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ABSTRACT

An imaging system that extracts a weakly modulated image from a large con-
stant background irradiance and from noise is developed and mathematically ana-
lyzed. Focé,l plane processing functions that synchronously manipulate charge are
incorporated into the interline transfer CCD. The focal plane processing improves
the imaging system’s signal-to-noise ratio through synchronous integration.

An integration threshold feature, specifically implemented in the interline trans-
fer CCD architecture, is also investigated. This feature creates a dead-band threshold,
which accumulated charge must surpass prior to integration. The mechanism is de-
signed to reduce the integrated amount of constant background irradiance.

The imaging system and the incident irradiance are mathematically modeled us-
ing fundamentals from linear systems theory. The focal plane processing functions
give rise to two operational modes; a gated integration mode and a heterodyne de-
tection mode. Both modes are analyzed with the irradiance model. The analysis
is made in the context of extracting modulation depth in a pump-probe absorption
spectroscopy diagnostic. |

The framework of the analysis included throughout this investigation is con-
structed from flexible and fundamental tools. These tools are based on communi-
cations and linear systems theories. The results of the analysis show that complex
systems can be successfully modeled and investigated with this underlying approach.

The work has relevance in the advancement of imaging technologies for special-

ized applications and scientific diagnostics.
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Chapter 1

INTRODUCTION

1.1 General Introduction

Charge-coupled devices (CCD) have long been the transducer of choice for ac-
quiring spatially resolved, two-dimensional data in the form of images. Complimen-
tary metal-oxide-semiconductor (CMOS) active pixel sensors (APS) have also made
an impact in the imaging market, albeit less of an impact in the scientific imaging
‘commﬁnity (Janesick et al., 1987; Fossum, 1993). The ability for both technologies
to acquire spatially resolved information is widely understood and, thus, commonly

used to enhance instrumentation and measurement systems.

In many implementations, the data, in the form of images, is first acquired and
stored and then digital processing is performed to extract, from the images, useful
informatjon. The desired information is often in the form of spatial anomalies that are
contained in the image space of an image frame. In this case, spatial data processing
or image processing is performed to extract object features (Snyder et al., 1993; Chitti,

1997).

An imaging system can also provide information in other dimensions. Spatial
information from an imaging system accounts for two of the four possible dimensions
that can be used to provide information about the object space. The other two
dimensions are the time dimension and the spectral dimension (Haas et al., 1979).

Temporal information can be acquired by processing a series of frames. Spectral



information is contained in the imaging system’s electrical response to the wavelength
of light incident on the array, which is defined as the quantum efficiency of the device.

The focus of this thesis is on temporal information that is gathered in two spatial
dimensions, as images. The temporal operation of an imaging system is investigated.
The intent is to determine a method for extracting temporally resolved information
from the object space projected onto the detector plane. The signals of interest are,

therefore, contained in a set or a series of frames, as shown in Figure 1.1.

Fic. 1.1. Signal of interest contained over a series of images in the time domain

Because of the time required to transfer an image out of an array and digitize each
pixel, use of CCDs and CMOS APS for acquiring temporally resolved information is
not very common. In order to make imaging systems more attractive as transducers
that can provide temporally resolved information, processing functions have been
incorporated into the array at the focal plane or pixel level (Takeda & Kitoh, 1991;
Spirig et al., 1995; Povel, 1995; Eklund et al., 1996; Mendis et al., 1997). Focal plane
processing functions provide the means to extract images of interest and attenuate

unwanted components prior to image readout and digitization. This technique opens
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up temporal processing possibilities by operating on the temporal information before
the high temporal frequency (in distinction from spatial frequency) components of
the object space are eliminated by the read out process (Fossum, 1993; Seitz, 1996)

It is difficult to incorporate sophisticated focal plane processing while maintain-
ing high spatial resolution. As the complexity of the focal plane processing functions
increases, so too does the chip area required to develop the processing circuitry (Fos-
sum, 1989; Fossum, 1993; Seitz, 1996; Eklund et al., 1996; Mendis et al., 1997). An
increase in the area of each pixel, therefore, results in a decrease in spatial resolution.
A compromise must be made between the focal plane processing complexity and the
spatial resolution.

This thesis investigates the temporal resolution that can be obtained by incorpo-
rating elementary processing functions at the focal plane in a commercially available
interline transfer CCD. Since the CCD used in this work is a commercially avail-
able device, it has well defined spatial charaéteristics and is not specifically designed
for temporal processing. Based on the interline transfer architecture, however, syn-
chronous charge maneuvering operations are incorporated into the imaging system.
These operations are then used in conjuction with post processing calculations to

extract a weakly modulated image from a large background irradiance.

1.2 Benefits and Application Extensions

The developments and findings in this work will prove beneficial to those pur-
suing research with selected laser based diagnostics and in particular laser based
camera imaging applications. Because of the foundation upon which this work is
based, its products, both physical and academic, contribute to the advancement of

instrumentation and camera technology for laser based diagnostics. Certain laser



diagnostic procedures and combustion studies can profit from the imaging system
that is developed (Settersten, 1999; Drouillard et al, 2000). The camera imaging
system contributes to the set of detection tools that are available for nonintrusive

investigations that rely on modulated irradiance to extract information.

The technique with which the imaging system is analyzed will also benefit further
studies in detection systems and instrumentation. Both the input irradiance and the
imaging syétem’s detection process are modeled in the temporal frequency domain
using linear systems analysis fundamentals. This modeling approach provides a broad
representation and understanding of all the system parameters and processes, from
the input irradiance to the power in the signal at the output. With this end-to-
end understanding, design and development efforts can be prioritized toward those
specific parameters and processes that will enhance the entire diagnostic system. The
definition of the input irradiance and the analysis approach can also be extended to
comparable investigations. Many of the models are created in a general manner and
can be utilized in other optical signal processing investigations by inserting specific

details that comply with the parameters of the comparable investigation.

Besides the application and analysis performed in this work, the problem of
detecting a small modulated image in the presence of a large background irradiance
and accompanying noise is exhibited in many applied imaging fields. As an example,
guidance systems must be able to detect dim targets embedded in background clutter
and noise (Haas et al., 1979; Tao et al., 1979). Also, in the medical diagnostic
industry, imaging systems, which are constrained by excitation levels that maintain
patient safety, must be optimized for the detection of small signals (Cunningham &
Shaw, 1999; Pelli & Farell, 1999). The results from this work, therefore, can prove to

be beneficial to other such imaging applications.



As this investigation has progressed, background free imaging applications and
enhancements have also become apparent. The imaging system can be used to ex-
tract interference patterns, or fringes, generated with a coherent light source. This
enhanced data, in the form of images, can be used by an intelligent computing system
to measure objects and perform object recognition operations (Arai et al., 1996b).
As a result, improvements in industrial robotic systems or systems that search for

product defects may be realized.

Other background free applications that may benefit from the results contained in
this work are, for example, three dimensional mapping and imaging in harsh weather
conditions. Recovering phase information, with a heterodyne detection process, in
images can lead to the measurement and mapping of terrain in the object plane.
Finally, if processing similar to that which is discussed in this investigation is incor-
porated into devices that can detect infrared irradiance, imaging systems that are

unconstrained by harsh weather, such as fog, may be developed.

A direct result of this work and a collaborative effort with an industrial partner
is a commercially available imaging system that captures two separate, full-frame
images with very small temporal separation. The ability to accurately control the
potential barrier between the sensor and the vertical register on the interline transfer
CCD provides a mechanism for capturing two images on the CCD chip prior to read
out. By capturing both images on the chip before read out begins, the time separation
between the two images is accurately controlled and, at the minimum, can be set on
the order of nanoseconds. This is the first such imaging system of its kind to be
developed and deployed in laboratory applications at the Colorado School of Mines

and also at Stanford University.

This commercially available system has already been applied to pressure sensi-



tive paint (PSP) diagnostics. PSP investigations, which use a specialized paint that
fluoresces with an intensity that is a function of oxygen quenching, is used to deter-
mine the pressure and temperature of a structure under operating conditions. Often
the characteristics of turbine blades and airfoils are analyzed with this diagnostic
technique, which facilitates understanding of failure modes and provides knowledge
that can be used to improve future designs. Development of the imaging system has
resulted in the ability to produce elaborate, two-dimensional PSP fluorescence decay

))

models (avoiding the “wind-off” measurement) and has extended the ability to gain-

knowledge in PSP investigations (Drouillard et al., 2000).

The results of this work have also promoted the current development of a new
solid-state imaging device that contains focal plane processing functions. The focal
plane processing functions are designed specifically to extract a small modulated
signal from a very large background irradiance. The results from this work have
been used to direct the design of this new device, overcoming some of the application
specific limitations that were set by the imaging system used in this investigation. As
of this writing, fabrication of the new imaging device is underway.

In summary, this work has contributed to the state-of-the-art in instrumentation-
quality imaging systems, through both a rigorous theoretical development and the
practical development and testing of a prototype device. Although the work has
centered around laser diagnostics in reacting flow fields, related applications are quite

extensive and open new opportunities for two-dimensional imaging.

1.3 Laser Diagnostics

Motivating this investigation is the desire to acquire spectroscopic information in

three dimensions, the time dimension and two spatial dimensions (a moving image).



In this work, the irradiance is assumed to be monochromatic, thus, the spectral data

dimension is not considered as a useful source of information.

The particular diagnostic application used to analyze the performance of the
imaging system is pump-probe dbsorption spectroscopy (PPAS). PPAS is a tempo-
rally and spatially resolved laser diagnostic technique that can be used to measure
concentrations of radical species in reacting flows. Detailed discussion on PPAS can

be found in the dissertation by Settersten (1999).

PPAS is one of a variety of laser diagnostics well suited for investigating com-
bustion systems to increase upon the body of knowledge in this arena. Increasing
the knowledge base of combustion systems is critical to the pursuit of efficient and
environmentally safe energy sources (Eckbreth, 1996). An imaging system designed
as the transducer for PPAS would enhance the tool set available to those seeking to

contribute to the combustion knowledge base.

In the case of PPAS, the input to an optical transducer is the probe laser beam,
after both it and the pump beam have crossed paths in a reacting flow field. The probe
beam is comprised of a large steady state background, low frequency noise, photon
noise, and a modulated information bearing signal that is orders of magnitude smaller
than the steady state background (Linne et al., 1995b; Settersten, 1999). The ratio
of the weakly modulated signal irradiance to the steady state background irradiance
is defined as the probe beam’s modulation depth (Fiechtner & Linne, 1994). After
measuring the probe beam with an optical transducer and determining the modulation
depth, linear spectroscopic calculations can be performed to acquire number density
information about the species being examined (Settersten, 1999). In order for the
spectroscopic calculations to have merit, the transducer must be able to resolve a

modulation depth of at least 10, A more desirable system would be able to resolve



lower levels.

1.3.1 Mathematical Description of Objective

The probe beam is defined as the linear combination of four components; a steady
state background, photon noise, low frequency noise, and a modulated information
bearing signal. After a sample volume in the reacting flow field has been perturbed
with a modulated pump beam, modulation is placed on the probe beam through
molecular interactions within the sample volume (Settersten, 1999). The sample can,
therefore, be considered the medium through which modulation on the pump beam
is impressed onto the probe beam. Figure 1.2 provides an oversimplified illustration

of the interaction process.

Sample
Volume

Detector —>

F1c. 1.2. Probe beam modulation through interaction with the sample volume,
which has been perturbed by the modulated pump beam

Before the probe beam passes through the sample volume, it is comprised of
only the steady state background level and noise. Considering for a moment only the

steady state background, the probe beam is a constant irradiance. Once the probe



beam passes through the sample volume, additional irradiénce, which represents the
modulated information bearing signal, is added to the constant irradiance. After
passing through the sample volume, without considering noise, the probe beam is the
superposition of a modulated irradiance and a steady state background irradiance,

which is illustrated in Figure 1.3.

—Y Modulated
— % Irradiance

Steady State
Background
Irradiance
T, 2T, Time

Probe Irradiance

FiG. 1.3. Probe irradiance illustration

The modulated signal added to the steady state background in Figure 1.3 is
assumed to be the result from directly modulating the pump beam with a rectangular
pulse train that has a period T,. In this case, the pump cycles “on” and “off” at the
modulation frequency, f,, which is 1/7,,. As a result, the probe beam irradiance,
once it passes through the sample, increases when the pump beam is “on” and remains
at its background level when the pump beam is “off”.

When the pump is “on”, the probe beam irradiance is defined as I,,, and when
the pump is “oft”, the probe irradiance is defined as I,g. In order to calculate modula-
tion depth, I,, and I, need to be accurately measured. Once these irradiance values
are known, the modulation depth, qun.q, is calculated by dividing the difference by

the steady state background, which is Iog.

Ion — 1o
amod = ——I——f-f———g— (1.1)
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There is also noise in the probe beam irradiance, which is not illustrated in
Figure 1.3. Intrinsically, the beam contains photon noise and low frequency noise that
has a tapering 1/f spectrum (Linne et al., 1995b). Light sources by nature contain
photon noise, which is a statistical property of the number of photons received during
a given time period. 1/f noise, which presents itself as low frequency fluctuations in

power, is also present in light sources and laser systems (Dereniak & Crowe, 1984;

Eckbreth, 1996).

In order to mathematically model the probe beam irradiance, photon noise irra-
diance, Iw (t), and 1/f noise irradiance, I, (t), are linearly combined with the steady
state background, I,. The complete definition of the probe beam, B, (t), after it passes

through the sample volume, also contains the modulated information bearing signal

(A(t)' -m(t)), so that
P.(t) = L, + Iw(t) + Ip(t) + A(t) -m(t) (1.2)

where A(t) is the information bearing signal and m(t) is the modulation waveform.

It is assumed that A(t) is a random phenomenon that represents a physical
parameter of interest. In this case, A(t) is proportional to the modulation depth, @meq-
In order to obtain modulation depth images, the information bearing irradiance, A(t),

is the parameter that needs to be recovered with the imaging system, since
At) o Omog (1.3)

The stochastic nature of noise prohibits direct application of equation 1.2 in
analyzing the system’s ability to extract A(¢). Since the noise is stochastic and since

an understanding of the temporal processing capability of the imaging system is
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desired, the components of F,(t) are analyzed in the frequency domain. The power
spectral density of P;(t), which is defined as Sr(f), provides a way to mathematically
‘analyze stochastic noise and study the temporal characteristics of both the input

irradiance and the imaging system.

The complete spectrum of P,.(t) is also the linear combination of the four compo-
nents. The general spectral shape of each component, the steady state background,
Sgs(f), photon noise, Sw(f), low frequency noise, Si(f), and the modulated informa-
tion bearing signal, Sa,(f), are illustrated in Figures 1.4(a), 1.4(b), 1.4(c), and 1.4(d)

respectively.

Combining each of the individual spectra in Figures 1.4(a)-1.4(d) produces the
- total probe beam spectrum, shown in Figure 1.4(e). The temporal processing capa-

bility of the imaging system is, therefore, derived from its ability to recover Sa,(f)

from Sr(f).

Sr(f) = Ss(f) + Sw(f) + Sc(f) + Sap(f) (1.4)
where
Sa(f) = [A(f)* M(f))? (1.5)

1.3.2 Single Point Detection

The modulation waveform, m(t), is directly impressed upon the pump beam and
then indirectly impressed upon the probe beam. Both the frequency and phase of
the modulation waveform is, therefore, known a priori. Knowing this information

provides a means to synchronize the detection system with the signal of interest.

Conventional detection systems, for measuring the probe beam in a PPAS diag-

nostic, are single point systems that typically use a photodiode as the optical trans-



12

©

Low frequency
noise

Sp(®)
- Constant background
irradiance
(@
& >
f
A5
Photon noise
(®
>
f
S (D

o %
A
Modulated information
bearing signal
@ #
5, T %
ASr (D)
Total input spectrum
(e)
A
1 >
f
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ducer. The signal processing required to extract the information bearing signal from
the large background irradiance limits the measurement to a single point. In order
to measure the modulated irradiance and, hence, determine the modulation depth,
a photodiode is typically used in conjuction with a lock-in amplifier (Fiechtner &

Linne, 1994; Settersten, 1999).

A lock-in amplifier mixes the input, transferred from a single photodiode element,
with a reference sinusoid that is “locked” to the frequency and phase of the modulated
signal. The reference sinusoid is a zero mean waveform that is generated internally
by the lock-in amplifier’s electronics that are phase locked with an external reference,
which follows the modulation waveform. Mixing the input with a zero mean sinusoid
transfers the signal from its modulation frequency, f,, to the baseband. At the same
time the steady state background and low frequency noise components are transferred
tb a higher fréquentgy band around f,,. A lowpass filter is then used to eliminate
the higher frequency components, retaining at the output the information bearing

signal (Stanford Research Systems, 1999; Settersten, 1999).

Another conventional instrument used in laser diagnostics to measure periodic
information is the boxcar averager. The boxcar averager, or gated integrator, is
also a single point measurement system that measures the input only when the in-
formation bearing signal is present. Using a reference that is synchronized to the
signal’s frequency and phase, a gate or switch circuit at the input to the boxcar is
“opened” and “closed”. “Closing” the gate circuitry only when the signal is present
provides a mechanism for eliminating noise when the signal is not present (Stanford

Research Systems, 1999; Fowler, 2000).
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1.3.3 Diagnostic Imaging

Single point detection methods that utilize a photodiode in conjuction with a
lock-in amplifier or a boxcar averager do not exploit the spatial resolution inherent in
many laser diagnostic systems. Employing a solid-state imaging system as the optical
transducer would, on the other hand, take full advantage of the spatial resolution

afforded by laser based diagnostics.

Two-dimensional imaging of radical species concentrations (e.g. OH, CH, NO,
etc.) in reacting flow fields has yielded a large amount of useful information. As an
example, Planar Laser Induced Fluorescence (PLIF') has become the two-dimensional

imaging technique of choice for turbulent flame studies (Hanson, 1986; Paul, 1991).

Other laser diagnostics techniques and instruments that utilize two-dimensional
solid-state imaging systems are, for example, Particle Imaging Velocimetry (PIV),
Pressure Sensitive Paint (PSP) measurements, and CCD based spectrometers. PIV
is an optical technique for measuring and calculating the velocity profile in flow
fields (Drouillard, 1998). PSP measurements use specialized fluorescent paint, that is
dependent on oxygen quenching rates, and a laser excitation source to measure pres-
sure and temperature effects on items such as airfoils. The application of imaging
systems to PSP provides a way to measure pressure profiles over the object plane
without mechanical scanning instruments (Drouillard et al., 2000). Also, common to

laser diagnostics are spectrometers that use a CCD as the transducer for measuring
spectral profiles (Ratzlaff & Paul, 1979).

An initial investigation in the use of a solid-state imaging system as the trans-
ducer in a PPAS diagnostic has also been performed (Linne et al, 1995a). This
approach, which used a liquid crystal mounted in front of a conventional CCD cam-

era to modulated optical gain, had several limitations, but proved sufficient as a
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concept demonstration. This investigation showed that it is possible to capitalize on
the spatial resolution afforded by PPAS and acquire modulation depth images, by
incorporating temporal processing functions at the imaging systems focal plane.
Similar ideas have also been demonstrated in the field of phase fluorimetry for
medical imaging (French, 1996). In the work by French (1996) an intensifier, mounted
in front of a CCD camera, was used as a mixer to create a heterodyne detection
system. The intensifier was gated “on” and “off” at a rapid rate to mix a high
frequency (MHz) fluorescence signal down to an intermediate frequency that is lower

than the CCD camera’s frame rate.

1.4 Statement of Work

In an effort to expand upon the initial work performed by Linne et al. (1995),
this thesis investigates the ability of an imaging system, that uses an interline transfer
CCD as fhe optical transducer, to extract a weakly modulafed image from a large
background. The imaging system is modified to synchronize its on-chip sampling
process with the modulated signal of interest. Once the phase of both the modulated
signal and the sampling performed by the CCD are synchronized, two detection modes
are realized. A gated integration mode, which samples the modulated signal at the
same frequency used for modulation, can be used to restore the signal to a constant
value at the baseband. The second mode, which is a heterodyne detection mode,

samples the modulated signal at a frequency that is different than the modulation
| frequency. In this case, the signal is transferred to an intermediate frequency at the
imaging system’s output.

In order to alleviate quick saturation brought on by the large background irra-

diance in a probe type irradiance, an integration threshold feature is also proposed,
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implemented on the CCD chip, tested, and analyzed. Using a method that can be
compared to anti-blooming, the signal, represented as charge accumulated in the sen-
sor, must surpass a threshold, created by a potential barrier, before it is able to flow
into the vertical register, where it is'integrated.

The two detection modes, the gated integrator and the heterodyne detector
modes, and the integration threshold are mathematically analyzed to predict the
system’s ability to extract a weakly modulated image. The modulation depth that
can be resolved, based on the definitions used at the input, is then analyzed and

performance predictions stated.

Functional demonstrations of the two operating modes and the integration thresh-
old are presented. Using a controllable irradiance source, the system’s ability to in-
tegrate multiple exposures is first demonstrated. The integration threshold feature
is tested and the characteristics of the mechanism are presented. Using the demon-
strated operating modes, modulation depth experiments and a heterodyne detection

process are then presented.

1.5 Advancements In Sensor Level Processing

Extensive efforts in the research and development of imaging transducers is
widely apparent (Fossum & Barker, 1984; Fossum, 1989; Seitz et al., 1993; Eklund
et al., 1996; Seitz, 1996). Intrinsically, most solid-state imaging systems, especially
those used for scientific applications, can be described, in general, as two-dimensional
integrators (Janesick et al., 1987; Fossum, 1993). The input irradiance is converted to
photoelectrons, through the photoelectric process (Appendix B), and integrated for a
specified exposure time. The integrated charge from a CCD, or the integrated voltage

from a CMOS array, is then digitized with an analog-to-digital converter (ADC) and
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sent to a computer for display, further processing, and storage. A finite length of time
is required to convert the charge packet, or proportional voltage, from each pixel to a
digital value with the ADC. Although conversion for a single pixel may take only 1us
or less, the total time to convert an entire array of thousands, or millions, of pixels

may be on the order of seconds.

Obtaining complete images at low frame rates, even at 30Hz or 60Hz frame rates,
can eliminate the possibility of extracting, from a set of image frames, temporal in-
formation that resides at higher frequency bands. In many imaging systems, the
ADC, which may actually include multiple ADCs operating in parallel, is the bot-
tleneck that limits the system’s ability to extract and process temporal information
from high frequency components. Post processing algorithms cannot extract high fre-
quency, temporal information from a set of frames in which the temporal information
has been attenuated or eliminated by a low frequency frame rate. In other words, the
only information that can be resolved is that which is limited by the Nyquist rate,

which is set by the ADC process.

In an attempt to recover high frequency, temporal information from an image
prior to the ADC bottleneck, research and development efforts have incorporated
processing functions at the pixel level prior to image read out (Pain et al, 1993;
Spirig et al., 1995; Seitz, 1996; Eklund et al., 1996). Research is being performed in
many arenas including investigations in CMOS active pixel sensors (Fossum, 1993;
Mendis et al., 1997), and focal plane spatial processing functions (Marshall & Collins,
1998; Hakkarainen & Lee, 1993). Of particular relevance to this work is the research
and development of arrays that extract a modulated image (Spirig et al., 1995; Seitz
et al., 1995b; French, 1996), and arrays that increase the dynamic range at the sensor

level (Burke & Dan L. Smythe, 1983; Fossum & Barker, 1984; Pain et al, 1993;
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Johnston, 1995; Spirig et al., 1997).

1.5.1 Synchronous Detection Arrays and Systems

A “lock-in CCD” sensor that incorporates focal plane processing functionality
similar to that of a lock-in amplifier has been developed for two-dimensional syn-
chronous detection of modulated optical inputs (Spirig et al., 1995; Seitz et al., 1995b;
Seitz et al., 1995a). This sensor integrates four independent samples, of a modulated
irradiance, per carrier period, per pixel. Charge is integrated during four time in-
tervals and each integration is stored at a different spatial location adjacent to the
photo-sensor. The four integrated samples can then be processed, after reading them
from the array, to recover the modulation depth, relative phase, and mean bright-
ness (background) of the modulated irradiance. Initial results show the array can be
used to detect a modulation depth of 5%. The lock-in CCD has, however, only been

fabricated in a 3x3 array.

A single CCD has also been used to demodulate rapidly modulated light (Povel
et al., 1990; Povel, 1995). In this case, an opaque mask was placed over every second
row of the CCD, creating two interlaced image planes. A row of pixels separates
the integrated light as charge is transferred back and forth between the two image
planes in phase with the modulated light. This method provides a way to capture
both an in-phase image and anti-phase image (180° out of phase) in one frame. Since
two image planes are created and the two images are separated by another row, the
CCD'’s resolution is, however, sacrificed.

Arai et al. (1996) have demonstrated the use of a linear CCD for high speed

fringe analysis. Fringes created with an interferometer are imaged with a linear

CCD. The time sequential data from the CCD is frequency demodulated, resulting in
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the recovery of the carrier fringes. Results show that this type of system can update
fringe measurements every 10ms, which should prove useful to industrial applications

such as object recognition (Arai et al., 1996b; Arai et al., 1996a).

As of this writing, a phase sensitive CMOS APS is being developed for the specific
task of extracting weakly modulated images from an intense background irradiance.
Background reduction circuitry is incorporated at the front end of each pixel to al-
leviate saturation of down steam processing functions. Since the intense background
irradiance is a fairly constant value, and contains no useful information, the initial
background reduction circuitry, essentially, ac couples the input. In this case, only
changes in irradiance are processed. In order to extract the weakly modulated infor-
mation bearing image, after background reduction has been performed, down stream

processing, per pixel, is synchronized with the modulated image.

1.5.2 Dynamic Range Enhancement

The “lock-in CCD” developed by Spirig et al. (1997) has also been developed
with offset subtraction circuitry. In this device, an offset control gate (OCG) is im-
plemented between the photo-gate and the read out register. The OCG acts as a
barrier such that the accumulation of additional charge past the barrier is allowed to
be skimmed from the photo-gate to the register. By implementing the offset subtrac-
tion, the dynamic range of the device improved from 60dB to 94dB. An increase in
noise variance was, however, noticed and attributed to non-ideal charge subtraction
with the OCG barrier (Spirig et al., 1997).

Johnson (1995) demonstrates a method for increasing the dynamic range of a
CCD based imaging system through a non-linear (logarithmic) detection process.

The implementation described in the work uses both anti-blooming circuit features
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and time varying control voltages to shift the signal-to-noise characteristics to a larger

range of illumination (Johnston, 1995).

Similar functions have been included in other charge-coupled devices. Burke and
Smythe, Jr. (1983) present a time-integrating correlator using the charge-couple de-
vice concept. This device is not an imaging device but is an analog processing chain
created with CCD technology, which was the original intent of CCDs (Amelio et al.,
1970; Boyle & Smith, 1970). A charge skimming circuit is incorporated into this
device. This circuit provides a mechanism for transferring a small portion of the inte-
grated charge, which contains correlation information, from a large bias charge. The
charge at the output is reduced by tenfold, yielding a dynamic range of 67dB (Burke
& Dan L. Smythe, 1983).

