels is shifted out column-by-column (or
row-by-row) and is stored in the sense node’s capacitance outside the pixel (shown in
Figure 8).

Once charge is collected in the pixel, electrons are transferred to the readout registers
one column at a time, and the charge is transported to the sense node to be converted into
a measurable signal in volts. The sense node creates a voltage proportional to the number

of electrons collected. A simple CCD pixel circuit is shown in Figure 9.

RST —|
pixel(ROW,COL)

Figure 9. Schematic of a CCD sensor.
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For CMOS image sensors the pixel area is shared by the photodiode, sense node, and
source follower. Consequently, the charge-to-voltage conversion happens inside the pixel
before it is read out. This is shown in Figure 8, where each pixel is comprised of the
sense node and source follower. There are two types of CMOS pixel architectures:
Passive Pixel Sensor (PPS) and Active Pixels Sensors (APS). The architecture of a PPS is
simple. The pixel is composed only of one transistor for switching rows and the
photodiode to convert photons into electrons (see Figure 10). Although a PPS has a large
fill factor and consumes very low power, the signal-to-noise ratio can be very low. Since
PPS cannot satisfy the high-performance requirements needed for most applications, they

have been replaced by APS [15].

pixel(ROW,COL)

ROW |

Figure 10. Schematic of a CMOS Passive Pixel Sensor (PPS).

CMOS APS are named after the number of transistors found inside the pixel (i.e. 3T-
APS, 4T-APS, 5T-APS, etc.). As the number of transistors increases, the fill factor
decreases but the noise is significantly reduced. 3T- and 4T- APS are the most used pixel
circuits for imaging applications [15]. In contrast to the PPS circuit, in a 3T-APS two

additional transistors are added, one to reset the signal in the photodiode and another to
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read out the loading circuit (e.g. CDS and ADC circuits). The addition of the transistors
significantly improves the performance compared to the PPS circuit. In a 4T-APS circuit
and additional transistor is included to remove the reset noise from the reset transistor.
Although the fill factor is reduced with the addition of the transistor, it also reduces the
noise and extends the dynamic range of the system.

When the reset transistor is switched from the ground level to reference level the
sense node capacitance is reset to the reference voltage. When the reset transistor is
switched back to the ground level, integration time begins. During integration time, the
pixel is selected using the transistor Mz and the capacitor starts to discharge at a rate that
depends on the number of electrons collected by the photodiode. Figure 11 shows the
circuit of a 3T- and a 4T-APS. More complex pixel sensor architectures integrate
correlated double sampling (CDS) and ADC inside the pixel to enhance image and noise
performance. However, these additional features will reduce the fill factor in the pixel.

pixel{ ROW,COL) pixel{ROW,COL)
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Figure 11. Schematics of (a) a CMOS 3T Active Pixel Sensor (3T-APS) and (b) a CMOS

AT-APS.
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3.3 Sensor Model Description

Using a single model to represent the two different FPA architectures can be difficult
because of differences in the charge to voltage conversion process and noise
performance. However, the circuit shown in the schematic in Figure 12, based on
Konnik’s and Willers” models [5, 6], can be used to model both CCD and CMOS
architectures with the correct set of parameters. The major difference between CCD and
CMOS sensors is that the components from blocks 1-3 are contained inside the pixel for
CMOS sensors, whereas a CCD pixel contains only the photodetector, making all other
effects common to all pixels.

The system shown in Figure 12 is described by five blocks. (1) The input in units of
photons per second is converted into electron current at a rate determined by the quantum
efficiency. (2) The sense node integrates the electron current in the capacitor for a
specified integration time and provides a voltage signal proportional to the electrons
accumulated in the capacitor. The signal has a finite voltage capacity, constrained by the
full-well capacity and the finite voltage swing of the sensor. The full-well capacity is the
maximum number of electrons that can be stored in the capacitor and depends on detector
size and the applied voltage on the capacitor [11]. (3) The source follower is used to
readout the sense node’s output signal to the loading circuit. (4) The correlated double
sampling (CDS) circuit measures the source follower output (in either voltage or current,
depending on circuit architecture) before and after integration time and removes pixel-to-
pixel offset differences and reset noise. Finally, (5) the analog-to-digital converter (ADC)
converts the analog signal to a digital signal in counts. The photon flux input to the

imaging system should ideally be linearly proportional to the output digital signal.
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However, as each component in the circuit introduces non-linearity, scaling the input
signal will not produce the output signal over the entire dynamic range of the sensor. This
is an important characteristic for image sensors, especially CMOS sensors, where non-
linearity can be as high as 200% for some pixel architectures [7]. For CCD sensors, non-
linearity is usually negligible and all processes, from charge conversion to signal

digitization, are assumed to be linear.
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Figure 12. Block diagram for a typical CCD and CMOS image sensor [5, 6].

The improved FPA and electronics model based on Konnik’s and Willers” work [5,
6] was implemented in MATLAB as part of the ASSET model discussed in Chapter 2,
replacing the baseline linear conversion gain. The user can simulate CCD/CMOS sensors
with switchable options that let the user turn on and off noise parameters and effects that
are only applicable to either CCD or CMOS sensors. To start, the photon flux incident at
the FPA (the detector frame), @det, IS calculated from the total photon radiance (which
includes all incorporated optical effects and scene content) incident at each detector (Ldet),
photo-sensitive detector area (Adet), and the solid angle subtended by the optics at the

detector (Qopt):

¢det = QoptAiet Ldet = % et_H:Tsys Lapp (ﬂ) + LSE (ﬂ“):l R(l)dﬂ’ [ph0tons / S]' (23)

eff
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The fill factor is the ratio of a detector’s photo-sensitive area (i.e. detector area) to its
total area, FF = Aget / Apix. The fill factor in CMOS sensors can vary between 20-50%.
Depending on the array architecture with CCD sensors, it can approach 100%. The
detector frame is multiplied with the integration time and quantum efficiency to obtain
the total number of electrons collected per frame, emulating the detector response to the
total incident photon flux. The detector frame, now in units of electrons, is converted into
a voltage signal by the sense node and is further processed into digital counts as shown in
Figure 13. The block diagram depicted in Figure 13 is based on Konnik’s [5] and Willers’

[6] work and shows the FPA behavior recently added to ASSET.
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Figure 13. Process diagram of a CCD and CMOS image sensor [5, 6].

Realistic representations of real data require an accurate model of CCD/CMOS
sensors with precise noise models. All noise sources appear as variations in the pixel
output, but they can affect the output image differently. Noise sources are usually
classified as spatial or temporal noise. Spatial noise, also referred to as FPN, is any noise
with pixel-to-pixel variations that do not change from frame-to-frame (for constant

incident irradiance). Spatial noise sets a limit on image sensor performance for most of
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the dynamic range, especially for CMOS sensors, where each pixel exhibits a different
offset level due to voltage differences between detectors. Temporal noise is often
measured in individual pixels and is primarily due to shot, reset, thermal, 1/f, and
quantization noises. Unlike spatial noise, temporal noise changes from frame to frame
and sets a limit on image performance under low illumination.

The improved FPA and electronics sub-model implemented in ASSET includes the
components described above, shown in Figure 13. A more detailed description of the
improved model follows, and a comparison of the model to experimental results for

CMOS sensors is provided in Chapter 5.

3.4 Detector: Photon to Electron Conversion

A detector does not directly measure photon flux. Rather, a fraction of photons
incident on a detector are converted to electrons over a finite duration. This time duration
is referred to as the integration time. ASSET assumes mean photon flux is constant
during an integration time, allowing the integral of photon flux with respect to time to be
approximated as the product of the photon flux and integration time, At. This yields the
mean number of photons incident during an integration time (or frame). The actual
number of photons collected by a detector during a frame follows Poison statistics, and
the per-detector value is obtained as a random draw from a Poisson distribution whose
mean is proportional to the expected number of detected photons [3]. Only a fraction of
photons incident on a detector are converted to electrons; this wavelength-dependent
quantity is referred to as the quantum efficiency. In ASSET, the total number of

photoelectrons generated in the detector by the incident photon flux is given by
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Ny =1y, [e] (24)

where ¢det IS the mean photon-flux incident on the detector array, At is the integration
time, and 7 is the band-average quantum efficiency of the detector. In order to capture the
wavelength dependence of quantum efficiency in ASSET, it is separated into a constant
term 1 and a relative term whose wavelength dependency is accounted for as part of the
system’s relative spectral response R(A).
3.4.1 PRNU and Photoelectron Shot Noise

Photo response non-uniformity (PRNU) is a type of FPN and is mainly due to pixel-
to-pixel variations in quantum efficiency, fill factor, and dopant concentration [5]. PRNU
refers to variations in how a detector responds to incident irradiance under uniform
illumination and is a multiplicative factor of the photo-generated electrons. PRNU for
CCD and CMOS sensors is modeled as normally distributed with a standard deviation
proportional to the incident photon flux and is usually expressed as a percentage of input

incident photon flux:

nY =n, (1+P,X) [e]. (25)

pe
X is a random variable from a normal distribution with zero mean and unit variance,
Npe IS the number of photo-electrons in the detector, and Py is the PRNU quality factor
(fraction of input signal), which varies from 0.01-0.05 (1-5%) for CCD and CMOS
sensors [7]. np&NY is then the signal in electrons with PRNU included.
PRNU will dominate shot and read noise over most of the dynamic range. ldeally
the percentage of PRNU should be linear until reaching a full-well on the sense node

capacitance. Although this is approximately true for CCD sensors, due to the non-linear
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capacitance found on CMOS sensors, PRNU will decrease as the signal on the capacitor
approaches saturation level in a CMOS array. Therefore, in order to accurately model
PRNU for CMOS sensors non-linear effects need to be included in the model. This is
different from the baseline ASSET model in that the baseline model calculates the shot
noise only for photogenerated electrons and not for PRNU electrons.

Electrons arriving in the sense node at discrete increments create fluctuations in
electrical current that can be modeled as a Poisson process. During an integration time,
the actual number of electrons collected is a random variable from a Poisson distribution

P(p) with mean p equal to the expected number of photoelectrons as follows:

nshot _ P(nPRNU) [e]. (26)

pe pe

The difference between the actual and expected signal is known as shot noise, and
n;“]e“’t represents the photo-generated electron signal with shot noise included.
3.4.2 Dark Current, DSNU and Dark Shot Noise

Dark current is referred to as the current that is present in every pixel when there is
no illumination on the photodetector. Although there are many types of dark current, dark
current is mainly due to thermally generated photo-electrons. These electrons are
collected in the sense node’s capacitor and are included as signal. Consequently, when
there are no incident photons on the detector, the pixel will still measure a signal and will
contribute to the read noise floor. This will set a lower limit in the dynamic range, since
that dark current is using space in the capacitance that could otherwise be used for photo-
generated electrons. Dark current changes exponentially with temperature and increases

by a factor of two every 6-8° C [11, 5]. This means that at very low temperatures, dark
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current is negligible and will be on the order of one electron for most applications. This is
important, especially for MWIR and LWIR, where dark current noise can be as high as
the photo-generated current if the FPA is not cooled [1]. The average dark current signal
in electrons is given by [5, 6, 7]

Ny = 2.55-10° AtA_ D, T¥% %" [¢], (27)

pix
where Age is a pixel’s photo-sensitive area [cm?], T is the temperature [K], Eq is the
bandgap energy of the semiconductor [eV], k is Boltzmann’s constant, and Drm IS the

dark current figure-of-merit [nA/cm?]. The bandgap energy E, is given by

2
E,(T)=E,o— 21
T+p

[eV], (28)

where Eg [eV], a [eV/K], and g [K] are all material constants. For the silicon bandgap
energy Ego = 1.1557 [eV], a = 7.021x10~* [eV/K] and B = 1108 [K]. This model
replaces the arbitrary dark signal from the baseline model in Equation (7) with a physics-
based dark signal dependent on temperature, pixel area, and detector material.

Two sources of dark current noise are present in CCD and CMOS sensors: dark
signal non-uniformity (DSNU) and dark shot noise. DSNU refers to an offset under dark
conditions due to variations of the dark current from pixel-to-pixel. Small differences in
the detector area and the substrate material during manufacturing create these variations.
Thus, the mean dark signal will have non-uniformities exhibiting as FPN [5]. Most FPN
models assume that the non-uniformities in PRNU and DSNU can be described using

normal distributions. However, DSNU is caused by different processes than PRNU,
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creating different statistics. This is driven by the outliers (or hot pixels) which generate
much larger dark signal than the average dark current mean value.

The DSNU model presented in Konnik [5] shows that in the case of short integration
times (0-100 s), the log-normal distribution should be used to obtain the hot pixels that
are usually present in CMOS sensors. However, for long exposure times (longer than 100
s), the log-normal distribution does not describe the DSNU correctly [5, 6]. Konnik
argues [5] that the log-normal distribution can be used for long exposure times if it is
superimposed with other probability distributions (e.g. normal). In the improved ASSET
model, DSNU for CCD and CMOS sensors is modeled as log-normally distributed

proportional to the dark signal and is expressed as a percentage of dark electrons:
oo =Ny (1+Y (0,08 ) [e], (29)

where Y(u,6%) is a random variable from a log-normal distribution with zero mean and
unit variance DZ; nqark is the average dark signal generated in the photodiode, and Dy is
DSNU quality factor (fraction of dark signal), which varies from 0.1-0.4 (10-40%) for
CCD and CMOS sensors. Note that DSNU (Dn) is approximately 10-40 times larger than
PRNU (Pn) [7]. Figure 14 shows a histogram of a log-normal distribution with Dy = 0.4,
one can observe from the figure that the DSNU has only positive values and is positively
skewed with a long tail (corresponding to hot pixels). Experimental results comparing the
log-normal distribution to real data is shown in Chapter 5. The improved model differs
from the baseline model in that the improved model replaces the Gaussian process by a
log-normal distribution that accounts for hot pixels in the image sensor. Furthermore,

dark current RMS is now calculated based on the DSNU quality factor Dy and the

39



physics-based dark signal, which depends on temperature, pixel area, and detector

material.
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Figure 14. Histogram of a log-normal distribution with Dy = 0.4.

The photodetector randomly generates electrons due to dark current, creating dark
shot noise. Similar to photo-generated shot noise, randomly generated electrons also
cause fluctuations in electrical currents, creating dark shot noise. It follows a Poisson
distribution, with variance proportional to the mean number of dark electrons generated
by the photodetector. In ASSET, the electron signal with dark shot noise included is also
a random variable drawn from a Poisson distribution, P(i) with mean p as:

Noee ~ P (o ) [el, (30)

where n2:NY is the mean dark signal in electrons. The total output signal in the
photodiode that will be collected by the sense node capacitance can be determined by
adding the mean dark signal, n5%% and the mean photogenerated signal, n;;’;"t. The sense

node will be discussed in the next section.
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3.5 Sense Node: Charge to Voltage

Combining photo-electrons and dark current as described in Section 3.4 results in the
total output signal from the photodiode that will be collected by the sense node capacitor.
This signal is converted to a voltage signal, which is further processed and converted to

digital counts. The total output signal from the photodiode is given as

Nep =nffé°t+n§2?i [e]. (31)

In the sensor configurations shown in Figure 15, when the reset transistor is
switched from the ground voltage level to the source voltage level, V;p, the sense node
capacitance is reset to the reference voltage V,.r, where V.., = Vpp — Vg, O Vpp

depending on the type of reset used (discussed in section 3.5.2).
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Figure 15. Pixel circuits for CCD (left) and CMOS (right) image sensor.

When the reset transistor is switched back to the ground level, integration time

begins. The sense node integrates the electron signal, npp, in the capacitor for a specified
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integration time and provides a voltage signal, Vpp, proportional to the electrons

accumulated in the capacitor. For a capacitor with constant capacitance, the voltage is

inversely proportional to the capacitance, Csy. Thus, Vpp = qnpp/Csy. Both CCD and

CMOS may exhibit non-linearity in the sense node. However, because CCDs operate in

high reverse biased voltages (ranges from 4-10V), the sense node capacitance

dependency on sense node voltage, Vsy, is negligible and is assumed to be linear.