1.6 Temporal Analysis

In order to better understand the image acquisition process and to find ways to
improve upon this process, mathematical models for a commercially available imaging
system are developed. Using linear systems theory as a tool, an in depth stud}’r of
the detection process, when using an interline transfer charge-coupled device (CCD)
as the optical transducer, is performed. The detection process for one pixel in the
array is analyzed both in the time and frequency domains. The results of the analysis
are used to determine the signal-to-noise ratio (SNR) at the detector output, thus,
expressing a figure-of-merit for the system.

Using signal and noise transfer concepts is not new to imaging system analy-
sis (Haas et al., 1979; Burns, 1989; Burns, 1990; Harada et al, 1992). This type
of analysis is often performed on medical imaging systems (Cunningham & Shaw,

1999; Pelli & Farell, 1999; Burgess, 1999). The analysis is often performed, however,
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in the spatial domain on systems that capture a single image or a single integrated
image. Rather than spatial characteristics or spatial response, this work focuses on
the system’s temporal response and ability to recover temporal information. Along
these lines, the input irradiance is also defined temporally, rather than spatially.

This investigation uses as the input to the imaging system a general, linear
systems description of the probe beam from a pump/probe absorption spectroscopy
(PPAS) experiment (Fiechtner & Linne, 1994; Settersten, 1999; Linne et al., 1995a).
In this specific case, the input is defined as the combination of the steady state back-
ground irradiance and noise, which are inherent in a probe beam, and an additional
modulated information bearing signal. Using a linear systems model, the analysis
objective is, therefore, to determine how to extract the useful information from the
general probe input.

Even though this investigation is based on the specific task of determining the
modulation depth in a PPAS diagnostic, many of the results can be applied to other
imaging diagnostics. The analysis performed in this investigation assumes a mod-
ulated information signal as the input. The methodology used in this work invites
general use from other detection system investigations that have as an input a mod-

ulated irradiance.

1.7 Imaging System Description

The diagnostic imaging system under study is a modified version of the com-
mercially available MicroMAX 1300Y camera, designed and manufactured by Roper
Scientific, Inc., (Princeton Instruments). The MicroMAX 1300Y is a cooled, high-
resolution digital camera that is designed for scientific and industrial applications (Roper Sci-

entific, 1998a). In order to meet our research objectives, hardware modifications have
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been made to the imaging system’s controller and camera head.

The CCD chip used in the system is the Sony ICX085AL, 2/3 inch, interline
transfer image sensor. The CCD’s pixels are 6.7um square and are developed with
microlenses that focus the incident light onto each pixel’s sensor area. The active area
consists of 1030 rows and 1300 columns, which results in over 1.3 million total active
pixels. Since the CCD has an interline transfer architecture, the sensor features an
electronic shutter, which makes it possible to accurately control the image exposure

time without using a mechanical shutter.

1.8 Contributions of this Work

Not only does the problem of detecting a small signal value in the presence
of a larger background and noise arise in laser diagnostics that are used to extract
information from physical systems, but it also arises in medical imaging and other
non-destructive evaluation applications. Detecting a small anomaly embedded in a
large background and noise is essential to the development of selected medical imaging
systems (Burgess, 1999). Other than diagnostic techniques, night vision systems or
vision applications under restricted circumstances, such as harsh weather and fog,
face technical obstacles that are similar to those presented in this work.

The material presented in this thesis offers a range of contributions to the fields
of two-dimensional diagnostic imaging and temporal analysis of a solid-state imaging

system. Of particular value are;

e Implementation of synchronous focal plane processing functions in an imaging
system,

e Development of a mathematical model describing the imaging system’s process-
ing functions,
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e Development of a mathematical model describing the input irradiance,
e Imaging system analysis and performance predictions, and

e Demonstration of the imaging system’s processing functions and comparison
with performance predictions.

Other than the developments and results, the framework of this research is im-
portant. It is presented in a form that can be easily adapted to other imaging de-
velopments that face similar concerns. As an example, the mathematical definition
of the input irradiance can be used to analyze other detection systems, with a range
of values for the background, noise, and signal. An analysis of this type would pro-
vide insight to the relationship between the total input irradiance and the detection

system’s processing functions, which can lead to design changes and optimization.

Supporting mathematical models and experimental hardware, which were re-
quired to complete this investigation, can be used to expand the direction of com-
plementary investigations and to expedite further investigations. Supporting math-
ematical models, which include a model of a simplified lock-in amplifier (homodyne
detector) and an expression for determining modulation depth from both a lock-in
amplifier measurement and a dc voltage measurement, can be used to compare new
instrumentation performance. The hardware developed to demonstrate the imaging
system’s ability can also be used in other investigations that require a controlled
irradiance source.

This work, therefore, not only extends the state-of-the-art in diagnostic imaging
systems, but also provides a mathematical framework for analyzing weakly modulated
images and for analyzing an instrument’s ability to resolve them. The following sub-

sections elaborate on the contributions offered to the field of diagnostic imaging.
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1.8.1 - Two-Dimensional Gated Integration With A CCD

A commercial interline transfer CCD is used as a two-dimensional gated inte-
grator. In an effort to extract a modulated image from both a large background and -
noise, the CCD’s exposure mechanism is synchronized with the modulation wave-
form. Using both the frequency and phase synchronization and the intrinsic interline
transfer architecture, the input irradiance is either integrated or rejected at the focal
‘plane. The results show that an interline transfer system can, therefore, be operated

as a two-dimensional gated integrator.

1.8.2 Integration Threshold Implementation and Investigation

An integration threshold feature is proposed, implemented, and investigated in
the interline transfer CCD architeéture. A potential barrier between the CCD’s sensor
and storage well is used to create a “dead-band”, which accumulated charge in the
sensor must surpass before it is integrated in a storage well. The process is similar to
anti-blooming, which is implemented with another potential barrier and the substrate
potential well.

The motivation for implementing a dead-band threshold is to increase the number
of exposures that can be integrated prior to saturation and, thus, improve upon the
SNR. The input irradiance is assumed to contain a large constant value and only a
small signal value. The purpose of the integration threshold is, therefore, to remove
as much of the constant value as possible and retain the small signal.

The results show that a dead-band threshold can be implemented in a commer-
cially available interline transfer CCD. The number of exposures that can be inte-
grated without saturating the CCD are shown to increase as the dead-band threshold

is raised. Also apparent from the results, however, is an increase in noise, which miti-
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gates the SNR improvement achieved by acquiring an increased number of exposures.

1.8.3 Heterodyne Detection With A CCD

It is shown that an intérline transfer CCD can operate as a heterodyne detec-
tor. Both the CCD’s electronic shutter and charge accumulation mechanism are
synchronized and phase locked to a modulated image. Using the synchronized de-
tection process, which operates at a different frequency than the modulated image,
the image is translated to an intermediate frequency. By selecting an intermediate
frequency that is less than the imaging system’s frame rate, both the frequency and

phase information, from the modulated image, can be resolved at the output.

1.8.4 Input Irradiance Model Development

The irradiance that enters the imaging system as the input is defined as a con-
tinuous time function. The specific irradiance source introduced is the probe beam
irradiance from a pump-probe absorption spectroscopy diagnostic (Fiechtner & Linne,
1994; Linne et al., 1995a; Settersten, 1999). The probe beam is not, however, pre-
sented with a spectroscopic representation. Instead, the irradiance is defined as a
linear function that is the sum of a steady state background component, photon
noise, 1/f noise, and a modulated information bearing signal. The power spectral
density of each component is developed individually and the power spectrum of the
total irradiance is expressed through superposition.

Defining the input irradiance as the sum of individual spectra provides both
flexibility and convenience in analyzing the imaging system. With these definitions, it
is possible to investigate the spectral composition of each component after ‘it passes,

individually, through the imaging system model. The analysis can, therefore, be
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performed in general terms independent of both the specific diagnostic technique and

the transducer model.

1.8.5 Imaging System Model Development

Mathematical models of the imaging system are presented and analyzed. The
focal plane processing functions, incorporated into the imaging system, are defined
and modeled mathematically. A complete temporal frequency response is presented
that is used to determine the spectral content of the images at the output of the
imaging system.

Based on the focal plane processing functions, the imaging system can be op-
erated in two modes. Both modes, the gated integration mode and the heterodyne
detection mode, are modeled and analyzed. The irradiance model, introduced in the
previous sub-section, is applied to the imaging system model to predict its ability
to resolve modulation depth. The results of the analysis show the gated integration
mode is better suited for resolving modulation depth. The heterodyne detection mode
does, however, retain phase information, which the gated integration mode does not.
Phase information in the form of images can be used in other applications, such as

ranging and mapping.

1.8.6 Modeling Foundation

The foundation for the mathematical models are built from communications and
linear systems theory. Using this model development practice and analysis procedure,
provides insight to the detection process at a systems level. An understanding of the
system level parameters and processes is obtained on a broad scope. This scope

of understanding facilitates design and development efforts, which can be focused
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on specific sub-systems that most influence the entire imaging system’s processing

ability.

1.8.7 Diagnostic Imaging Performance Predictions

By applying the input irradiance mathematical model to the imaging system’s
mathematical model, a mathematical description of the imaging system’s expected
output is obtained. The analysis is made specifically to determine the system’s ability
to extract modulation depth from a probe beam in a PPAS diagnostic. The results
show the gated integration mode will perform better than the heterodyne detection
mode in this context. Based on the output signal-to-noise ratio, when using the gated

'integration mode, the imaging system can extract a modulation depth of 1074,

1.9 Thesis Summary

This work investigates an imaging system’s capacity to extract a weakly modu-
lated image that is superimposed on a large background and is embedded in noise.
In order to perform this investigation, the foundation of this work is first built with
developments and mathematical fundamentals from multiple, supporting disciplines.
To begin with, CCD functionality is used to develop the foundation for the pixel level
charge maneuvering proposed in this work. The CCD’s charge maneuvering capability
provides renders input processing at each pixel. The processing functions are defined
and analyzed using mathematical fundamentals from communication theory. Also
utilized in the foundation of this work are probabilistic and statistical descriptions of
- the signal and noise components. In particular, the mathematical fundamentals used
to describe the physical nature of light are incorporated into the analysis foundation.

An introduction to CCD technology is presented in Chapter 2. While omitting
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the extensive technological background of CCD’s, this chapter briefly covers the fun-
damental theory behind detection of photons with such a device. Three conventional
CCD architectures are then described to demonstrate the attractiveness of the in-
terline transfer architecture. Chapter 2 then concludes with characteristics that are

specific to the interline transfer CCD used in this investigation.

After introducing, in Chapter 2, the functionality of an interline transfer CCD,
Chapter 3 presents the charge maneuvering operations that are incorporated into the
architecture. Two application specific features are implemented in the imaging system
by synchronously controlling the manipulation of photoelectrons at each CCD pixel.
These features, which are a gated exposure integrator and an integration threshold

are discussed in Chapter 3.

In order to fully develop the mathematical analysis, a summary of some math-
ematical techniques is first presented in Chapter 4. This chapter, like Chapter 2, is
not exhaustive. It merely serves as a review of the mathematical functions, taken
from communication and linear systems theory, that are used in the imaging system

analysis.

The first step in analyzing the imaging system is to mathematically define the
input components. Chapter 5, therefore, presents a mathematical description of the
input to the imaging system. The input to the imaging system is defined as the
sum of three components; the steady state background, the modulated information
bearing signal, and noise. Mathematical descriptions of each of the three components
are developed, which, when combined, create a description of the total input. The
mathematics developed in Chapter 5 are crucial to the analysis of the imaging system

performed in later chapters.

The imaging system’s detection capability is then mathematically defined with
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linear processing functions. Two operational modes are presented. A gated integra-
tion mogde. is presented in Chapter 6 and a heterodyne detection mode is presented
in Chapter 7. Both of the operating modes are mathematically modeled in their re-
spective chapters. After developing models, or system functions, the mathematical
description of the input, from Chapter 5, is applied to each model. .Chapters 6 and 7
conclude with imaging system performance expectations based on the modulated in-
put and operating parameters.

Chapter 8 then presents operational results. Experiments were performed to
test the functionality of the gated exposure integration and integration threshold
features. The results from these experiments are presented in this chapter. The two
modes of operation, the gated integrator and heterodyne detector, are tested using
a light-emitting-diode (LED) as a source. The imaging system’s ability, in the gated
integrator mode, to extract a small modulated image from a large background is
tested and the results are presented. Finally, results from testing the heterodyne
detection mode are presented.

The thesis concludes with discussions and conclusions in Chapters 9 and 10
respectively. Chapter 9 discusses the imaging system’s performance and desired per-
formance. Also included in this chapter are observations on the level of collaboration
with Roper Scientific, Inc., and the breadth of disciplines incorporated into this in-
vestigation.

Chapter 10 concludes with a review of the investigation. The contributions made
by this work to the fields of imaging in laser diagnostics and other selected imaging
applications are reviewed. The limitations of this work are outlined and suggestions

for future work are offered. A final summary is then given in conclusion.
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Chapter 2

DIAGNOSTIC IMAGING SYSTEM DESCRIPTION

This chapter introduces the imaging system’s technical infrastructure. A general
description of the imaging system is given, followed by specific information about
the hardware and software. Three different CCD architectures are then discussed,
focusing on the interline transfer architecture. Finally, this chapter concludes with
discussion on characteristics specific to the CCD detector and overall imaging system

used in this work.

2.1 General Description

The diagnostic imaging system is a modified version of the commercially avail-
able MicroMAX 1300Y camera, designed and manufactured by Roper Scientific, Inc.,
(Princeton Instruments). The MicroMAX 1300Y is a cooled, high-resolution digital
camera that is designed for scientific and industrial applications. The MicroMAX
1300Y data sheet is included in Appendix A. In order to meet our research objec-
tives, hardware modifications have been made to the imaging system’s controller and
camera head.

The WinView software package, also developed by Roper Scientific, Inc., is used
in conjuction with the imaging system to collect and store data. WinView is used to
set up all configuration options prior to data acquisition. This includes configuration
options for the modifications made to the camera hardware. Some image processing,

such as flat-field correction, is performed with the WinView package, but most post



32

processing and.data analysis is performed in MatLAB.

2.1.1 Hardware

The imaging system is comprised of a hardware controller, a camera head, and

a computer interface, as illustrated in Figure 2.1. The controller contains a serial

FiG. 2.1. Imaging system hardware illustration

data communication interface card and a controller card. The serial interface card
receives, from the computer, hardware setup instructions and transmits, to the com-
puter, digital image data. The controller card contains electrically programmable
logic devices (EPLDs) that control the operation of the camera head, which is de-
signed as a slave device. The imaging system’s analog-to-digital converter (ADC)
is also part of the controller card. Further information about the controller can be
found in the MicroMAX System Manual from Roper Scientific, Inc., (Roper Scientific,
1998a).

Controller initialization and parameter configuration is accomplished with the

WinView software package. After the controller is configured with the imaging pa-
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rameters, such as integration time, region of interest (ROI), imaging mode, etc., it
then generates the necessary clock and logic signals for operating the camera head.
Once configured, the controller, therefore, autonomously manages the image integra-
tion process, the image read out process, the digital conversion process, and, finally,

the flow of data to the computer.

The camera head contains the CCD imaging array, CCD driver circuitry, an
EPLD, and low noise read out electronics. The camera head is a slave device and
only responds to signals sent from the controller. Some logic is incorporated into the
camera head’s EPLD. This logic converts the clock signals sent from the controller to
alternate clock signals required to operate the particular CCD device utilized in this

imaging system.

The CCD chip used in the imaging system is the Sony ICX085AL, 2/3 inch,
interline transfer image sensor. The CCD’s pixels are 6.7um square and are developed
with micro;lenses that focus the incident light onto each pixel’s sensor area. The active
area consists of 1030 rows and 1300 columns, which results in over 1.3 million total
active pixels. Since the CCD has an interline transfer architecture, the sensor features
an electronic shutter, which makes it possible to accurately control the image exposure
time without using a mechanical shutter. Further discussion on this particular CCD

array is presented in section 2.5.

After an image is captured and stored in the CCD, low noise electronics, in-
corporated into the camera head, amplify the CCD’s output signal during read out.
Once the analog output signals are amplified, they then propagate to the controller
via shielded twisted pair wire, for digitization. Digital logic from the camera head’s
EPLD is also used to generate clocking signals for the amplification stages during the

read out process.



34

A thermoelectric cooler is also incorporated into the camera head. This device
cools the CCD chip in order to reduce the amount of dark charge that builds up
over time in the CCD’s pixels. Dark charge is treated as noise and is discussed in
section 5.10.2. The temperature is set by the user in software and is monitored and

regulated by electronics in the controller.

In order to develop the diagnostic imaging system described in this thesis, both
the controller and camera head are modified from their original configuration. How-
ever, much of the.original functionality, as designed by Roper Scientific, Inc., has
been retained. Controller modifications were made in the digital logic, and camera

head modifications include both digital logic and additional analog circuitry.

The controller’s digital logic is implemented in electronically programmable logic
devices (EPLDs). Additions to the logic include a camera head initialization mode,
which generates a pre-trigger that instructs the camera head to clean the CCD. Other
changes include logic for the integration of multiple exposures on the CCD chip prior

to read out, exposure timing functions, and imaging sequence control.

The digital logic in the camera head is reconfigured and circuitry is added to
control the CCD barrier voltages during an exposure. The camera head’s digital
logic is also implemented in an EPLD. The logic includes an initialization mode,
which creates clocks to clean the CCD and varied control over the electronic shutter
mechanism. The additional circuitry, added to the camera head, provides an on-chip
integration threshold mechanism, which is discussed in section 3.4. The integration

threshold circuit design and discussion on its functionality in included in Appendix J

Parameters for two of the imaging system modifications need to be configured
with the software interface. A counter in the controller is added to provide flexibility

and control over the number of exposures that are integrated, on the CCD chip, into
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a single frame. The counter is configured prior to imaging, via the software interface,
with a twelve bit value. The system can, therefore, be set up so that a single frame

may range from a single exposure to the on-chip integration of 4095 discrete exposures.

The second parameter that needs to be configured is a voltage level in the cam-
‘era head’s additional integration threshold circuitry. Two eight bit digital-to-analog
converters (DAC) are used to set the integration threshold in a range from 0V to
5V. This voltage level is set, through the software interface, with an Inter-Integrated

Circuit (I2C) serial interface between the controller and the camera head.

‘The integration threshold controls the CCD’s readout gate (ROG) during an
exposure. The CCD’s ROG separates the sensor and adjacent charge storage site.
The ROG acts as a variable barrier for controlling the flow of electrons from the
sensor to the storage site. Since the ROG is a variable barrier, its level can be used
to control the amount of charge that must accumulate in the sensor before additional
charge will spill over the barrier into the storage site. Setting the ROG barrier level to
a level above its minimum, during the dwell time of an exposure creates a dead-band
threshold between the sensor and the storage site. Once accumulated charge exceeds
the dead-band, then it will be integrated. Further discussion on this modification is

included in section 3.4.

2.1.2 Software

The WinView software package from Roper Scientific, Inc. is used to config-
ure the controller and camera head. The user configures the controller with the
imaging parameters, such as integration time, timing mode, binning operations, etc.,
by entering the parameters into the software package. Detailed information about

WinView can be found in the WinView User’s Manual provided by Roper Scientific,
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Inc., (Roper Scientific, 1998b).

The exposure counter and integraﬁion threshold voltage, discussed above, are also
configured with the WinView software package. The exposure counter is set with the
controller register diagnostic utility. The integration threshold voltage is configured
with the get/set parameter diagnostic utility. Discussion on these settings and other
software features used for the diagnostic imaging system is included in Appendix K,

as a user’s manual.

2.2 Charge-Coupled Devices

" The imaging system’s transducer is an interline transfer charge-coupled device
(CCD). The CCD concept was developed by Boyle and Smith in 1970 at Bell Labo-
ratories (Boyle & Smith, 1970). The first functional device was later developed in the
same year by Amelio, Tompsett, and Smith, also at Bell Laboratories (Amelio et al.,
1970). By using the CCD concept, a multi-element device can be developed, and the
signal in each element can be manipulated and recovered, without a maze of wires,

bonds, and amplifiers (Dereniak & Crowe, 1984).

A charge-coupled device can be developed for purely electronic applications, such
as a shift register, a sample multiplexer, a signal processor, or as a memory device.
The most common application, however, is as an imaging device (Kopeika, 1998).
The development of highly effective two-dimensional image sensors is facilitated by
the responsivity of silicon (Si) to visible radiation, the ability to arrange Si based
charge-coupled devices into an array, and the ability to recover the signal from each
device in the array. CCDs are now commonly used in many consumer devices and
industrial systems. They are used in professional video equipment, home video cam-

eras, and auto focusing sensors. Also, product inspection and manufacturing systems,
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or robotic systems, typically use CCDs to collect optical information (Holst, 1996).
The CCD, as an optical input transducer, has for many years been the technology
of choice for imaging applications in the scientific community (Fossum, 1993). The
development of CCDs with better noise performance, larger array formats, far larger
than those needed for professional video applications, and greater well depths have
enabled the scientific community to acquire multi-dimensional i‘mages and data. The
CCD’s intrinsic ability to provide spatially quantized and temporally sampled data,
which can be transferred directly to a computer for processing and display, also make

the device attractive for scientific studies (Janesick et al., 1987).

2.3 Charge-Coupled Device Concept

A CCD is basically a collection of closely spaced metal-oxide-semiconductor
(MOS) capacitors. The MOS capacitors can be configured into many different for-
mats; the most common is either in a one-dimensional linear array or a two-dimensional
area array. In an array, each MOS capacitor gives rise to an individual pixel.

A CCD’s ability to perform three primary functions, which are charge collection,
charge transfer, and charge output conversion, results from the use of MOS capacitors
and their arrangement into a closely spaced array. Since the device is made of a doped
Si material, the MOS capacitors can collect and store charge packets, which repre-
sent optical information, in localized potential wells (Barbe, 1975). Once the charge
packets are collected, they are transfered to adjacent capacitors, and eventually to
the output capacitor, by successive manipulation of potential wells. The information
is then detected as a voltage at the CCD’s output by converting the charge packet
through capacitive coupling (Barbe, 1975).

The charge-coupled device concept is well defined (Séquin & Tompsett, 1975;
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Janesick et al;, 1987; Schroder,.1987). Semiconductor manufacturers have, however,
implemented the concept in different ways and developed a diverse range of structural
and architectural types. This section discusses common structural features and the

following section will describe some common CCD architectures.

The two basic structures are the surface-channel structure and the buried-channel
structure. Surface-channel devices were developed first. The buried-channel structure
was later designed to improve CCD noise performance. A buried-channel device
reduces the effects of charge interface traps, which are present in surface-channel
structures, by moving the charge packet away from the surface into the bulk of the
material. In a surface-channel device, the charge interface traps (which randomly
collect or pass on charge at the Si and silicon-dioxide (SiO;) interface) randomly
add or subtract charge to a packet as it passes through the MOS capacitor, thereby
distorting the packet’s value. In order to reduce the effects of charge trapping, a
constant charge, called a fat zero, is passed through the potential wells along with the
signal packet. Statistically, this process reduces the charge trapping noise, however, it
also reduces the dynamic range in surface-channel CCDs (Dereniak & Crowe, 1984).
Since a fat zero is not required in a buried-channel CCD, its structure provides greater

dynamic range.

Today, most CCD sensors, including the CCD used in the imaging system for-
this work, are developed with a buried-channel structure. Therefore, the remaining
discussion in this section focuses on buried-channel design concepts. Further infor-
mation on surface channel design concepts can be found in texts on semiconductor

design and semiconductor devices (Séquin & Tompsett, 1975; Dereniak & Crowe,

1984; Schroder, 1987).
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2.3.1 Charge Collection

Using the definitions made in Appendix B, we can analyze the buried-channel
CCD as depicted in Figure 2.2. The general buried-channel MOS capacitor consists
of an N-type substrate that is diffused with a P-type faction. A cross section of the
MOS capacitor structure is shown in Figure 2.2(a), in which z is a function of material

depth.

Figure 2.2 illustrates the cross section of a single MOS capacitor. An imaging ar-
ray contains thousands or millions of MOS capacitors organized in rows and columns.
The metal layer, as shown in Figure 2.2, is placed over the array in organized strips,
which leave gaps where no metal layer exists. In the case of a front illuminated CCD,
incident light will enter the semiconductor (from the left in Figure 2.2) where the

metal layer is not present.

N-type and P-type semiconductor material is produced by doping pure silicon
with impurities. Doping silicon with donor impurities creates an N-type material that
has an abundance of extra free electrons and doping with acceptor impurities creates
a P-type material that has an abundance of extra holes (Horenstein, 1990). Using an
extrinsic MOS capacitor, as shown in Figure 2.2(a), a structure is developed which
uses majority carriers to represent the information packet, as opposed to minority

carriers, which are used in a surface-channel device (Dereniak & Crowe, 1984).

The buried-channel CCD collects charge, produced by photons, and confines
it in a potential well. When a gate voltage, V,, is applied to the metal gate, as
shown in Figure 2.2, a potential profile is produced. The potential profile is found by
integrating the electric field, which is derived from Poisson’s equation, over the depth

of the material. Derivation of the potential profile is included in Appendix B.

The potential profile, shown in Figure 2.2, is modeled with three equations based
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on the boundaries between different materials (see Appendix B). The potential at
the interface between the metal and the silicon-dioxide, SiOs, is simply the voltage
applied to the gate. The potential, ¢;(z), in the SiO, material is expressed in the

following form.

Qq(z + ,)

Ko€o

$i1(z) = V,— -z, <x <0. (2.1)

The potential in the P-type region from =z = 0 to x = z,, is given by equation 2.2 and

the potential in the N-type substrate for z > z, is given by equation 2.3.

Q.z 1 1
bole) = Vy— e [ng - 3 qNaxz] O<z<zp (22
. Q. 1 1 1
bola) = Vp = 22— Q= oy + 5aNot) + 5aNilo — 3] (23)

The potential profile, therefore, is a function of the doping concentrations, N, and IV,
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the oxide thickness, z,, which affects the capacitance, and the metal gate potential V,
with surface charge density ),. Since like charges repel, applying a positive voltage
to the gate forces the holes in the P-type material to migrate to the N-type substrate.
Thus, a region in the P-type material has been depleted of holes and is referred to as
the depletion region. As a result of forcing the holes into the substrate, the potential
energy in the depletion region is reduced, creating a potential minimum, or potential
well. The location of the potential well and the depletion depth, x4, is determined
by the charge density at the gate, Q,, and the requirement that the electrical charge

remain neutral across the whole structure (Dereniak & Crowe, 1984).