Whereas CCDs sense node capacitance is linearly proportional to the sense node voltage,

CMOS operate at low reverse biased voltages and sense node capacitance non-linearity

can be as high as 200% for some pixel architectures [7]. This is illustrated in Figure 16.
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Figure 16. Sense node capacitance as a function of the voltage signal in the photodiode.

During the CCD sensor integration time, the sense node capacitor, Csy, discharges

linearly at a rate that depends on the number of electrons collected by the photodiode,

npp, causing voltage in the sense node, Vs, to drop by:
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Vo, =V

rei

n
Vo =V — 2 [V] @)

SN

Vrf is the reference voltage, Vpp, is the voltage signal proportional to the electrons
accumulated in the capacitor (npp), Csy 1S the sense node capacitance, and q is the
elementary charge of an electron. The conversion gain for a CCD sensor from electrons
to voltage is Agy = q/Csy. The signal has a finite voltage capacity, constrained by the
full-well capacity ny,, and the finite voltage swing of the sensor. The finite voltage swing
in the pixel is Vgying = Vier — Vbias: Where V.4 is the bias voltage in the system (also
called hardware offset when converted to digital counts). Note that the sense node
voltage from Equation (32) is linear and is only used to model CCD sensors. A non-linear
model is used for CMOS sensors. The non-linear model will be discussed next.
3.5.1 Non-Linear Model

Sense node non-linearity is due to the sense node capacitance Cgy [6,7,5]. During a
CMOS sensor’s integration time, the sense node capacitor, Csy, discharges non-linearly
at a rate that depends on the number of electrons collected by the photodiode. Cgy
depends on the voltage across the capacitor, Vg, therefore, the voltage signal in the
photodiode may be non-linear. The non-linear capacitance is modeled in ASSET by a
modified form of Tian’s [20] model for CMOS sensors. The model starts linearly and
introduces non-linear behavior as voltage signal, Vep, increases. Tian’s model introduces
a non-linear capacitance, CX (Vsy), Which is also a function of the total number of

electrons accumulated in the photodiode:
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where V;,, is the built-in junction potential in the photodiode and Vg, is the initial voltage
across the sense node capacitor, Csy. Note that at the beginning of integration time (At =
0) the signal in the photodiode, npp, is equal to zero and from Equation (32) we get that
the sense node voltage, Vsy,, is equal to the reference voltage, V... In addition, because
the sense node capacitance is linear at the beginning of integration time, the initial non-
linear sense node capacitance, CS",\l,(VSNO), can be substituted with the linear sense node

capacitance, Cgy. Consequently, the non-linear sense node capacitance in Equation (33)

becomes
-1
n n
€1 (Vay ) =Ca (“W] [F], (34)

where Cgy is linear sense node capacitance and V.. is the reference voltage. This
equation is substituted into Equation (32) to obtain the non-linear sense node voltage,
Vsn, that is measured by the source follower transistor M,. The conversion gain for a
CMOS sensor from electrons to voltage is A%, = q/C& (Vsy). Figure 17 shows a plot of
the sense node capacitance as a function of the sense node voltage; and a plot of the sense
node voltage as a function of electrons for the linear and non-linear models. Note that for
small signals the non-linear capacitance conveniently provides a higher gain Agy and

lower gain for large signals.
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Figure 17. Plots of sense node voltage as a function of sense node capacitance (left) and
electrons accumulated in the photodiode as a sense node voltage (right) showing sense

node capacitance and sense node voltage non-linearity, respectively.

3.5.2 Reset Noise

During reset, the sense node transistor My is set to the source voltage level, V;p, and
the sense node capacitance is reset to the reference voltage, V,..r. Resetting the sense
node capacitor causes reset noise, which is called kTC noise. KTC noise is thermal noise
due to current fluctuations in the My transistor. The sense node reset noise voltage also
depends on the type of reset used: soft or hard reset. In a hard reset, the reset gate (M1)
voltage is > Vpp + Vi, and Vi = Vpp, Where Vy, is the threshold voltage in M. If the

sense node’s resistance is in parallel with the capacitor, the reset noise root-mean-square

(RMS) voltage can be expressed as

O-rheirect' =4 kT /Cq  [VI, (35)

where Cgy is the sense node capacitance. In a soft reset, the reset gate (M1) voltage is set

to Vpp, and V,..r = Vpp — Vi, reduces reset noise by a factor of V2. The soft reset noise is
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GrS:sfetzt =< keT /2Cq, [V]. (36)

In CMOS sensors, reset noise behaves as additive, non-symmetric random variations
in the reference voltage. Therefore, the noise distribution depends on whether the sensor
is CCD or CMOS and whether a hard or soft reset technique is implemented. An inverse
Gaussian distribution is used to model the hard-reset technique. The log-normal

distribution is used to model the soft reset noise. In ASSET, reset noise is computed as

\4 ~N - (07 o-r?ard ) [V] (37)

reset

or

Vreset ~Y (0’ O-szoﬁ) [V] (38)

for a hard and soft reset, respectively. In these equations, N(u,c?) is the inverse
Gaussian distribution and Y(x,¢?) is the log-normal distribution, both with mean p and
variance o2 In ASSET, the sense node reset noise voltage is added to the reference

voltage in Equation (32) to account for the sense node reset voltage fluctuations

Vreset = Vre +Vrese - :anD [V] (39)
i = (Vo Vi) Co (Ven)

Next, the source follower reads out the sense node voltage Vgt to the loading
circuit. The readout is scaled by the source follower gain, Agr [V/V]. In the next section
the proposed source follower model will be presented. Note that the new model replaced
the user-defined thermal noise with a physics-based model that accounts for reset noise in

the sense node and is dependent on temperature and sense node capacitance.
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3.6 Source Follower

In the CCD pixel configuration shown in Figure 15 (left), the source follower

transistor M2 is used to read out the sense node voltage signal Vs, to the loading
transistor My (found at the column level for CMOS sensors), which is used outside the
pixel in a CCD sensor and inside the pixel for a CMOS sensor. Both CCD and CMOS
sensors use a source follower to transfer the voltage from the sense node to the loading
circuit to be amplified and processed by the CDS. The linear source follower gain, Asr, is

expressed as

OnRse
A, =—1F_ [V/V]. 40
F ngSF+1[ ] (40)

R is the resistance in the source follower and g,, is the source follower field-effect
transistor transconductance. For a CCD sensor, the output voltage in the source follower
is expressed as

noise n
VSF = ASFVSN +VSF = ASF [Vref _qC&J +VSFnoise [V]1 (41)

SN

where Vgyis the sense node voltage and Vg, ,ise 1S NOise added by the source follower
(described in Section 3.6.2). A CCD sensor can have non-linearity of less than 1% over a
sensor dynamic range because in CCD sensors gmRsF >> 1 and Asr = 1. However, because
CMOS sensors operate at lower reverse bias voltages (values less than 3.3V [21]), the
source follower gain non-linearity can be significant and should be included in the

CMOS sensor model [22].
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3.6.1 Non-Linear Model
Like the sense node, the non-linear source follower will degrade the linearity of the
CMOS sensor as it changes with the input signal in the pixel. The source follower gain,

Agp, varies with the sense node voltage, Vsy, and is approximated by Willers’ [6] model

V. . -V,
nl — 1_ _1 ref SN
" ASF { (}/ )(Vref _VfW J

where Agp is the linear source follower gain, A% is the non-linear source follower gain,

[V/iV], (42)

Vrer Is the reference voltage, Vsy is the sense node voltage, and y is the non-linear error,
which varies between 0.95-1.00 for increasing signals and 1.00-1.05 for decreasing
signals [6]. Figure 18 shows a plot of the source follower gain, A%, as a function of the
sense node voltage, Vgy. Note that for small signals A% = Agz. In CMOS sensors a row
select transistor M3 is placed between the source follower and the load transistor. In this
model we treat the select transistor Mz as an ideal switch, since its resistance is

approximately zero and will not have any effect on the output signal.
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Figure 18. Source follower gain as a function of sense node voltage showing how the

source follower gain increases with signal.
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3.6.2 Source Follower Noise

There are three sources of noise associated with the source follower: thermal, flicker,
and popcorn. These noises are usually the limiting factor in read noise for CCD and
CMOS sensors. Like reset noise, thermal noise (called white noise), arises from the
random motion of charge carriers in any electrical conductor that is not at 0 Kelvin.
Charge carrier thermal motion in the source follower resistance component, Rsg, causes
thermal noise [13].

Flicker noise, also known as 1/f noise, is present in the electronics and its power
spectral density (PSD) is inversely proportional to its frequency bandwidth. The power
spectral density of 1/f noise decreases as frequency increases and is only significant
below 1 MHz [1]. Defects in the metal-oxide semiconductor cause the capture and release
of mobile charge carriers, creating flicker noise.

Popcorn noise, like flicker noise, is due to random capture and release of mobile
charge carriers. However, when the source follower transistor is small, as in CMOS
sensors, this random capture and release of charge carriers becomes discrete and flicker
noise turns into discrete random telegraph signals (RTS), also known as popcorn noise
[5, 6].

In CCD sensors, source follower noise is limited by flicker noise while popcorn
noise is negligible. In CMOS sensors, the source follower is limited by the popcorn noise.
This is because the source follower’s transistor in CMOS sensors is used inside the pixel
and is much smaller than the source follower used in CCD sensors. An approximation of

the source follower noise standard deviation is given by [5]
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Ogr =

mﬁSSF(f)HCDS(f)df} [V], (43)

where Agp is the linear source follower gain, t; is the correlated double sampling (CDS)
sample-to-sample time in seconds, t, = t;/2 is the CDS dominant time constant, f is the
electrical frequency in Hz, Sgr(f) is the source follower’s noise power spectrum, and
H:ps(f) is the CDS transfer function.

The source follower’s power spectrum is comprised of all three sources and can be

expressed as
SSF(f) :Gtiermal (1+%J+SP(f) [VZ/HZ]v (44)

where inermar 1S the RMS thermal noise [V /vVHz], f, is the flicker noise corner
frequency in Hz, and Sp(f) is the popcorn noise power spectrum [V2/Hz]. Since the
popcorn noise power spectrum is only noticeable at low frequencies, as in CMOS

sensors, Sp(f) = 0 for CCD sensors [5].

The popcorn noise power spectrum is given by

2Al %z,

= V2/Hz], 45
Se(f) (2 te) [V/Hz] (45)

where 75 is the popcorn noise characteristic time constant in seconds and Al is the source

follower current modulation induced by popcorn noise.

The CDS transfer function H.ps(f) is given by

[2-2cos(2x ft,) ]
1+(27fz,)

HCDS(f): (46)
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The parameters used to evaluate this equation are usually provided in the
specifications for the sensor, and equations (44), (45) and (46) should be evaluated for
each frequency, f = 1,2, ..., fuock [5]. Source follower noise with variance o2 is

computed in ASSET as

\%

senoise = Ose X [V (47)
where X is a normally distributed random variable with zero mean and unit variance. This
noise value is then added as shown in Equation (41) to yield the output source follower
voltage, Vgp.
3.6.3 Fixed Pattern Offset
The process to convert a signal from photons to a digital signal is very similar in

CCD and CMOS sensors, but the methods used to store, move and read out the signal
differ [6]. Recall from Section 3.2 that in CCD sensors, charge is collected in each
detector and then transferred along columns to the serial readout register where charge is
again transferred to the sense node to be converted into a voltage or current signal. In
CCD arrays, all pixels share the same sense node, source follower and output amplifier.
As a result, differences in gain and offset are mainly due to variations in the
photodetector, exhibiting as PRNU and DSNU. Since the pixel output values are
uncorrelated, a white noise model can be used to characterize the FPN in CCD sensors
[19].

In addition to PRNU and DSNU, CMOS sensors have a pixel-to-pixel offset FPN due

to threshold voltage differences between each pixel’s transistors in the sense node and

source follower because the pixel area is shared by the photodetector, sense node and
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source follower. Furthermore, variations in column amplifiers will cause a column-to-
column offset FPN which is very different from the noise seen in CCD sensors.
Therefore, CMOS modeling requires an additional pixel-to-pixel and column-to-column
offset FPN component that is not present in CCD sensors. In the CMOS circuit shown in
Figure 15 (right), the pixel architecture includes several transistors, some of which are
shared by pixels and some are not. Variations in these transistor’s threshold voltages will
introduce an additional pixel and column offset FPN. Pixel FPN is caused by variations
in threshold voltages in M1, M2, and M3, whereas column FPN is caused by variations in
bias voltage in My, and offset variations in the column amplifier. To model the offset FPN

in CMOS sensors, we express Vpy as the sum of a column FPN component, V35, and

an individual pixel FPN component, I/},’ﬁ,’\‘,. Thus,
Veen (i, 1) =Vea () +Ve (i §) V], (48)

where V84, and VF’;f,’G are defined below, and i and j are row and column indices.

Gammal introduces a statistical model for FPN in CMOS sensors which sums the
pixel and column FPN components [19]. In this model, two assumptions are made. The
first is that the column FPN random process and the pixel FPN random process are
uncorrelated. This assumption is valid because the pixel and column FPN are caused by
different processes in the CMOS circuit. The second assumption is that column and pixel
FPN processes are isotropic, and the autocorrelation functions for both processes are
space invariant. The model parameters characterize the standard deviation of a pixel and
column FPN component and the spatial correlation between pixels and columns for the

entire FPA. Spatial correlation means that there is a signal dependency between a pixel
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(or columns) and its neighboring pixels (or columns), also referred to as pixel and
electronic cross-talk [23]. Short pixel and column separation increase the spatial
correlation as adjacent pixels or columns will have similar signal components [19].

In this model, an autoregressive process simulates column and pixel FPN, since their
mean and variance can be estimated from image sensor data [19]. Column offset FPN is

modeled as a first order isotropic autoregressive process and is given by
Vi (1) = Ve (1 =D + Ve (J+ D]+ o X (§) V], (49)
where X is an array of i.i.d. normal random variables with zero mean and unit variance,

and 0 < a < 0.5 characterizes the dependency of V8% on its two neighboring columns.

The RMS column offset FPN noise is given by

oy =V DV [V, (50)
where DE° is the column offset FPN quality factor (percentage of full-well voltage
signal, V¢,,) and Vg, = qny,,/Cs, is the voltage signal corresponding to full-well. The

voltage signal V3% (j) is replicated for every row to obtain an array of the appropriate

size.

Pixel offset FPN, V2% is modeled as a two-dimensional autoregressive process and
IS given by
VAN D) =b[Ve (-1 ) +Ve (i +1 ) +Vee (i, j -1 +Vee (i, j +D) ]+ X, Dol V1, (51)
where again X is an array of i.i.d. normal random variables with zero mean and unit

variance, and 0 < b < 0.25 characterizes the dependency of VF’% on its four neighboring

pixels. The RMS pixel offset FPN noise is given by
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ol =V DI [V] (52)

and D,{’,ix is the pixel offset FPN quality factor (percentage of full-well voltage signal
Vew). The total voltage signal after offset FPN is expressed as
VsFFPN =Vee +Veen = AeVey "'\/sr::mSe +Vepy [V1, (53)

where Vse is the total voltage signal from Equation (41), Veen is the sum of the pixel and
column offset FPN given in Equation (48), and row and column indices have been
dropped for conciseness. This offset FPN will be partly or completely removed from the
output signal if a correlated double sampling (CDS) circuit is used. Currently in ASSET,
a CDS compensation factor is used to reduce the reset noise in CMOS sensors, or the user
can disable the noises (in the ASSET configuration file) that would have been removed
by the CDS instead. This model deviates significantly from the baseline model in that the
new model adds a pixel-to-pixel and a column-to-column offset FPN component that is

present in CMOS sensors.

3.7 Correlated Double Sampling (CDS)

Correlated double sampling (CDS) is a method for measuring voltage signals that
removes undesired noise and offsets [6, 7, 5, 24]. In this method the source follower’s
output is measured twice: once before integration time starts when the pixel is in reset
mode (t = 0) and once after integration time ends when charge has been completely
transferred to the CDS (t = At). By subtracting two samples of the signal, if the noise
components are correlated to each other, the noise will be removed or reduced depending
on how correlated they are. The main sources of noises in CCD and CMOS sensors,

which are present in the raw output signal are [25]:
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e Shot noise due to random arrival of electrons in the sense node and electrons

being generated randomly by the photodetector (dark shot noise).

e PRNU due to small pixel-to-pixel variations in the detector area and in the

substrate material during manufacturing.

e DSNU, caused by variation under dark conditions due to variations on the dark

current from pixel-to-pixel.

e Reset noise in the sense node transistor (M), caused by thermally generated

electrons in the sense node.

e Source follower noise, caused by thermally generated electrons, flicker noise, and

popcorn noise.

e Offset FPN, due to voltage threshold variations in transistors M1, M2, Mz, Mp. and

signal mismatches between column-level ADCs.

The offset FPN and reset noise are the only sources of noise, from those described
above, which can be removed or reduced by implementing CDS. In addition, if the time
between the two measurements is small, the source follower noise will also be reduced.
Noise sources that happen before the sense node (e.g. shot noise, DSNU, and PRNU),
cannot be removed by the CDS.

This first signal stored in the CDS circuit occurs when the image sensor is in reset
mode before integration time begins. This signal is the sum of the reference voltage

signal (V;..r), noise, and offset FPN. Before integration time begins, the reset transistor

M is switched from the ground level to the source voltage level, V5, and the sense node
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capacitance is reset to the reference voltage, V;..r. The reset noise is then added as shown

in Equation (39), repeated here for convenience,

W (0-I0 _y v o) v (54)

Vsr’\e;set (0) =V Cnl (V ) ref
SN SN

ref

Note that in reset mode, npp(0) = 0 and the last term in the equation goes away.
The source follower reads out the sense node voltage, V{¢5¢t(0), to the loading circuit
and in the process is multiplied by the source follower gain, Agr. The reset noise and
offset FPN is then added as shown in Equation (53), yielding the output source follower

voltage at zero integration time:
VS'l::PN (0) = ASF (O) (Vref +Vreset (0)) +VSFnoise (0) +VFPN [V]’ (55)

where Agp(0), Vieser (0) and Vgpnoise (0) are the source follower gain, reset noise,
and source follower noise, respectively, at zero integration time. Note that the reference
voltage, V,..r, and the offset FPN, Vpy, do not depend on signal and will be constant for
all integration times [24]. When the reset sample-and-hold transistor, Msyr (Shown in
Figure 19), is turned on, the reset transistor, My, is switched from the ground level to the
Vpp level and the voltage signal in reset mode, VEFN (0), is stored in capacitor Cx to be
later subtracted from the voltage signal at the specified integration time, At.

When integration time begins, the capacitor starts to discharge at a rate that depends

on the number of electrons collected by the photodiode. Per Equation (39), the voltage in

the sense node is expressed as

\/Srl\?set (At) :Vref +Vreset (At) _VPD (At) [V]1 (56)
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Figure 19. Schematic diagram of a CDS circuit.

where Vpp (At) = qnpp (At)/Csy(Vsy) is the voltage signal in the photodiode at
integration time t = At. Similar to the reset signal, the source follower reads out the sense
node voltage, V&St (At), to the loading circuit and in the process is multiplied by the
source follower gain, Agr. The reset noise and offset FPN are also added as shown in
Equation (53), yielding the output source follower voltage at the specified integration
time, At,

(A) +Vepy [V, (57)

ref SFnoise

V™ (AL) = A (A) (Vigg + Vg (A1) =V (A1) ) +V
where Agp (At), Vyeser (At), and Vpnoise (At) are the source follower gain, reset noise and
source follower noise, respectively, at the specified integration time, At. When the
sample-and-hold transistor, Msws, is turned on, the source follower signal, VEPN (At), is

stored in capacitor Cs.
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Once both the reset and voltage signal have been stored, the reset signal, V&V (0), is
subtracted from the voltage signal, V&N (At), to remove the undesired signals. The total

output signal, V,ps, from the CDS circuit is expressed as

Veos = Acos (V5|F:PN (0) _VS|F:PN (At))
ASF (O) (Vref +Vreset (O)) +VSFnoise (O) +VFPN
[ A (A1) (Vigg + Vi (AD) Vi (A1) ) + Vi (A + Vi |

Vref [ASF (O) - ASF (At)] + [ASF (O)Vreset (0) - ASF (At)vreset (At)] +
[VSFnoise (O) _VSFnoise (At)] + ASF (At)VPD (At)
= ACDS (Vref AASF + AVreset + AVSFnoise + ASF (At)VPD (At)) [V]v

= Acps
(58)

= Acps

where AAgg, AV,oq0r aNd AVgrnoise are the difference in source follower gain, reset noise,
and source follower noise, respectively, before and after integration time, and A.ps is the
CDS gain. Currently in ASSET, a CDS compensation factor, a, is used to reduce the reset
noise and source follower noise, or the user can disable the noises (in the ASSET
configuration file) that would have been removed by the CDS instead (e.g. offset FPN).
In ASSET, the total output voltage in the CDS circuit for CMOS sensors is modeled by a

modified form of Willers’ [6] model as

VCCD’\QOS = ACDS [Vref A nII: to (Vreset +VSFn0ise ) + i anD ] [V]1 (59)

"Gy,
where qnpp/CR = Vpp, a is the CDS compensation factor, Age is the source follower
gain, and At has been dropped for conciseness. Depending on the pixel architecture some
of the noise values will be increased, some will be reduced, and some will be canceled

out. See [26] for more information on how the CDS circuit deals with different noise

sources for different CMOS pixel architectures.
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If the source follower gain is linear, as in the case of CCD sensors, the difference in

source follower gain, AAgr, is equal to zero and as a result the reference voltage, V,..r,

goes away. In CCD sensors, the output voltage from the CDS circuit is expressed as

n
VCCDCSD = Acps (a(vreset +Vsknoise ) + A %J [V]. (60)

SN

3.8 Analog to Digital Conversion (ADC)
The image frame, whose signal is now in units of voltage and includes most noise
sources, is quantized by multiplying the signal by the ADC conversion gain, Aspc. In

ASSET, the user provides the number of bits, bits, which defines the conversion gain as:

2bitS _1

[counts / V]. (61)

AADC =

The maximum quantifiable voltage is obtained as V4 = AcpsAsrqnyy /CsyWhere
gy, is the full-well capacity in the sense node capacitor, Cgy, Agr is the linear source
follower gain, and A.ps is the CDS gain. In the case of CMOS, the non-linear gains and
sense node capacitance are necessary to estimate the maximum quantifiable voltage by
the ADC. The resulting voltage signal from the CDS is multiplied by the ADC gain,

Apc, and rounded down to obtain the digital signal in counts:

DN yoc = '_(VCDS +Viias ) AADC_' = (VCD\S/;VN%)(Zbits _1) [counts]. (62)

max

Rounding the fractional count values down introduces quantization error (or
guantization noise) [4]. In ASSET, quantization noise is implemented by directly

converting the voltage signal to integer counts based on user-defined number of bits. In
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addition, real systems will typically have a bias voltage, V,;.s, that results in an
equivalent count value referred to as hardware offset. In ASSET, the hardware offset
represents this offset (or bias) of the system due to the system’s electronics (i.c.
hardware). It is included in ASSET as a bias term that does not contribute to photon or
electron noise.
3.8.1 ADC Fixed Pattern Offset

CMOS image sensors originally operated with a single chip-level ADC when pixel
arrays were small, and ADCs did not require much speed [27]. However, as pixel count
continues to increase, this approach is too slow to be useful. For this reason, newer
CMOS image sensors employ column-level ADCs where multiple ADCs operate in
parallel and sometimes each share multiple columns. This results in lower power
consumption, since each ADC can read the voltage signal at a lower speed [27].
Mismatches between column-level ADCs will cause a column-to-column offset FPN,
which will also degrade the image sensor output signal. Therefore, CMOS modeling
requires an additional column offset FPN component associated with the ADC circuit of
the sensor. Similar to column offset FPN, ADC offset FPN is modeled as Gaussian

process and is described by

DNpy (K) = X (K)o £5¢ [counts], (63)
where X is an array of i.i.d. normal random variables with zero mean and unit variance,
and k is the set of shared columns (or rows) index. The RMS ADC offset FPN noise is
given by

ot = DN, DA™ [counts], (64)
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where D#PC is the column offset FPN quality factor (percentage of full-well digital signal

DN¢,,) and DN, = 2bits — 1 s the digital signal corresponding to a full-well. The

digital signal DNgpy (k) is replicated for every row to obtain an array of the appropriate
size. ADC offset FPN is added and the output digital signal is

DN =| DN, + DN ., | [counts]. (65)

3.9 Improved Model Summary

The improved FPA and electronics model was implemented in MATLAB as part of
the baseline ASSET model and improves the detector response and read-out electronics
by replacing the baseline linear conversion gain from electrons to counts with an
electronics component-based model based on Konnik’s, Welsh’s, and Willers’ work [5,
6]; including non-linear effects observed in real sensors; and by implementing fixed-
pattern noise (FPN) based on FPA architecture. These improvements are illustrated in the
block diagram from Figure 13, illustrated again in Figure 20 (bottom) for convenience.

The improved FPA model covers conversion of photo-generated electrons to voltage
and finally to digital numbers, whereas the baseline model directly converts the signal
from electrons to counts using a linear conversion gain. It incorporates CDS, sense node
and source follower components contributing to gain non-linearities.

Combining each of the pieces discussed in this chapter results in a complete analysis
approach to a final end-to-end sensor process for the improved FPA model. Sensor output

from processes modeled in the improved ASSET model can be represented as:

DN — \‘(2 i _1) {%Ds [VSF (At=0) _{AQIF (VSN )[Vref ANep + Greset]+ Os tVipy J}‘Fvbias } + DNy ‘ (66)

Vi B Can (VSN )
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Figure 20. Process diagrams of the baseline (top) and improved (bottom) FPA models for
a CCD and CMOS image sensor based on models by Konnik, Welsh, and Willers [5, 6].

for CMOS sensors and
bits __
DN = _(2 1) {AZDS {VSF (At = O) _(ASF [Vref - qnﬂ + O-reset j + USF J] +Vbias] (67)
Vi (O
for CCD sensors, where
Nop = At[P(mbdet [1+ PN (0.2)])+ P (iuan [ 1+ eDNN“”)])} . (68)

Table 6 contains a summary of all sensor parameters of the improved model and
gives a brief description of each of the sensor parameters used indicating which
parameters are used for either CCD, CMOQOS, or both. The additional input sensor
parameters shown in Tables 1 through 5 contrast the improved model with the baseline
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model by comparing the model parameters used for the detector, sense node, source

follower, CDS, and ADC for the improved and the baseline model.

Table 1. Detector Model Parameters.

Baseline Model New Model Significance Comments
Photon flux Photon flux Total photon flux incident
Pac Pact No change on the detector array
(Eq 5) (Eq 23)
Quantum efficiency Quantum
efficiency Wavelength-independent
] No change -
(Eq 6) n quantum efficiency
(Eq 24)
Photoelectrons Photoelectrons Electrons generated from
Npe Npe No change incident photon flux during
(Eq 6) (Eq 24) an integration time
P(x,y) npENY No change Pf resp
(Eq 8) (Eq 25) uni or_mlty (PRNU)
included

Signal shot noise

Photon shot noise
shot

Photo-generated shot noise
is now computed separately

In the new model, shot
noise now depends on

nshot n
signal pe

(Eq 9) (Eq 26) from dark shot noise PRNU

Dark signal Dark signal Replaced arbitrary dark Dependent on temperature,

Naark Naark signal with physics-based pixel area and detector
(Eq7) (Eq 27) model material

DSNU DSNU Replaced Gaussian model The log-normal model
nisny nhsny wiqh loa-normal brocess randomly introduces hot
(Eq7) (Eq 29) g P pixels in the sensor

Dark current RMS

Odark
(Ea7)

Dark current RMS

Odark = ndarkDN
(Eq 29)

Replaced arbitrary dark
current RMS with model
dependent on DSNU quality
factor and dark current

Useful when the DSNU
quality factor is known and
it now depends on
temperature and pixel size

Signal shot noise

Dark shot noise

Dark shot noise is now

Gives shot noise for dark

ntoral nshot computed separately from .
(Eq9) (Eq 30) photoelectron shot noise signal only
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Table 2. Sense Node Model Parameters.

Baseline Model New Model Significance Comments
New model includes :
. Useful when sensor is non-
Sense node conversion from electrons .
None linear or when a voltage
(Sec. 3.5) to volts, sense node non- .
L : output is needed
linearity and reset noise
New model includes sense
Sense node non- . - L
; : node non-linearities caused | CMOQOS sensor non-linearity
None linearity .
by the sense node can be as high as 200%
(Sec. 3.5.1) .
capacitance
Before integration time
Reference voltage | In the new model the sense starts, the sense node is
None Vees node is reset to V..., before reset to a reference voltage
(Sec. 3.5) each measurement Vyer iIn CCD and CMOS
Sensors
Sense node Added sense node
conversion gain conversion gain [V/e] to Linear in CCD sensors and
None : . .
Agn convert signal from non-linear in CMOS sensor
(Sec. 3.5) electrons to counts
Sense node . Linear in CCD sensors and
. New model includes a . ; )
capacitance - . non-linear in CMQOS sensor;
None linear and non-linear sense .
Csn node capacitance dependent on voltage signal
(Eq 32 & 34) and read-out circuitry
Linear in CCD sensors and
Provides a voltage output non-linear in CMOS sensor;
Sense node voltage
from the sense node dependent on reference
None Vsn . .
proportional to the total voltage, gain, well
(Eq 32) :
number of electrons capacitance, and type of
sensor
Thermal noise Reset noise Replaced arbitrary thermal
reset . . - Dependent on temperature
Othermal Vsn noise with physics-based and sense node capacitance
(Eq 10) (Eq 37 & 38) model P
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Table 3. Source Follower Model Parameters.

Baseline Model

New Model

Significance

Comments

Source follower

New model includes source
follower gain, non-

Used to transfer the voltage
from the sense node to the

None (Sec. 3.6) linearities, and noise loading circuit to be further
o dependent on read-out amplified and processed by
circuitry the CDS
Source follower . Linear in CCD sensors and
. New model includes a . ; )
gain . . - non-linear in CMQOS sensor;
None linear and non-linear gain
Agp e dependent on sense node
(Eq 40) based on read-out circuit voltage
Source follower New model includes sense
non-linearity node non-linearity caused
None (Sec. 3.6.1) by the sense node Only CMOS sensors
capacitance
Source follower Provides a voltage output Linear in CCD sensors and
output voltage from the source follower non-linear in CMQOS sensor;
None . -
Vsr proportional to the sense dependent on gain and
(Eq 41) node voltage sense node voltage
Thermal noise Sourcr(]eofigtlelower Replaced arbitrary thermal Dependent on temperature
Othermal v noise with physics-based and source follower
SFnoise .
(Eq 10) (Eq 43-47) model resistance
Flicker noise Source follower Replaced arbitrary flicker Dependent on fre_que.ncy
noise - ; . and read-out circuitry; new
O1/f v noise with physics-based del ts for th I
Eq'12) sFnoise model model accounts for thermal,
(Eq (Eq 43-47) flicker and popcorn noise
Offset fIX?d Adds pixel-to-pixel and Only present m_CMOS
pattern noise sensors; due to differences
None column-to-column offset .
Vepn FPN component in threshold voltages and
(Eq 48) column amplifiers
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Table 4. Correlated Double Sampling Model Parameters.

Baseline Model

New Model

Significance

Comments

Correlated double

Adds implementation of the

Used to remove or reduce

None sampling (CDS) CDS method used on CCD ‘
(Sec. 3.7) and CMOS image sensor offset FPN and reset noise
None CE1)48 gain Added new gain associated Linear in both CCD and
CDS . . .
(Eq 59 & 60) with the CDS circuit CMOS sensors
Cli)/ilgautgut Provides an output voltage If CDS is implemented, the
None v g from the CDS dependent on | offset FPN and reset noise
CDS H .
(Eq 59 & 60) CDS gain will be reduced

Table 5. Analog-to-Digital Conversion (ADC) Model Parameters.