Qg = qNoz, — qNyz4 (2.4)

When a photon with energy that is greater than the band gap of silicon is ab-
sorbed in the depletion region, an electron-hole pair is produced. If the energy of a
photon, ¢, is greater than the energy required to break the covalent bond of a valence
electron in a silicon atom, then the electron in the valence band is excited into the
conduction band, as a free electron. Since an electron is excited into the conduction
band, a positive charge, or hole, remains in the valence band. The hole, however is
mobile and is forced to migrate into the N-type substrate. The free electron is held

in the depletion region at the potential minimum.

€ = — (2.5)

The potential well, or simply well, reaches a minimum in the capacitor’s P-type

region, as shown in Figure 2.2(b), which results in a barrier between the potential
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well and both the SiO; material and the N-type substrate. As charge is collected
in the potential minimum, the barriers, which are at a higher potential, confine the
charge packet and prevent it from moving. A fluid flow analogy is often used when
describing a potential well. If a charge packet is considered a volume of fluid, then
for visualization purposes we imagine that the fluid will flow to the deepest part of

the well.

2.3.2 Charge Transfer

After collecting photoelectrons in the MOS capacitor potential well, the charge
packet must then be transferred to the CCD’s output. In a typical CCD, as shown
in Figure 2.3, the gate voltages applied to adjacent MOS capacitors are independent.
If the gate voltages and their phases are clocked in a coordinated fashion, the charge
packets can be forced to physically travel in a lateral direction. Notice in Figure 2.3
that the transfer direction, v, is orthogonal to the previously defined depth, z, of
the material, shown in Figure 2.2. Also, to facilitate a qualitative discussion, the
potential profile is depicted as a wéll and the fluid flow analogy is utilized.

In Figure 2.3(a) the voltage, V1, applied to the phase 1 gate is greater than the
voltage applied to either the phase 2 or the phase 3 gates. Therefore, a potential
well is created under the phase 1 gate. Also, a barrier in the carrier region is created
between phase 1 and phase 2 since the potential under phase 1 is ¢,, and the potential
under phase 2 is ¢,. Photons absorbed in the depletion region under the phase 1 gate
will , therefore, be collected as photoelectrons and contained in the well.

Increasing the voltage, Vo, on phase 2 gate so that Vj; = V,; will lower the
barrier between phase 1 and phase 2, thus, creating a potential well under phase 2

that is as deep as the well under phase 1. In this case, the barrier shifts between
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phase 2 and phase 3, as shown in Figure 2.3(b). Since the potential well under both
phase 1 and 2 is now the same, the charge packet is shared between the two wells.

After the charge packet is distributed between the wells in phase 1 and phase 1,
the voltage on the phase 1 gate can be lowered, as shown in Figure 2.3(c). Lowering
V;1 will force the entire charge packet to flow into the well under phase 1, since
the well is removed under phase 1 and is retained under phase 1. At this point, a
barrier exists on both sides of the phase 1 well, where the entire charge packet is now
contained.

The same clocking cycle used to transfer the charge packet from phase 1 to
phase 2 is also used to transfer the packet from phase 2 to phase 3 as shown in
Figures 2.3(d) and 2.3(e). If the MOS capacitors are grouped in sets of three, as used
in this illustration, then all the charge packets in an entire array can be transferred
in parallel using the same clocking scheme. Other phase grouping arrangements can
also be developed. Typically, CCD arrays are manufactured with three, four, or six
phases. Two phase CCDs can also be developed with proper doping structures that
force the charge packet to flow in one direction only (Holst, 1996).

2.3.3 Charge Output Conversion

Figure 2.3 illustrates a technique for transferring charge packets laterally through
adjacent MOS capacitors. The technique is applied, in parallel, to the entire array to
transfer the charge packets from each pixel to a single output point. Once the charge
packet arrives at the output point, it is converted, through capacitive coupling, to a
measurable quantity.

An on-chip, output preamplifier is typically used to covert the charge packet to a

measurable voltage. Multiple read out techniques have been developed which convert
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the charge packet to a voltage. The most common output technique uses a floating

diffusion amplifier (Schroder, 1987; Holst, 1996).

The floating diffusion amplifier incorporates a preamplifier, an output MOS ca-
pacitor, a screen capacitor, and a reset capacitor. A reset pulse, on the reset capacitor,
or gate, is first used to clear the output gate. The charge packet, or pixel, to be read
out is then transferred to the output gate through the screen gate. This process re-
sults in a change in the preamplifier’s output voltage, AV,,;, which has a magnitude
proportional to the change in charge, AQ,ut, on the output capacitor, of capacitance
Cout, and the preamplifier gain, G,,. The conversion factor from electrons to volts is

normally on the order of 1uV/e™.

AQ out

out

Cra (26)

In order to mitigate drifts in the absolute value of the output voltage that occur
after the output gate is reset, a differential sampling process is often used. Low fre-
quency drifts in the output voltage can add noise, with a 1/f shaped power spectrum,
to the output voltage. Sampling the reset voltage, sampling the change in voltage
after the charge packet is transferred to the output gate, and then differencing the
two samples produces an output signal that is not corrupted by the 1/f noise. Dif-
ferentially sampling a CCD’s output in this fashion is commonly know as correlated

double sampling (CDS) (Dereniak & Crowe, 1984).

After the charge is converted to a voltage with the output amplifier, the voltage
is then digitized with an analog-to-digital converter (ADC). Often there is only a
single channel ADC through which each pixel voltage is digitized. The digitization
process often requires only microseconds to convert the voltage to its corresponding

digital count value, or digital number (DN). Converting an entire array, which may
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contain hundreds of thousands or millions of pixels, however, requires hundreds of
milliseconds or seconds. The ADC is, therefore, often the bottleneck in the read out

process, which dictates the speed at which frames can obtained.

2.4 CCD Architecture

As previously stated, CCD manufacturers have not only developed different
structural schemes, but also developed different architectural schemes. The most
widely used are the linear, full frame, frame transfer, and interline transfer architec-

tures.

In order to better discuss the interline transfer CCD that is used in the imaging
system, its basic characteristics are introduced in this section. The characteristics of
other CCD architectures are also introduced for comparative purposes.

The four architectures described below have fundamental similarities. Since a
CCD is comprised entirely of MOS capacitors, each capacitor, or pixel, has the ca-
pability to collect photoelectrons if it is exposed to light. However, it is desirable to
prevent photoelectrons from collecting in specific sections of the CCD, such as the
section used only for transferring charge packets or the read out section. Once an
image is collected, additional photoelectrons generated in the read out circuitry from

direct exposure to incident light would add unwanted noise to the signal.

Therefore, an opaque mask is placed over sections of the CCD to block light from
entering the semiconductor material and prevent the covered section from collecting
photoelectrons. Placing a mask over an entire row or column of pixels creates a
register that is used to shift, or transfer, charge packets without adding noise from
additional exposure. A CCD’s read out circuitry is also covered to prevent direct

generation of photoelectrons in this region. As shown in the following sections, the
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placement of the opaque mask, which determines a CCD’s active pixel and masked

pixel arrangement, is a major component in a CCD’s architecture.

2.4.1 Linear CCD

The linear CCD, as illustrated in Figure 2.4, is comprised of one row of active
pixels and one row of masked pixels, with corresponding columns. The exposed pixels
collect the photoelectrons, which are then shifted to the masked pixels for read out.
Thus, the masked row is normally referred to as a read out register. Once the previous
exposure is transferred to the read out register, the subsequent exposure can begin

immediately.

Readout Register

Readout ReglsterA > |

Readout Register B

F1c. 2.4. Linear CCD

Very fast frame rates can be achieved with a linear array since only one row is
read out of the array per frame (Holst, 1996). Multiple read out registers can also
be used, as shown in Figure 2.4(b), to increase the CCD’s frame rate. With multiple
read out registers and corresponding outputs, multiple pixels can be read from the
array simultaneously. Proper arrangement of the pixels is then accomplished with

software.
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Although a linear array can achieve high frame rates, complex imaging optics
and motion control systems are needed to image a two-dimensional scene. Therefore,
linear arrays are often used in an environment in which the object plane is fixed, such
as document copy machines and image scanning machines. Linear arrays are also
used for component inspection, where, the CCD is fixed and the item moves through

the object plane.

2.4.2 Full Frame CCD

The full frame CCD (FFCCD) is comprised of multiple columns and more than
one row of active pixels, as shown in Figure 2.5. Using this type of array, the object
plane can be imaged in a single frame. In the FFCCD the active pixels are also used
to transfer the image, one row at a time, to the horizontal register for read out. After
an image is acquired in the active pixels, then the charge packets are read out one

row at a time.

Vertical Registers

Horizontal Register

Fic. 2.5. Full Frame CCD

Since the active pixels are used to transfer the image, one row at a time, to the

horizontal register for read out, image smearing can result. As the charge packets are
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transferred- along the active pixels, towards the read out register, additional photo-
electrons collect in the potential wells. During the transfer sequence, the potential
wells are essentially moving, therefore, additional phdtoelectrons produce a smearing

effect in the image.

To prevent image smear, a mechanical shutter is often used with a full frame
CCD. Image smearing will not be present if read out is performed while the mechan-
ical shutter is completely closed (Holst, 1996). Since the active pixels in a FFCCD
are continuously collecting photoelectrons, a mechanical shutter also controls the ex-
posure time. An exposure is initiated by opening the shutter and then terminated by
closing the shutter in front of the array.

A FFCCD architecture is typically used in digital snapshot cameras or low frame
rate ‘_securit:y, cameras. In scientific applications, the FFCCD is used for imaging in
experimenté thaf have pulsed events, such as particle imaging velocimetry (PIV)
experiments. The,:FFCCD is also extensively used in intensified cameras. An inten-

sifier, which can be gated in nanosecond time scales, is often used as the shutter for

a FFCCD camera.

2.4.3 Frame Transfer CCD

The frame transfer CCD (FTCCD) is very similar to the full frame CCD. A
FTCCD, however, incorporates a masked portion of the array that is equal in size to
the active portion of the array. This type of array is illustrated in Figure 2.6.

After an image is acquired in the active pixels of an FTCCD, the image is quickly
shifted down under the masked portion of the array. While shifting the image from
the active area to the masked area, the pixels are clocked at a much higher rate

than they are during read out. Transferring charge packets down to the masked area
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requires less time than the analog to digital conversion (ADC) process, and, thus, is
performed at a faster clock rate. The addition of a mechanical shutter is not required
because of the speed at which the image is transferred from the active area to the

masked area.

After an image is transferred under the masked area, the slower read out and
ADC process is then performed on only the charge packets under the mask area.
While the charge packets under the mask are read out, a new image is acquired in
the active pixels. The frame rate is, therefore, limited by the time required to read

out and digitize the charge packets under the mask.
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2.4.4 Interline Transfer CCD

The interline transfer CCD is similar to both the full frame and frame transfer
architectures. The interline transfer CCD, as shown in Figure 2.7, has interlaced
active columns and masked columns. After photoelectrons are collected in an active
column, the charge packets are transferred to an adjacent column, which is covered
with the mask. Once the charge packets are in the masked column, typically referred

to as the vertical register, they are then read out without serious image smearing

effects (Holst, 1996).

Vertical Registers

Horizontal Register

Fic. 2.7. Interline Transfer CCD

The interline transfer architecture provides a way to quickly shift the charge
packets from an active pixel to a masked pixel, which results in accurate control
over the image exposure time. The next image can be acquired in the active column
immediately after the previous image is shifted under the masked vertical registers.

The drawback, however, is that the fill factor in an interline transfer CCD is less
than that of the FFCCD or FTCCD. The fill factor is the ratio of image sensing area

to total array area. Since the interline transfer CCD requires more physical area to
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make one sensor, which includes an active pixel and a masked pixel, smaller pixels
are incorporated into this architecture. Smaller pixels result in smaller well depths,

which is the total amount of charge the pixel can contain at saturation.

2.5 Sony ICXO085 Interline Transfer CCD

The CCD array used in the imaging system is an interline transfer CCD, man-
ufactured by Sony. The CCD, model ICX085, is a 2/3-inch progressive scan image
sensor. This CCD has 1300 horizontal pixels and 1030 vertical pixels, and each pixel
is 6.7um square.

Each pixel is comprised of a photo-sensor (or simply sensor) and three vertical
MOS capacitors. The CCD is, therefore, defined as a three phase device. Since each

- pixel includes multiple capacitors, the sensor area is only a fraction of the total pixel
area. Light that does not enter the sensor area will not be detected. In order to
increase the amount of light that is incident on the sensor area, on-chip micro-lenses,
as shown in Figure 2.8, are attached directly to the CCD during the manufacturing
process (Sony, 1998). These lenses increase the device’s effective fill factor.

The micro-lenses not only focus light into the sensor area, but also divert light
away from the vertical register. Charge that enters the vertical register through
means other than the exposure mechanism is considered noise. Even though the
vertical register is masked with aluminum, a small amount of photons do penetrate
the mask and enter directly into the vertical register. The micro-lenses, therefore,
assist in reducing image noise by diverting photons away from the mask and vertical
register.

Because of their optical properties, the micro-denses place a restriction on the de-

tectable wavelengths. The micro-lenses are plastic and, therefore, rapidly cutoff blue
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wavelengths and severely limit the detection capability in the ultraviolet region. This
effect is seen in the CCD’s quantum efficiency curve, which is included in Appendix C.

Included in the CCD’s architecture is a variable speed electronic shutter. The
electronic shutter provides the interline transfer CCD with the capability to capture
images with variable and accurate exposure times. When an image is not to be
acquired, the electronic shutter is activated and charge accumulated in the sensor
is discarded into the substrate. The interline transfer CCD does not require an
additional mechanical shutter. The electronic shutter also provides a mechanism to
control pixel blooming. Blooming results when additional charge, beyond a pixels full

well, spills over into adjacent pixels. :

2.6 Illustrative interline transfer CCD Representation

As previously mentioned, each pixel in the interline transfer CCD includes a
sensor, three MOS transfer capacitors and an electronic shutter. The semiconductor

structure for one pixel is illustrated in Figure 2.9 (The on-chip microlens is not in-
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cluded in this figure). As shown, the interline transfer CCD is a buried-channel CCD
that has an N-type substrate. The sensor potential is developed in the 15 P-well and

the vertical register potentials are developed in the 2"¢ P—well.
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F1c. 2.9. Sony ICXO085 interline transfer CCD semiconductor structure

For consistency, the coordinate system in Figure 2.9 is the same as the coordi-
nates used in Figures 2.2 and 2.3. The buried-channel potential profile, in Figure 2.9,
extends along the z direction. Based on the discussion in section 2.3, the interline
transfer CCD has two buried-channel potential well profiles per pixel. The sensor’s
potential profile extends from the p* material, through the 15 P-well, and into the
N-type substrate. The potential profile for the adjacent vertical register extends from
the aluminum gate, through the 2"¢ P-well, and into the N-type substrate.

Photoelectrons are collected in the sensor well, which is the 15¢ P-well. Charge
collected in the sensor can be transferred in one of two directions. The charge can

either be drained and discarded into the substrate by transferring the charge in the
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z direction, or it can be stored in the vertical register by shifting the charge in the 2z

direction.

After a charge packet is shifted and stored in the vertical register, it can then be
transferred to the CCD’s output amplifier. Coordinated manipulation of the three
gate voltages, as illustrated in Figure 2.3, forces the charge stored in the vertical

register to move in the y direction.

Figure 2.9 is the cross section of one pixel in the CCD array. Each pixel in the
array has the same cross section and each pixel is controlled in parallel. The ROG
barrier and the OFD barrier in each pixel are connected in parallel and, therefore, per-
form the same operation across the array. Each pixel is not and cannot be controlled

independently.

The flow of charge is controlled by manipulating the depth and location of po-
tential wells. The sensor’s well depth is a function of the heavily doped p* type region
above the 1% P—well. Unlike the fixed potential used to analyze the buried-channel
CCD in Figure 2.2, the potential applied to the N-type substrate in this device is vari-
able. The potential profile from the 15 P-well to the N-type substrate is, therefore,
controlled by the voltage applied to the substrate. In relation to Figure 2.2, ¢(x) for

z > x, is also a function of the substrate voltage.

Increasing the voltage applied to the substrate lowers the potential well in the
substrate. In other words, raising the substrate voltage forces the deepest part of the
sensor’s well to migrate from the 15* P—well toward the substrate. When the substrate
voltage is raised, charge in the sensor’s well, therefore, flows to the deepest part of

the substrate and is discarded.

The same process is used to transfer the charge packet from the sensor to the

vertical register. Increasing the voltage applied to gate 2, V9, increases the well depth
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in the 2™ P-well. When the potential well under gate 2 is deeper than the sensor’s
potential well, the charge packet will shift to the deeper well and into the vertical

register.

In order to better facilitate discussion about charge flow in the remainder of this
thesis, the two dimensions z and z are depicted along the same axis, as illustrated
in Figure 2.10. This figure shows the potential wells for the sensor, substrate, and
vertical register. Between the wells are barriers that prevent charge from moving. The
overflow drain (OFD) barrier prevents the charge from moving from the sensor to the
substrate, and the readout gate (ROG) barrier prevents the charge from moving from
the sensor to the vertical register. The barriers OFD and ROG are controlled by the

substrate voltage, V5,5, and the vertical register gate voltage, Vg2, respectively.
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F1G. 2.10. Simplified cross-section illustration of the Sony ICX085 interline transfer
CCD
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2.6.1 Charge Flow Under Normal Operation-

In a normal detection process, the OFD barrier is initially lowered by raising the
substrate voltage. This forces all charge accumulated in the sensor to immediately

drain into the substrate. The electronic shutter mechanism is, therefore, controlled

with the OFD barrier.

Image acquisition is initiated by raising the OFD barrier. Once this barrier
is raised, all photoelectrons are accumulated in the sensor area. After the desired
exposure time has elapsed, which began when the OFD barrier was raised, the charge

packet accumulated in the sensor is shifted to the vertical register by lowering the

ROG barrier.

After the charge packet is stored in the vertical register, the ROG barrier is
then raised to its original level. The OFD barrier is once again lowered to drain new
photoelectrons from the sensor to the substrate. Finally, the charge packet stored in
the vertical register is transferred, along the y direction, out of the CCD by clocking
the three vertical register phases. While the image is being read from the array, the

process starts over and the next exposure is captured in the sensor.

The OFD barrier, as its name would suggest, is also the mechanism that controls
the anti-blooming feature. When an image is acquired and charge is integrated in the
sensor, the OFD barrier is set lower than the ROG level. If the sensor is saturated,
meaning the sensor’s well is full of charge, additional charge accumulated in the sensor
will spill over the OFD barrier and drain into the substrate. Setting the OFD barrier
lower than the ROG barrier prevents additional sensor charge from spilling over the

ROG barrier and into the vertical register or into adjacent sensor wells.
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2.7 Imaging System Parameters

In order to characterize the imaging system several baseline measurements were
performed to do an initial assessmient of the imaging system’s performance under
normal operating conditions. This section highlights some results from standard
CCD system tests. Some of the imaging system’s attributes are also discussed toward
the end of this section.

A block diagram for a typical CCD detection system is illustrated in Figure 2.11 (Janesick
et al., 1985). Photoelectrons collected in the CCD are converted to a voltage by the
CCD’s output amplifier. The CCD’s output voltage is then amplified prior to con-

verting it to a digital value with the ADC.

n Sv Al A2
Electrons Collected Volts > Volts > DN >
Incident Photons > ? 3 Electron Volt Volt SON)
o;

Fic. 2.11. CCD signal conversion factor representation

The parameters in Figure 2.11 can be either measured or taken from device
specifications. Quantum efficiency (QE), 7, is a linear factor that relates the number
of incident photons to the number of electrons that accumulate in the sensor. The QE
is a function of wavelength and is specified as a QFE curve across the device’s spectral
operating region. The QE curve is taken from device specifications and is shown
in Appendix C. The QE is also considered a constant when the input irradiance is

monochromatic.
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The conversion factor for the ADC, Aj, can also be taken directly from manu-
facturers specifications. The read out noise floor, 0%, and the camera gain, A;, which
is the amplification from the CCD’s output to the ADC’s input, can be measured.
After finding A;, A;, and o2, the gain in the CCD’s output amplifier, S,, can be
determined with the photon transfer technique (Janesick et al., 1985; Janesick et al.,

1987).

2.7.1 Transfer Gain

The signal between the CCD’s output and ADC’s input passes through three
gain stages, which are combined into the single gain parameter A;. Analytically, the
total gain from the CCD output to the ADC input, A;, is determined to be 4.5 V/V.

Experimentally, however, A; was shown to be closer to 4.1 V/V.

2.7.2 Digital Resolution

The imaging system’s analog to digital converter (ADC) is a 16-bit converter
that has a 1IMHz sample rate. The ADC generates a digital count value from 0 to
65535, therefore, producing a dynamic range of 96dB. Since the CCD saturates at

approximately 28,000 counts, the dynamic range of the ADC exceeds the dynamic
range of the CCD by about 50dB.

The input to the ADC can range from 0 to 10 volts. The actual signal from the
camera, however, only has a range of 0 to 5 volts, which limits the maximum digital
count value to 32768. Since the input range is set at 0 to 10 volts, the ADC’s transfer

gain, Ay, is 1 DN per 0.1526 mV, (DN is digital number or number of counts).
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2.7.8 Frame Rate

The CCD is has 1300 by 1030 active pixels, plus some dummy columns and
rows that are incorporated before and after the active area. Based on the maximum
sampling rate of the system’s ADC, which is 1us per pixel, the system requires about
1.34 seconds to read .out the entire array.

Smaller regions of interest (ROI) can be specified, which increase the system’s
frame rate, albeit at the cost of total data pixels. The pixels that are not in the
ROI are not digitized and simply discarded, thus, increasing the frame rate. A single
horizontal strip of pixels can be read from the array at a maximum frame rate of 30
Hz.

Binning is an on-chip process which reduces the number of pixels to be digitized
and, therefore, increases the frame rate. Pixel binning is the process of summing, on
the array, the charges from multiple pixels into a single super-pixel. The super-pixel

is then converted to a voltage at the CCD’s output and then digitized with the ADC.

2.7.4 Read Noise

The read noise floor, 2, is the intrinsic noise associated with the imaging system
during read out. Read noise is the noise seen at the output when imaging a dark field
and performing both background subtraction and flat-field correction. Read noise is,
therefore, a combination of dark charge, noise in the CCD’s output amplifier, noise in
the amplification stages between the CCD and the ADC, and any other noise source
that is independent of signal level (Janesick et al., 1987). Much of the noise that
comprises the read noise floor can be considered Johnson noise.

When the CCD is cooled to —10°C, the read noise standard deviation was mea-

sured to be 5.02 DN, which, as will be shown below, corresponds to 6.16 electrons.
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The read noise variance is, therefore, 25.2 DN, which is 37.9 electrons.

2.7.5 Photon Transfer Curve

Once both the system gain, A;, and the ADC conversion factor, A, are known,
the CCDs output amplifier gain, in terms of volts/electron, can be calculated using
the photon transfer technique (Janesick et al., 1987). The photon transfer technique

is a common test method for evaluating CCD performance characteristics in absolute

units (Jaﬁesick et al., 1985).
A factor K is defined (Appendix D) that relates the unknown output ampli-
fier gain, S,, to the known gains A; and As. In order for the units on S, to be

volts/electron, the units on K must be electrons/DN.

1

K = S, A; A,

(2.7)

The constant K can be determined using two different methods. Both meth-
ods are based on data from a uniform illumination source. First, K can be found
graphically by plotting the photon transfer curve. The photon transfer curve is a plot
of the standard deviation of the signal, o;(DN), as a function of the mean value of
the signal, S(DN). Both os(DN) and S(DN) are represented as a digital number.
As the irradiance increases the output becomes dominated by photon noise and the
slope of the graph becomes 1/2, as shown in Figure 2.12. The point at which a line,
fit to the photon transfer curve, having a slope of 1/2, intersects the abscissa is the
constant K (Janesick et al., 1985).

Photon noise is the fundamental noise limit of irradiance set according to the
random incidence of photons as described by Poisson statistics (Dereniak & Crowe,

1984). The photon noise standard deviation is often considered as the square root of
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Fi1G. 2.12. Photon transfer curve

the number of detected photons. Plotting the square root of the abscissa in a log-log
plot produces a line that has a slope of 1/2, which is the approximate slope of the

lines given in Figure 2.12.

A second method that is more accurate is to calculate a K value directly from

the mean signal value, standard deviation of the signal, and read noise floor.

S(DN)
72(DN) — 02(DN)

K = (2.8)

A histogram of K values, as shown in Figure 2.13, is accumulated by applying equa-
tion 2.8 to multiple data sets and to different sub-arrays across the CCD. The mean
of the histogram becomes an accurate representation of the system’s K value. From
the histogram shown in Figure 2.13, the mean K value is 1.228 e™ /DN. The variance
of K is 0.0048 e~ /DN. The CCD’s output amplifier gain, .S, can now be determined



63

Photon Transfer Histogram
35 T - T 7

Quantity

1 1.1 12 13 14 15 1.6
K factor

Fi1G. 2.13. Photon transfer histogram

with equatibn 2.7. Based on K, A;, and Ay, the CCD’s output amplifier gain is
30.3uv/e":

The CCD’s full well depth can also be determined from the K value and the
point at which saturation occurs. Based on the data taken to determine the K
conversion factor, the count value at saturation occurs is approximately 28,000. Mul-
tiplying 28,000 counts by 1.228 e~ /DN indicates that the mean pixel saturation level

is approximately 34,000 electrons.

2.7.6 Linearity

CCDs, operating below their saturation level are typically linear sensors. Using
a uniform irradiance source, the linearity of the CCD is examined from the mean
signal value as a function of exposure time. After performing a least squares fit to the
data, the CCD’s percent linearity is indicated by the coeflicient of regression. Using

this technique, the imaging system used in this work is determined to be 99.989%
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linear over the digital output range from 32 counts to 28560 counts, which is just
prior to saturation. Conversely, the imaging system is only 0.011% non-linear over

the majority of its operating range.

2.7.7 Flat-field Correction

Charge-coupled devices have small nonuniformities in gain, which need to be
accounted for in order maintain a low noise system. If these variations are left uncor-
rected, then at high signal levels the noise is dominated by the pixel-to-pixel variations
(Janesick et al., 1987). Pixel-to-pixel variations are typically constant over a wide

signal range and can be accounted for during data acquisition.

Using a uniform, diffuse light source, raw data files are collected over the detec-
tor’s linear operating region. The raw data file’s global average (average digital count
value over all 1300x1030 pixels) is calculated and then each pixel value is divided by
the global average. At incremental steps over the system’s linear operating region, a
per pixel gain correction factor data file is obtained for the entire array. All the gain
correction factor data files are then averaged together to obtain a final gain correction
factor file to be used for any exposure level. In order to account for the CCD’s pixel-
to-pixel nonuniformity, all raw data files are divided by the gain correction factor

data file, which is more aptly referred to as the flat-field correction file.

The flat-field correction factor data file has a mean of 1.0000 DN and a standard
deviation of 0.0221 DN. A histogram of all the gain correction values is shown in Fig-
ure 2.14. Since all the pixels in the CCD are developed with the same manufacturing
process and in the same material, one would expect the gain of each pixel to be very
close to the same value, as shown by the histogram. The histogram appears to con-

tain two normal distributions, rather than a single normal distribution as expected.
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Since the entire CCD chip covers a large area of silicon, multiple distributions may

be required to represent the full array.

Flatfield Gain Correction Values For The Entire Array

Number of Occurrences

09 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 11
Gain Correction Value

Fic. 2.14. Flat-field gain correction value histogram

The reduction of noise obtained when a flat-field correction file is utilized is quite
significant, as shown in Figure 2.15. Without the flat-field correction, the output
is limited by noise from pixel-to-pixel nonuniformities. When using the flat-field
correction data file, the output is limited by shot noise (assuming a uniform, diffuse
light source is used), which is the fundamental detection limit (Dereniak & Crowe,

1984; Janesick et al., 1987).
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Chapter 3

FOCAL PLANE DETECTION PROCESS

3.1 General Introduction

There are two application specific features incorporated into the imaging system.
These features maneuver charge in a controlled sequence that can be synchronized
to a modulated input. Since charge is maneuvered at the pixel level, in the interline

transfer CCD, processing is primarily performed at the focal plane.

The first feature is an on-chip gated exposure integrator and the second is termed
an “integration threshold”. The gated exposure integration feature can be set to
integrate multiple exposures into one image, on the CCD chip, prior to read out. The
second feature, the integration threshold (IT), creates a charge dead-band. In order
for charge to be captured, the amount of charge that is generated in the sensor must

surpass the threshold of the dead-band.

This chapter describes these application specific features, how they are imple-
mented in the CCD architecture, and how the features are used to enhance signal
detection. A brief review of the interline transfer CCD architecture is first presented.
The gated exposure integrator is then discussed. Finally, the IT feature, which is an

extension of the gated integration capability, is presented.
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3.2 CCD Illustration Review

Figure 3.1 was introduced in section 2.6 to illustrate charge flow in the interline
transfer CCD. This figure shows the potential wells for the sensor, the substrate, and
the vertical register, as well as the barriers between the potential wells. An aluminum
mask resides over the vertical register, which prevents incident photons from creating
electron hole pairs directly in the vertical register. Micro-lenses (shown previously in
Figure 2.8) also focus incident photons to the sensor area.

Incident photons are converted to photoelectrons in the sensor region (Appendix
B). The photoelectrons, or charge, that accumulate in the sensor’s potential well can
flow either to the vertical register or to the substrate. Charge flow is controlled by
the barriers that separate the sensor’s potential well from the potential well of the
vertical register and substrate. The overflow drain (OFD) barrier controls charge flow
from the sensor to the substrate, and the readout gate (ROG) barrier controls charge
flow from the sensor to the vertical register.

Figure 3.1 is used in this chapter as a visual aid, to assist in explaining the
application specific features that are incorporated into the system. In particular, the
features described below depend on the ROG and OFD barriers and the ability to
accurately control these barriers. Figure 3.1 illustrates, as a single curve across the

- device, the potential wells and the potential barriers.

3.3 Multiple Exposure Integration

In general, a gated integrator is a device that synchronously acquires an input
only when the signal of interest is known to be present. Often, the input signal’s
frequency and phase are known a priori, which provide a means for synchronizing the

detection process. Once the detection process is synchronized, data is acquired only
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F1G. 3.1. Simplified cross-section illustration of the Sony ICX085 interline transfer
CCD

when the signal is present. Signal enhancement is achieved both by rejecting noise
when the signal is not present and by averaging repeated acquisitions (Wang et al.,

1992).

A similar process is incorporated into the imaging system, which synchronously
integrates exposures. An exposure is the timed accumulation, considered the dwell
time, of charge in the potential well of the sensor region. The exposure is integrated,
during the dwell time, by transferring the accumulated charge from the sensor to the

vertical register.

There is no temporal separation between the exposure process and the integration
of an exposure in the vertical register. The charge accumulated in the sensor is
immediately transferred to the vertical register. Each transfer of charge to the vertical
register is, therefore, considered to be an exposure. Transferring multiple exposures
to the vertical registers for all sensors creates an image array that is the integrated

charge from each exposure.

An external trigger, which is synchronized to the signal of interest using a

pulse/delay generator (Stanford Research Systems DG535), is connected to the con-
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troller. Each trigger received by the controller, unless the controller is reading the
iinage from the CCD array, initiates an exposure. The number of exposures that are
integrated in the vertical register is set in the controller logic, via software, prior to
image acquisition. Once the desired number of exposures is integrated, the integrated
image is read from the array. Appendix K contains further information and instruc-
tions on configuring the imaging system’s hardware and software to perform gated

exposure integration.

Prior to the integration process, the controller and camera remain in a standby
mode. While in the standby mode, one in which no images are acquired, the con-
troller continuously reads out the CCD and discards the output. Photoelectrons are
continuously accumulated in the array and, therefore, they need to be continuously
read from the array. The process of reading out an array while not acquiring data is

often called “cleaning”the array.

Once acquisition of an image is activated, using the WinView software pack-
age (Roper Scientific, 1998b), the controller finishes its current cleaning operation
and then waits for the camera head to initialize. Control over the array cleaning
process is, at this point, passed to the logic in the camera head. The camera head is
initialized once both the cleaning process resumes, under the control of the camera
head logic, and the OFD barrier is lowered, activating the electronic shutter. At
this point, charge accumulated in the vertical register, whether dark charge or mask
bleed-through, is discarded with the cleaning process and charge accumulated in the

sensor is drained to the substrate, since the electronic shutter is active.

The array cleaning and initialization process is important since it is often un-
known exactly when the first external trigger will arrive at the controller. If there is

a long time lapse between initial setup and the arrival of the first trigger, dark charge
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and other noise can build up in the array while waiting. When waiting for the first
trigger, charge is, therefore, discarded by cleaning the vertical register and activating
the electronic shutter. This initial state is shown in Figure 3.2 (assuming all three

phases of the vertical register are being clocked accordingly to clean the array).

photoelectron

J
Sensor OFD Substrate

Vertical !
Register ROG

Fi1c. 3.2. CCD initialization prior to image acquisition

Once the first external trigger is received, the vertical register cleaning process
immediately stops and the first exposure begins. At this time, the OFD barrier is
raised and the ROG barrier is simultaneously lowered and remains low for the dwell
time. Charge generated in the sensor now flows directly into the vertical register.
Figure 3.3 illustrates the CCD’s state when integrating the first exposure in the
vertical register.

Once the dwell time, as set in the software (Appendix K), has elapsed, the ROG
barrier is raised, halting the flow of charge from the sensor to the vertical register.
The OFD barrier is, once again, lowered and unwanted charge is drained into the
substrate. The charge integrated during the first exposure remains in the potential
well of the vertical register, under the aluminum mask, as shown in Figure 3.4.

The cleaning process performed prior to the first exposure does not resume after

the integration process begins. Since the integrated charge is held in the vertical
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Fi1G. 3.3. Integrating the first exposure in the vertical register

register, the vertical register must remain in its current potential state until the
desired number of exposures are integrated. The integrated exposures will then be
read from the array. Only after the integrated image has been read from the array

will the vertical register cleaning process resume.
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Fi1G. 3.4. Draining unwanted charge into the substrate while holding the first
exposure in the vertical register

Another exposure can be added to the first exposure by performing the same
process that was described above. In order to add another exposure to the first
exposure, the OFD barrier is raised and the ROG barrier is simultaneously lowered

for the same dwell time. Charge generated in the sensor, once again, flows into the
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vertical register (assuming the potential well of the vertical register is not full). The
current exposure is, therefore, integrated with the first exposure held in the vertical
register, as shown in Figure 3.5. The illustration in Figure 3.5 separates the integrated
exposures with a dashed line for demonstrative purposes. It is, however, impossible to
discern which portions of the total charge, held in the vertical register, were generated
per exposure. The total number of photoelectrons contained in the vertical register

is now the sum of two separate exposures.
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F1c. 3.5. Integration of consecutive exposures in the vertical register

This process can continue as long as the vertical register is not saturated. Based
on the logic implemented in the controller, the maximum number of exposures that
can be integrated is 4000. Performing 4000 integrations requires that each exposure
be on average no more than 6.5 photoelectrons. Integrating a greater number of
photoelectrons per exposure, at the maximum number of integrations, will result in
a saturated image that exceeds the CCD’s linear operating region. In most cases,
the number of photoelectrons integrated per exposure will be much larger, thus, the
total number of integrations must be much smaller. The total number of integrated
exposures per image (1 - 4000) is set using the software as discussed in Appendix K.

Once the desired number of integrations has been performed, as shown in Fig-
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ure 3.6, the final integrated image is read from the array. Since the integration process
uses the vertical register and the vertical register is used to read the image from the
array, acquisition of the next integrated image cannot begin until the previous image

is entirely read from the array.
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F1G. 3.6. Multiple exposures integrated in the vertical register; the integrated image
is ready to be read from the array

3.3.1 General Signal-to-Noise Ratio Improvement Expectations

In general, statistical averaging of a periodic signal is a well known and exten-
sively utilized signal enhancement technique (Dereniak & Crowe, 1984; Horowitz &
Hill, 1989; Pallas-Areny & Webster, 1991; Wang et al., 1992; Eckbreth, 1996). Aver-
aging techniques, which are also comparable to lowpass filtering operations, produce a
value that approaches an ensemble’s mean value. The root-mean-squared (rms) error
in the final average value is reduced by the square-root of the number of averages and,
therefore, the signal-to-noise ratio (SNR) is improved (Cooper & McGillem, 1999).

The boxcar averager or gated integrator are conventional instruments that im-
prove SNR through averaging. By capturing and averaging multiple samples over

time, the output value approaches the actual mean value of the signal (Eckbreth,
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1996; Fowler, 2000). Further discussion on the boxcar averager is included in sec-
tion 4.8.2:

Averaging techniques have also been demonstrated as a way to improve the SNR
of images that are acquired with CCDs (O’Malley & O’Mongain, 1992). By adding
multiple frames together, in software after the frames have been read from the CCD,
the SNR is improved by the square-root of the number of frames added together.

The noise in an image is typically defined as the combination of photon noise
(ny) and electronic noise (n,) (Kopeika, 1998). The total noise, n;, is the square root
of the sum of the squared noise components. (The noise is presented here in general
terms to point out the expected increase in SNR. Chapter 5 presents mathematical
descriptions of the systerfl’s noise components.) If the output signal is defined as s,,

then the SNR at the output is,
S0 So

SNR = = 3.
G ™ @1

Frame adding has been shown to increase the SNR by /Ny, where Ny is the
number of frames that are summed (O’Malley & O’Mongain, 1992). Since each frame
is read from the array prior to averaging, each frame is considered to contain the

same noise power. In this case, the SNR improvement has been shown to be,

. Ny o
SNR = N s = 2Lt _ /N

VNp [(n)? + ()] Ny (ng)? T

(3.2)

A similar improvement in SNR can be anticipated by performing integration
on the CCD chip, as described in the previous section. In this case, the frame is
integrated, or averaged, prior to reading the image from the array. The noise from the

read out electronics is added to the final integrated image, rather than to each image



76

prior to integration. The photon noise, which is a function of the input, irradiance, is

still added to each integration.

The initial expected SNR from integrating exposures on the CCD chip is,

Ni *So \/7\7—2 So

SNR = = =
VN [(00)7] + ()2 (nu)? + G-

(3.3)

where N; is the number of integrations performed per frame. The maximum SNR,
as calculated by equation 3.3, depends on the number of integrations that can be
performed at the pixel level. The achievable SNR, therefore, depends on the CCD’s
well depth. Larger wells will allow for more integrations per frame.

The on-chip integration technique can also be combined with frame averaging to

further improve the SNR. Combining both techniques produces an expected SNR,

NzN ) o
£5 = /NN, ° (3.4)

SNR = 2
\/Nf {N; [(nw)2] + (nr)Q} (nw)? + %:)_

that is a function of both N; and Ny. A more involved estimation of the SNR

improvement achieved from on-chip averaging is given in Chapter 5.

3.4 Integration Threshold

Background intensive diagnostics, such as pump-probe absorption spectroscopy,
limit the total number of exposures that can be integrated prior to detector saturation.
The possible number of integrations can, in this case, be fairly restricted or even
limited to a single exposure. This can be true even when the exposure time is set to

the minimum limit of 1us.

In such cases, the information bearing signal is only a fraction of the total irra-
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diance that is captured during an exposure. Much of the total exposure is comprised
of background photoelectrons that represent a dc level and contain no useful infor-

mation.

In order to increase the number of exposures that can be integrated into the
vertical register and, therefore, increase the potential SNR (equation 3.3), an on-chip
“integration threshold” (IT) feature is proposed and investigated. Fundamentally, the
IT feature is a dc offset, or dead-band threshold, that must be exceeded before the
photoelectrons generated in the sensor will be able to flow into the vertical register.
The background charge, which is considered to be the charge that does not exceed
the IT, contained in the sensor is discarded into the substrate after the exposure
time has elapsed. The purpose of the I'T feature, therefore, is to increase the number
of possible integrations by integrating, in the vertical register, only a representative

fraction of each exposure.

The IT feature is derived from the interline transfer CCD’s antiblooming capa-
bility. The basic idea is to shift the antiblooming process from the OFD barrier to the
ROG barrier. Antiblooming keeps a saturated pixel from saturating adjacent pixels
by draining off excess charge into the substrate. When a pixel saturates, the excess
charge in the sensor “spills” over the OFD barrier and is discarded. The objective
of the IT feature is to allow charge that accumulates beyond a dead-band threshold,
which is established with the ROG barrier level, to “spill” over the ROG barrier.
Only the portion of charge that “spills” over the ROG barrier is, therefore, integrated

in the vertical register.
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3.4.1 Antiblooming

To better explain the operation of the IT feature, the interline transfer CCD’s
antiblooming feature is first presented. When imaging with an intérline transfer CCD
under normal conditions, both the ROG barrier and the OFD barrier are raised during
an exposure period. The image is captured and contained in the sensor’s potential
well, which is created by raising both barriers. If antiblooming control were not
implemented, additional photoelectrons, generated after the sensor’s potential well is
full, will migrate to other areas of the detector that have additional well capacity.
Blooming is apparent on the output image when a saturated pixel causes other pixels

to saturate.

In order to prevent a sensor’s surplus charge from migrating to other pixels, the
OFD barrier is held at a slightly lower level than the ROG barrier, which is shown in
| Figure 3.7. Surplus charge, generated in a saturated pixel, will migrate to the lower
potential of the substrate and, therefore, “spill” over the OFD barrier, instead of
migrating to adjacent, unsaturated pixels. Once charge “spills” over the OFD barrier

it 1s discarded into the substrate.
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F1G. 3.7. Antiblooming function under normal interline transfer CCD configuration
and operation
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Under normal operating conditions as discussed above, once the exposure time
has elapsed, the ROG barrier is pulsed to transfer the charge in the sensor to the
vertical register. The maximum amount of charge that will be transferred to the
vertical register is based on the sensor’s full well capacity. Antiblooming control

drained off excess charge into the substrate.

Before continuing with the IT feature description, it is noted that antiblooming
control is not active when operating the imaging system with the integration feature
as described above in section 3.3. When integrating multiple exposures into the
vertical register, the charge generated in the sensor is transferred directly into the
vertical register. It is, therefore, possible for the integrated charge to exceed the
well depth of the vertical register. No path exists to drain excess charge directly
from the vertical register to the substrate. Excess charge in the vertical register will
unavoidably migrate to other pixels resulting in blooming. Care must be taken when
setting the dwell time and the number of integrations, as described in Appendix K,

to avoid saturation and blooming effects.

The same care must also be taken when utilizing the IT feature. In order to
incorporate the IT feature, the OFD barrier is set to a higher level than the ROG

barrier and, thus, the antiblooming control is rendered inactive.

3.4.2 Background Reduction

Section 3.3 describes how multiple exposures are integrated in the vertical register
by repeatedly lowering and raising the ROG barrier. The purpose of the IT feature
is to transfer only a fraction of each exposure to the vertical register for integration.

In order to implement the I'T feature the ROG barrier is not completely lowered

but is controlled with a predetermined voltage. Setting the ROG barrier to a prede-
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termined voltage creates a dead-band that charge in the sensor must exceed before it
“spills” into the vertical register. Figure 3.8 illustrates the dead-band that is created

by the ROG barrier when it is not lowered completely. As photoelectrons build up in
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F1G. 3.8. Regulation of ROG barrier to create a charge dead band between the
sensor and vertical register

the sensor region, the sensor eventually reaches its full well capacity. Additional pho-
toelectrons generated in the sensor “spill” over the ROG barrier and are integrated
in the vertical register.

Once the exposure is complete, the ROG barrier is raised to its maximum height
and the OFD barrier is completely lowered, which activates the electronic shutter.
The charge contained in the sensor’s potential well, which represents a large portion
of the input’s dc value, is drained into the substrate and discarded, as illustrated in
Figure 3.9.

The integration process then proceeds in the same format that was described
in section 3.3. In this case, however, the ROG barrier creates a dead-band that
the charge from each exposure must overcome during the dwell time before it is
integrated in the vertical register. Since less charge from each exposure is integrated,

more integrations should be possible.
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Fia. 3.9. Background charge contained in the sensor is discarded by lowering the
OFD barrier

3.4.3 Threshold Mechanism Examples

Charge transfer efficiency (CTE) is a measure of how efficiently a charge packet
is transferred between registers, while reading the packet out of the array. CTEs less
than one indicate that some of the charge in a packet is left as residual charge along
a read out chain of registers. CTE is actually an additive noise component which is

discussed further in section 5.10.4.

CTE is presented here as an example of a widely documented loss mechanism
that is similar to the IT feature (Barbe, 1975; Dereniak & Crowe, 1984; Janesick
et al., 1987; Johnson-Cole & Clark, 1991). Inter-electrode gaps can create a slight
barrier between the potential wells of two shift registers. When transferring a charge
packet from one register to the next, the charge must cross over the small barrier.
The barrier, therefore, impedes the flow of charge and some of the charge packet is
left behind, resulting in loss (Séquin & Tompsett, 1975; Dereniak & Crowe, 1984;
Janesick et al., 1987).

The small barrier produced from inter-electrode gaps, which generates a loss

mechanism, is similar to the barrier created by the ROG. Setting the level of the
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ROG barrier in a controlled manner, force a loss mechanism to exist between the
sensor and the vertical register. The ROG barrier, thus, impedes charge flow from
the sensor to the vertical register in a way that reduces the total amount of charge

that actually enters the vertical register.

3.4.4 Expected Signal-to-Noise Ratio Improvement

Predictions on the SNR improvement obtained by implementing the IT feature
are based upon the maximum dead-band threshold setting, the repeatability of the
threshold, and the uniformity of the threshold over the entire array. Setting the
dead-band threshold to its maximum will reduce the greatest amount of background,
which will improve the SNR in two ways. First, the number of integrations per frame,
N;, can be improved, which will increase the SNR as shown in equation 3.3. Second,
since the photon noise is a function of the background (Chapter 5), the photon noise
is reduced by draining much of the background to the substrate. An estimate of the

SNR improvement achieved by implementing the IT feature is given in Chapter 6.
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Chapter 4

ANALYSIS FRAMEWORK AND FUNDAMENTALS

4.1 General Introduction

This chapter introduces the fundamental approach taken in this work, which
provides a foundation to the imaging system’s mathematical models and analysis.
The basis for a linear systems analysis is discussed, as well as the mathematical
foundations required to perform such an analysis. Specifically, spectral analysis is
discussed as an essential tool. As background, other parameters and processes that

arise in linear systems analysis, such as bandwidth and sampling, are also discussed.

A lprirwnary concern in the design of any electronic instrument is noise. Noise
that enters an instrument as input or noise that is generated internally, determines
the instrument’s fidelity. Information bearing signals falling below an instrument’s
noise floor cannot be extracted and accurately measured. The amount of noise in a
measurement, system sets a lower bound on the system resolution. In order to clearly
state the system’s limitations, the amount of noise at the input and at the output
need to be carefully defined and modeled. This chapter, therefore, also introduces

general probabilistic and statistical methods that can be used to define noise.

Finally, this chapter concludes with discussion on two conventional instruments
that are often utilized in laser diagnostics. The measurement and processing capabil-
ities of these instruments, which are the lock-in amplifier and the boxcar integrator,

are qualitatively outlined. The primary signal enhancement techniques that are em-
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ployed by these instruments are then related to the processing functions contained in

the imaging system.

4.2 Linear Systems Approach

Linear systems theory is used in this work as a tool to analyze a CCD-based
imaging system developed for laser-based diagnostics. The analysis methods and
mathematical models used throughout this work are often found in the design and
development of electronic communication systems. The objective, in designing com-
munication systems, is often to develop a transmission system that conveys infor-
mation with minimal errors. Linear systems analysis is, therefore, performed on the
portions of a communication system that allow for design and control.

In a general communication system, information, represented as a rapidly chang-
ing signal, is sent from a transmitter, through a channel, and is detected by a receiver.
As the information propagates from one physical location to another, the informa-
tion is contaminated by random noise and errors are introduced. Communicating
over long distances or through harsh (noisy) environments, requires that mathemat-
ical operations be performed on the information in preparation for transmission, and
corresponding, or inverse, mathematical operations be performed to extract the in-

formation at the receiver (Taub & Schilling, 1986).

Linear systems theory and communication theory provide the foundation for
developing continuous time, mathematical models. These models describe basic sub-
systems, such as transmitters, channels, receivers, and system inputs and outputs
that, when combined, model a complete communication system. Mathematical mod-
els may include characteristic transfer functions, power spectra for the signal and

noise factors, and probability descriptions. Each can then be used to configure the
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subsystem parameters in an effort to achieve the highest possible signal-to-noise ratio

(SNR), within given constraints.

In order to gain a systems level perspective of both the laser based diagnostic
technique, which is pump-probe absorption spectroscopy (PPAS), and the imaging
system’s detection process, mathematical foundations from linear systems theory are
used in this investigation. By developing a systems-level model of the interaction
between a laser diagnostic technique and the imaging system, efforts can be focused
on the portions of the system that allow for design and control. A comparative
illustration between a communication system and a diagnostic imaging system is

given in Figure 4.1.

In this context, the imaging system is separated into subsystems and models of
the subsystems are developed. Combining the subsystem models creates a complete
model of the detection process. The input irradiance is also separated into funda-
‘mental parameters and they are defined mathematically. Combining the irradiance
mode] with the imaging system model results in a complete system model that can be
used to define operating parameters that will achieve a high SNR, within operational

constraints.

On the premise that laser diagnostic instruments, in general, can be treated
as a communication system, laser diagnostics non-intrusively transfer information
through harsh environments to a receiver. From a systems level perspective, the
sample volume under investigation is the transmitter. Excitation sources (lasers) can
also be considered a subsystem of the transmitter, since mathematical operations
(such as modulation) are typically performed on the excitation source to prepare the

information for transmission.

After the interaction or excitation process, an information bearing signal is trans-
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mitted from the sample volume to the receiver. As the signal travels to the receiver,
it propégates through a channel, which may simply be the air or the background irra-
diance of a continuous wave (cw) laser beam. The signal can be, therefore, embedded
in the background, which may be much larger than the signal itself. The receiver
must be capable of processing the input to extract the useful information bearing

signal from the background and noise elements.

The imaging system developed in this work is considered to be the receiver in
the communication system analogy. The analysis, which is performed on the por-
tions of the imaging system that allow for design modifications, is performed with
the objective of enhancing detection capabilities and achieving the highest possible
SNR, within given constraints. The mathematical models that describe the imag-
ing system’s amplification, attenuation, and frequency translation characteristics can

be used to massage the transmitter’s modulation scheme and the receiver’s signal
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extraction process to achieve a good level of performance.

4.3 Spectral Analysis

Spectral analysis is an essential part of communication theory’s foundation.
Spectral analysis provides the mathematical tools to describe waveforms, both de-
terministic and stochastic, in the frequency domain, with a mathematical correspon-
dence to the time domain description. Analyzing waveforms in the frequency domain
can produce mathematical descriptions of a waveform’s harmonic content and spectral
location that is not directly apparent in the waveform’s time domain representation.
These descriptions can then be used to determine the probability of detecting useful,

information bearing waveforms, and to design systems that will increase detection

probability (Taub & Schilling, 1986).

4.4 General Frequency Conversion

A very common design technique, which results from the ability to perform spec-
tral analysis, is frequency translation. Frequency translation is the process of moving
a waveform from one spectral location to another. The process of translating the
spectral makeup of a waveform in frequency can also be called frequency conversion,
frequency mixing, heterodyning, modulation, or demodulation.

Frequency translation is performed for various reasons. Specifically in commu-
nications systems, waveforms are modulated at the transmitter in preparation for
transmission through a medium that requires a certain transmission band, such as
AM or FM radio. Many systems, other than systems designed specifically for data
communications, utilize frequency translation techniques in order to move a wave-

form, that contains useful information, to a spectral location that has lower levels
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of noise and less interference from other information-bearing waveforms. In order to
extract a waveform from its prepared state configured by the transmitter, frequency
translation techniques are also used in receivers or detectors to move a waveform to

a spectral band that can be processed by other subsystems in the receiver.

Two general frequency translation processes, homodyne and heterodyne, are used
to describe the imaging system’s detection capabilities. Homodyne and heterodyne
techniques are typically implemented in detection processes to extract signals that
have been modulated and reside at a carrier frequen.cy. Carrier frequencies are nor-
mally higher than the detector’s electronic processing bandwidth and, therefore, the
modulated waveform must be converted to a lower frequency that is inside the detec-

tor’s pass band.
General definitions for homodyne detection and heterodyne detection are given in

the following sections. Their relationship to the imaging system’s detection functions

becomes apparent in Chapters 6 and 7.

4.4.1 Homodyne Detection

Homodyne and heterodyne techniques are very similar. The distinction between
the two is based on the output that results from performing either homodyne or het-
erodyne detection. Likewise, the distinction also corresponds to the mixing frequency
or sampling frequency. A homodyne detector returns a modulated carrier waveform
to its original baseband state, which is the waveform’s spectral location prior to mod-
ulation. Heterodyning, on the other hand, converts a modulated waveform to another
intermediate frequency (IF), which is typically higher than the original baseband, but
lower than the modulation carrier frequency. Heterodyne techniques, therefore, re-

quire a second frequency translation step to convert the output of the heterodyne
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process to the waveform’s original baseband (Stremler, 1990).