Baseline Model New Model Significance Comments
ADC conversion gain ADC conversion . New model accounts for
gain Replaced by conversion . S X
CG [DN/e] Aupe [DNV] ain from volts to counts non-linearities present in
(Eq 14) ADC g CMOS sensors
(Eq 61)
Digital signal Digital signal Digital signal is now i
DN DN obtained from a voltage Dependceirrl(t:lj)irt'mrread out
(Eq 15 & 16) (Eq 65) signal y
None ADCDo]Cfset FPN Adds column-to-column Due to mismatches in
FPN offset FPN column-level ADC channels
(Eq 63)
Hardware offset Bias Voltage Bias voltage is now Added before introducing
DNofsset Vpias converted to counts and guantization noise into the
(Eq 16) (Eq 62) added as a hardware offset signal
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Table 6. Summary of Model Parameters for the Improved Model.

H - .. Sensor
Variable Name Units Description > | avos
Total photon flux incident on
Paer (EQ 23) Detector photon flux |  [ph/s] the detector array v v
L Length of time during which
At (Eq 24) Integration time [5] detector is exposed to light v v
Average fraction of photons
n (Eq 24) Quantum efficiency [e/ph] that are converted to electrons N4 N4
by the detector
Photo-generated Electrons generated from
Ny (EQ 24) elegtrons [e] incident photon flux during an v v
integration time
Photogenerated electrons with
npaNU (Eq 25) elez?r%tr?s-%i‘eir?’t;?\lu [e] photo response non-uniformity |/ 4
(PRNU) included
Photo-generated .
; . Photogenerated electrons with
npe’* (Eq 26) electrons including [¢] PRNUgand shot noise included v v
shot noise
Average number of electrons
. present in every pixel when
Maari (B4 27) | Average dark signal [¢] there is no illumination of the v v
photodetector
. Dark signal with dark signal
nDSNU (Eq o) | Darksignal after [€] non-uniformity (DSNU) v v
ar DSNU .
included
Dark signal including Dark signal with DSNU and
shot
Maark (E9 30) shot noise [e] shot noise included v v
. The total number of electrons
npp (Eq 31) Photodiode electrons [e] collected in the photodiode v v
Voltage the sense node is reset
Vrer (BQ 32) Reference voltage V] to before an integration time 4 4
. Voltage applied to the bias
Vpias (EQ 65) Bias voltage [V] transistor (My) v v
Voltage signal proportional to
Vep (Eq 32) Photodiode Voltage V] the electrons collected in the v v
photodiode
Sense node . .
Csn (Eq 32) capacitance [F] Linear sense node capacitance Vv X
Non-linear sense Non-linear sense node
Cc (Eq 34) . [F] capacitance dependent on the X Vv
node capacitance
sense node voltage (Vsy)
Sense node Conversion gain from electrons
Agn conversion gain [Vie] to volts (g /Cns(,)\geat the sensor v X
Non-linear sense Non-linear conversion gain
nl
Asw node gain [Vie] from electrons to volts (q/C& X v
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Sensor

Variable Name Units Description o | cmos
Voltage across the sense node
Ven (Eq 32) Sense node voltage [V] capacitor and is discharged N4 N4
from V,..r to some lower value
. Noise introduced when the
Vieser (EQ 37 & 38)| Reset noise voltage V] sense node capacitor s reset X V4
Sense node voltage
; - Sum of the sense node voltage
reset
Vs> (Eq 39) W'th reset noise V1 and the reset noise voltage X v
included
Linear source follower gain
Agr (Eq 40) Source follower gain | [V/V] used for CCD sensors (usually Vv X
equal to one)
Non-linear source follower gain
nt Non-linear source used for CMOS sensors that
Ase (Eq 42) follower gain [VIV] depends on the sense node X 4
voltage (Vsy)
Source follower Output voltage from the source
Vsr (EQ 41) voltage V1 follower 4 4
All noise associated with the
. source follower. These include
Vsenoise (EQ 47) |Source follower noise V] thermal, flicker and popcorn Vv Vv
noise.
Column-to-column Column offset FPN due to
vk (Eq 49) offset fixed pattern [V] variations in bias currentinthe | X v
noise (FPN) bias transistor (M)
. Pixel-to-pixel offset Pixel offset FPN due to
vy (Eq51) V] variations in threshold voltages | X v
FPN FPN .
in My, M2, and M.
Veow (Eq48) | Offset FPN voltage | [v] | Sumof the columnand pixel | . v
FPN offset FPN components
Source follower Sum of the output source
VEPN (Eq 53) voltage signal with V] follower voltage with noise and | X V4
noise and offset FPN the offset FPN voltage
Correlated double Gain associated with the CDS
Acps (Eq 59 & 60) sampling (CDS) gain [VIV] circuit v v
Veps (Eq 59 & 60) | CDS voltage signal | [v] | OUtPUt Vo'ti?ézz‘t’m theCDS |, v
Analog-to-digital Gain associated with the ADC
Asc BA8L) | converter (ADC) gain| [CUNS/V] circuit v v
S Output digital signal from the
DN (Eq 65) Digital signal [counts] ADC circuit v v
DNppy (Eq 63) ADC Sgﬁ:;t FPN [counts] Shared columns offset FPN X v
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4  Experiment Methodology
This chapter presents the laboratory experiments conducted using a Phantom camera,
describes configuration of the ASSET model used to generate synthetic test data for
validation against measured CMOS data, and discusses the process of generating a
photon transfer curve (PTC) and a dark transfer curve (DTC) that are used to analyze the
results. Chapter 5 compares the performance of ASSET with the improved FPA model to

data collected in the laboratory measurements, and the validation results are analyzed.

4.1 Experimental Setup

The sensor model described in Chapter 3 has been validated using a Vision Research
Phantom v12.1 high-speed camera with a 1280 x 800 CMOS technology FPA with a 20
pm pixel. The camera is designed for high speed operation and is capable of taking
1,000,000 frames-per-second (fps). The parameters used in the model of the CMOS
sensor were taken in part from the specifications provided by the manufacturer, and the
remainder were derived from photon transfer curves (PTCs) and dark transfer curves
(DTCs) obtained in the lab (see Table 7). In PTC and DTC plots, the RMS noises are
plotted as a function of signal level. These plots can be used to estimate the read noise,
shot noise, FPN (DSNU, PRNU, and offset FPN components), and saturation level for an
image sensor directly from the data. Read noise is defined here as the collection of noise
terms (reset and source follower) that contribute random fluctuations to output signal at
zero integration time. Noise measurements are obtained in digital units (counts) and

converted to electrons for use as parameters in ASSET.
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During a PTC measurement, the image sensor is exposed to a uniform light source
which provides a uniform illumination field, also called flat frame, as shown in Figure
21. The uniform light source is obtained by using an integrating sphere. The integrating
sphere provides a 99% uniform field at the output port so that the photons collected by
the image sensor are uniform across the FPA [28]. The averaged dark frame is subtracted
from the flat frames to remove dark current noise such as DSNU, offset FPN, and the
hardware offset. Subtracting the averaged dark from the flat frames yields the signal
frames equivalent to the input photon-flux. The averaged dark frame is determined from
several dark frames that are averaged to reduce read and shot noise. During a dark frame

measurement, the image sensor is completely covered using the lens cap.

Figure 21. Phantom v12.1 experimental setup

These measurements were made over a range of integration times to cover the whole
dynamic range of the image sensor. A grid of 512x512 pixels comprises each frame. We
took 500 frames and averaged them to reduce temporal noise. The mean and standard

deviation of each measurement were calculated and plotted to obtain the PTC. The PTC
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can be used to determine the shot noise, PRNU, read noise, full-well capacity, and the
conversion gain from electrons to counts, CG. Conversion gain, CG, is defined here as
the combined product of the sense node, source follower, CDS, and ADC gains: CG =
AsnAspAcpsAapc [€ 1 counts]. The methods and procedures of the measurement were the
same for the measured and the simulated sensor. For example, for the image sensor, an
integrating sphere forms a flat-field scene of incident light. For the modeled data, a
uniform image was used to represent a flat-field scene.

During a DTC measurement, only the dark frames are used, and the dark signal is
varied by changing the integration time of the image sensor. The DTC can be used to
determine the dark shot noise, DSNU, offset FPN, read noise, the dark current figure of
merit, Dg),, and the conversion gain from electrons to counts. These measurements were
conducted at room temperature (25°C) and the sensor and camera were kept at a
temperature of 35°C and 42°C, respectively. The following sections discuss the
procedures on how to generate a PTC and a DTC, and how to interpret the curves to

obtain noise and detector characteristics.

4.2 Dark and Flat Frames

A dark frame is an image captured when there is no incident light on the image
sensor, hence the name dark frame. During a dark frame measurement, the image sensor
is completely covered. To obtain the dark frame, we measure the pixel output values for
an image sensor array of N,;, pixels under constant temperature with the lens cap on. The
dark frame will contain the dark current, DSNU, dark shot noise, offset FPN, read noise,

and hardware offset. We repeated this measurement N times to obtain N dark frames
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and averaged them to reduce read and shot noise from the output values as shown in

Figure 22. That is,

DARK, (DN) = Nizrfldarkijk (DN) [counts], (69)
F

Averaged dark frame

dark frames

Figure 22. lllustration showing how the averaged dark frame is obtained by averaging

500 frames.

where DARK;;(DN) is the averaged dark signal value of pixel (i,j) in the dark frame,
which is based on Ny dark frames of N, pixels, and dark;;, (DN) is the kth dark signal
value of pixel (i,j), where the full set of N,,;, pixels is the kth dark frame.

A flat frame is an image captured when the image sensor is exposed to a uniform
light source, which provides a uniform illumination frame. To obtain the flat frame we
measure the pixel output values for an image sensor array of N, pixels under uniform
illumination. The flat frame will contain photogenerated shot noise, PRNU, read noise
and dark current noise and offsets such as DSNU, dark shot noise, offset FPN, and
hardware offset. Similar to dark frames, we repeat this measurement Ny times to obtain
Ny flat frames and averaged them to reduce read and shot noise as shown in Figure 23.

The averaged flat frame value in pixel (i,j) is given by,
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Averaged flat frame 44@6,
A
"z:;e C‘ro% Flat frames

Figure 23. lllustration showing how the averaged flat frame is obtained by averaging 500

flat frames.

FLAT, (DN) = Nizf; flat, (DN) [counts], (70)
F

where FLAT;;(DN) is the averaged flat frame pixel value of pixel (i,j) in the flat frame,
which is based on N flat frames of N,;, pixels, and flat;;,(DN) is the kth flat signal

value of pixel (i,j), where the full set of N,,;, pixels is the kth flat frame. For comparison,

Figure 24 shows an averaged dark frame (left) and an averaged flat frame (right) from the

Phantom v12.1 camera.

DARK ,(DN)

Figure 24. Measured dark frame (left) and measured flat frame (right) at At =3 ms.
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4.3 Photon Transfer Curve (PTC)

The PTC is a log-log plot of the noise standard deviation versus signal used to
determine parameters of an image senor’s response to uniform illumination. These
parameters are: photoelectron shot noise, PRNU, read noise, conversion gain, and full-
well capacity. Figure 25 shows an ideal PTC from an image sensor exposed to uniform
illumination. In the plot, noise is plotted as a function of the mean average signal at
different exposure times (or signal levels) [7]. Janesick identifies four different regimes
in a PTC plot: read noise, shot noise, FPN, and full-well regime [7].

For very low signal, the read noise dominates, which is the random noise measured
in dark conditions. In a PTC log-log plot, read noise is often characterized by a line with
a slope of zero. As the signal increases, the photoelectron shot noise dominates and is
characterized by a slope of one-half, since the shot noise is equal to the one-half power of
the average number of photoelectrons. The third regime, FPN, represents the PRNU
produced by photoelectrons, which is characterized with a slope of one since signal and
FPN increase at the same rate. Finally, in the fourth regime, as the signal approaches full-
well, noise starts to decrease exponentially. This is because photoelectrons start to spill
into neighboring pixels and as a result the number of noise electrons starts to decrease.

To determine the average digital signal corresponding to the input photon-flux, the
dark signal is removed from the flat frame values by subtracting pixel by pixel the
averaged dark signal frame from the flat frames. By subtracting the averaged dark frame
from the flat frames, you are basically removing the DSNU, offset FPN, and hardware
offset as shown in Figure 26. Thus,

S, (DN) = flat,, (DN)— DARK;(DN) [counts], (71)
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SLOPE =1/2

LOG NOISE [counts]

SLOPE=0
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WELL

READ | SHOT
NOISE ! NOISE

FIXED PATTERN
NOISE

>
LOG SIGNAL [counts]

Figure 25. Ideal PTC plot illustrating the four noise regimes [7, 29].
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Signal frames - Flat frames

Averaged dark frame

Figure 26. Illustration showing how the signal frames are obtained by subtracting an

averaged dark frame from the flat frames.

where S;;, (DN) is the kth signal of the (i,j)th pixel in the frame of N,;, pixels. Each set
of dark and flat frames is obtained for the same integration time, but the integration time
is varied from set to set to cover the whole dynamic range of the image sensor. After
removing the DSNU and offset FPN, the mean average signal is calculated for each

integration time to obtain the true photogenerated signal:
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1 Npix Ng

D> S (DN) [counts], (72)

pix ' VF ij=1 k=1

S(DN) =

where S(DN) is the mean average signal based on N, pixels and Nr frames. The total

noise is obtained by calculating the standard deviation of the pixel values from the signal

frames calculated in Equation (71). Thus,

1 pix Np

awtal(DN):(VAR[Sijk(DN)])M:{N v NZZ[Sijk(DN)—S(DN)]Z} [counts], (73)

pix ij=1 k=1

where a4t (DN) is the total noise (shot noise, PRNU, and read noise) and S;;, (DN) is
the kth signal of pixel (i,j). This is repeated at several integration times spanning the full
dynamic range of the image sensor. An ideal PTC response from an image sensor is

illustrated in Figure 27.
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Figure 27. Ideal PTC plotted in counts [7].

In the plot the noise is plotted as a function of the mean average signal S(DN) at

different signal levels (or integration times). The total noise is also found by the
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quadrature sum of read noise, shot noise, and PRNU. Therefore, the total noise is also

given by
G (DN) =[ 02, (DN) + 62, (DN) + 00 (DN) | [counts]. (74)
To calculate the shot and read noise we first must remove the FPN from the array of

pixels. This is done by differencing two identical frames taken back-to-back at the same

integration time as illustrated in Figure 28. The shot plus read noise frames are given by

S;Eouread (DN) — ﬂatijk (DN ) - ﬂatij(k+1) (DN) [COUﬂtS], (75)

2 2 2 2 2 2
\/O- d + O-skor + O-FPN \/O- d + O-shot + O-FPN
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Figure 28. Illustration showing how fixed-pattern noise is removed by subtracting two

back-to-back frames.

where S7¢+7?Y(DN) is the kth shot plus read noise frame pixel (ij) pixels. By
subtracting identical frames taken back-to-back, the PRNU, DSNU and offset FPN are
removed from the output signal. The total shot plus read noise is obtained by calculating
the standard deviation of the shot plus read noise frames from Equation (75) [7]. In
addition, the result should be divided by 2'/? because random noise increases by this
amount when either adding or subtracting two identical frames with random noise [7].

Thus, the shot plus read noise is given by
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N pix Ne

1/2
1 shot+rea shot+real 2
{Nix ZZ(S (DN)-E[ S "(DN)])}
O shot+read (DN) = P

P [counts], (76)

where Oghotsread (DN) is the standard deviation of the shot plus read noise frames,

fj’}("”read(DN), divided by 2/2. If the read noise is known, the two components from
Equation (76) can be isolated by subtracting the read noise from the shot plus read noise,
Oshot+read (DN).