A simple homodyne detection process can be described with an amplitude mod-
ulation example. Let f(¢) be a band-limited signal that is amplitude modulated by

the modulation function, m(t), shown in equation 4.1.

m(t) = a(t) cos 2nfct + &(t)) (4.1)

In equation 4.1, a(t) is the modulation carrier gain, or envelope, and f. is the car-
rier frequency. In amplitude modulation systems, the phase term, ¢(t), is a constant
value and is often set to zero. The constant phase characteristic of amplitude modu-
lated signals is important because it provides a mechanism for recovering signals, at
a known carrier frequency and fixed phase.

Assuming the envelope a(t), in equation 4.1, is constant at unity, the amplitude
modulated signal ~y(t), is the product of a general, band-limited function, f(t), and

the modulation function, m(t).

WE) = f(t)-mlt) = f(2) cos (2nfet) (4.2)

Since multiplication in the time domain corresponds to convolution in the f_fe-
quency domain, the amplitude modulation process shifts the complete baseband,
spectral shape of f(t) in the frequency domain to the positive carrier component,
fe, and to the negative carrier component, —f.. As the modulated signal propagates
through lossy channels to a detector, interference and noise outside of the bandwidth

of the signal, f(t), centered at the carrier frequency, f., will not affect the spectral
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content of the signal f(t). Also, if the system is designed to mitigate errors, noise
and interference inside the bandwidth of the signal, centered at the carrier frequency,

should not seriously degrade the signal’s spectral content.

In order to detect the original signal, f(t), at the receiver, the modulation prop-
erty of the Fourier transform is again utilized. The modulated signal, ¥(t), is once
again multiplied in the time domain with another sinusoid that has the same fre-
quency and phase as the modulation function, m(t). The demodulation function,

d(f), or signal used for homodyne detection, is set equal to the modulation function,

m(t).
d(f) = m(t) = a(t) cos (2rf.t) (4.3)

The output of the demodulator, or homodyne detector, is then the original signal,

f(t), multiplied by the square of the modulation function,

~E).d(t) = f(t) cos? (2nf.t), (4.4)

which, using a trigonometric half-angle relationship, can be rewritten as equation 4.5.

7t + 5 £(t) cos (4 .0) (4.5)

N[ —

y(t)-d(t) =

The modulated signal is, in the ideal case, convolved in the frequency domain
with delta functions at the demodulation frequency, f., which is the same as the
modulation frequency. The demodulation, or homodyne, process transfers the spectra
of the modulated waveform from f, to twice the modulation frequency, 2f., and to

the frequency domain origin, which is the signal’s original baseband state. This is
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easily seen in the Fourier transform of equation 4.5, which is

Sh(e)-de)] = |5/ + 5 f0) cos (4nfa1)
1 1 1
= SE()+ 3F(F+20) + 3F(f ~2£) (46)

where S(e) is used for the Fourier transform. Finally, a lowpass filter can be used,
following the homodyne process, to filter out the double-frequency terms from the
original spectral components and recover the original signal, f(t).

As shown, homodyning is a synchronous detection technique used to recover a
modulated signal. In order to recover the signal, the detector must generate a mixing
function, often defined as a local oscillator, that has the same frequency and phase
as the modulated signal. Since homodyne detection is sensitive to phase differences
between the carrier and the local oscillator, the detection process is also referred to
as phase sensitive detection.

Both the correct phase and frequency of the modulated signal must be known to
perform synchronous or phase sensitive detection. A phase error, ¢, in the detection
system will cause a variable gain factor in the recovered signal that is proportional to
the cosine of the phase error. Although small phase errors are tolerablé, the signal is

eliminated when the error approaches +90° (Stremler, 1990).
1 1
H0)delt) = & F)eos (g) + 5 F(2) cos (4nfit + ) (47)

On the other hand, if there is a frequency error, the signal f(t) is multiplied by a
low frequency sinusoid producing unacceptable distortion in the context of homodyne

detection. A frequency error may, however, be used in a controlled manner to translate
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the modulated signal from the carrier frequency to an intermediate frequency that
is also higher the original baseband frequency location. In this case, heterodyne

detection is performed.

4.4.2 Heterodyne Detection

Heterodyne detection is very similar to homodyne detection. The difference
between the two schemes lies in the frequency of the local oscillator used for frequency
translation. As shown in the previous section, homodyne detection utilizes a local
oscillator that has its frequency and phase terms matched to a modulated input signal.
The he’éerodyne detector mixes the modulated signal with a sinusoidal function that
has a frequency term that is different than the modulated signal’s carrier frequency,
£

The same modulated signal, y(t), from equation 4.2, is used to illustrate the
heterodyne detection process. A carrier phase term, ¢, is addéd to the modulated
signal to show how phase information is also retained at the output of the heterodyne

recelver.

() = F(t) cos (2mfet + &) (4.8)

In order for the receiver to translate y(¢) in frequency, ~(t) is once again multi-
plied in the time domain with another sinusoid, d(t). In the case of the heterodyne
receiver, the demodulation frequency, fy, differs from the modulation carrier fre-
quency, f.. The demodulation function is again defined as a sinusoid with frequency
fa and phase ¢4, as shown in equation 4.9. The gain term, a(t), in the demodulation
function, is again assumed to be a unity constant.

If the modulation function, m(t), (used to generate the modulated signal ~(t))
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and the demodulation function, d(t), are generated with phase locked clocks, then
their difference in phase can be considered a constant. The phase term in the demod-
ulation function is, in this case, set to zero. The resulting output, after the heterodyne

process, is then dependent on the phase term of the modulated input, ().

dt) = a(t) cos (2mfat + pa) = cos (27 fqt) (4.9)

It is helpful to perform the analysis of the heterodyne process in the frequency

domain. The Fourier transform of the modulated signal, (t), is,

Sh)] = T(f) = S[f(2) cos 2mfet + ¢c)]
1 , 1 .

T(f) = SF(f-f)e* +5F(F+ e (410)
which is the spectrum of the original signal, f(¢), translated to the modulation carrier
frequency, f.. In the ideal case, the Fourier transform of the demodulation function,

d(t), is a pair of impulses at the positive and negative mixing frequency components.
1 1
Sl = D) = Sleos(@nf)] = 5(F~f) 43+ (@1

Multiplying the modulated signal, (t), with the demodulation function, d(t),
results in two sinusoidal components. In the frequency domain, this is apparent in
the result obtained from convolving the Fourier transform of the modulated signal,

[(f), with the Fourier transform of the heterodyne function, D(f).

D)D) = |FF - e 4 ZF(+ )| |5 = f 4 5+ 8
1

— FIf = (2 e + TP [f + (ot fo) (412
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The original signal’s spectrum, F(f), is now located at the sum and difference fre-
quencies that are generated from mixing the modulation and demodulation functions.
The absolute value of the difference between the two mixing frequencies, |f. — fal,
is defined as the intermediate frequency (IF). The inverse Fourier transform of equa-

tion 4.12 is,

YO-dE) = 57(0) cos (2nlf. — falt+ 6) + 5F(0) cos (Onlfe+ falt 4 6)  (413)

Lowpass filtering can again be used to eliminate the sum frequency term, |f.+ f4l,
and retain the II' term, as long as the IF term is located in the filter’s passband. The
heterodyne process is typically incorporated into a system to transfer the modulated
signal down to a frequency band that can be processed by downstream subsystems
in a receiver.

A heterodyne detector also transfers an unwanted frequency component to the
intermediate frequency. When the heterodyne process is performed, the entire mod-
ulation signal spectrum is convolved with the demodulation spectrum. Thus, the
frequency components that have an absolute value equal to twice the intermediate
frequency plﬁs the modulation carrier frequency, |f. + 2f1r|, are also mixed down to
the intermediate frequency. The frequency |f.+2fr| is called the image frequency. To
improve signal fidelity at the intermediate frequency, a signal at the image frequency,

if it exists, must be filtered away prior to demodulation (Stremler, 1990).

4.4.3 Optical Modulation and Demodulation

The mathematical descriptions of the modulation and demodulation functions,
described in the previous sections, represent electronic processes. The polarity, of such

processes, can be altered between positive and negative states. Since both positive
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and negative values can be realized in electronic systems, waveforms can be created

that do not have a dc component.

Frequency translation techniques can also be utilized in optical systems. Mod-
ulation waveforms can be impressed upon light sources, typically laser beams, by
passing the light through an optical modulator. Optical modulators provide to the
user the ability to modulate laser beams with a range of waveforms that extend from

simple to complex.

Optical modulators range from the simple mechanical chopper to the more com-
plex acousto-optic modulator (AO) and electro-optic modulator (EO). The mechan-
ical chopper time gates the light with a rotating metal disk that either allows the
beam to pass through an aperture or blocks the beam with a solid portion of. the
disk. The resulting modulation function is a, low frequency, square pulse train, which
typically oscillates at 5kHz or less (Fowler, 2000). Since the modulation waveform
generaied by a mechanical chopper is a square pulse train, higher order harmonics

exist and can also be considered the carrier frequency.

The AO and the EO, on the other hand, can be used to modulate a laser beam
with high frequency waveforms. These types of optical modulators are typically driven
by a function generator or arbitrary waveform generator, which provides greater flex-
ibility in terms of the modulation function. Modulation waveforms, applied to a laser
beam, can range from simple sinusoidal waveforms to other complex forms derived

from an equation that is programmed into an arbitrary waveform generator (Fowler,

2000).

The resulting modulation waveform, at the output of an optical modulator, will,
however, contain a dc component. The mathematical description of the modulation

function itself, whether generated with a mechanical chopper, an AO, or an EO,
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has a non-zero mean value. If for example, a laser beam, with a magnitude that is
considered normalized, is sinusoidally modulated with an EO, the modulator’s output

can be described as,

cos (2r f.t + @) (4.14)

DO

m(t) = %—I—

which is similar to equation 4.1, albeit with an added constant component.

The non-zero mean value, or dc component, inherent in a modulated laser beam
is derived from the physical nature of light. In order to impress the temporal represen-
tation of a modulation waveform onto a laser beam, an optical modulator attenuates
the beam accordingly. The level of attenuation, and attenuation rate, are regulated
by the desired modulation function. Without considering transmission losses from
optical apertures, the level of attenuation ranges from 0% to 100%. Thus, there is an

inherent dc value in modulated laser beams.

4.5 System Bandwidth

Essentially, there are three bandwidth categories, optical bandwidth, electronic
bandwidth, and spatial bandwidth, that can be considered when analyzing an opti-
cal diagnostic system that utilizes a CCD as the transducer. The optical bandwidth
describes the oufput. The electronic bandwidth describes the frequency domain pro-
cessing capability of the imaging system from the input at the CCD to the output
from the ADC. The spatial bandwidth describes the CCD’s ability to resolve two-
dimensional objects.

Optically, frequencies are extremely high. The range of wavelengths that can
be detected by the imaging system are in the visible spectrum from 300nm to about

900nm. Thus, the optical frequencies are in the thousands of terahertz.
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In this work, the continuous wave (cw) mode-locked laser actually emits a string
of short pulses at a rate of 82MHz. The pulse width can be set to 50fs, 1ps, or 60ps.
The Fourier transform limited bandwidth of the pulses is, therefore, in on the order
of gigahertz. The repetition rate and the length of the pulses are considered to be at
such high frequencies that the bandlimited electronic components interpret the input
as a continuoﬁs—time signal.

The electroni.c bandwidth of the imaging system is much smaller than any optical
bandwidth contained in the entire diagnostic system. The electronic bandwidth is
the primary bandwidth of importance in this investigation. The information bearing
signals are modulated at relatively low ffequencies, on the order of kHz. Detection
processes, incorporated at the pixel level, can operate in the MHz, while the image
read out process, or frame rate, operates on the order of Hz.

The spatial bandwidth of an imaging system can be determined by its modu-
lation transfer function (MTF). The MTF ié a function that describes how spatial
frequencies can propagate through an imaging system from the input to the output.
An MTF is very similar to the temporal transfer function of a single channel electronic

system, however, it is beyond the scope of this work (Kopeika, 1998).

4.6 Sampling Theory

The imaging system’s input is considered a continuous time signal, as described
in the previous section. Assuming the input is temporally bandlimited, the continuous
time input can be completely represented and reconstructed from discrete samples
taken at equally spaced intervals.

The sampling theorem states that a band-limited signal can be exactly recon-

structed from samples of the signal if certain conditions are met. To show this, first
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let z(t) be a band-limited signal with a spectrum, X (f), that is zero for frequencies

higher than |f;|. Acquiring samples of z(t) at z(nT), where

fe = Ti sampling frequency, (4.15)

8

generates spectral replicas of X (f) at integer multiples of the sampling frequency, fs.

If the sampling frequency, f,, is at least two times the absolute value of the

highest frequency, f,, contained in the continuous signal,
fs > 2f. Nyquist Rate (4.16)

then the spectral replicas of X(f) will not overlap in the sampled spectrum. Aliasing
occurs if equation 4.16 is not satisfied and the original spectrum X (f) is altered by
‘interactions in frequency with adjacent sampled spectra.

The band-limited signal can be completely recovered by satisfying equation 4.16,
often referred to as the Nygqyist Rate. If this equation is satisfied, spectral aliasing
is avoided, and a lowpass filter can be used to recover the initial continuous sig-
nal. Passing the samples, z(nT}), through a lowpass filter that removes the spectral
replicas of X(f) but passes the original baseband spectrum will smooth the samples,

reconstructing the original signal (Oppenheim & Willsky, 1997).

4.6.1 Temporal Sampling

The imaging system’s temporal sampling capability is divided into two different
processes. The on-chip sampling can be performed at a high frequencies while the
imaging system’s frame rate is limited to low frequencies.

Each pixel in the CCD array can acquire a discrete sample of the continuous time
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input. Each pixel has a minimum sample duration of approximately 1us. If a 50%
duty cycle is used to generate the sampling function in each pixel, then the sampling
function’s period is 2us. According to equation 4.15, the sampling frequency is then
500kHz. In order to satisfy equation 4.16, signals of interest must be band-limited to
no more than 250kHz.

After the input is sampled at the pixel level, it must then be read from the array
prior to acquiring the next frame. Reading only a single row from the CCD results in
a maximum frame rate of 30Hz. Increasing the region-of-interest (ROI), which is the
total number of pixels digitized, slows the frame rate down considerably (Roper Sci-
entific, 1998a). Since data is contained in a succession of frames, and the maximum
frame rate is 30Hz, the information bearing signal is band-limited to a maximum of

15Hz.

4.6.2 Spatial Sampling

The imaging system also spatially samples the continuous input. The continuous
scene is converted into a grid of discrete values, contained in each pixel of the array.
The discrete values can then be processed with discrete processing algorithms. If
the samples are sufficiently close together, the image may appear to be spatially
continuous to an observer.

Spatial frequency is, much like temporal frequency, the spatial rate at which the
irradiance can fluctuate across the CCD plane. If there is no fluctuation in irradiance,
and it is completely uniform, then the spatial frequency is zero or de. The modulation
transfer function (MTF) of an imaging system can be used to determine the system’s
capability to transfer spatial frequencies from the input to the output (Kopeika, 1998).

In this work, the irradiance across the CCD is considered to be uniform and,
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thus, contains no spatial frequencies other than dc. The actual irradiance across
the CCD does, however, vary. The spatial frequency of the input and the imaging

system’s MTF should be considered in future investigations.

4.7 General Noise Analysis Considerations

In most cases, the qualitative and quantitative descriptions of noise must be
handled differently than that of deterministic signals. Signals are most often made to
contain some known characteristic that can be used for identification and detection.

Noise, on the other hand, is often described as a random or stochastic process.

In order to characterize a stochastic noise process, probabilistic descriptions are
developed to represent the random process mathematically. A probabilistic descrip-
tion is the most complete and it contains all the available information about a stochas-
tic process. The probabilistic descriptions then constitute statistical definitions that
can be more applicable to the mathematical basis of system designs. A probabilistic
description is not always in the realm of possibility and the extended development
of probability models are not always warranted. In many engineering situations, a
statistical description of noise satisfies all design requirements (Cooper & McGillem,
1999). Some important statistical descriptions are the expected value, or mean, the
central moments, in particular the variance, correlations, and spectral estimations.

Qualitative assumptions about a stochastic process are often an important start-
ing point, which can simplify the quantitative description. Sometimes the only way
to specify noise in terms of its probability and statistical descriptions is to assume
the noise has certain properties which validate the mathematical descriptions.

Stochastic processes are often assumed to be ergodic, which specifies that any

sample function, x(t;) from the stochastic process z(e) completely represents the



101

statistical nature of the entire ensemble. Thus, any sample function can be used in

deriving the statistical properties of an ergodic process (Cooper & McGillem, 1999).

An ergodic process is also a stationary process. This type of stochastic process
is independent of time origin. The statistical nature of any sample function does not
depend on the time in which the sample was gathered. Thus, the statistical properties
for the sample function x(t;) will, in this case, be equal to the statistical properties
of sample function x(t;) for ¢; # t;. If a process is stationary, it is not always ergodic,

but an ergodic process is always stationary (Cooper & McGillem, 1999).

If a process is stationary, then the entire statistical description does not change
depending on choice of sample time. If only the first and second central moments
are time invariant, the process can be considered wide-sense stationary. A wide-sense
stationary process is often considered sufficient when using only the mean value and

‘noise power to analyze and predict a system’s detection capabilities.

The ensemble {z(¢)} of a stochastic process is the entire collection of all possible
sample functions that may be acquired from the process. A sample function z(t) is
one of any possible outcomes taken from the ensemble. The sample function z(t) is

comprised of random variables x; taken at x(t;).

In order to develop a probabilistic description of a stochastic process, a probabil-
ity distribution is developed, which represents the probability of observing a random

variable x that is less than or equal to the possible value z.

Fx(z) = Pr(x<uz) (4.17)

From the distribution function, the probability density function (pdf) can be

acquired. The pdf is the derivative of the distribution function with respect to the
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random variable.

k() = dﬁ:ﬁx) (4.18)

The physical significance is contained in each step dz, such that,

lim fx(z)Az = Priz <x < (z+ Az)]

Az—0

= fl(z)dz = Prz<x<(z+dz), (4.19)

which is the probability that x lies between the possible values z and z+dx (Cooper &
McGillem, 1999). Thus, the information contained in the pdf isn’t implicitly obvious,
however, the pdf can be used to determine important statistical properties. If the
pdf describing a the stochastic process z(e) is known, then the expected value and
central moments can be determined. The expected value, E [x], is simply the mean

value of the process.

X - B[] = /_ " o k(o) do (4.20)

o0

The second moment, which is the mean-square value, is also determined from

the pdf by,

X2 = E X = /00 7? fx(z) dz . (4.21)

o0

When considering noise and how a detection system is effected by the noise, the

noise variance is much more useful than the noise mean. The variance is found by
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calculating the second central moment, which is derived from the pdf by,
2 = X-X)° = / (z~X)° k(z) dz (4.22)
—00

The variance can also be determined from the difference between the mean-square
value and the square of the mean value. In electronic systems, noise often has a mean
value of zero. If the mean value is defined as zero, then the variance is equal to the
mean-square value. This, however, is not the case for systems that utilize light, since

light is always positive, and the mean is some value greater than zero, so

2 = (X-X)’ =x-X)" (4.23)

The mean-square value is also related to the total power spectral density function

used to describe the stochastic noise in the frequency domain.

X - / " S (f)df (4.24)

4.7.1 Correlation

If the probability description of a stochastic process, such as noise, is not defin-
able or is difficult to work with mathematically, then statistical properties may be
obtained more easily with correlation functions. If the statistics for the interaction
of different stochastic processes is desired, then a crosscorrelation function is utilized
and if statistics for a single stochastic process is desired, then an autocorrelation
function is utilized. Also, the output of a linear system can be determined from the
specification of a correlation function at the input, even if the probability density

function is not known (Cooper & McGillem, 1999).
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Correlation functions lead to a function of time that provides insight to the
statistical properties of a stochastic process. The autocorrelation of a stochastic

process z(e) is found by

o0

R(tl,t2) =k [X(tl),X(tg)] - / LEl.’ngx (.’171 s Lg tl tz) d$1 d:l?g . (425)

— o0

From the correlation function, the mean-square value can be determined at

Rx(0).
Rx(0) = X2 (4.26)

If the mean value is known, then the variance can be determined by subtracting the

square of the mean value from Rx(0).

If the mean value is zero, then the variance is simply equal to the autocorrelation
function evaluated at 7 = 0. Thus, R,(0) is equal to the mean-square value, whether

the process has a mean value of zero or not (Cooper & McGillem, 1999).

3 = Bx(0)- (X)* = X2 (X)* (4.27)

The autocovariance function is often more useful, since the mean value is removed,
and the function is only dependent on random fluctuations, or noise (Helstrom, 1991).
Subtracting the square of the mean value from the autocorrelation function produces

the autocovariance function, Cx (7).
Cx(r) = Bx(r) = (X)° (4.28)

Evaluating the autocovariance at 7 = 0 is the same as equation 4.27 and, therefore,
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gives the variance of the stochastic process.
Cx(0) = o} = Rx(0) - (X) (4.29)

The autocorrelation function can also be used to determine the power spectral
density (psd) function. The psd function describes how the power in stochastic noise
process is distributed over the frequency domain. The power spectral density func-
tion, Sx(f), can be obtained by taking the Fourier transform of the autocorrelation

function, Rx (7).
Sx(f) = / Rx (1) e ™7 dr (4.30)

The psd function is often used when determining a system’s output by applying
the psd to a system’s power transfer function, which is described in the next section.
The psd function can also be used to find the mean-squared value for a stochastic

process. Integrating the psd function, Sx(f), results in the mean-squared value,

X - /_°° Sx(f) df | (4.31)

o0

which is also equal to the result from evaluating the autocorrelation function at 7 = 0,

as shown in equation 4.26.

4.7.2 Noise Power Transfer

Once a stochastic noise source is defined in terms of its statistical properties,
these properties can be used in the design and analysis of a linear time invariant

(LTI) system. As shown in the previous section, noise can be statistically described
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in terms of it variance, mean-squared value, and its mean value. It can also be
described in the time domain, by determining an autocorrelation function, and in the

frequency domain, by determining the power spectral density function.

Linear systems theory and spectral analysis techniques can be found in numer-
ous texts such as Taub & Schilling (1986), Stremler (1990), Oppenheim & Willsky
(1997), and Cooper & McGillem (1999). A basic premise of linear systems theory is
that, given an LTI system, its input and output are related by the system’s transfer
function, or impulse response. Given the impulse response, h(t), the transfer function,

H(f), is found by taking the Fourier transform of A(t).

H(f) = /_ ” h(t)e 321t gt (4.32)

Convolution can be used in the time domain to determine the output of a system,
y(t), based on its input, z(¢), and the system’s impulse response, A(t). In this case,

both the input and output signal can be considered to have units of current or voltage.

y(t) = /_oo z(T)h(t — 7) dr (4.33)

oo

Often, a transformation is used to simplify the previous equation. Performing the
convolution process in the time domain is equivalent to performing multiplication
in the frequency domain. If the Fourier transform of both the input z(t), which is
X(f), and the system’s impulse response, h(t), which is H(f), can be found, then

the output, Y (f), can be obtained through multiplication.

Y(f) = X(f)- H(f) (4.34)
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The time domain signal at the output, y(t), can then be found by taking the inverse

Fourier transform of Y(f).
vt = [ Y(pear - / TX()-H) T (435)

In terms of designing a system, the transfer function can instead be specified
by dividing the output by the input. If the input is known, and a desired output is

specified, then the transfer function and impulse response can be developed.

H(f) = % (4.36)
and
wo = [ H@OE (437)

The same procedures can be used to analyze the transfer of stochastic processes
through LTI systems. When analyzing stochastic processes, however, waveforms can-
not be specified in terms of a deterministic voltage or a current. The statistical rep-
resentation of a stochastic process describe it in terms of variations in power. Thus,
the power transfer function needs to be used when analyzing stochastic processes.

The power transfer function is the squared magnitude of the transfer function.
If H(f) is the transfer function of an LTI system, then it power transfer function is
[H(f).

In order to determine the power spectrum of a stochastic process at the output,
Sy(f), of an LTI system, the power transfer function can be applied to the input

power spectrum, Sx(f).

Sy(f) = Sx(NHI (4.38)
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As shown in equation 4.37, the previous mathematical statement can also be used to
design a transfer function that will produce a desired output based on a given input.
If the input power spectrum, Sx(f), is known and the desired output spectrum is

Svy(f), then the power transfer function is,

H(f)I? = =% (4.39)

The statistical analysis calculations that were described above can also be per-

formed on the system’s output. The mean-squared value at the output, X2, can then

be determined by integrating the output power spectral density function, Sy(f).

Xt [ sina (4.40)

oo

If the stochastic process contains a mean value, then the square of the mean

value at the output, (Yi)g, can be determined by,

(X0)" = (X)"|H(©0)? (4.41)

where (Z)Q is the square of the mean value at the input. Since the mean value is
a dc component, the power transfer function is evaluated at f = 0, in the equation

above.

The variance at the output, 02, can be determined by subtracting the square of
mean value from the mean-squared value. If the mean value at the input is zero, then

the mean value at the output is zero and the variance at the output is equal to the
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mean-squared value at the output.
P 2 o0 2
=N = [ sEOPd - () HOP  4e)
4.7.3 Equivalent Noise Bandwidth

Instead of integrating over the entire frequency spectrum, it is often easier to de-
termine the noise power out of a filter by using the filter’s equivalent noise bandwidth.
A filter’s equivalent noise bandwidth (NEB) is the bandwidth of an ideal filter, which
when applied to a white noise source, produces the same noise power at the output
as the actual filter (Stremler, 1990). The NEB is defined such that the area under an

ideal filter is equal to the area under the real filter over all frequency.
The NEB is determined by dividing the area of a filter from f =0 to f = oo by

the value of the filter at f = 0.

 JHDPE df

By = S (4.43)

As an example, the NEB for a second order, lowpass filter, Hpp(f), is determined.

The lowpass filter is defined as,

GLp
L’
V1t %

where G p is the filter gain and f, is the -3dB cutoff frequency. Integrating |Hyp(f)|?

HLP(f) = (4-44)

from f =0 to f = oo results in,

ooG c2
| i = sy (4.45)
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Evaluating |Hp(f)|* at f = 0 is simply the square of the filter’s gain, G2 . Inserting
these values into equation 4.43 produces the NEB for Hyp(f).

(4.46)

The ideal filter the produces the same noise power at the output, defined as the
noise equivalent filter, has a gain equal to the real filter’s gain that is constant over the
noise equivalent bandwidth, By. The noise equivalent filter, H;%(f), can be written

as,

HiL(f) = Gee ][] (%};) = Grr]] (#}) (4.47)

The rectangular gate function is defined as unity over a specified bandwidth and

defined as zero elsewhere, as shown in the following equation.