The read noise can be obtained from bias frame analysis. To capture a bias frame,
images need to be obtained at zero integration time (or as close as possible) with the lens
cap on. Furthermore, the read noise can also be estimated from the PTC and is
determined from the read noise regime where the slope is equal to zero. Since noise

sources are added in quadrature, shot noise is simply obtained by subtracting the read

noise from the read plus shot noise. Therefore, the shot noise is given by

Gg (DN) =[ 02 g (DN) =52, (DN) | [counts]. (77)

shot+read

Once the shot noise has been calculated, the conversion gain from electrons to counts
can be determined. The conversion gain from electrons to counts can be calculated from

the shot noise curve shown in Figure 27 and is given by

oG- _S(ON)

=———— [e/counts], (78)
O-szhot (DN)

where S(DN) is the mean average signal.
PRNU can be calculated by subtracting the read and shot noise, oshottread(PN),

from the total noise, 6;,:q;(DN). The PRNU quality factor, Py, is found from a single
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data point in the PRNU curve by dividing the PRNU noise with the mean average signal,

S(DN). The PRNU quality factor is given by

_ Oprau (DN)
P, TGN [counts]. (79)

Furthermore, if the PRNU quality factor, Py, and the conversion gain, CG, are
known, individual PTCs for shot noise and PRNU can be calculated. For example, by
applying Equation (79), the PRNU noise is given by

Opry (DN) =B, S(DN) [counts], (80)

and from Equation (78), shot noise is given by
S(DN):|1/2
DN)=| —— counts]. 81
O-shot( ) |: CG [ ] ( )

Once the conversion gain has been calculated, the noise and signal can be converted
into electron units. It should be noted that for non-linear sensors the shot noise and FPN
will not follow a slope of one-half and one, respectively, indicating that the conversion

gain is non-linear [7].

4.4 Dark Transfer Curve (DTC)

The DTC is a log-log plot of the noise standard deviation versus dark signal used to
determine parameters of an image senor’s response when there is no illumination in the
image sensor. These parameters are: dark shot noise, DSNU, offset FPN, read noise, dark
current figure of merit Dg,,, and conversion gain, CG. The type of measurements made in
DTCs are very similar to those from a PTC plot with the exception that in a DTC curve

all measurements are related to the dark signal. For example, in the PTC plot shown in
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Figure 25, the four regimes are read noise, photogenerated shot noise, PRNU, and full-
well; whereas in a DTC plot the four regimes are read noise, dark shot noise, DSNU, and
full-well. An ideal PTC response from an image sensor is illustrated in Figure 29.
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Figure 29. Ideal DTC plotted in counts [7].

For very low signal, the read noise dominates, which is the random noise measured
under dark conditions. Similar to a PTC log-log plot, in a DTC log-log plot, read noise is
often characterized by a line with a slope of zero. As the signal increases, the dark shot
noise dominates. Dark shot noise is characterized by a slope of one-half since the dark
shot noise is equal to the one-half power of the average number of dark electrons. The
third regime, FPN, represents the DSNU produced by the dark signal, which is
characterized with a slope of one since signal and DSNU increase at the same rate.
Finally, in the fourth regime, as the signal approaches full-well, noise starts to decrease

exponentially. This is because electrons start to spill into neighboring pixels and as a
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result the number of noise electrons starts to decrease. It should be noted that in a DTC
plot the fourth regime is rarely plotted, since dark current could take minutes or even
hours to completely saturate the image sensor and will need a very long integration time
to fully reach the full-well level.

The averaged bias frame is subtracted from the dark frames to remove dark offsets
such as, offset FPN, and the hardware offset. Subtracting the averaged bias frame from
the dark frames yields the dark signal frames equivalent to the total number of dark
electrons. The average bias frame is calculated to reduce the shot and read noise to a

value close to zero as illustrated in Figure 30. Thus,

D, (DN) =dark;, (DN) - BIAS;(DN) [counts], (82)

dark,, (DN)

Averaged bias frame

Dark Signal frames dark frames

Figure 30. lllustration showing how the dark signal frames are obtained by subtracting an
averaged bias frame from the dark frames.

where Dy (DN) is the kth dark signal in the pixel at row and column coordinates (i,j),
BIAS;;(DN) is the averaged bias frame based on Ny dark frames for each of the N,;,
pixels, and dark;j, (DN) is the kth dark value in pixel (i,j). The full set of Npix pixels’

dark signal values is the dark frame. Each set of dark frames is made for the same

81



integration time, but the integration time is varied from set to set to cover the whole
dynamic range.

To capture the bias frame’s pixel values, bias;j,(DN), all the frames need to be
obtained at zero integration time (or as close as possible) with the lens cap on. When
integration time is close to zero, the dark shot noise and DSNU components are
negligible, and the frames will only contain offset FPN and the hardware offset. By
subtracting the averaged bias frame from the dark frame, the offset FPN and hardware
offset are essentially removed from the dark signal. After removing the offset FPN and
hardware offset, the mean average dark signal is calculated for each integration time to
obtain the true thermally generated dark signal:

1 Mo Ne

> > Dy (DN) [counts], (83)

pix ' VF ij=1 k=1

D(DN) =

where D(DN) is the mean average dark signal based on N,;, pixels. The total dark noise

is obtained by calculating the standard deviation of the pixel values from the dark signal

frames calculated in Equation (82). Thus,

O dark—total (DN) = { N 1N NZTXNZFI:Duk (DN)_ D(DN):IZ} [COUﬂtS], (84)

where 644rk-tota (DN) is the total dark noise (dark shot noise, DSNU, and read noise)
and D, (DN) is the kth dark signal frame of pixel (i,j). This is repeated for integration
times spanning the full dynamic range of the image sensor. In the plot from Figure 29, the
total noise, o4rk—rora1 (PN), has been plotted as a function of the mean average dark

signal, D(DN), at different signal levels (or integration times). The total dark noise is
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also found by the quadrature sum of read noise, dark shot noise, and DSNU. Therefore,

the total dark noise is also given by
2 2 2 12
O-dark—total (DN ) = I:O-read (DN ) + O-dark—shot (DN) + O-DSNU (DN )] [counts]. (85)

To calculate the dark shot and read noise we first must remove the DSNU from the
array of pixels. This is done by differencing two identical frames taken back-to-back at

the same integration time as shown in Figure 30. The dark shot plus read noise frames are

given by
D™ (DN) = dark;, (DN) - dark;..,, (DN) [counts], (86)
2“2 '\/Grzead + O-az?ark—sho: '\/O-fead + Gjark—ska: + O-;PN \/o-rzead + aazlaric—shol + G;‘PN

D7 D7) dark,, (DN) dark,.,,,(DN)

ik

Figure 31. lllustration showing how fixed-pattern noise is removed by subtracting two

consecutive frames.

where Disj’,‘c"t”ead(DN) is the kth dark shot plus read noise of the (i,j) pixel in the frame
of Ny, pixels. By subtracting identical frames taken back-to-back, the DSNU, offset

FPN and the hardware offset are removed from the output signal. Similar to the shot plus
read noise calculated in Equation (76), the total dark shot plus read noise is obtained by
calculating the standard deviation of the dark shot plus read noise frames from Equation

(86) and then dividing by 2%/2. Thus, the dark shot plus read noise is given by
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ix Np 12
{ 1 sz NZ( Di?Eot+read (DN ) _E [Di?:onread (DN ):I)Z}

pix ' VF ij=1 k=1

O dark—shot +read (DN) = [CountS], (87)

21/2
Where 04ark—shot+read (PN) is the standard deviation of the shot plus read noise frames’
pixel values, DZi**"°*¢(DN), divided by 2%/2. If the read noise is known, from bias

frame analysis or from DTC plot when slope is zero, the dark shot noise component can

be isolated by subtracting the read noise. Therefore, the dark shot noise is given by
) ’ 1/2
Gdark—shot (DN ) = I:O-dark—shonread (DN ) - Gread (DN ):| [COU”tS]. (88)

Once the dark shot noise has been calculated, the conversion gain from electrons to
counts can be determined. The conversion gain from electrons to counts can be calculated
from the dark shot noise curve and is given by

D(DN)

CG=——"t—
Udark—shot (DN)

[e/counts], (89)

where D(DN) is the mean average dark signal. In the same manner as dark shot noise,
DSNU can be calculated by subtracting the read and dark shot noise from the total dark
noise from Equation (85). The DSNU quality factor, Dy, is found from a single data point
in the DSNU curve by dividing the DSNU noise with the mean average dark signal. The
DSNU quality factor is given by

_ Oosnu (DN) _

v =" D(DN) (90)

Furthermore, if the DSNU quality factor, Dy, and the conversion gain, CG, are
known, individual DTCs for shot and DSNU can be calculated. For example, by applying

Equation (90), the DSNU noise is given by
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opsny (DN) =D D(DN) [counts], (91)
and from Equation (89), dark shot noise is given by

D(DN)

G } [counts]. (92)

O-dark—shot (DN ) = |:

Once the conversion gain has been calculated, the noise and signal can be converted
into electron units. It should be noted that in DTC measurements integration time should
be long enough to have meaningful results. For example, for a sensor with a full-well of
200,000 electrons and a dark current of 2,000 electrons per second, it will take about 100
seconds to reach full-well performance. The DTC dark current in electrons is given by

N =CGxD(DN) [e], (93)

where ny,,, 1S the mean average dark signal in electrons. The dark current figure of
merit, Dg,,, is found using Equation (27) and solving for Dg,,. Thus,

CG x D(DN)

= nA/cm?], 94
2.55-10" AtA , T¥%e "7 [ ] 549

FM

where At is the integration time (), Age; is the pixel’s area (cm?), T is the temperature in
Kelvin, E, is the bandgap energy of the semiconductor (eV), k is Boltzmann’s constant
and Dr,, is the dark current figure-of-merit (nA/cm?).

The parameters obtained from the PTC and DTC plots as well as the parameters
obtained from the specifications provided by the manufacturer were used in the
simulation of the CMOS sensor using MATLAB. A performance comparison of the new
sensor model to data collected in lab from the Phantom v12.1 and the validation of the

sensor model are presented in Chapter 5.
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5 Results and Discussion

The ASSET sensor model described in Chapter 3 is validated using a Vision
Research Phantom v12.1 high-speed camera with a 1280 x 800 CMOS technology FPA
with a 20 um pixel size. We compare the image sensor and dark signal responses to
incident light at various integration times. We also compare the noise as a function of
integration time between the measured data, the improved, and the baseline sensor model.
FPN evaluation demonstrates the noise characteristic similarity between the improved
sensor model and the measured data.

The goal is to provide a sensor model capable of generating realistic synthetic data,
representative of a wide range of systems, even with incomplete information. The
purpose of this comparison was to demonstrate that ASSET can effectively model focal
plane characteristics of an image sensor. The lab test quantifies how well ASSET can
emulate time-varying and signal-dependent sensor characteristics, such as shot noise,

FPN, and sensor non-linearity.

5.1 Validation of the Sensor Model

The parameters used in the model of the CMOS sensor are taken in part from the
specifications provided by the manufacturer. The remainder are derived from photon
transfer curves (PTCs) and dark transfer curves (DTCs) obtained in the lab (see Table 7).
The simulated CMOS sensor covers conversion of photo-generated electrons to voltage
or current and then to digital numbers. It incorporates sense node and source follower
gain non-linearity, and it includes noise sources associated with the detector and

electronics such as shot, thermal, 1/f, and quantization noise.
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The methods used to generate the PTC and DTC measurements described in Chapter
4 were the same for both the measured data and the sensor model. In PTC and DTC plots,
the RMS noises are plotted as a function of signal level. These plots can be used to
estimate the read noise, shot noise, net FPN (DSNU, PRNU, and offset FPN
components), and saturation level for an image sensor directly from the data. Again, read
noise is defined here as the collection of noise terms (reset and source follower) that
contribute random fluctuations to output signal at zero integration time. Noise
measurements are obtained in digital units (counts) and converted to electrons for use as

parameters in ASSET.

5.2 Sensor Response to Incident Light and Photon Transfer Curve (PTC)

The image senor response to incident light is calculated and compared to the sensor
model output data. An integrating sphere forms a flat-field scene of incident light.
Covering the lens provides dark frames. The model uses uniform images to represent a
flat-field scene. An array of zeros mimics the image sensor with the lens cap on.

Taking images over a range of integration times covers the whole dynamic range of
the photodetector. A grid of 512x512 pixels comprises each image. Two sets of 500
frames are taken (for both measured and sensor model): flat and dark frames. To reduce
temporal noise (e.g. shot and read noise), we compute the mean frame for the two sets of
data at each integration time, obtaining the averaged flat and dark frames. The averaged
dark frame is subtracted from the flat frames to remove dark current noise such as DSNU,
offset FPN, and the hardware offset. Subtracting the averaged dark from the flat frames

yields the signal frames equivalent to the input photon-flux in each pixel, S;;x (DN).
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Table 7. Phantom v12.1 Sensor's Parameters used for the simulation: Manufacturer-

provided parameters (top) and experimentally derived parameters (bottom).

Sensor’s Parameter Value Comments

Sensor Type CMOS 'tl)'he architecture type was not provided
y the manufacturer

Array Size,n X m 1280 x 800 | The resolution and pixel size results in
Pixel Dimension, d 20 um a25.6 mm x 16 mm array size
Fill Factor, FF 56% Light sensitive part of pixel
Well Depth, npw 23200 e | Saturation level in the sense node
Dynamic Range, DR 58 dB Provided by the manufacturer
Quantum efficiency, n 31% At 350 nm wavelength

Voltage that the sense node is reset to

Reference Voltage 33V before an integration time
Sensor’s Parameter Value Comments
Read Noise, Gread 18 e Read noise RMS at 35°C
. Average value of dark current of
Dark Current, idark 775 els the whole pixel array at 35°C
PRNU Factor, Pn 0.05 %RMS of photogenerated signal
DSNU Factor, Dy 0.4 %RMS of dark signal
. ; %RMS of ion signal i
Pixel FPN Factor, DP™ 0.0015 oRMS of saturation signal in
N volts
5 — -
Column FPN Factor, D% 0.00073 \fg?tz/ls of saturation signal in
5 — -
ADC FPN Factor, DAPC 0.00045 YoRMS of saturation signal in
counts
Conversion Gain, 0.35 gor1b|nzd erdUCt (;fins (non-
CG == ASNASFACDSAADC e/COUI’lt SNZZSFA2CDSTPADC g

linear)

Sense Node Gain, Agy

Decreases with signal (non-

Source Follower Gain, Agg 1 :
linear)

CDS Gain, Acps 1 Linear

Source Follower Non-Linearity 0.99 Typically, 0.95 to 1.05

Error, y

Bits 16 bits Num_ber of bits used to quantize
the signal

Hardware Offset, DN, soc 460 counts Signal offset due to the load bias
voltage

ADC Shared Columns 30 ADCs operate in parallel and

each share 32 columns
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The mean digital signal, S(DN), of the resulting 512x512 signal frames’ pixels,
Sijxk(DN), is calculated and plotted for integration times spanning the full dynamic range
of the image sensor (estimated to be 23,200 electrons). Figure 32 shows a comparison
between the measured and simulated data for the baseline and the non-linear model. The
figure illustrates how the model starts linearly at low signals and introduces non-linear
behavior as the signal increases. Comparing the sensor response to incident light on
Figure 32, one can see that the non-linear model agrees better with the experimental data

from the Phantom camera.
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Figure 32. Sensor response to incident light for measured, baseline and non-linear models
at several integration times spanning the full dynamic range for (left) linear and (right)

logarithmic scales.

Although the modeled sensor response to incident light exhibits similar behavior to
the Phantom v12.1, Figure 32 shows that the signal level is higher for the modeled sensor
at low integration times. The model reproduces non-linear behavior at mid to high signals
but fails to show non-linearity at low signal levels. Figure 33 shows the residual between
the measured and modeled data for the baseline and non-linear. Measured data shows
non-linearity at lower signal levels that is not accounted for in the model, possible due to
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dark signal non-linearity at low signal levels. Such differences may also occur because
the bias voltage (i.e. hardware offset) is not consistent throughout the experiment and
may increase or decrease at lower integration times. Conversely, the sensor model uses a
constant bias voltage for all integration times. Nonetheless, the behavior of the sensor
model is consistent for most of the dynamic range. Comparing the error plots on Figure
33, one can see that the non-linear model agrees better with the experimental data as
signal approaches full-well. Figure 33 also shows a maximum 92% reduction in error for

the non-linear model.
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Figure 33. Signal error of the Sensor response to incident light for the baseline and non-
linear model at several integration times spanning the full dynamic range for (right) the

digital signal percent error of the dynamic range and (left) the signal error in counts.