) 1 |fl £ By (4.48)

I (55
0 |fl > By

Rather than integrating over the entire frequency spectrum, the noise at the
output of a filter can then be determined by integrating over the noise equivalent
bandwidth. If Sx(f) is a zero mean valued white noise source applied to the lowpass
filter, Hyp(f), the noise power at the output can be found by using the real filter and

integrating over all frequency.

ot = [ spimeP @ (1.49)

Or, the same output power can be determined by using the noise equivalent filter and
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integrating over the noise equivalent bandwidth.

fe%
or = Gip Sx df (4.50)

"‘fc%

The latter integral is quite often the simpler of the two. It is, therefore, beneficial to

determine the NEB of real filters for noise analysis purposes.

4.8 Conventional Laser Diagnostic Instrumentation

Different measurement techniques can be utilized in laser diagnostics to increase
the probability of detecting a signal, or determining if a signal exists. Often the
measurement technique is classified by its ability to improve the signal-to-noise ratio
.(SNR). Choosing which basic technique to utilize is determined by how closely the
technique’s processing functions meet the desired measurement objective (Cunning-

ham & Shaw, 1999).

SNR improvement is often achieved by bandwidth narrowing techniques. Nar-
rowing the detection bandwidth in a controliéd manner can reduce the total amount
of noise at the output, while preserving, and even amplifying, the desired signal. A
few basic techniques of bandwidth narrowing that are in widespread use are signal
averaging, transient averaging, boxcar integration, multichannel scaling, pulse-height

analysis, and lock-in detection or phase sensitive detection (Horowitz & Hill, 1989).

Two established instruments are the lock-in amplifier and the boxcar integrator.
- The functionality of each of these instruments is explained to show the relationship
between the processing functions incorporated into the imaging system and processing

functions that are held as industry standards.
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4.8.1 Lock-In Amplifier

A lock-in amplifier is a phase sensitive detection instrument that measures small
ac signals in the presence of noise, which may be many thousands of times larger than
the signal. A lock-in amplifier is a well established instrument typically used in laser
diagnostics to extract a small information bearing signal, when the laser source is cw,

and the amplitude-modulated frequency and phase are known a priori (Eckbreth,

1996).

Extracting a small ac signal of interest is accomplished, in an elementary form,
with mixing and bandwidth narrowing operations. First, the input to the lock-in
amplifier, which can be the output from a photodiode, is mixed with a reference
sinusoid. The reference sinusoid is normally generated from a phase-locked loop

driven by the same waveform used for modulation.

Mixing the input with a sinusoid accomplishes two things. The dc component,
which can be much larger than the signal in laser diagnostics, and any low frequency
noise are translated to a high frequency band. These are the sum frequency terms in
a homodyne process. Likewise, the signal of interest is translated in frequency, albeit

back down to the baseband.

After mixing the input with the sinusoidal reference, a lowpass filter removes the
sum frequency components, where the dc and low frequency noise now reside. The
end result, at the output of the lowpass filter, is comprised of the signal and any
noise that existed at the modulation frequency over a bandwidth equal to the noise

equivalent bandwidth of the lowpass filter. The extent of noise reduction is, therefore,
controlled by the synchronization of the reference sinusoid and the passband of the
lowpass filter. A narrower lowpass filter passband increases the SNR, but also reduces

the instruments response time (Fowler, 2000; Stanford Research Systems, 1999).



113

The lock-in amplifier utilizes the homodyne detection method, described in sec-
tion 4.4.1. The lock-in amplifier is, therefore, sensitive to the phase difference between
the modulated signal and the sinusoidal reference. A phase error will reduce the gain
applied to the recovered signal; a phase error of +90° results in a gain of zero, elimi-
nating recovery of the signal. Commercial lock-in amplifiers, however, allow the user
to either adjust the phase or lock to the phase that maximizes the signal.

The diagnostic imaging system described in this work has .a few characteristics
that were extracted from the lock-in amplifier. Using a reference waveform, or trigger,
the input is sampled, at the pixel level, with a waveform that is locked to the frequency
and phase of the modulation waveform.

Mixing the input with the pixel’s sampling waveform translates the modulated
information signal down to the baseband. However, since the sampling waveform
at each pixel has an inherent dc value, the input’s dc term and low frequency noise
remain at fhe baseband and are not completely translated to a higher frequency band.
Thus, the processes that occur at the pixel level are not ac-coupled like the processes
that are performed by the lock-in amplifier.

The imaging system also has a lowpass filtering capability at the pixel level.
Multiple samples can be stored at each pixel, producing an averaging process. The
averaging process filters out high frequency components, which can include sum fre-

quency terms, much like the lock-in amplifier.

4.8.2 Boxcar Averager

A boxcar averager, or gated integrator, is a more appropriate instrument for
measuring a train of short pulses that are separated by relatively long durations of

zero information, which is the case when the duty cycle is much less than 50%. A
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boxcar integrator greatly improves the SNR by detecting the signal only when it is
present and not detecting anything when there is nothing but noise. The detection
is performed by switching, or gating, the input signal, to an amplifier, on and off.
Significant amplification of the gated signal, on the order of 108, is also possible, which

improves the instruments capability of detecting small amplitude signals (Stanford '

Research Systems, 1999).

The gated input is then fed into a lowpass filter, which integrates all of the on
gates. Thus, the boxcar integrator can essentially be considered a gated lowpass
filter. The final value at the filter’s output is equal to the average value of the
pulses over the on interval of the gate. SNR improvement is obtained by reducing

the noise bandwidth and patiently gathering information, which is spread out over

time (Fowler, 2000).

In its elementary form, the boxcar integrator is a gated averager that is comprised
of a simple RC integrating circuit that has a triggerable on-off switch, called a gate,
at its input. The gate is controlled with an external trigger that is synchronized to
the laser source or experiment. Triggering the gate on allows the input to pass to the

RC integrator for the time duration 7.

A boxcar integrator can be operated in three averaging modes, which are based
on the relationship between the RC' time constant and the gate time duration 7.
If 7 is much less than RC, the boxcar operates in a linear averaging mode; if 7 is
approximately equal to RC)| it operates in an exponential averaging mode; or if 7 is

much greater than RC the boxcar operates in a sample and hold mode.

In the linear averaging mode, the integrated value is a linear weighting of all of
the pulses that are sampled. The integrated value increases over time and, thus, the

output must be read prior to saturation. If RC/7 pulses are integrated, the output
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will approximate the average of all the pulses (Eckbreth, 1996).

The exponential averaging mode is used to continuously measure a signal’s steady
state value. In this case, when 7 is approximately equal to RC, the most recent
integrated pulses are more heavily weighted and earlier pulses are forgotten. As the
pulses are integrated, the RC integrator will reach a steady state value, from which

variations in the input can be determined.

As pulses are averaged in both the linear averaging mode and the exponential
averaging mode, the noise contained in the pulses is also averaged. Most noise sources,
such as photon noise and 1/f noise, have a zero mean value and will, therefore,
average out to zero. Any type of offset or additional dc values, other than the signal
of i;iterest, will not be eliminated, but will average to their mean values (Stanford

Research Systems, 1999).

The final operating mode is typically used in conjunction with an analog-to-
digital converter (ADC) If 7 is much larger than RC, then each pulse is sampled
individually and held on the integrator’s output. The integrator’s output can be

digitized and additional processing can be performed digitally (Eckbreth, 1996).

The diagnostic imaging system also shares characteristics with the boxcar in-
tegrator. At the pixel level, the input can be gated, by the read out gate (ROG),
either on or off. The information in each pulse or sample is stored in the vertical
register. Multiple pulses can be stored in the vertical register, creating a lowpass
filtering function, or integrator. Operating the imaging system in a homodyne mode

is comparable to operating a boxcar integrator in the linear averaging mode.

Unlike a typical boxcar integrator, the imaging system is not capable of ampli-
fying the signal prior to averaging with the vertical register. In fact, there is actually

a slight loss in signal due to the quantum efliciency of the CCD detector. However,
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the phase sensitive imaging system can capture two-dimensional data, which is not

possible with a single boxcar integrator.
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Chapter 5

REPRESENTATION OF SIGNALS AND NOISE

In order to use the mathematical model that represents the diagnostic imaging
system’s functionality, certain definitions and clarifications about the system’s input
need to be presented. This chapter introduces mathematical descriptions of the wave-
forms that when combined, represent the total irradiance entering the detector. This
chapter also introduces definitions for noise levels, which are derived from both laser
characteristics and electronic characteristics. The definitions made in this chapter will
then be used in Chapters 6 and 7, after the imaging system’s mathematical models
are developed, to predict the signal and noise power present at the output.

| This invesfigation analyzes the imaging system’s temporal response, rather than
its spatial response, and, therefore, the input is defined in the time and temporal
frequency domains, but not in the spatial domain. The definitions developed in this
chapter model the irradiance that enters a single pixel. It is assumed that the total
irradiance over the entire CCD array is uniform and any pixel of interest is incident
with the same input.

An objective of this investigation, as outlined in Chapter 4, is to gain a sys-
tems level perspective of the imaging system. The system level model is then used
to explore methods to enhance the imaging system’s detection capability. In order
to perform a linear systems analysis, with mathematical models that describe the
imaging system’s functionality, a linear mathematical model of the input needs to be

realized.
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Information about the input signal and noise components that will contribute to
a linear systems analysis is specified in the following sections. For example, a power
spectral density function for both photon noise and 1/f noise is developed. Time
domain and temporal frequency domain models of the signal are also defined. The
power spectral density functions are then used to provide insight on how the signal
and noise components transfer through the imaging system and are manifested at the

output.

5.1 Input Signal Definition

The instantaneous optical input signal, P,(t), is modeled as the composition of
three irradiance components: (1) a steady state background irradiance, I,; (2) an
information bearing irradiance, A(t), that is modulated with a periodic waveform
m(t); and (3) additive noise irradiance, Iy(t). The information bearing irradiance,
A(t), which we are seeking to detect at the imaging system’s output, is considered
to be a random phenomenon that represents a physical parameter of interest. The
frequency and phase of the modulation function, m(t), that is impressed on the in-
formation bearing irradiance, are most likely controllable, and, therefore, known a
priori. Thus, the modulation function, m(t), can be used to represent the periodic
nature of a signal employed in a particular diagnostic technique. The steady state
background is the mean, or dc, value of the input. Random variations in the input are
contained in the noise component, which is the combination of photon noise and 1/ f
noise. Thus, the different components can be manipulated into a form that provides

a good representation of a particular experiment’s conditions.

P(t) = I, + In(t) + A@t)-m(t) (5.1)
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This general mathematical definition of the irradiance incident on a single pixel
(équation 5.1) can be used to model a range of input characteristics. The 'input to a
detector from both background free and background intensive diagnostic techniques
can be modeled. The steady state background component is the mean value of the
optical input. Background intensive and background free diagnostic techniques can
be modeled by changing the magnitude of the steady state background component

accordingly.

As shown later in this chapter, the level of the two noise sources are a function
of the level of the steady state background, I,. If the background tends to zero,
as in a background free diagnostic, then the noise levels become a function of the
signal level. A range of case studies can, therefore, be performed by incorporating

the characteristics of a particular diagnostic into the general model.

As an example case study, the probe beam, in a pump/probe absorption spec-
troscopy (PPAS) experiment can be modeled with equation 5.1. In this case, the
modulated information bearing signal, A(t)-m(t), is superimposed on a much larger
steady state background, I,. The background irradiance also fluctuates at low fre-
quencies and has an inherent fluctuation in the arrival rate of photons. A(t), therefore,

also resides in the 1/f noise and photon noise (Iy(%)).

In a PPAS experiment, two laser beams, a pump beam and a probe beam, are
passed through a spatially overlapping region in a sample. The lasers are tuned
in wavelength to the resonant frequency of the species under investigation. Thus,
some of the photons in the lasers are absorbed by the species. The change in a
beam’s irradiance, after it passes through a sample, can then be used to determine

characteristics about the species under investigation (Settersten, 1999).

If only the probe beam is passed through the sample, the number of absorbed
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photons will reach a steady state value and the beam’s irradiance out of the sample will
reach a steady state value. Since the species information is contained in the amount
the irradiance changes from the sample’s input to its output, a very small steady
state value at the output would be impossible to measure. The pump beam, which is
modulated, is also passed through the sample to impress a predetermined modulation
waveform on the probe beam. Knowing the frequency and phase of the modulation
waveform a priori provides a way to synchronize the probe beam irradiance with a

reference.

Before the pump beam enters the sample volume, it is directly modulated. A
modulation waveform can be impressed on the pump beam with a mechanical chop-
per, acousto-optic modulator (AO) or eletro-optic modulator (EO) as discussed in
Chapter 4. The modulation waveform that is impressed on the pump beam also
"appears on the probe beam after it passes through the sample (Fiechtner & Linne,
1994). The probe beam, which is a continuous wave (cw) beam before entering the
sample, increases slightly in irradiance at the frequency and phase of the modulated
pump beam, which passed through the sample just prior to the probe beam. Infor-
mation about the sample volume, through which the two beams cross, is contained in
the level of attenuation impressed on the probe beam. Since the frequency and phase
of modulation waveform impressed on the pump beam are known, the information in
the probe beam can be extracted by utilizing the a priori knowledge (Fowler, 2000).

Extensive information about PPAS can be found in (Settersten, 1999).

The probe beam, after it exits the sample volume, can be modeled using equa-
tion 5.1. The steady state value, I, is used to represent the average probe beam
irradiance, or dc power. The modulated information bearing signal, A(t) - m(t), rep-

resents the variations in the probe irradiance that are related to the sample. Random
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fluctuations in the probe beam irradiance are assumed to be photon noise and 1/f
noise. These noise parameters are incorporated in the noise component Iy(t) to
complete the probe beam model.

As an example of a background free technique, the model may also be used to
describe the fluorescence signal from pressure sensitive paint measurements. In this
case, the information bearing signal, A(%), while still small, is comparable to the
steady state background, I,.

In the background intensive case, the 1/f noise and photon noise is a function éf
the background, I,. The 1/f noise and photon noise in a background free diagnostic,
on the other hand, can be modeled as a function of the A(t) itself. Thus, the same
variables from equation 5.1, albeit with different scales and bounds, can also be used
to represent the modulated information bearing signal; steady state background, and

the noise present in a background free diagnostic.

5.2 Transfer Of Units

Before determining representative equations for the background, photon noise,
and 1/f noise, the units of the equations are introduced in this section. As shown in
section 5.3, the input to the imaging system can be specified in units of either watts
or photons/second.

In general, the noise components in a system are specified in units that are the
square of the signal units. For example, if a signal has a mean value with units of
volts, then its variance is defined in units of volts?, which can also be defined as
normalized power (referenced to a resistance of 1 ohm) with units of watts.

In this analysis, the magnitude of the inputs are given in units of watts and

photons/second. The noise components will, therefore, have units of (watts)? and
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(photons/sec)?.

These units for noise appear to be ambiguous. An illustration that shows how
units are transferred through the imaging system helps in understanding the noise
units. Figure 5.1 illustrates the transfer of units through the imaging system. The
quantum efficiency, integration time, CCD’s output amplifier conversion, and the gain
of the read out electronics are incorporated into Figure 5.1. These parameters are
explained in section 2.7. Figure 5.1 does not include the system’s analog to digital

(ADC) converter.

QE Sv Al
> Electrons Collected > > Volts Volts >
A Incident Photons f Electron Volt \4
Input Quantum Integrator | CCD Output | Read Out Qutput
Efficiency Amplifier Electronics | (Prior to ADC)
photons electrons sec volts volts = volts
sec photon electron volt
2
(photons)2 (electrons) (sec)2 (volts)2 (volts)2 = (volts)2
2 2
(sec)2 (photon)2 (electron) (volt) or watts

F1G. 5.1. Unit conversion from CCD input to output of the read out electronics,
prior to analog-to-digital conversion (ADC)

Based on Figure 5.1, the imaging system’s output has units of volts when the
input has units of photons/second. Correspondingly, the noise output has units of
(volts)?, or watts, when the input is in units of (photons/sec)?. The input magnitude

units are, therefore, defined as photons/second and the input power units are defined
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as (photons/sec)?. At the input, the units can be converted to watts and (watts)?

respectively, considering the energy per photon.

The units for the magnitude spectrum and power spectral density are defined
accordingly. Figure 5.2 gives spectral definitions and shows the transfer of spectra

through the imaging system’s transfer function Hs(f).

photons/sec volts

VHz VHz

50 —»|HH| > 0

E:oho’cons/sec]2
Hz Hz

F1G. 5.2. Transfer of magnitude spectrum (F(f)) and power spectrum (S(f))
through the system function (H,(f)) that describes the imaging system

The input magnitude spectrum has units of (photons/sec)/ VHz. Applying the
input magnitude spectrum to Hy(f) results in an output spectrum that has units of
volts/ v/Hz. Based on the noise units defined above, the input power spectral density
function, or simply power spectrum, has units of (photons/sec)?/Hz. The output of

the power transfer function, |H,(f)|?, is in units of (volts)?/Hz, or watts/Hz.

In the following sections of this chapter, the magnitude spectrum, F(f), and
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power spectrum, S(f), are, therefore, defined with the following units.

photons/sec watts
F Lt Mt b
() vHz . v Hz
2 2
S(f) (photons/sec) or (watts)

Hz Hz

5.3 Background Component

The steady state background component, defined in this section, is derived from
the average beam power, Pg. Both an incident power per pizel, I,, and a correspond-
ing photon arrival rate per pizel, \,, are defined. Initially, the irradiance in the entire
laser beam, Ip, is defined for a beam with average power Pg, in watts, and a beam

diameter dp, in centimeters.
4Pg  watts
Ig = —2 (5.2)

2 2
wdy cm

The steady state power per pixel, ,, can then be determined from the beam irra-
diance, /g, using the area of a single pixel, A,. The area of one pixel on the Sony

IC X085 interline transfer CCD is approximately 4.5x1077 cm?.

AP A,
d%

I, = IgA, = watts (per pixel) (5.3)

The background power, I, is considered to be the mean power enteririg a single
pixel and is defined as a constant value for all time. Since the incident power is a
constant, the background power spectrum, per pixel, is an impulse, 1,6(f), at the
frequency domain origin. Variances in the power entering each pixel is considered

noise, which will be defined in a later section.
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The mean per pixel photon arrival rate, A, can also be defined using the beam
irradiance, [g, defined in equation 5.2, and the energy per photon, €. The energy per

photon, €, is a function of wavelength, A,

he  Joules

5.4
Av  photon (5.4)

where h is Planck’s constant and c is the speed of light. Using the energy per photon,

the beam irradiance, Ig, can be converted to the beam’s photon flux density, Ag.

1 MP hotons
A= L= 2, B (5.5)
€ her (dg) sec-cm

By incorporating the pixel area, Ap, into the equation above, an expression for

the mean photon arrival rate, Ap, at a single pixel, is obtained.

MPgA, photons

her (dg)* sec

Ap = A4, = Is 4, = % = (per«pikel) (5.6)

€

Just as the average power, I, is considered to be a constant for all time, so too is
the photon arrival rate, A,. Deviations from the constant photon arrival rate are
considered noise. The steady state background is, therefore, defined as an impulse
in the frequency domain at dc. Based on the discussion of units in section 5.2, the
steady state background power spectrum, Sg(f), can be written in the following two

forms.

watts 2
So(f) = (Bra) ) 5.7
2
Self) = (e (BRromsled) 53)

Hz
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For a given exposure time, At, the mean number of photons incident on a pixel
is A,At. Based on the exposure time and the CCD’s dynamic range, the maximum
power that can be incident on each pixel prior to reaching saturation can be deter-

mined.

Maximum Incident Power Per Pixel

Incident Power Per Pixel (Watts)
S

i il I il 1
10 107" 107 107 107 107
Exposure Time (sec)

F1G. 5.3. Maximum incident power per pixel according to sampling time

Figure 5.3 illustrates the maximum steady state power, I, that can be incident
on a single pixel for an exposure time of At, without saturating the pixel. The
corresponding maximum beam irradiance, g, that can be incident on the entire
CCD array is illustrated in Figure 5.4. The irradiance in Figure 5.4 is calculated by
dividing the maximum incident power per pixel, I, in Figure 5.3, byvthe pixel area,
A,

The maximum incident power per pixel is based on the CCD’s well depth, which,

as explained in Chapter 2, is the maximum number of photoelectrons that can be held
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in a pixel’s potential well. The accumulation of photoelectrons beyond the well depth

leads to saturation.

Maximum Beam Irradiance

10

2

Beam Irradiance (Watts/cm)
=

—_
(=)

]
EN

10 107 107 107 10°

Exposure Time (sec)

F1G. 5.4. Maximum beam irradiance according to sampling time

As shown in Chapter 2, the well depth of the interline transfer CCD is about
34,000 photoelectrons. Since lasers are typically monochromatic light sources, the
number of incident photons required to fill a pixel’s potential well is dependent on
both the detector’s quantum efficiency at the beam’s particular wavelength and the
photon arrival rate at the detector plane. The photon arrival rate, ),, and the
corresponding steady state power, [,, were shown in equation 5.6 to be related by the
photon energy, €, which is also a function of wavelength. In this case, wavelengths
of 400nm and 700nm and a well depth of 34,000 electrons were used to calculate the
maximum values shown in Figures 5.3 and 5.4.

The maximum incident power per pixel and maximum beam irradiance are im-

portant parameters that need to be taken into consideration when designing back-
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ground intensive diagnostics, such as PPAS. Not only does a beam’s power need to
be set to operate in the linear region of a diagnostic, but it also needs to be set or
attenuated so that the detector operates in the linear region and is not saturated.
The signal-to-noise ratio (SNR) is another factor that also needs to be considered.
It will be shown that the SNR, according to the photon limit, increases with increasing
beam power. An optimized system would therefore have a high SNR while operating

in the detection system’s linear operating region.

5.4 Stochastic Process Definitions

Random variations away from the average power, [, incident on each pixel,
are considered to be noise. The total noise entering a pixel is a combination of low
frequency drifts in the incident power and photon noise. Low frequency drift in the
background power is considered to be noise with a 1/f type power spectral density,
or power spectrum. Photon noise, which is inherent in all optical systems because of
the discrete nature of photons, is considered to be white noise with a uniform power
spectrum. Spatial noise is also discussed below, however, it is not included as a noise
source in the temporal model.

Since noise is a random phenomenon, it is advantageous to describe noise with
probabilistic and statistical methods. It is not possible to define noise at every instant
in time, but it is possible to determine the average power and the distribution of power
over frequency for a noise source (Cooper & McGillem, 1999). The following sections
will define probability properties and statistical characteristics for photon noise and
1/ f noise.

Before discussing noise, the stochastic processes used in this work to represent

the photon arrival rate and noise need to be defined. The photon arrival rate process
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is defined as the stochastic process A(e) () is often used in the literature to represent
a rate). This process has a probability density function fy (A), where X is any possible

photon arrival rate. In this case, the expected value of the stochastic process A(e) is,

A = E[A] = /_ooAfA()\) d\  (mean) (5.9)

oo

The mean-square value of the stochastic process A(e) is,

A2 = E[AY] = /_00 Mf(A)d\  (mean-square) (5.10)

(o o]

The variance of the process is the difference between the mean-square value and the

square of the mean value.

Var(A(e)) = o2 = A2— (K)z (variance) (5.11)

A stochastic beam power process that is proportional to the photon arrival rate
process, A(e), could also be defined. Equation 5.6 shows that the photon arrival
rate is calculated by dividing the beam power by the energy per photon. Thus, the
random nature in beam power can be described by multiplying the photon arrival

rate process, A(e) by the energy per photon, €.

Very similar definitions are made for the photon noise process and the 1/ f noise
process. The photon noise process is defined as the stochastic process W(e) (W is
used since photon noise is a White noise, as shown in the next section). This process

has a probability density function fir (w), where w is any possible photon noise power.

The statistical properties of the stochastic photon noise process, W(e), can be

defined with the same format used in equations 5.9, 5.10, and 4.22. Making the
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appropriate substitutions into these equations gives the mean value W, the mean-

square value, W2, and the variance, 0%, for the photon noise process, W (s).

Finally, the same definitions are made for the 1/f noise process. The 1/f noise
process is defined as the stochastic process L(e) (L is used because this process
contains primarily Low frequency noise). This process has a probability density

function f; (1), where [ is any possible 1/f noise power.

The statistical properties of the stochastic 1/f noise process, L(e), can again be
defined by making the appropriate substitutions into equations 5.9, 5.10, and 4.22.
The statistical parameters for the 1/f noise process, L(e), are the mean value L, the

mean-square value, L2, and the variance, 02.

Although the probability density functions (pdf), for each of the stochastic pro-
cesses above, were introduced, exact definitions for the density functions may not
be obtainable. In fact determining the pdf for a stochastic process may not even
be necessary. Ofteh, the statistical properties of a stochastic process, such as the
mean, mean-squared value, and variance, comprise adequate information to perform

a complete design and analysis of a system (Cooper & McGillem, 1999).

In order to find the total noise from the photon noise and 1/f noise sources,
a final assumption is made about the correlation between the two sources. If noise
sources are assumed to be completely uncorrelated, then their correlation coefficient
is zero and the noise sources add solely in quadrature. It is assumed in this work that
the photon noise and 1/f noise sources are uncorrelated. Therefore, the total input
noise, Nr, is defined as the square root of the sum of the square of individual noise

sources,

Ne o= (V) + (g2 R (5.12)

sec
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where Ny is the photon noise and Ny, is the 1/f noise.

5.5 Photon Noise

In laser diagnostics there is uncertainty in the total amount of irradiance collected
within a fixed time period. The uncertainty in the irradiance can be described as a
random fluctuation in the number of photons detected at a focal plane, over a given
time interval. The uncertainty in the total number of photons arriving at a focal
plane is photon noise, also known as quantum noise.

Photon noise is the result of stochastic fluctuations in the arrival rate of photons.
The total number of photons, n, detected in the interval ¢+ At varies with differences
in the selected start time ¢. In many cases, the signal-to-noise ratio (SNR), for
a photon noise limited system, is defined to be proportional to the mean number
of photons detected, 7, in the given interval At (Dereniak & Crowe, 1984; Kopeika,
1998). Since photon noise is described by a Poisson distribution function, the variance
of the process is equal to the mean value. The standard deviation is, therefore, the

square root of the mean value, and the SNR limit is,

SN Ryymiz = %_ = V7. (5.13)

The above definition, however, does not provide the information required to

develop a linear systems model of the input. Developing a time domain and temporal
frequency domain representation of the laser radiation requires more information.

In order to gain more information about photon noise, such as descriptive func-

tions in both the time and frequency domains, the shot noise process is first analyzed.

Section 5.5.1 mathematically describes the shot noise process, which is a Poisson im-

pulse process. Analyzing the shot noise process supports the conclusion that photon
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noise is a white noise source.

After determining, in section 5.5.1, that the photon noise spectrum is indeed
white, the power level of the photon noise is then determined in section 5.5.2. The
power level of the photon noise is determined by investigating the statistical properties

of the photon arrival rate process, A(e).

5.5.1 Spectral Shape Of Photon Noise

The photon noise spectrum can be shown to be white by investigating the shot
noise process. A simple current model, describing the current produced from a pho-
todetector affected by light, is first used to de_scﬁbe shot noise. From the shot noise
model, the statistical characteristics of the input, which is a light source, can be
extracted.

Current pulses are assumed to be generated when light, or a photon stream,
hits a photodetector. The total current, i(t), is the sum of all the current pulses, as
indicated in equation 5.14. The current pulses are assumed to have a standard shape

that is described by an average pulse’s impulse response h(t).

i(t) = i A h(t—T5) (5.14)

k=—o00

The times 73, at which current pulses are generated, are random and are assumed
to constitute a Poisson point process (Helstrom, 1991). A, are random response
-amplitudes proportional to the photon arrival rate (Frey, 1995). Since this random
process is assumed to have been active for all time, it is independent of the time
selected to gather a sample and is, therefore, a stationary process (Frey, 1995).

In order to derive the statistical nature of the shot noise process, i(t), (since

calculating its probability density function is a difficult mathematical problem (Hel-
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strom, 1991)) an approximation, i(t), to the shot noise process is first developed.
The approximate shot noise process, 1(t), is calculated with small intervals of time,
At such that AAt < 1. The shot noise process, (t), is then found by taking the limit

of the approximation, i(t), as At — 0.

To facilitate the approximation, a binary variable, €, is defined that is governed
by Poisson statistics (Helstrom, 1991). In general, if n is any integer number of pulses,

the probability that n pulses are emitted during the time At is,

(A)‘At)n G_A’*At

Pr(n) = =

n = 01,23,.. (5.15)

where A, is the average photon arrival rate, which is also assumed to be present for

all time.

The binary variable, £, however, has only two states, 0 and 1. It is defined such
that it is one if a pulse is generated in the time interval, At, or it is zero if no pulse
is generated in the interval. Substituting e into equation 5.15 for n, the probability

that e is equal to one is,
Pre,=1) = AAte M3 ~ A At (5.16)

The approximation in equation 5.16 is made since it was assumed that A\At < 1,
such that the exponential tends toward one.

The sum of all probable outcomes must sum to one, or 100%. Thus, the prob-
ability of generating a pulse and the probability of not generating a pulse must sum

to one. The probability that € is equal to zero is, therefore,

PT(&kZO):l—PT(S'k:l) ~ ].——A)‘At, (517)
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and the expected value of ¢, is (Helstrom, 1991),

E[Ek] = .P’I“(é‘k :1) ~ A)\At. (518)

Substituting the expected value of €, and the small time interval definition, At,

into equation 5.14, provides the expected value of the approximate current model,

Bli(t)).

Ei(t)) = > Eledh(t—kAt) = Y Ay Ath(t—kAt) (5.19)

k=—00 k=—o00
The expected value of the shot noise model, E[i(t)], can then found by taking the
limit of equation 5.19 as At — 0. The result is the integrated value of current pulses,
rather than the summation of pulses. The process is assumed stationary, thus, the

time dependence can be removed, simplifying the integration.

o0 (e8]

Bli(t)] = A, / We—7)dr = A, / h(r) dr (5.20)

Eli(t)], found in equation 5.20, is the expected value of the shot noise process
and it is proportional to the mean photon arrival rate, A, (Helstrom, 1991). Since
Eli(t)] is determined from the photodetector’s impulse response, h(7), the shot noise
process can be described as the filtered arrival o£ photons. The arrival of photons is
defined sta;cistically as a Poisson impulse procéé;, therefore, shot noise is a filtered

Poisson impulse process (Frey, 1995).

The mean photon arrival rate is considered to be a constant value. The photon
noise is the difference between the actual photon arrival rate and the mean photon

arrival rate. Since the shot noise process models the linear filtering of photon arrivals,
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photon noise variance is also linearly proportional to the shot noise variance. The
autocovariance function for the shot noise process will, therefore, be derived, which
will provide the variance in the shot noise process. Finally, the photon noise variance

can be determined from its linear relationship with the shot noise process.

The same binary variable, €, used to approximate the shot noise process, as
shown in equation 5.19, will again be used to develop both the approximate autocor-
relation function, R;(t1,t2), and the approximate autocovarince function, C;(¢1,%2).
Since correlation functions calculate the product of two random samples at times ¢;
and f3, an additional binary variable, €;, is defined to represent the second random

sample.

By assuming that any sample taken from the shot noise process is statistically
independent of any other sample, the expected value of the product of the two binary

variables is defined as (Cooper & McGillem, 1999),

Eleresle=n] = Elef] = Ele] = ArAt (5.21)

Elagslass) = ElexlBle) = (AAL)? (5.22)

The approximate autocorrelation function is,

oo o0

Ri(ti,t2) = Efi(t1),i(t2)] = Y Y Elexgslhl(ts — kAR (1 — jAL)  (5.23)

k=—o00 j=—00
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which is,

Rg-(tl,tz) = i E[Ek]h(tl - k‘At)h(tz - k‘At)
+ > D EledBlejlhlty — kA)A (t — jAL)
k=—o00 j#k
Ri(t1,t) = i (ANAt) h(ty — kAL)h(ty — kAL)
+ i > " (ANAL)? h(ty — kAL)A (t; ~ jAL) (5.24)
k=—oco j#k

The autocovariance, as noted in section 4.7.1, describes the random fluctuations
in a process, independent of the mean value. The approximate autocovariance func-
tion, C;(t1,t2), is obtained by subtracting the product of the approximate expected

values from the approxirhate autocorrelation function.
Ci(tr,t2) = Rylta,t2) — Bli(t1)| E[i(t2)) (5.25)

The product of the approximate expected values, taken from equation 5.19, is

E[i(t)E[i(t))] = i AAL b (t —IcAt)} [i A\AL B (ty — jAL)
which is, o T
BE(t)IE((t)] = > > (AAD® h(ty — kAL k(6 — jAL). (5.26)

k=—o00 j=—00

The k # j terms in equation 5.26 cancel the second term in R;(t1,f2) (equa-

tion 5.24), which are all statistically independent, simplifying the calculation of
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Cs(t1,t2).
Cilt,ta) = Y (A\AL)A(ty — kAL)A(t, — kAL)
k=—oc0
— Y (ANAY? h(ty — kAL) h(ty — kAL)
k=—00
which is,

Cilty,ty) = i [AAL — (A A2 h(ty — kADA(t, — kAL)  (5.27)

k=—o00

The autocovariance, C;(t1,13), of the shot noise process is finally found by taking the
limit of equation 5.27 as At — 0. The integrand is initially 7, which is then removed

through a substitution to conclude with a more familiar equation.

Cj(tl,tg) = A)\/ h(tl — T)h(tg — 7') dr

(or substituting) u = t;—T
Ci(ti,t2) = Ax / h(w)h(ty — t1 +u) du (5.28)

The time dependence, t, — t;, can then be removed by remembering that the shot
noise process is stationary. The shot noise autocovariance function, also known as

Campbell’s theorem is given in equation 5.29 (Helstrom, 1991).

e o)

Ci(t) = A,\/ h(t)h(t 4 T) dt (5.29)

— o0

The spectral density of the shot noise process is then found by taking the Fourier

transform of the autocovariance function.

Si(f) = Ax /_oo /_oo h(t)h(t + T)e * T dt dT (5.30)
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Si(f) = Ax / / h()e™* ™ h(t + 1)e 2 gt dr (5.31)

e o] (e}

Si(f) = A, / h(t)e?*™dt / h(u)e™ 72 fudy (5.32)

—00 — 00

where u = (t + 7). Therefore, the spectral density of the shot noise process is,

Si(f) = AHAP = S(HIHNI, (5.33)

where H(f) is the transfer function corresponding to the impulse response h(t), and

Sy(f) is the spectrum of the input.

Equation 5.33 can be considered the output of a linear time-invariant filter. In
general, the power spectrum, Sy(f), at the output of a linear time-invariant filter
is the product of the input power spectrum, Sx(f), and the filter’s power transfer

function, |H (f)|?.

Sy(f) = Sx(NIH()? and Sx(f) = (5.34)

Considering shot noise as the output of a filter, demonstrates that the input to
the shot noise process has a constant spectral quantity. It is clear from equation 5.33

that the input spectrum, S,(f), is uniform.

Sp(f) = Ay (5.35)

In the time domain, the autocovariance of the input can be determined by taking
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the inverse Fourier transform of the power spectrum, Sy,(f).

Cylr) = / " S, (eI = A, / T erp = A, 8(r) (5.36)

oo —o0

Equations 5.35 and 5.36, which express the power spectrum and autocorrelation
function of the input to a photodetector, are equivalent to the definition of white
noise. Thus, the noise contained in an input stream of photons can be modeled as

white noise (Helstrom, 1991).

5.5.2 Photon Noise Power

Photon noise is a white noise source that has a constant power value A,, as
shown in equation 5.35. The next step in defining the photon power spectrum is to
determine the value of Ax. In order to determine this value, the stochastic photon
arrival rate process A(e) is used as a starting. point. The photon arrival rate itself is
analyzed as a stochastic process rather than analyzing the number of photons that
arrive in a specified interval of time. By analyzing the arrival rate, the interval of
time is arbitrary and does not require specification.

The instantaneous value of A(e) is defined as K,(t). K,(t) is the sum of the
mean photon arrival rate, Ay, and the instantaneous value of the stochastic arrival

rate, Np(t), which is considered photon noise.
Ky\(t) = A+ Np(t) (5.37)

It is widely known that the collection of a discrete number of photons in a
specified time interval is governed by Poisson statistics (Dereniak & Crowe, 1984;

Frey, 1995; Winzer, 1997; Kopeika, 1998; Cunningham & Shaw, 1999). The stochastic
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photon arrival rate process, A(e), however, is defined as the rate at which photons,
or impulses, arrive at the detector plane, without stating a specific time interval.
Since A(e) describes the arrival of photons, albeit without a specified time interval
of accumulation, it is assumed that A(e) can also be characterized with Poisson
statistics. In this case, the probability that the instantaneous photon arrival rate,

K,(t), is equal to the random and discrete arrival rate A, is,

A
PrKy(t) = A] = ()‘;) e A = 0,1,2,3,.. (5.38)

where ), is, again, assumed to be the mean photon arrival rate for all time.

Because A(e) is characterized with Poisson statistics, the variance of the process,
o2, is equal to the mean value of the process, A, (Cooper & McGillem, 1999). As
4sh0wn in section 4.7, the variance can be defined as the difference between the mean-
squared value and the square of the mean value. Using this definition, and the fact
that the variance is equal to the mean, the mean-square value, of the photon arrival

process, can be determined.

2 = T— ()
o K = (A
therefore A2 = (A)"+A (5.39)
The photon arrival rate process, A(e), is a vehicle that is used to determine

the statistical characteristics of the photon noise process, W (s). The only difference
between A(e) and W (e) is the mean value. Creating separate, yet related, processes

allows the photon noise process, W(e), to be represented as a zero-mean valued

process. The arrival rate process, however, is characterized by Poisson statistics and
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has a nonzero-mean.
First, a general random process z(e) is analyzed. Equation 5.37 can be expressed
in general terms as the sum of a constant value, X, and an instantaneous zero mean

noise term, N (¢).
X(t) = X+N(@) (5.40)

The autocorrelation function, R,(7), for the general expression in equation 5.40

1s,

Re(r) = (X)*+E[N@#)N(t+7)]

or Re(r) = (X)*+Ra(r), (5.41)

which is the sum of the square of the general constant term and the autocorrelation,
R, (7), of the general noise term, N(t). Since the generalized noise term has a zero
mean value, the autocorrelation of the noise, R,(7T), is equal to its autocovariance

function, C,(7), as described in section 4.7.1.
Ro(r) = (X)*+ Cu(7) (5.42)
Based on equations 5.37,5.42, and 5.40, the autocorrelation function for A(e) is,
Ra(r) = (A)’+Calr) (5.43)

which is the sum of the square of the expected value and the autocovariance function,
Ca(7).

Referring again to section 4.7.1, the mean-square value, A2, of A(e) can now be
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determined by evaluating Ra(7) at 7 = 0. This is true whether the process has a

nonzero mean value or not (Cooper & McGillem, 1999).
RA(0) = &2 = (R)%+Ca(0) (5.44)

Equation 5.39 shows that the mean-square value of the arrival rate process is
also equal to the square of the mean value plus the mean value. Therefore, Rx(7 = 0)

can be written as,
RA(0) = (RA)°+7R = (K)2+CA(Q). (5.45)
Solving for the autocovariance of A(e) gives,
Cpa(0) = A or Cu(r) = A&(7). (5.46)

Equation 5.46 shows that the autocovariance function, of the photon arrival rate
process, evaluated at 7 = 0 is equal in magnitude to the mean value of the process.
This equality is expected, since the nature of this phenomenon is described by a

Poisson distribution.

The autocovariance, Cy (7), of the photon noise process, W (e) is now set equal

to the autocovariance from A(e).
Cw (1) = Cu(r) = AS(T) (5.47)

The variance of the photon noise, as described by W (e), is equal to the autocovariance
function evaluated at 7 = 0. The mean value W of W (e) is, however, set equal to

zero. Thus, the mean-square value, in this case, is equal to the variance. As shown
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in equation 5.49, both the variance and the mean-square value of the photon noise

are equal to the mean value of the photon arrival rate process, A.

and since W = 0

>|

W? = ¢ = (5.49)

The mean value of the photon arrival rate process, A, is )\, and, therefore, o3,
is also A,. The respective units are, however, different. The mean arrival rate, Ay,
has units of photons/sec. Thus, the mean value of the photon arrival rate process, K,

also has units of photons/sec.

The autocorrelation function’s units are, on the other hand, the square of the
units of the process. Evaluating the autocorrelation or autocovariance functions re-
quires that the expected value of two samples be calculated. The autocorrelation
functions for both the photon arrival rate process, and the phéton noise process have

“units of (photons/sec)?. The magnitudes of A and 0%, nevertheless, remain the same.

photons

A = ) 5.50
P oo (5.50)
and
2
photons
oy = A {?} (5.51)

The value for A,, from equation 5.35, can now be set equal to the mean photon
arrival rate, Ap,. The power spectral density of the photon noise, shown to be white

in equation 5.35, is found by evaluating the Fourier transform of the autocovariance
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function, Cw (f).

(photons/sec)

— (5.52)

s = T (eI = A

The mean photon arrival rate, \,, per pixel, can also be defined in units of watts.
Since A, is equal to I,/e, which was shown in equation 5.6, the power spectrum can

also be defined as,

(watts)?

- (5.53)

The total noise at the detector input depends on the system’s bandwidth. Mathe-
matically, white noise has infinite power. The bandwidth of the detector will, however,

limit the amount of white noise power acquired.

The effective bandwidth of a detector, B, can be used to band-limit a white noise

source (Stremler, 1990). The total photon noise, Ny, at the input to the imaging

system is,

- B 3

Mo = | [ swtnar
L/ —-B

1

- 1

Ny = / A df} _ /3By, bhotoms (5.54)
J_5 sec

or
- 1

Ny = / € I, df] = /2Bel, watts (5.55)
L/ ~-B
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5.5.83 Fundamental Detection Limit

Photon noise can be considered the noise floor and defines the fundamental de-
tection limit in laser based diagnostic systems (Eckbreth, 1996). The photon noise
spectrum, shown in equation 5.53, is proportional to the mean beam power, /,, en-
tering a pixel. The detection limit can, therefore, be analyzed as a function of I,

The level of the photon noise spectrum, Sy (f), is an interesting factor to con-
sider when applying the imaging system to a pump probe absorption spectroscopy
experiment. In this type of experiment, the imaging system is used to measure modu-
lation depth contained in the probe beam. The modulation depth, qmea, is evaluated

as,

Lon —
Omod = Ji ffOff ’ (556)
o

where I,, is the probe beam irradiance when the pump beam is on and Iosy is the
probe beam irradiance when the pump beam is off (Settersten, 1999). The steady
state probe irradiance is equal to the irradiance when the pump beam is off, Iof;.

The signal irradiance is, therefore, contained in the difference term Io, — lofy.

The general equation for irradiance was given in equation 5.2 and it has units
of power per unit area. Multiplying the irradiance in equation 5.56 by pixel area
produces a power ratio that can also be used to determine the modulation depth. In

doing so, the modulation depth can be evaluated in terms of I,

(Ion — IOff>Ap T4
Omod = = = (5.57)
¢ (IOff) Ap Ip

where 14 is equal to (Ion — Ioff)Ap. 14 is considered to be the unmodulated, peak

value of the signal, which is not the same as the power contained in the modulated
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signal. Characteristics of the modulated signal are presented in section 5.8.

If the steady state background power, I,, incident on a pixel is known, or is

assumed, then /4 can be obtained for various modulation depths, ®04.
Iy = omog I, watts (5.58)

The expected peak signal, 14, can then be compared to the photon noise ﬂoor from
equation 5.53. Figure 5.5 illustrates the expected peak signal for modulation depths
of 1072 (1.0%), 10~* (0.01%), and 107° (0.0001%) over a range of steady state back-
ground conditions. The photon noise floor, in Figure 5.5, is calculated using a wave-
length of 770nm (equation 5.53). Also shown in Figure 5.5, as a vertical dashed line,
is the maximum 7, that can be incident on a pixel without reaching saturation. The

maximum [, is extracted from Figure 5.3.

Figure 5.5 shows that as the steady state background power is reduced, the peak
signal nears the fundamental photon noise limit. An increase in the background power
may, on the other hand, only lead to CCD saturation. Care must be taken to set the
irradiance, or steady state background power, at a level such that the signal power is

above the photon noise limit, without quickly saturating the CCD.

5.5.4 Probability Description

If more information about the random nature of photon noise is desired, then
a probability model must be created. As previously stated, a Poisson distribution
agrees well with discrete physical processes, such as photon noise (Dereniak & Crowe,

1984). Using a Poisson distribution, the probability that the instantaneous photon
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and 107° (0.0001%),for a range of background power, compared to the photon noise
limit



148

arrival rate K,(t) is less than or equal to the possible arrival rate N is,

Prig < N) = 3 Pl (559

N
Al
=0

A

where ), is the mean arrival rate of photons, and A is the arrival rate variable.

The distribution function for mean arrival rates of 10 and 50 are shown in Fig-
ure 5.6. The corresponding density functions, calculated numerically by taking the

derivative of the distribution function with respect to the arrival rate step,

dPa(M)
dx -’

A(A) = (5.60)

are also shown in Figure 5.6. Since a Poisson distribution function is used to determine
the probable arrival rate, the arrival rate must be an integer value. This discrete
nature is seen in both the stair step changes of the distribution function and in the

discrete values of the density function.

A Gaussian density function, which is a continuous rather than a discrete func-
tion, is shown on top of the Poisson density plot in Figure 5.6. The Gaussian density

function,

(5.61)

with the variance equal to the mean value, was used to form the overlay plot. As
the arrival rate increases, it can be seen that the Gaussian density function approxi-
mates the Poisson density function very well. In fact, using the central limit theorem,
the Poisson distribution approaches a Gaussian distribution at large arrival rate val-

ues (Kopeika, 1998). Since a laser source produces an extremely high photon arrival
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F1G. 5.6. Poisson distribution with its density function compared to a Gaussian
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rate, a Gaussian density function can be used to describe the photon noise, should it

be necessary.

5.6 1/f Noise

1/f noise, or low frequency noise, has been observed in transistors, diodes, av-
erage seasonal temperature, rate of traffic flow, and economic data (Halford, 1968;
Keshner, 1982). 1t is also found in light sources and laser systems (Eckbreth, 1996).
1/f noise has a power spectrum, Si/f(f), that is proportional to the inverse of the
frequency, which is raised to the power . The exponent, 7, is usually close to unity

for most systems (Keshner, 1982).

t
S1p(f) o constant where: 0 <y <2 (5.62)

Mk

1/f noise is a non-stationary random process (Keshner, 1982). Therefore, a
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different sample set can be obtained, with different statistical properties, depending
on the time origin choice. In this investigation, the 1/f noise is assumed to be
stationary in the wide sense over a single decade of frequency. Assuming that the
1/f noise is stationary in the wide sense over a single decade of frequency adequately
guarantees that the mean value, the mean-square value, and the variance are all
constants over the single decade of frequency, independent of time origin (Cooper &
McGillem, 1999).

Since stationary 1/f noise has a constant mean value and constant mean-square
value over a decade of frequency, the total noise power in a decade of bandwidth can
be determined. Integrating 1/f noise, with v in equation 5.62 set to unity, from a
low frequency, fi, to a higher frequency, fp, results in the following equation for noise

power, where K is a proportionality constant (Motchenbacher & Connelly, 1993).

hq
Npwpy = QKl/f ?df
!

Ny = 2K [in(fn) — In(fi)]+C = 2K, In (%) +C (5.63)
!

Since the 1/f noise is assumed to be stationary in the wide sense over one decade
of frequency, f3 is set equal to 10f;. Evaluating equation 5.63 with f;, equal to 10f;

shows that the 1/f noise power is a constant value for every decade of frequency.

1071 1 10
Nﬁ—d(}fl - 2K1/f 7df = QKl n (T;fg> -+ C = 46K1 -+ C (564)
l .

The noise power over any single decade of frequency is, therefore, a constant
value. By making the assumption that 1/f noise is stationary in the wide sense over
one decade also leads to the assumption that 1/f noise is stationary in the wide sense

over every decade of frequency. In this case, each decade of frequency must have the
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same noise power and rms noise value (Motchenbacher & Connelly, 1993). In fact,
studies of measurements from identical systems taken at different times has shown

that the spectral shape and the 7 are quite consistent factors (Keshner, 1982).

5.6.1 Spectral Approximation

The strict definition for the 1/f noise power spectrum, in equation 5.62, is,
however, not mathematically useful for this analysis. In the limit, as the frequency
goes to zero, the 1/f noise increases to infinity. An alternate mathematical definition
is used in this analysis to characterize 1/f noise. The power spectral density function,
Sr(f), defined in equation 5.65, is used as an approximation to 1/ f noise power over
all frequency. The subscript L is used to define the spectrum for 1 /f noise since the

stochastic 1/f noise process was previously defined as L(e).

(A\p)? £ 40 (photons/sec)?

1+ (f—{)27 He

Sc(f) = (5.65)

The mean photon arrival rate, A, is incorporated into equation 5.65 so that as
the frequency approaches zero, the 1/f noise power spectrum does not surpass the
mean photon arrival rate. Also, in order to obtain the correct units, ), is squared
in equation 5.65. In the previous section on photon noise, Figure 5.2 demonstrated
that the power spectrum and the statistical parameters of the noise have units of
(photons/sec)?. The variance, mean-square value, and the square of the mean value
for the 1/f noise process also have units of (photons/sec)?.

Two parameters, a cutoff frequency f, and an attenuation factor vy, are used in

equation 5.65 to shape S;(f) in a way that approximates the laser diagnostic system’s
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1/f noise characteristics. Figure 5.7 illustrates how f, and 7 change the shape of the
1/f noise spectrum. In the first plot, the cutoff frequency is held constant and the
attenuation factor, -y is allowed to change. In the second plot, the attenuation factor,

7, is set to unity and the cutoff frequency varies from f, to 0.01% of f,.

1/f Noise PSD Functions 1/f Noise PSD Functions
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F1G. 5.7. 1/f noise power spectral density function variations

Figure 5.7 shows that the 1/f noise spectrum can be configured by changing the
cutoff frequency, the attenuation rate, or both parameters. A closed forni solution
to the integral of Sp(f) can be obtained when 7 is an integer value (Beyer, 1978).
Since the 1/f noise spectrum can be adequately scaled with only the cutoff frequency

parameter, the spectral model is simplified by setting the attenuation factor, 7y, to



unity.
(/\2[,)2 (photons/sec)?
Su(f) = _ jpo (R (5.66)
f z
1+ ()
5.6.2 1/f Noise Power
The variance of the 1/f noise process is,
Var(L(e)) = o2 = [2— (f)z (variance) (5.67)

where L? and (f)2 are the mean-squared value and the square of the mean value
respectively. Since the 1/f noise spectrum is undefined at zero frequency, the mean
value, L, of the 1/f noise process is zero. The variance is, therefore, equal to the
mean—squared value. Thus, the variance, in this case, is found by integrating the

power spectrum over a given bandwidth B.

B
2 = / Sulf) df

= /_:\/——1_—%_\—1_——)%%5—2—#—1- \/_—

Using a change of variable, z = (f/f,), and integrating over positive frequency,

[photonb} (5.68)

the integral above can be written as,

dz (5.69)

where df = f, dz. The integral in equation 5.69 evaluates to (Beyer, 1978),
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o2 = 2(\)% S |In %+ (f)z 1] -m(vi)|, (5.70)

which, since B/fy > 1, can be written as,

fo sec

o2 = 200) foln (23) [photonsr 6.71)

The total 1/f noise at the input to the imaging system, defined as Ny, is given
in units of photons/sec in equation 5.72. Equation 5.72 can also be defined in units

of watts by substituting I, /e for Ap.

(23) photons (5.72)

N = \/2 fo sec

From previous laser beam measurements (Linne et al., 1995a), it has been shown
that the 1/f noise spectrum rolls off to the photon noise limit at frequencies on the
order of 100kHz. A value for the 1/f noise cutoff frequency, f,, can be determined
by analyzing S.(f) at a roll-off frequency point f = f, for a specified gain factor G
related to the photon noise floor. The total noise power spectrum, Sr(f), can then
be considered a factor GG greater than the photon noise floor at f,. hertz, as shown in

equations 5.73 and 5.74.

Sp(f) = G-Sw(fy) = Sw(fs) = Sw(f)(G = 1) (5.73)
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(M)
1+ (%)2

Equation 5.74 can be rearranged to solve for f, as a function of f, and G.

= A (G - 1) (5.74)

fo _ fT(G—l)

- (5.75)
VO - (G-1)

Setting G = 1.5 and f, = 100kHz, in equation 5.75, and using I, = 0.1x107® watts
and a wavelength of 770nm, such that ), is calculated from I,/e, f, is found to
be 1.29x1077. The total 1/f noise, Ny, over a bandwidth of 1MHz, determined by

equation 5.72, is 2.799x107° watts per pixel.

5.7 Tofal Input Noise

The total noise power spectrum is the sum of the individual spectra from the

1/ f noise and the photon noise.

Sn(f) = Splf) +Sw(f) = 1(:(1)2 + 0, [photem)’ (5.76)
or fo
Sn(f) = Sulf)+Sw(f) = e 4 ef, ol (5.77)

Y+ ()
The total input noise power, Nz, in units of photons/sec, was given in equa-
tion 5.12. Nrp is the square root of the sum of the square of the individual noise

powers. The 1/f noise power, Ny, is given in equation 5.72, and the photon noise

power, Ny, is given in equation 5.55. Combining the two results in the total noise
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power at the imaging system input.