Using the equations described in Chapter 4, PTCs are generated for oiyiq (DN),
Oshot(DN), Greag(DN), and opryy(DN) as a function of signal, S(DN). From these
plots, the conversion gain, CG, and the PRNU quality factor, Py, were estimated. The
methods used to generate the PTC measurements was the same for both the measured

data and the sensor model. The PTC from the Phantom v12.1 is presented in Figure 34.
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Figure 34. Experimental PTC plotted in counts of phantom v12.1. PTCs were generated
for Giotal(DN), osnot(DN), oread(DN), and oernu(DN) as a function of signal, S(DN). From
these plots, the conversion gain, CG, and the PRNU quality factor, Pn, were estimated.

Although the PTC plot from the Phantom v12.1 exhibits a similar behavior compared
to an ideal PTC (see Figure 27), one can note that the noise deviates from the one and
one-half slopes as signal approaches full-well. This is explained by the fact that CMOS
sensors exhibits non-linearity for high full-well performance. Using Equation (78), the
conversion gain, CG, was estimated to be 0.35 electrons per count, which is consistent
with the conversion gain provided by the manufacturer. However, this is only an
estimation and is only true for low signals where non-linearity is negligible. In this
system, the conversion gain varies from 0.35 [e/counts] for low signals to 0.79 [e/counts]
at full-well. The PRNU quality factor, Py = 0.05, was found using Equation (79).

Again using the method described in Chapter 4, PTCs were generated for
Ototal(DN) and  ogpotareaq(PN) as a function of signal for both the measured and
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modeled data. Comparing the PTCs from the image sensor with the baseline and non-
linear model in Figure 35, it is seen that the improved sensor model is consistent with the
experimental data from the Phantom camera. Furthermore, signal noise as a function of
digital count comparison in Figure 35 gives a qualitative estimate of the influence of non-
linearity of the CMOS sensor. Comparing the PTCs in Figure 35, one can see that the
non-linear model agrees better with the experimental data as signal approaches full-well.
Figure 36 shows a noise error plot for the baseline and non-linear models for the total and
shot plus read noise. For the non-linear model, in Figure 36, as signal approaches full-

well, the total and shot plus read noise is reduced to 60% and 89%, respectively.
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Figure 35. Photon transfer curves of Phantom v12.1 and the simulated sensor. RMS noise
as a function of mean signal collected at several integration times spanning the full

dynamic range.
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Figure 36. Noise error for the baseline and non-linear model at several integration times
spanning the full dynamic range for (left) the total noise and (right) shot plus read noise

in counts.

5.3 PRNU Validation

To obtain the experimental PRNU, we took 500 flat frames of 512x512 samples and
averaged them to reduce the read noise and shot noise. The offset FPN, DSNU, and
hardware offset were removed from the averaged flat frame values by subtracting pixel
by pixel the averaged dark frame from the averaged flat frame. The resulting image only
contains the PRNU noise. The method of PRNU measurements described above was the
same for both the measured data and the sensor model.

For the simulated results a normal distribution was used to model the PRNU. The
PRNU quality factor, Py, was calculated using Equation (79) from the PTC. The
integration time was the same for both the measured data and the model. Experimental
results comparing the normal distribution to real data are shown in Figure 37, which
shows a histogram of a normal distribution for both the measured and modeled data.
Comparing the PRNU values from the image sensor and the modeled sensor model in
Figure 37, it is shown that the sensor model is consistent with the experimental data from

the Phantom v12.1.
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Figure 37. Measured and modeled PRNU noise levels for the integration time At = 15 ms
seconds. Distributions of measured data and model dark frame pixels signal values have

similar standard deviations: Ggata = 387.1 counts vs. omodel = 386.9 counts.

5.4 Sensor Response in Dark Conditions and Dark Transfer Curve (DTC)

We generate 512x512 images using the parameters in Table 7 to compare our model
with real measurements. The measured and modeled dark frames for the baseline and
improved model are shown in Figure 38. The improved model uses a log-normal
distribution for DSNU and an autoregressive process for the offset FPN (pixel, column,
and ADC FPN), whereas the baseline model uses a normal distribution for DSNU and
does not model the offset FPN. The figure clearly illustrates that the offset FPN
introduced in the improved ASSET model better matches results of dark frames for
CMOS sensors. Histograms of the measured and simulated images for the baseline and
the improved model are shown in Figure 39. Even though the histogram for the baseline
model also matches the histogram for the measured data, the image from the baseline
model is not visually representative of real data due to differences in spatial distribution,

and the offset FPN is needed to accurately model a CMOS sensor.
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The measured dark frame shown in Figure 38 illustrates the effects present in CMOS
sensors, such as the pixel and column offset FPN, and ADC offset FPN. Since it is
difficult to separate FPN noise components, the three distributions are added in
quadrature to form the total offset FPN, and the parameters were chosen to fit the data.
For the DSNU, the log-normal distribution accounts for outliers (i.e. hot pixels) which
generate much larger dark signal than the average mean value of the dark current.
Combining DSNU and offset FPN results in the total FPN noise for the dark signal.

The image senor response to dark signal is calculated and compared to the sensor
model output data. Covering the lens provides dark frames. The model uses an array of
zeros to mimic the image sensor with the lens cap on (i.e. no input irradiance). Taking
images over a range of integration times covers a fraction of the dynamic range of the
photodetector. To reduce temporal noise (e.g. shot and read noise), we compute the mean
dark frame at each integration time, obtaining the averaged dark frames. The averaged
bias frame is subtracted from the dark frames to remove offsets such as offset FPN and

the hardware offset. Subtracting the averaged bias frame from the dark frames yields the

dark signal frames equivalent to the dark current in each pixel and frame, D (DN).

Baseline Model Improved Model Measured Data

Figure 38. Comparison of a raw dark frame for the baseline model (left), the improved

model (center) and the measured data (right) for integration time At = 30 ms.
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Figure 39. Distributions of measured and model data for the improved (left) and baseline
(right) model have similar means: pdata = 547.1 vs. Wimproved = 547.6 VS. Lbaseline = 547.5

counts; and standard deviations: Gdata = 151 VS. Gimproved = 155 Vs. Ghaseline = 154 counts.
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Figure 40. Sensor response in the dark for the measured and the modeled data at several
integration times spanning a fraction of the dynamic range. When approaching the
integration time limit of the Phantom (0.041 s at 24 frames per second) all data sets show
some irregularities. This occurs in the figure, where the irregularities are visible at high

integration times, around 41 ms.
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The mean digital signal, D(DN), of the resulting 512x512 pixels in the dark signal
frames, D;j,(DN), is calculated and plotted for integration times spanning the full
dynamic range (estimated to be 23,200 electrons). Figure 40 illustrates a comparison
between the measured data and the simulated data of the sensor response in the dark.

The following discussion compares the results from the CMOS sensor and
simulations for the non-linear model under dark conditions. The details of dark current,
however, were not disclosed by the manufacturer. Therefore, the dark current and the
noises associated with the dark signal were all estimated from the DTC plots obtained
from the image sensor. Note that the DTC measurements shown below only cover a small
part of the dynamic range. This is because a dark current of 774 els requires an
integration time of at least 84 seconds to reach full-well (~23,200 electrons), while the
camera is limited to a maximum integration time of 41 ms. At At = 41 ms, the sense node
is only able to collect about 32 electrons from the dark signal, a fraction of the total
dynamic range. Comparing the DTCs from the image sensor and the non-linear in Figure

41, one can see that the sensor model is generally consistent with the experimental data.
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Figure 41. Dark Transfer Curves of CMOS sensor and the simulated sensor: (left) dark
shot plus read noise, and (right) total dark noise. When approaching the integration time

limit (0.041 s) both data sets show irregularities.
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5.5 DSNU and Offset FPN Validation

In general, the FPN in the dark is divided into two categories. These categories are
based on whether the FPN comes from the detector itself or the electronics in the circuit.
These are DSNU and offset FPN. DSNU refers to an offset variation under dark
conditions due to variations on the dark current from pixel-to-pixel. In CMQOS sensors, in
addition to DSNU, we have a pixel-to-pixel offset FPN due to threshold voltage
differences between pixel’s transistors in the sense node and source follower.
Furthermore, variations in column amplifiers will cause a column-to-column offset FPN,
which is very different to the noise we see in CCD sensors. Therefore, CMOS modeling
requires an additional pixel-to-pixel and column-to-column offset FPN component that is
not present in CCD sensors (see Section 3.6.3).

The top of Figure 42 shows a row of a raw dark frame before the offset FPN is
removed from the image. The second graph is obtained from a 500 bias frame average to
reduce the random noise by a factor of 500'/2. The offset FPN can now be seen more
clearly since the averaging process reduces the random noise. The first and second graph
are then subtracted to remove the offset FPN. The third graph is the result after the
subtraction. The bottom graph is obtained from a 500 dark frame average after the offset
FPN is removed from the image, which reduces the random noise leaving only the
DSNU. One can note from the figure that the standard deviation of the offset FPN is

much higher compared to the read, shot, and DSNU noise at low integration times.
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Figure 42. Phantom v12.1 array signal values (DN) for all columns of one row. From top

to bottom: single dark frame at 30 ms integration time, average of 500 bias frames at
0.285 ps, difference between single dark frame and average bias frame, and average of
500 dark frames at 30 ms after offset FPN subtraction. Also shown are the associated
RMS noise (o) and its components. One can note from the figure that there are 32
columns periodic FPN present in the near-zero integration time offset (presumably due to

differences in ADCs) whereas DSNU is relatively uniform across the column.
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To obtain the experimental DSNU we took 500 dark frames of 512x512 samples and
averaged them to reduce the read noise and shot noise. The hardware offset and offset
FPN are removed from the dark frame values by subtracting pixel by pixel the averaged
bias frame from the averaged dark frame. The resulting image will contain only the
DSNU noise. The methods used to generate the DSNU measurements were the same for
both the measured data and the sensor model. For the DSNU, the log-normal distribution
accounts for outliers (i.e. hot pixels) which generate much larger dark signal than the
average mean value of the dark current. Experimental results comparing the log-normal
distribution to real data are shown in Figure 43. From the figure it is seen that the DSNU

has only positive values and is positively skewed with a long tail (due to hot pixels).

T
[:]n = 55.26 counts
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[:1416 = 56.07 counts
ata
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Dark Signal, D, [counts]
Figure 43. Comparison of measured and modeled DSNU noise levels for integration time
At =30 ms. Distributions of measured data and model dark frame pixels signal values

have similar standard deviations: cdata = 56.07 counts vs. omodel = 56.07 counts.

To compare our model with the measured data we generated 512x512 pixels images
using the model parameters in Table 7 for the baseline and improved model. For the

baseline model a normal distribution was used to model DSNU, whereas for the
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improved model, a log-normal distribution was used. A comparison of an averaged dark
signal frame for the baseline model, the improved model, and the measured data is shown
in Figure 44. The measurements presented in Figure 44 were also taken for integration
times of 30 ms. The figure clearly illustrates the effects that are present in CMOS sensors
such as the DSNU and hot pixels. The log-normal distribution describes the dark current
FPN (DSNU) with good accuracy, as seen in Figure 44. Furthermore, the approximation
of DSNU using a normal distribution is shown to be a poor estimate in the baseline model

and does not account for hot pixels, rather the baseline used a randomly generated hot

pixel mask that is not dependent on dark current.

Baseline Model Improved Model

1400
Measured Data 1200

Figure 44. Comparison of an averaged dark signal frame for the baseline model with a
normal distribution (left), the improved model with a log-normal distribution (center),

and the measured (right) data for integration time At = 30 ms.

To obtain the experimental offset FPN, we took 500 bias frames of 512x512 samples
and averaged them to reduce the read noise. To capture a bias frame, images need to be
taken with zero integration time (or as close as possible) while covering the lens. When
integration time is close to zero, the dark shot noise and DSNU components are
negligible and the frames will only contain offset FPN and hardware offset. The methods

used to generate the offset FPN measurements are the same for both the measured data
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and the sensor model (both baseline and improved model). The offset FPN is modeled as
a first order isotropic autoregressive process and is expressed as the sum of a column
FPN component and a pixel FPN component (see Section 3.6.3). Furthermore, the image
sensor from the Phantom camera employ a column-level ADC, where multiple ADCs
operate in parallel and each share 32 columns. For this reason, an additional column
offset FPN component is modeled that is associated with the sensor ADC circuit. The
ADC offset FPN is also modeled as an autoregressive process but is only made of a
column FPN component, which repeats every 32 columns.

The FPN offset (pixel, column, and ADC) statistical properties are also estimated for
the CMOS sensor to confirm our assumption that the FPN offset can be modeled using a
first order autoregressive process. However, it is difficult to distinguish between different
offset FPNs (e.g. column and pixel) from the resulting images and PTC. The offset FPN
factor is calculated according to D§"N = Vp,, /orpy and found to be DFPN = 0.0017,
where DfPNis equivalent to the quadrature sum of the pixel (D5™), column (DY), and
ADC (DjP¢) offset FPN factors. Figure 45 shows a histogram comparing the distribution
of signal from measured and simulated images. As one can see in Figure 45, the offset
FPN can be modeled as an autoregressive process with good accuracy.

From Figure 45 it is also evident that the averaged data bias frame and the averaged
model bias frame has a pixel, a column, and an ADC offset FPN. One can see from the
histogram that the approximation of offset FPN using an autoregressive normal process is
consistent with the measured data. The measurements presented were taken for
integration times of 0.285 us, which is the smallest integration time possible in the

Phantom camera. For integration times less than 1 us, the DSNU and the shot noise are
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less than one electron, and the output image will only contain read noise and offset FPN.

By averaging multiple frames at the same integration time, the read noise is reduced and

the offset FPN becomes more visible.

Improved Model

[ model
[data

{23
8
Distribution

0 200 400 600 800

Dark digital signal, DNdark [counts]

Figure 45. Comparison of an averaged dark frame for the (left) measured and (center)

0

modeled data for integration time At = 0.285 ps and (right) distribution of measured and
modeled dark frames. Distributions of measured data and model bias frame pixels signal
values have similar means: pdata = 399.94 counts vs. pmodel = 399.88 counts; and standard

deviations: cdata = 130.42 counts VS. omodel = 131.61 counts.

5.6 Results Summary

Visual characteristics, signal, and noise distributions all demonstrate the ability of
the improved ASSET model to produce data representative of real sensors in linear and
non-linear conditions. In summary, the results presented in this section show that the
improved ASSET model is consistent with the experimental data and can match single
frames of the Phantom v12.1. Although the modeled sensor exhibits a similar behavior
compared with the Phantom v12.1, one can observe from the data that the CMOS sensor
simulation is generally inconsistent at low signal levels. Despite this limitation, ASSET is
proven to be extremely useful in generating representative noise characteristics and visual

effects of real hardware sensors.

103



6 Conclusion and Future Work

The models [5, 6] presented in this thesis were expanded for use on a larger variety
of sensors. The described high-level CCD and CMOS sensor models were implemented
in ASSET. The ASSET CMOS and CCD photodetector model output was tested against
experimental results from hardware, showing agreement. The non-linearity introduced in
the ASSET model better matches results of photon transfer curve (PTC) and dark transfer
curve (DTC) estimations for CMOS sensors. Including the sense node and source
follower non-linearity allows ASSET to better match the signal-dependent and time-
varying properties of the Phantom v12.1. It was also demonstrated that the electronics
FPN (e.g. pixel and column offset FPN) is often the limiting factor for CMOS sensors for
low signal levels and has a more complicated distribution than previously discussed in
the literature. This shows that ASSET can match single frames of the Phantom v12.1
under ideal and non-ideal (i.e. non-linear) conditions. Additionally, if provided with the
relevant input sensor parameters, ASSET can emulate both spatially and temporally
dependent sensor characteristics of CMOS hardware sensors (and presumably CCD,
although not validated here), such as shot, read, and FPN as well as sensor non-linearity
produced by the sense node and source follower.

The improved FPA model was developed as a component of the ASSET model and
supports a large number of variables allowing a wide variety of sensors to be modeled.
Although ASSET includes the ability to model scenes with realistic radiometric and
optical properties, this paper focused on the process starting where photons arrive at the
pixel array and through to the digital output, introducing many of the imperfections

present in real systems, such as space-based sensors. This research provides an improved
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ASSET model capable of generating realistic synthetic data, representative of a wide
range of systems for use in algorithms supporting a broad community of academic,
commercial, and military researchers.

Future development goals include: (1) improve correlated double sampling (CDS)
algorithms, similar to the methods used in real systems that subtract dark images at zero
integration time from signal images, eliminating offset FPN; (2) add alternative noise
distributions for FPNs; and (3) add an analog to digital conversion (ADC) non-linear
gain. Some time-intensive experiments using real data have been left for future work. As
an example, the validation of a CCD sensor will show that ASSET can also simulate

linear sensor response and FPN due only to DSNU and PRNU.
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Appendix: ASSET Scene Radiance to Detector Photon Flux
This appendix provides a more detailed description of the calculations in ASSET not

central to this research, i.e. scene radiometry, atmospheric effects, and the optical system.

A. Radiometry

The fundamental radiometric quantities are shown in Table 8. Radiance is the radiant
flux emitted or reflected by a surface, per unit solid angle per unit projected area. In this
text radiance implies integration over all wavelengths and spectral radiance is the
radiance per unit wavelength. Flux or power is the amount of energy delivered per unit
time and the amount of flux a source delivers per unit solid angle is called intensity. Both
exitance and irradiance have units of power per unit area, but exitance is power exiting a
surface and irradiance is the amount of power incident on a surface. Radiance incident on
a surface can be described by three processes that occur in any material surface. These
are spectral absorptance, a()), spectral reflectivity, p(L), and spectral transmissivity, z(A).
The sum these three must equal one due to conservation of energy. Furthermore, since
any material whose temperature is above 0 K emits heat, the emission of radiation must
be considered. Spectral emittance, (), is the ratio of emitted radiation (from surface) to
that of a blackbody at the same temperature and is equal to the spectral absorptance, a(}),
for a material in thermal equilibrium.

Since the detectors emulated in ASSET respond directly to photons, the radiance
values are converted to photon flux by multiplying the radiance at the detector with the
throughput of the system AQ, where Q is the solid angle subtended by the optics at the

detector and A is the area of the detector.
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Table 8. Fundamental Radiometric Units

Symbol | Quantity Equation Units
Q Energy Q J
[0} Flux O dQ W
dt
I Intensity [ = do W/sr
—do
M Exitance |~ _d® W/m?
_dA
E Irradiance | - _ d® W/m?
_dA
L Radiance _do dl | Wim?-sr
~dAdQ  dA
* The conversion from Watts to photons/second is
accomplished using the photon energy hc / A

A solid angle is an angle in a 3-D space defined as the area subtended by a surface
projected onto a unit sphere at the center of the sphere, as illustrated in Figure 46. It is a
measure of how large the object appears to be to an observer from the center of a sphere

[1, 30]. A solid angle, Q, has units of steradians [sr] and is the angle subtended at the

center of a sphere by an area A on the surface of the sphere,

where A is the area on the surface of the sphere in squared meters and R is the radius of
the sphere in meters. The maximum area on a spherical surface is 4zR?. Therefore, the
maximum solid angle is given by 4zR? R? = 4z [sr]. In addition, in a typical far-field

imaging system, R is typically significantly larger than any dimension of A and the area

A
Q :? [sr],

on the surface can be assumed to be constant [1].
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Figure 46. Solid angle. A solid angle, Q, has units of steradians [sr] and is the angle
subtended at the center of a sphere by an area A on the surface of the sphere.

Radiation from a source that is incident on a surface can be reflected in various ways
depending on the characteristics of the surface [3]. In mirror-like surfaces, for example,
reflectance occurs at the same angle to the surface normal as the incident angle but on the
opposite side of the normal. In a Lambertian surface, radiance is independent of direction,
and reflected (as well as emitted) radiance is equal in all directions; for a Lambertian

surface, radiance is related to exitance (or irradiance) by

LM pwime-sn, (96)

T

where M is the power per unit area exiting a surface. ASSET frequently uses Lambertian
approximations to describe the angular distribution of radiance from the scene. A
Lambertian source intensity is inversely proportional to the angle of observation and
decreases as the angle moves away from the normal as shown in Figure 47. This change
in intensity is compensated by an increase in the area perceived by the sensor so that the

scene appears to have a constant radiance [1].
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Figure 47. Lambertian scene. A Lambertian source intensity is inversely proportional to
the angle of observation and decreases as the angle moves away from the normal. This
change in intensity is compensated by an increase in the area perceived by the sensor so

that the scene appears to have a constant radiance.

In ASSET, the throughput, also known as etendue, is used to convert from apparent
photon radiance to photon flux falling on the detector and is given by
etendue = AQ [m?2-sr]. (97)
Figure 48 illustrates the optical path for the case where the source fills the detector’s field
of view. Acsp is the area of the detector projected to the plane of the source, Aopt is the
area of the optics’ aperture, Adet is the area of the detector, Qgsp is the solid angle
subtended by Acsp from the sensor, Qoptesp and Qopt are the solid angles subtended by the
optics from the source and detector, respectively, and Qqet is the solid angle subtended by
the detector. For this case where the source fills the field of view of a detector, we have
the following throughput relationship:
Ao Q50 = ApQoip = Ape = AuQ,, [M*sr]. (98)
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Figure 48. Optical path for the case where the source fills the detector’s field of view.
Acsp is the area of the source in the detector’s field of view, Aopt IS the area of the optics’
aperture, Aget is the area of the detector, Qasp IS the solid angle subtended by the source
from the sensor, Qoptesp and Qopt are the solid angles subtended by the optics from the

source and detector, respectively, and Qqet is the solid angle subtended by the detector.

When choosing system parameters for calculation purposes it is practical to choose
parameters that makes calculations easier. Since Aopt Qdet and Adet Qopt products are easy
to determine for any imaging system, either of these two pairs can be used for calculation
purposes [30]. In ASSET the Adet Qopt product is used, as the detector size and optics are
always constant.

Equation (1) in Section 2.1 shows the apparent spectral radiance as a function of
wavelength in units of [ph/m2-sr-um] where emitted, reflected, and path radiance all
contribute to the overall spectral radiance incident at the aperture. Given that a scene is
viewed by a sensor within at a certain spectral bandwidth, the total radiance is computed
in ASSET by integrating the spectral radiance over the band of interest. If the sensor is
only responsive to certain wavelengths, which are usually specified by the sensor’s
relative spectral response (RSR) as shown in Figure 49, we can generally use the RSR as
a weighting function and integrate from A1 to A>. The RSR is the overall relative spectral

response of the system, R(A), peaked normalized to one.
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Figure 49. Example relative spectral response (RSR) of a system. The RSR represents the
peak-normalized weighting of a system’s response to photons as a function of wavelength

which is assumed zero outside A1 to Az,

Assuming a Lambertian scene, the total band-integrated per-pixel emitted radiance

measured by the detector is given by

det — Toys I £(A)Mpgs (4.T) 3 (A)R(A)d A [photons / s-m2-sr], (99)
T

atm
A

Lems (4.T)

where ¢(A) is the spectral scene emissivity, Mgg(4,T) is the blackbody irradiance,
T, (1) is the atmospheric transmission from scene-to-sensor, R(A) is the relative
spectral response of the system, and t,,, is the peak transmission through the optical
system; the product of z,,, and R(4) represents the absolute, wavelength-dependent
transmission through the system. Here, L%t is the total emitted radiance at the detector
and L.,s(4,T) is the spectral emitted radiance emitted from a scene at temperature T
incident at the sensor’s aperture.
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Blackbody exitance, Mgzgz(4,T), is radiation emitted from a source with 100%

emissivity at all wavelengths and is described by Planck’s blackbody equation

c
Megg (2, T) =—F———= [photons /s-m*pm], (100)
A° {e” —1}

where c1 and c2 are constants and T is temperature in Kelvin. Figure 50 shows the

blackbody exitance as a function of wavelength at different temperatures.

108 Blackbody Radiation
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300K |

Emittance MBB (W/mz—/:m)
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Figure 50. Spectral exitance of a perfect blackbody at several temperatures. Blackbody
exitance, Mgzgz(A, T), is radiation emitted from a source with 100% emissivity at all

wavelengths and is described by Planck’s blackbody equation.

In the same manner, for a scene where all surfaces are treated as Lambertian, the

band-integrated per-pixel reflected radiance measured by the detector is given by

Ldet —

ref z-sys

atm

J' p(A) Eron (/I)T;En: (4) 5o (A)R(A)dA [photons / S-mz'sr], (101)
) T

Lref (l)
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where p() is the spectral scene reflectivity, T4 (A) is the atmospheric transmission from
sun-to-scene, %, (A1) is the atmospheric transmission from scene-to-sensor, R(A) is the
relative spectral response of the system, and Eo4(A) is the seasonally-adjusted top of the
atmosphere (TOA) solar irradiance for the user-specified scene location, date, and time of
day [4]. The product E;pa(D)Toftm(A) is sometimes grouped as one term and is
expressed as the at-ground solar irradiance E,;(1). ng; is the reflected component of
total radiance at the detector and L,.,(4) is the spectral reflected radiance at the sensor’s

aperture from Equation (1). The total per-pixel scene radiance measured by the detector

within a spectral band is found using

scene __ y det det det 2

Loer = Lyer + Lems + Lo [photons / s-m*-sr], (102)
where L‘ﬁg} is the total reflected radiance at the detector, L%t is the total emitted

radiance at the detector, an is the total path radiance at the detector. Here,
d t the detector, and L%¢%%), is the total path rad t the detector. Here, L5

is the total apparent scene radiance at the detector and does not include self-emission,
which will also contribute to the total radiance at the detector.

In ASSET, there are three different cases to generate scene radiance from source

images. A brief description for each of these cases follows:

(1) The user may specify the bounds of scene radiance in units of [W/m?-sr] in the
configuration file (see Figure 51). Scene surface radiance is obtained by linearly
scaling the source image to the minimum and maximum radiance bounds.

(2) The user may specify scene reflectivity (or emissivity) bounds in the
configuration file (see Figure 51). Scene reflectivity (or emissivity) is obtained

by linearly scaling the source image to the bounds specified in the configuration
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file. These scene reflectivities and emissivities are used to later generate scene
radiance as a combination of thermal emission and solar reflection as described
in Equations (99) and (101).

(3) The user may specify reflectance, emissivity, and/or temperature maps which are
used to generate scene radiance similarly to case (2), except in this case
reflectivity, emissivity, and temperature may vary across the scene in a way that
is not correlated with each other or with the source image. Figure 52 shows
examples of emissivity and reflectivity maps used in ASSET.

For cases (2) and (3), scene radiance is computed using Equation (102) where

Totm ), T3Em(A), Lot and Eg,(4) are obtained from a database generated using

MODTRAN and based on a set of user-defined atmosphere options. If either reflectance
or emissivity maps are not specified, the other can be obtained using the relation (1) +
p(A) = 1 where (1) is the emissivity and p(1) is the reflectivity.

102 ; SOURCE OPTIONS

103 Rotate Image = FALSE

104 Crop Pixels = 0

105 Padding = 0

106 Sharpen Strength = 0

|07 UselLandsat8 = FALSE

108 Sample Dimensions = [0.03,0.03]
109 Reflectivity = []

BTl ssivity = []

111 Radiance = [0 2]

112 Quantile = [0.001,0.999];
13 Sensor =

1
114 TInitial Aimpoint = [0 0]

Figure 51. Source options in the ASSET configuration file. The user may specify the
bounds of scene radiance (highlighted) in units of W/m?-sr, emissivity, or reflectivity.

The source image is scaled to the bounds and used to generate scene radiance.
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Figure 52. Examples of emissivity (left) and reflectivity (right) maps. If either reflectance
or emissivity maps are not specified, the other can be obtained using the relation (1) +

p(A) = 1 where g()) is the scene emissivity and p(1) is the scene reflectivity.
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B. Atmospheric Effects

As radiation propagates through the atmosphere, some of the radiation is absorbed
and scattered by the atmosphere resulting in reduced transmission. Both the absorption
and scattering components are wavelength dependent [3, 1]. Figure 53 illustrates
atmospheric transmission as a function of wavelength from the visible to the infrared

spectrum.
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Figure 53. Wavelength dependent atmospheric transmission from the visible to infrared
spectrum from ground to TOA looking straight up.

Detailed models are available that can be used to accurately model atmospheric
effects for different conditions and scenarios. In ASSET atmospheric transmission, path
radiance, and solar irradiance are obtained from a pre-computed database of MODTRAN
standard atmospheres (Tropical, Mid-Latitude Summer, Mid-Latitude Winter, Sub-Arctic
Summer, and Sub-Arctic Winter) for paths to the top of the atmosphere (TOA) sampled
from a range of initial altitudes and elevation angles from 0 to 90 degrees. Paths from any
(altitude, elevation) point to the top of the atmosphere are obtained by interpolating the

database to the specified elevation and altitude values.
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Path radiance is defined as radiance introduced by the path that contributes to the
total flux on the detector and includes both the thermal radiation by atmospheric particles
and radiation scattered into the optical path [1]. Currently in ASSET, path radiance only
accounts for the thermal component, but future development will include an algorithm
that accounts for the scattering component from sun and sky shine.

Currently there are four user-specified atmospheric options available in ASSET:
ignore, uniform, scaled, and full atmosphere. Ignore atmosphere ignores all atmospheric
effects. It is a case of uniform atmosphere, where both 3%, (1) and t,¢5 (1) are equal to

one (therefore there is no atmospheric attenuation), and Ly, (1) =0 (i.e. no path
radiance). This special case is only valid when either viewing outside the atmosphere or
when the source image, clouds, and target signals already include atmospheric effects.
Both uniform and scaled atmosphere options start with a single atmospheric profile
each for sun-to-scene and scene-to-sensor. These profiles are either user-provided files or
obtained from the previously-described database based on the solar-scene-sensor
geometry at the center of the scene. Figure 54 show an example of atmospheric profiles

for a sun-scene-sensor geometry.
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= A gee B M W"x ’
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Figure 54. Examples of path radiance (left), scene-to-sensor transmission (middle), and

sun-to-scene transmission (right) are shown as a function of wavelength.
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Uniform atmosphere applies the sun-scene and scene-sensor atmospheric profiles
across the entire scene so that atmospheric and solar quantities are constant. This is
inaccurate for substantial changes in viewing geometry and therefore only valid when the
atmosphere can be assumed to be the same across the scene (e.g. small FOV). The total
radiance emitted and reflected within a spectral band measured by the detector are found
using Equations (99) and (101), where <Ti%5,(1), T3H(A), and Eg,; (1) =
Eroa(D)Tot (T) are constant across the scene, or constant across all pixels; not to be
confused with constant across all wavelengths. The total per pixel path radiance

measured by the detector within a spectral band is found using

L% =7, [ Lyn(DR(A)dA  [photons / s-m?-sr]. (103)

pth

For a uniform atmosphere L‘;‘z,ﬁ is used at every pixel, and the total per-pixel scene

radiance measured by the detector within a spectral band is found using Equation (102).

In the case that a scaled atmosphere is specified by the user, a single atmospheric
profile is used each for sun and sensor paths to the scene, and atmospheric and solar
quantities across the scene are scaled from this reference path. The reference path is
assumed to be the center of the scene at zero altitude, zo = 0, in the direction of the sensor
(or sun) at elevation, 6o. This case is accurate only for slight changes in altitude and
elevation across the scene (i.e. accuracy decreases as deviation from the reference
geometry increases) and scaling is only valid for near-surface targets, scenes with no
clouds, and small FOV.

Figure 55 illustrates the scene geometry for a scaled atmosphere. In the figure,

(z;,0;) are the initial (original) altitude and elevation angle, (zf, ef) are the final (scaled)
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altitude and elevation angle, s is the distance from a point in the scene to sensor, and z is
the atmospheric transmission from a point in the scene to sensor (or sun). For the
reference path, 6; = 6, and z; = z, = 0. The scaled atmospheric transmission from sun-

to-scene and scene-to-sensor for every point in the scene (parameterized by z; and 0y)

are related to the original atmospheric transmissions by

sin®; _(zi-z¢)/zs
———€
sin0¢

Tan (2,0, 4) =7,0(2,,0,,1) (104)
and
Sinei e(Zi*Zf )/ZS
sns sns sinf
Tatm(zf’ef’ﬂ’)zratm(zi’ei’j’) 1 (105)

respectively. These scaling relationships are based on the assumption of a plane parallel

atmosphere and exponentially decreasing density with scale height z;.

direction of sensor

TOA ~100km

Plane Parallel Atmosphere
Sf, Tf

final point (z;, ;)
Initial point (z;, ©,)

I Earth surface

Figure 55. Scaled atmosphere scene geometry. In the figure, (z;,0;) are the initial
(original) altitude and elevation angle, (z¢, 8;) are the final (scaled) altitude and elevation
angle, s is the distance from a point in the scene to sensor, and t is the atmospheric
transmission from a point in the scene to sensor (or sun). For the reference path, 6; = 6,

and z; = zo = 0.
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The total surface emitted radiance within a spectral band for a scaled atmosphere is
found by substituting Equation (105) into Equation (99),

L:emts(zf,ef):rsysjwr:;:(zf,ef,/i)R(i)d/l [photons / s-m?-sr],  (106)
T

3
where 57 (2¢, 8¢, 4) is the scaled transmission from scene-to-sensor, z; is the scaled
altitude, and O is the scaled elevation angle for each point in the scene. It should now be
evident how the surface emitted radiance is scaled from reference path using a scaled
atmospheric transmission.

The spectral solar irradiance is obtained by multiplying the TOA solar irradiance

with the sun-to-scene atmospheric transmission given in Equation (104),
E.(z,,0,,4)=E,(AD)rim(z,,0,,4) [photons/s-m2-um]. (107)

By substituting Equations (105) and (107) into Equation (101) the total band-integrated

per-pixel radiance reflected by the scene is found,

ref

J-p(/l)Esol(zf,ef,ﬂ)

A

L (2,,0,) =1, °(z,,0,,)R(A)dA [photons / s-m?-sr], (108)

where t5¢0,(2r, 05, 1) and Eg, (2,0, 1) are the scaled atmospheric transmission from
scene-to-sensor and scaled solar irradiance at ground, respectively.

Finally, path radiance is scaled as the reciprocal ratio of emissivities (scaled to
initial). Multiplying by emissivity ratio approximates small changes in path, replacing
initial emissivity with scaled emissivity. The emissivity is defined by the relationship
e(1) =1 — () where t(A4) is the atmospheric transmission and (1) is the emissivity.
Note that scattering has been ignored, which is generally a reasonable approximation in

the MWIR and LWIR where thermal path radiance is most prominent. This emissivity-
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transmission relationship is important to determine the total band-integrated per-pixel
path radiance. Given the initial and scaled transmissions of the atmosphere, the scaled

path radiance is described as

1-75(z,,0,,4)

Lo (2,0 ) =7, | Ln(z,.6,, 4 -
on (Z1:0¢) S\/S.[ pin (21-9, )1—2'5”5(2“9“/1)

atm

R(4)dA [photons /s-m2-sr], (109)

where 585 (zr,65,4) and t35(z;,6;,1) are the scaled and initial atmospheric
transmissions and L., (z;, 0;, 4) is the initial spectral path radiance at the aperture. The

total band-integrated per-pixel scene radiance measured at the detector for a scaled

atmosphere is found using

LscenE(Zf ’ef ) _ Ldet (Zf ,Of)-l- Ldet (Zf ’ef)-l- Ldet

det ref ems pth

(z,,0,) [photons/s-m2-sr].  (110)

Figure 56 further illustrates how ASSET obtains the band-integrated path radiance,
sun-to-scene atmospheric transmission, and scene-to-sensor atmospheric transmission
across the scene for a scaled atmosphere. From this figure we see that path radiance and
scene-to-sensor transmission are negatively correlated with each other; as path length
from the sensor (for a sensor located directly above the center of the scene) increases,
scene-to-sensor transmission decreases (towards the edge of the scene), and path radiance
increases as expected. This is because thermal path radiance is a strong function of
atmospheric transmission. We also see that both solar irradiance and sun-to-scene
atmospheric transmission decrease as path length through the atmosphere in the direction
of the sun (located to the top left corner of the scene) increases.

Full atmosphere, sometimes called non-uniform atmosphere in ASSET, is used when

atmospheric and solar properties are calculated for all line of sight (LOS) paths from the
sensor to scene points in order to obtain more accurate atmospheric effects across the
scene. This is especially important for far off-nadir viewing geometries and WFOV

scenes. If the user specifies the full atmosphere option, instead of using a single
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atmosphere profile, ASSET returns L., (1), Taim (4), and Eg,, (A1) from its database and

interpolates to altitude and elevation angle of each sample in the scene to obtain

Lyen (N, M, 1), T5im(N,M,2), and Eg, (N, M,A) as a function of wavelength, where

atm
(N, M) are sample indices of the source image. Note that in this case the sun-to-scene
atmospheric transmission is not obtained as Ep4 ()Tt (1) because here Eg,; (1) is
obtained directly from the atmospheric database (this could have been done for uniform
and scaled atmospheres too, but the database had not yet been implemented when those

options were added to ASSET).
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Figure 56. Diagram for path radiance, solar irradiance, and atmospheric transmission as a

function of geometry for each pixel in the scene. Thermal path radiance and scene-to-
sensor transmission are negatively correlated with each other; as path length from the
sensor (located above the center of the scene) decreases, scene-to-sensor transmission

increases, and path radiance decreases as expected.
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Figure 57 shows a diagram on how ASSET obtains the band-integrated path
radiance, atmospheric transmission, and solar irradiance across the scene for a non-
uniform atmosphere as a function of sun-scene-sensor geometry. The figure depicts that
the scene-to-sensor atmospheric transmission ¢ (N, M) and path radiance L., (N, M)
are negatively correlated to each other, and as path length from the sensor decreases (for
a sensor located above the center of the scene), transmission decreases and path radiance
increases towards the edges of the scene. Similarly, solar irradiance at each point in the
scene decreases as the path through the atmosphere increases (i.e. smaller elevation
angles) for the sun located in the direction of the upper left corner.

Unlike uniform and scaled atmospheres, the full atmosphere option cannot be
obtained from a user-provided file and is instead obtained from ASSET’s atmospheric
database generated with MODTRAN. A full atmosphere is recommended for scenarios
where atmospheric path and solar conditions vary significantly (e.9g. WFOV) and where
accurate scaling of target radiometry with altitude is needed. For a full atmosphere, the
total band-integrated emitted and reflected radiance measured by the detector are found
using Equations (99) and (101), where 7%, (1), and E,,; (1) will vary across the scene as

shown in Figure 57. The total per-pixel path radiance Lf,ifl at the detector within a

spectral band is found using Equation (103), and the total scene radiance at the detector is
found using Equation (102).

In summary, both uniform and scaled atmosphere options use atmospheric profiles
along paths to scene center, but for a scaled atmosphere the path radiance, solar
irradiance, and atmospheric transmission are scaled from the reference profile to account

for minor changes in sun-scene-sensor geometry. A more interesting comparison is
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between scaled and full atmosphere options. Both are good approximations for small
FOVs, as deviation from the reference path increases, accuracy rapidly decreases for a
scaled atmosphere and a full atmosphere is recommended.

Figure 58 shows the total radiance at the detector for all atmospheric options. Full is
considered truth (i.e. most correct). At first sight, measured radiance for the ignore and
uniform cases look identical, but in the uniform case the magnitude is lower due to
attenuation applied uniformly across the scene. Scaled and full atmospheres are also
similar, but the decrease in transmission towards the lower right is exaggerated in the

scaled scene.

Interpolates to altitude
and elevation angle of
[ l \ each pixel in the scene

Obtained from MODTRAN

Z(NMLA) Ly(N,MLA) Ey (N,M, ) -

atm

|
[ Band-Integrated

|
N | £ [ ]i [

Figure 57. Diagram for path radiance, solar irradiance, and atmospheric transmission as a

function of geometry for each pixel in the scene. Scene-to-sensor atmospheric
transmission 7,75, (N, M) and path radiance L,.,(N, M) are negatively correlated to each
other, and as path length from the sensor decreases (for a sensor located above the center
of the scene), transmission increases and path radiance decreases. Similarly, solar
irradiance at each point in the scene decreases as the path through the atmosphere
increases (i.e. smaller elevation angles) for the sun located in the direction of the upper

left corner.
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Figure 58. Radiance at the detector for all atmospheric options. Full is considered truth
(i.e. most correct) because the atmospheric properties are calculated for all points in the
scene. Ignore and uniform cases appear similar but differ in magnitude due to attenuation
applied uniformly across the scene in the uniform case. Scaled and full also appear
similar, but atmospheric effects towards the edge of the scene are exaggerated in the
scaled case.
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C. Optical System

To account for the imaging effects of the optical system, the point spread function
(PSF) of the optics is convolved with the spatially resolved apparent spectral scene
radiance, Lapp(X, Y, ), where (X, Y) are horizontal and vertical coordinates in the detector
plane. The PSF of an imaging system is the spatial impulse response of a system that
accounts for diffraction (and potentially aberration) effects by the optics. The optical
transfer function (OTF) of an imaging system is the Fourier transform of the PSF, and the
modulation transfer function (MTF) is the absolute value of the OTF. In ASSET, the
Fourier transform of the spatially resolved apparent radiance is computed and multiplied
by the OTF. This is equivalent to a convolution with the PSF,

L (X,Y)=Lg"(X,Y)®h, (X,Y)

=7y [ Ly (XY, ) ®hyy (X, Y)[R(A)d2 [photons /s-m?-sr]  (HD)
A

where h,,.(X,Y) is the PSF in the detector plane, L37"°(X,Y) is the total scene
radiance at the detector, L,,,(X,Y,A) is the total apparent spectral radiance at the
aperture (imaged into the detector plane), R(A) is the relative spectral response of the
system, T, is the peak transmission through the optical system, and & is the 2D spatial
convolution operator. The baseline ASSET model currently uses the Gaussian function to
approximate the PSF, but future development will allow the user to specify any arbitrary
PSF or OTF directly [4].

At-aperture irradiance propagates through a sensor’s optical system before reaching
the detector array. Figure 60 depicts the optical components for an example optical

system. Each of the lenses shown in the figure will attenuate the incoming radiation. In
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addition, when self-emission is introduced after the first lens (Lgg,) due to thermal

emission from the first lens, the sum of self-emission and the attenuated at-aperture

radiance Lg,,To1 + Lsg, Will then be attenuated by the second lens with transmission ;.

"
/—’/

Lapp(X,Y)

\
point
source

\ LPSF (X, Y)

det

fOCaI\
optical

Figure 59. Radiometric quantities and geometries assumed in ASSET.

Detector Array

Filter
LSE3
> =
Tol To2 z-03 Tf

Figure 60. Optical system for an example imaging sensor. Each of the lenses shown in
the figure will attenuate radiance passing through them as well as contribute thermal self-

emission.
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Furthermore, all radiation passing through the second lens (attenuated by t,,) plus

its self-emission (Lgg,) will be attenuated again by the subsequent optical components
until it reaches the detector array. Self-emission for component n is computed as Lgg, =

e, Lgp(T,) where g, and T, are the emissivity and temperature for the component n,
respectively. The band-integrated radiance measured at the detector for the three-element

optical system shown in Figure 60 is given by

L. L.

SE 2 L.

SE1

—— — —
Ldet = Lappfol +51LBB (Tl) To2 +82LBB (Tz) To3 +83LBB (Ts) Ty [photons / S-mZ-SI’], (112)

SE3

where 7, is the optical transmission of the nth component and t is the filter

transmission that is in front of the detector (note that this filter was not included in
previous descriptions of the optical system). Lapp is the at-aperture scene radiance and
L4.: 1s the total radiance at the detector including self-emission. If we assume uniform
temperature across the optical path then Lgg(T;) = Lgg(T,) = Lgg(T3) and by
expanding Equation (112) and grouping like terms we get:
Ldet = LappTolz'oZToJf + LBB (T)(81702T03Tf +82T03Tf +537f) [photons/s-mz-sr]. (113)
The first term represents scene radiance attenuated by all optical elements, and the
second term is the total radiance emitted by the optical system that reaches the detector
(assuming the optics to have zero reflectivity p(1) = 0). If we simplify the equation

using a change of variables 7, = 7,,7,,7,, and making use of conservation of energy,

7, = 1 — ¢, (again with the assumption that the optics have zero reflectivity), we obtain
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Lt =7, (Lapp ® hopt(>< ’Y)) + L (Te, = Lficeine +Lg [photons /s-m?-sr], (114)

where Lgg is the overall self-emission that reaches the detector and 7, is the net optical
transmission through the system (expressed as t,(4) = 75,sR(4) in Section 2.1). The
baseline ASSET model generates the spectral self-emission in the optical system as a
Planckian at temperature T with emissivity e, which is then band-integrated to obtain the

total self-emission as a function of focal plane coordinate (X,Y):

L (X,Y)= L L. (X,Y,A)dA [photons / s-m2-sr], (115)

where Lgs(X,Y, A) is the spectral self-emission as a function of focal plane coordinate.

The band-integrated radiance measured at the detector is therefore given by

Ly, (X,Y) = L2(X,Y) + L (X,Y) [photons / s-m?-sr]. (116)

Note that Equations (112) and (113) neglected the PSF of each lens, and instead the net
PSF of the system is used in Equation (114) to blur the scene radiance at the detector.
Since the detectors emulated in ASSET respond directly to photons, the total per-
pixel radiance at the detector — from both scene and self-emission — is converted to
photon flux. Throughput, AQ, also known as etendue, is used to convert from photon
radiance to photon flux falling on the detector, where Q is the solid angle subtended at
the source by an area A. In ASSET, the AqetQopt product is used, since the detector size
and the solid angle subtended by the optics at the detector are nearly constant and easy to

determine for any imaging system. Thus, the total photon-flux at the detector is given by
et (X,Y) = A Lt (X,Y) - [photons / s], (117)

where Qqpt is the solid angle subtended by the optics at the detector with area Aget.
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In addition to the PSF, the detector response function (DRF), hget(X,Y), also affects
the response of the sensor to spatially extended irradiance incident at the focal plane. The
DRF represents the effects of spatial integration by the finite-size detectors, and in
ASSET the DRF is a 2D rectangle function of normalized dimension d. Instead of being
calculated directly, it is defined in ASSET as the Fourier transform of a 2D rectangle

function, i.e. a 2D sinc function,

Haa (oo £ ) = S0y (XY b= S{rect(X /d,Y /d)} =dsinc(Xd, Yd), (118)

representing the modulation transfer function (MTF) of a 2D rectangular pixel. The
detector MTF is multiplied by the Fourier transform of the incident photon flux at the

detector (which already includes convolution by the PSF to account for optical blurring),

Pe (. f)=3{d (X.Y)}. This product is the frequency response of the detector array to

the incident photon flux, and taking the inverse Fourier transform the frequency response

results in an oversampled representation of the detected photon flux that includes blurring
and spatial integration effects,
B (X,Y) =37 {Pi (T, £,)xHe (1, 1)} [photons /s]. (119)

This is an oversampled representation of the photon flux at horizontal and vertical
detector coordinates (X,Y), which is referred to in ASSET as the oversampled array.
Figure 61 illustrates how the oversample array is obtained by convolving the incident
photon flux with the DRF [31, 32].

The array ¢gor (X,Y)is considered oversampled because every point (X,Y)
represents the spatial summation of all photon flux over an area equal in size to a detector

(due to convolution by the DRF). This oversampling is convenient because it provides the
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photon flux as a function of sub-pixel coordinates across the scene. To obtain the photon
flux in each pixel, ¢q0¢(x,y), the array ¢gof (X,Y) is sampled at the coordinates
corresponding to pixel centers for all pixels in the FPA. Note that we have chosen the
convention that (X,Y) are sub-pixel coordinates in the FPA and (x,y) are the subset of
coordinates corresponding to pixel centers; (X,Y) is fixed but (x,y) may change from

frame to frame as the focal plane move across the scene due to drift, jitter, or other

pointing motion.

DRF - rect
3{DRF } - sinc

PRI /. (X.Y)

o 4

incident photon flux oversampled photon flux

Figure 61. An example of the detector response function (DRF) used to obtain the
oversampled photon flux. The Fourier Transform of the incident photon flux is multiplied
by the detector MTF yielding the frequency response of the detector array to the incident
flux. The inverse Fourier transform of this frequency response results in an oversampled
representation that includes blurring and spatial integration effects.
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