Nr = (V)P + (V)

B 2 ¢ 1o E photons
Ny = \ﬂ(xp) £l < ﬁ;) + 2By P (5.78)
Ny = \/;(Ip)zfoln (2731> + [2Bel,] watts (5.79)

As an example, I, is set equal to 0.1uW (Figure 5.3) and is used in equation 5.77
to generate a plot of Sy(f). The 1/f cutoff frequency, f,, is again calculated per
equation 5.75 with G set to 1.5 and f, set to 100kHz. Using these values, f, is

1.29x1077 Hz. The wavelength is assumed to be 770nm, which provides a photon
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energy of 2.58);10“19 Joules. Using these parameters, the photon noise spectrum,
Sw(f), the 1/f noise spectrum, Sp(f), and the total noise spectrum, Sy(f) are
shown in Figures 5.8 and 5.9. Figure 5.9 plots the spectra on a log frequency scale,
which illustrates the dominance of 1 /f noise at low frequencies.

By assuming an effective bandwidth of 1MHz, the total noise can be calculated.
In this case, the photon noise power, Ny, is 2.272x107%0 watts, the 1/f noise power,

Ny, is 2.799x1071%, for a total noise power, Ny, of 3.605x10710 watts.

5.7.1 Spatial Noise

This investigation analyzes the propagation of the input through a single pixel.
The analysis, therefore, assumes that each pixel is irradiated with the same input.

This is not strictly the case and there are spatial variations across the array of pixels.
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Spatial variations arise from both the variation in the responsivity of the detec-
tors used to spatially sample an input and the input’s spatial variation in irradiance.
The responsivity of each pixel in a CCD varies slightly. The differences in responsivity
create a spatial noise pattern, often called fixed pattern noise (Kopeika, 1998). The
adverse effects from this type of spatial noise can be resolved with a flatfield correc-
tion pattern, saved as an image file, that normalizes the responsivity variations. This
type of spatial noise was discussed in section 2.7.7 and the correction of this noise
was demonstrated.

The input irradiance also varies spatially. The transverse irradiance profile of
a laser beam is often approximated as a uniform, top-hat function. The irradiance
does, however, vary across the diameter of a beam (Settersten, 1999). Since the 1/f
and photon noise components were defined in terms of the average irradiance, they
will also vary spatially with the average, transverse irradiance profile.

Random fluctuations in the temperature and pressure of the path through which
the beam travels can also cause random spatial noise in the beam. The optics used
to maneuver and direct the beam, and the environment of the samples that are
investigated can cause serious variations in the beam’s transverse irradiance and,

therefore, spatial noise.

5.8 Information Bearing Signal

The baseband (unmodulated) signal of interest is an irradiance that has some
mathematical relationship to a physical parameter under investigation. The signal
lies in the difference between the probe beam irradiance when the pump beam is on,
I, and the probe beam irradiance when the pump beam is off, I,;5. Equation 5.57

defined I4 as the difference between I,, and I,¢; that enters a single pixel. The signal
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14 is now allowed to vary with time and its instantaneous value, in units of watts, is
defined as A(t). The signal is also defined in terms of photons/sec as A4(t), which is
. found by dividing A(t) by the energy per photon, €.

The instantaneous value of the physical parameter is assumed to be random
within a range of probable values. In order to develop a good mathematical model
of the random physical parameter, the signal of interest is defined as the normally
distributed random process A(e) (Cooper & McGillem, 1999). The probability density

function used to describe the signal ié,

__ 1 —(a —A)?
fala) = o P {——20% } (5.80)

where A is the expected value, 03 is the variance, o, is the standard deviation, and

a is a sample from the process A(e).

Since frequency domain analysis methods are also useful for systems with random
inputs, a frequency domain representation of the random signal is also defined (Cooper
& McGillem, 1999). A limit is placed on the rate at which the baseband signal’s
irradiance can change over time. This limit is set by defining a bandwidth in which
the random signal is assumed to exist. The random signal is, therefore, assumed to

be bandwidth-limited to Ba, which has units Hz.

Remembering, from Figure 5.2, that the power spectral density functions of the
input to the imaging system have units of watts?/Hz, requires that the information
signal be squared to determine its power spectrum. For simplicity, the signal’s base-

band power spectrum, Sa(f), of the random signal, A(t), is initially considered to be
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a constant value (C A)2 over the bandwidth of the signal, By.

Sa(f) = (CA)2H<2£A> (W"Eﬁs) (5.81)

The rectangular gate function, [](e), is introduced and defined in section 4.7.3.

The mean-square value of the signal, A(t), is found by integrating the signal’s

power spectrum.

A? = /_ ” Sa(f)df = /_ i (Ca)? df = 2BaA(Ca)® (watts)? (5.82)

Ba

The variance of the random signal is the difference between its mean-square value

and the squaré of its mean value.
Var (A(e)) = o2 = A2— (A)° (watts)? (5.83)
The mean-squared value can, therefore, be defined as,
A? = o2 4 (K)2 (watts)? (5.84)

Using equations 5.82 and 5.84, the power spectrum of A(t), which is assumed uniform

over the bandwidth Ba, can be defined as,

Salf) = (CA)2H(%;> = MH( / ) (watts)’ (5 g5)

2BA QBA Hz

Even though A(t) is non-periodic, Sa(f) is treated as a power spectrum by
assuming the process A(e) is stationary. In order to make this assumption, a sample

of A(t) is selected over a duration T, which extends from —73 /2 to Ta/2. A periodic
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waveform is then generated by repeating the sample function every Ta seconds. The
process A(e) can then be considered a power, rather than an energy, and Sa(f) can

be considered a power spectral density.

Using Parseval’s theorem, the power of A(t) can now be set equal to the integral

of its power spectral density function, Sa(f).

- Ba 1 Ta/2
AT = Sa(f)df = = |At)[* dt (5.86)
—Ba Ty —Ta/2

Taking the square root of Sa(f) in equation 5.85 gives the magnitude spectral
representation of the information bearing signal. The magnitude spectrum, shown
in equation 5.87, is used in section 5.8.2 to define the spectrum of the modulated

information bearing signal.

o2+ (A 2 watts
Fa(f) = V/Salf) = f‘/@(/‘:) H<2£A> \/% (5.87)

Proceeding with the pump-probe absorption spectroscopy (PPAS) example, the
random signal in a PPAS experiment is a fraction of the steady state background
power. The measurement objective in this type of diagnostic is to determine the size
of the modulated irradiance relative to the steady state background. The ratio of
the random signal irradiance, /., — I,¢s, to the steady state background irradiance,
I,s, is the modulation depth (Settersten, 1999). Incorporating the area of a pixel,
Ap, produces a power ratio, rather than an irradiance ratio, which produces the same

modulation depth, tmeq.

Ton — IOff — Ap (Ion _ IOf‘f) _
Lofy Ap (Logy)

Omod =

(5.88)

5|
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Since I,fs is the steady state irradiance entering a single pixel, the multiplication
of the irradiance and the pixel area produces the steady state power entering the pixel,
I,. The baseband, expected signal power, A, entering a pixel, is then the difference
in irradiance between I,, and I,¢; times the pixel area. Thus, the square of the mean

value can be defined as the square of the product of oy, and 7,.
(A)? = (Cmoalp)® (watts)? (5.89)

Finally, for a PPAS diagnostic, the baseband signal power spectrum can be defined

in terms of the modulation depth and the steady state background.

salf) = tlomsld) TT (1) Lot (5.0

5.8.1 Modulation Waveforfns

Two modulation waveforms are considered in this study, a pulse train modulation
function, m,(t), and a purely sinusoidal modulation function, my (t). The pulse train
modulation function represents the type of modulation obtained when a mechanical
chopper is used to modulate a laser beam. The sinusoidal modulation function repre-
sents the type of modulation that can be obtained when an electro-optic modulator
(EO) is used to modulate a laser beam. An EO can also be used to generate a pulse
train modulation function, or other arbitrary waveform, at much higher frequencies
than the mechanical chopper.

Initially, a zero mean valued function b(t), that varies from —1/2 to 1/2, is
defined as the ac portion of the modulation waveform. Since the modulation is per-
formed optically, the waveform has an inherent dc offset, as described in section 4.4.3.

Therefore, a dc value of 1/2, as shown in equation 5.91, is added to the zero mean
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valued function, b(t). The result is a modulation waveform that varies in magnitude
from 0 to 1.

m(t) = = + b(t) (5.91)

1
2

Pulse Train Modulation If a mechanical chopper is used to modulate a
laser beam, the modulation function can be considered rectangular pulse train. The
zero mean valued portion of rectangular pulse train, b,(t), is defined as a symmetric
function, that has an absolute magnitude of 1/2. Thus, by(t) has a 50% duty cycle

and can be defined as,

L T
bt)= ] oot (5.92)

-+ if <<l

NG

The pulse train modulation function, m,(t), is, therefore, the sum of b,(¢) and a dc

component with a magnitude of 1/2.

The time domain representation of b,(t), written as a Fourier series, is given in
equation 5.93, in which T,, is the modulation period. The dc component in b,(t)
is zero, thus, the Fourier series representation is the sum of all the Fourier series

coefficients, except the coeflicient at n = 0, which is the dc component.

1 nmw ) i
b(t) = 53 Sa( 7 )™ (5.93)
n#0
The Fourier series coefficients are the amplitude values of the waveform’s fre-
quency components. The amplitude spectrum, B,(f), which corresponds to the zero

mean valued function b,(t), is the sum of the Fourier series coefficients at its frequency
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harmonics, where f,, is the modulation frequency.

By(f) Z Sa(””) — N fm) (5.94)

n;éO

Incorporating the dc offset of 1/2 into equation 5.93, results in the Fourier series
representation of the pulse train modulation function, m,(t). Since the dc offset
is equal to the absolute magnitude of by(t), the dc value can be incorporated into
the summation term of equation 5.93, by allowing n = 0 to be a part of the total
summation. The Fourier series representation of the pulse train modulation function,

my(t), is, therefore,

my(t) = Z Sa(mr) j2n g (5.95)

which is the summation over all harmonic components, including the dc component.

The Fourier transform of m,(t) is the amplitude spectrum M,(f). Thus, the

frequency domain representation of the pulse train modulation function is

My(f) = 5 32 Sa(5)6(f —nfm) (5.96)

n=—oo

If an EO modulator is used to generate the pulse train modulation function,
instead of a mechanical chopper, flexibility is obtained in terms of amplitude, period
(frequency), and pulse width. In order to make the modulation function definition
more general, the values in equations 5.95 and 5.96 can be replaced with general
variables. In the general pulse train modulation function, the amplitude is define as

Cy, the period as Tp,, the frequency as f, and the pulse duration is defined as 7.
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The time domain representation of the general pulse train is,

mp(t) = O;Tm Z Sa (Wn%@) ki (5.97)

and the frequency domain representation of the general pulse train is,

Cm T’m —
> Sa(w funTm)6(f ~ nfm)- (5.98)

Mp(f) = T

n=-0co

A final substitution can be made to simplify the pulse train modulation function
expressions. The duty cycle is the ratio of a function’s pulse duration to its period.
Since frequency is the inverse of the period, the duty cycle is also equal to a- function’s
pulse duration multiplied by its frequency. The duty cycle, defined as %y, can, there-
fore, be substituted into equations 5.97 and 5.98Vt0 provide the following expressions

for the general pulse train.

Mylt) = Ot 3 S (i) 77 (5.99)
Mp(f) = Com thm Y Sa(wnhm)8(f = nfm) (5.100)

Sinusoidal Modulation If, on the other hand, a sinusoidal modulation func-
tion is desired, an EO can again be used to modulated the laser source. The mod-
ulation function, mg(t), in this case, can be defined as a positive valued sinusoidal
function. Again, there must be a dc offset in the modulation function since it is

performed optically.

In order to generate a sinusoidally modulated beam, the EO modulator is driven
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with a function generator, that generates the desired waveform. The frequency, fm,
and phase, ¢, terms of the waveform are controllable and, therefore, known a priori.
Since the phase term, relative to a detection process, can be set with a phase-locked
loop, it is assumed to be zero in the following descriptions. Thus, the zero mean

valued portion of the function, b,(t), is defined as a sinusoidal waveform that varies

from —1/2 to 1/2.
bs(t) = %COS(Qﬂ'fmt +¢) = %cos(wamt) (5.101)

The Fourier transform of a sinusoid results in impulses, or delta functions, at
the angﬁlar frequency of the sinusoidv (Stremler, 1990). By using a complex signal
representation, which implies a two sided frequency domain representation, both the
positive frequency terms and negative frequency terms are obtained. Using Euler’s

formula, the function b,(t) can expressed in complex form.

2, . ,
bs(t) — %COS(QT(fmt) o %_( J27 fmt + e—]27rfmt) (5102)

The Fourier transform, defined as $[e], of a complex exponential results in a delta

function in frequency space the frequency of oscillation, fp,.

& {%COS(Qmet):! =g {%eﬂﬂfmt} + & [lé—ge_j%fmt} (5.103)
s [ Loosont ] = Ls Ls 104
L3 [5005( met)} = 7 (f —fm) + 1 (f+ fm) (5.104)

Adding a dc component of 1/2 to bs(t), defined in equation 5.101, produces the

desired sinusoidal modulation function ms(t), which has the corresponding amplitude
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spectrum M;(f).

ms(t) = % + %cos(27rfmt) (5.105)
1 1 1
M) = S8U) + g8~ Fu) + 50+ fu) (5.106)

5.8.2 Modulated Signal

In order to increase the probability of extracting the information bearing signal
from the probe beam, a known frequency and phase are impressed onto A(t). The
signal described in section 5.8 is modulated with either the pulse train modulation

waveform or the sinusoidal modulation waveform, described in section 5.8.1.

Pulse Train Modulation Multiplying A(t) with the modulation function,
myp(t), results in a waveform that switches on and off at the modulation frequency,
fm. Multiplying the two functions in time corresponds to convolving the two func-
tions in the frequency domain. The result from modulating A(t) with a general,
pulse train modulation function from equation 5.99, with Cy, set to one, is given in

equations 5.107 and 5.108 for the time and frequency domains respectively.

A(t) -mp(t) = At)Ym i Sa (nmiby,) e T watts (5.107)
FA(f) * Mp(f) = FA(f)*wmn;wSa(nwm) §(f — nfm) 3;—1%8 (5.108)

Since Fa(f) from equation 5.87 is convolved with M,(f) in equation 5.108, the
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result is the magnitude spectrum of the modulated signal. The power spectrum,
which is the square of equation 5.108, is actually more useful. The power spectrum,

in units of (watts)?/Hz is,

Sa(f) * IMy(F)F = Salf)* (¥m)? Z 1Sa (nmipn)|? 6(f — nfm) (W?{tzs)
(5.109)

Thus, the signal’s baseband power spectrum is replicated at each of the harmonic com-
ponents contained in the modulation waveform’s power spectrum, |M,(f)|?. Sap(f)
is now defined as the power spectrum of the signal modulated with the pulse train

waveform.

Sap(f) = Salf) =M
Sup(f) = @m)® Y [Sa(nrypm)|* Sa(f — nfm) (5.110)

n=—oo

From equation 5.85,

2 A 2 _
Sa(f = nfm) = UA;Bi—) H(‘f 2B7lfm'> : (5.111)

such that Sa,(f) is defined as the following.

2 2
2 4 + (A) e A
Sap(f) = (¥Ym) ‘—iéz—n;oofsa (nmym) P T ] T OB, (5.112)
An example of Sa,(f) is illustrated in Figure 5.10. In Figure 5.10, A is set equal
to 1x107°, which in the PPAS example corresponds to an ameq of 0.01 and an I, of
0.1x107° watts. The modulation frequency, fm, is 1.5kHz and the bandwidth of the
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signal, By, is arbitrarily set to 600Hz. The variance of the signal, 0% is assumed to

be zero.
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FiG. 5.10. Example power spectral density function for a pulse train modulated
signal, Sap(f)

The complex exponential functions used to define the modulation function as a
Fourier series are orthogonal in the interval from ¢ to ¢ + T,. The integral of complex
exponential functions is zero except for the case when the harmonic components are
squared. Parseval’s Theorem shows that the power in a function represented as a set
of orthogonal functions can not only be determined by integrating the square of the
time domain function, but also by summing the squared magnitude of the harmonic

components, as shown in equation 5.113 (Stremler, 1990).

P [Ciera= 3 IR (5.113)

T/2 n = —-oo

Using Parseval’s theorem, the power contained in the modulated signal can be
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found either by integrating over one period in time or by summing all of the spectral

components in Su,(f). The total power, Pyp, contained in A(t) - m,(t) is,

T/2 oo

- _/ A(t) - my(t)? dt = [ Sap(f) df. (5.114)

T/2 o

In this case it is easier to calculate the total power in the time domain. Since the
modulation waveform has a magnitude of one from —7,,/2 to 7n/2 and the power
contained in A(t) was shown to be A2 in equation 5.86, the power in the modulated

signal is,

where 1, is the duty cycle of m,(t).

Sinusoidal Modulation The signal A(t) can also be sinusoidally modulated
with the waveform m;(t) defined in equation 5.105. In this case, the multiplication
of A(t) with m(t) is given in equation 5.116 and the corresponding convolution in

frequency is given in equation 5.117.

A(t) -mg(t) = ~A—ét-)- + éé—t—)—cos (27 fint) (5.116)

FAlf)« Mi(f) = SE(f) 4 3Falf = fu) + gFall + f)  (5117)

The power spectral density function of the sinusoidally modulated signal is, again,

found by convolving the power spectrum of the signal with the magnitude squared of
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the modulation waveform.

Snlf) = Salf) * M)
Snlf) = TA(N)+ O~ fu) 4 =SAG ) (5119)

Using equation 5.111, Sas(f) can written in its complete form.

12+ (®? f L[k + B 1y (1f = Il
Sas(f) = 1 AQBA H(QBA> 16 AQBA H( 2By >
1 [0+ (A)° \f + fonl -

oo AQBA H( 35, > (5.119)

An example of Sas(f) is illustrated in Figure 5.11. The same parameters used to
crea:te Figure 5.10 are also used to create Figure 5.11. The dc power in both figures is
the same. The power in the fundamental modulation frequency component, however,
is slightly higher in Figure 5.10.

The total power contained in the sinusoidally modulated signal can, once again,
be found either by integrating the time domain function or by summing the spectrél
components in the frequency domain. In this case, the power in the sinusoidally

modulated signal, Py, is easily determined by summing the spectral components.

1 fm+Ba

Ba
Pu = = / Sa(H) df + — Salf = fm) df

4 Ba 16 fm—Ba
1 —fm+BA

+ 75 Sa(f + fm) df (5.120)
—fm—Ba

The integral of Sa(f), as shown in equation 5.86, is A2, which results in,

ool w

[a,i + (&) 2} (5.121)

/1 2 3_
= A (o4 2} = 2R =
Fa <4+16> g A



172

~180 T ™ T ™

SABS e ¥ T FE .

Z190F e OO -} SN P U 4

OS5 F I I O O N 4

Power (dBm)

D00 e e P X P -

“205F ] 1 S I O A N .

210 ; " _ : .
~15 -1 -0.5 0 0.5 1 15

x 10*

Frequency (Hz)

F1G. 5.11. Example power spectral density function for a sinusoidally modulated
signal, Sas(f)

In order to compare the differences between a pulse train modulation waveform
and a sinusoidal modulation waveform, Sap(f), Pap, Sas(f), and Pa. are examined.
Assuming %, is 50% in Sap(f), half of the total power in Pa, resides at the dc
component, 40.5% of Pa, resides at the fundamental modulation frequency, and the
remaining 9.5% of the power is spread over harmonics that are odd multiples of the
fundamental frequency. In the case of the sinusoidal modulated signal, 66.6% of the
total power in P, resides at the dc component and the remaining 33.3% resides
at the modulation frequency. Taking equal magnitudes of A(t) into consideration,
shows that the total power in the sinusoidally modulation function is 25% smaller
than the total power in the pulse train modulation function. The power residing at
the fundamental harmonic component, fp,, of Ss,(f) is, therefore, about 61.7% larger
than the power in Sas(f) at fn,. More signal power is, therefore, contained in the

fundamental frequency component when a 50% duty cycle, pulse train waveform is
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used for modulation.

5.9 Input Attributes

After determining Sap(f) and Sa.(f), the total spectrum at the imaging system
input can be can be developed through the superposition of all the spectra. The total
input power spectrum, St(f), is the sum of the steady state background, Sp(f),
the noise spectrum, Sy(f), and the spectrum of the modulated information bearing
signal, which is either Sap(f) or Sas(f). Using Sap(f), the total power spectrum at

the input to the imaging system can be written as,

Sr(f) = Ss(f) + Sn(f) + Sap(f)
Self) = ()8 + —=e
Vit (£)

n=—oo

2 02 + (Cmoal,)’
2Ba

+ GIP + (djm)

2 Ui + (amod)‘p)2
2Ba

Sr(f) = 0080 + 22 4, + ()
1+ (£)

s —n otons/sec 2
« 3 lSa(mrwm)fH(]f 2BAfml) (ph tHz/ ) (5.123)

n=—oo

The signal to noise ratio (SNR) at the imaging system input, defined as SNRy,
is the ratio of the power contained in the modulated signal, Pa, (equation 5.115) to

the total noise, N7 (equation 5.79). Substituting cmeal, for A and assuming that the
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signal variance, 0%, is equal to zero, the SNR;,, is,

PAp _ wm (a’mode)z (5 124)

SNR'm - -
(Nr)* 2(L,)? foln (22) + 2Bel,

Dividing both the numerator and the denominator in equation 5.124 by (Ip)2 gives,

",b'm (a'mocl)2

SNR;, = (5.125)
2foln (%) + %

The SNR,, as defined by equation 5.125 is plotted in Figure 5.12. Each line in
Figure 5.12 is label with the modulation depth used in calculating SNR;,. The SNR;,
is shown over a range of I, from 1071° watts to 10~7 watts and the bandwidth, B,

is set at 1IMHz. SNR;, in Figure 5.12 is given in units of dBm. The signal power is

SNR (dBm)

107° 107 107 107
Steady State Background Power Per Pixel, Ip, (Watts)

F1G. 5.12. Input signal-to-noise ratio
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equal to the noise power when the SNR;, is equal to 0dBm. The noise power over a
bandwidth of IMHz is, therefore, larger than the signal power for modulation depths

of 107* or smaller.

Another interesting attribute is the signal to background ratio (SBR). The SBR
is different from the modulation depth calculation given in equation 5.88, because the
signal in the SBR is modulated. The ratio of the modulated signal power, which is

the same power used in equation 5.124, to the steady state background power is,

wm (Ol'rnod]p)2

SBR/m -
()

= Y (Qmod)” - (5.126)

A final parameter of interest is the ratio of the power in the modulated signal’s
fundamental harmonic component to the power in the total noise at the modulation
frequency. The ratio of the fundamental component power to the noise spectrum at
fm, as defined in equation 5.127, is a function of f,,. A 50% duty cycle, pulse train
modulation function is considered and the modulated signal’s fundamental component
is defined as S%z'(f). Since both positive and negative frequencies are defined, the

total power in the noise and in the signal’s fundamental component is twice the power

at S

. 2[ Zgl(fm)] _ (wm)QNSa(Wm)l? (amodlp)2
FNRUR) = S 05nlm) — 251 (fm)

(5.127)

Equation 5.127 is plotted in Figure 5.13 for an f,, that ranges from 10Hz to
100kHz. The top plot in Figure 5.13 assumes a background power of 1077 watts and
the bottom plot assumes a background power of 10~ 10 watts. The data lines in each

plot assume an a;yoq from 1072 to 1075,

Figure 5.13 shows the modulation frequency required for the signal’s fundamental
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component power to be equal to the noise power, for a given I,. It is, therefore,
desirable to set I, as large as possible and modulate the signal at high frequencies.

Modulation frequencies higher than 5x10*Hz do not provide much improvement.

SNR (dBm)

10’
Frequency (Hz)

F1aG. 5.13. Ratio of signal power at the fundamental frequency component to the
total noise spectrum power at f,,



177

5.10 Imaging System Noise

Input noise sources were discussed in the previous sections. Additive noise
sources from the imaging system itself also need to be considered to determine the
noise properties and the SNR at the imaging system output. The noise sources are
categorized as either input noise, CCD chip noise, or off-chip electronic noise. The

noise sources are listed by category below and illustrated in Figure 5.14.

e Input Noise

— 1/f Noise (photonic)
— Photon (Shot) Noise

e CCD Chip Noise

— Dark Charge

— Fixed Pattern Noise

— Charge Transfer Noise (CTE)
— Reset, Noise

— 1/f Noise (electronic)

White Noise (Johnson Noise)

|

e Off-chip Electronic Noise

— 1/f Noise (electronic)
— White Noise (Johnson Noise)

— Quantization Noise

5.10:1 Shot Noise

The photon noise from the input manifests itself as shot noise in the imaging
system. Photon noise was derived and discussed in section 5.5 In determining the

shape of the photon noise spectrum, in section 5.5.1, the shot noise process was
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Photon Noise Vertical On-Chip
. * ) l Register Amplifier
Backgxound,—l—y QE \A S, ‘
Signal, |
and 1/f Noise ! I
Shot Noise Charge Transfer Reset Noise
I Dark Charge Noise 1/f Noise
Irradiance Nois el Fixed Pattern Noise White Noise
__ Sources CCD Chip Noise Sources -
Noise From Readout Electronics

Analog to
Off-Chip Digital

Amplifiers Converter

Signal (DN)
Ay 4o Ay +
Noise (DN)
1/f Noise Quantization
White Noise Noise

Fic. 5.14. Electronic noise sources

considered. From this aﬁalysis, the photon noise spectrum was determined to be

white, as shown in equation 5.33.

As the photon noise enters the detector, it is sampled and photoelectrons are
generated. The photoelectrons generated from incident noise photons are considered

shot noise electrons.

The spectral density of the shot noise process was already defined in equa-
tion 5.33. Since the photon noise spectrum is white, the shape of the shot noise
spectrum, defined as S;(f), depends on the impulse response of the imaging system.

Thus, the shot noise spectrum is,

(photons/sec)®

Sif) = SwDIEHAE = O H)P Hz

(5.128)

where Sy ( f) is the photon noise spectrum and H () is the imaging system’s detection

transfer function.
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The imaging system’s transfer function is defined in both Chapters 6 and 7.
Shot noise is derived from the photon noise and is a function of the sampling process
. performed by the imaging system, which is contained in the system’s transfer function
definition. Since shot noise is derived from the photon noise, Sy (f), shot noise does

not need to be specified as another additive noise source.

5.10.2 Dark Charge

Dark charge noise results from the accumulation of thermally generated electrons.
The generation of thermally generated electrons is, like photon noise, governed by
Poisson statistics since it is a discrete process. In most imaging conditions, the
accumulation of dark charge is considerably small as compared to other sources of
noise, such as photon noise (Holst, 1996).

The imaging system contains a thermoelectric Peltier cooling device, which cools
the CCD chip down to -15°C. Dark charge is typically reduced by a factor of 2 for
every 6°C reduction in temperature (Roper Scientific, 1998a). The system’s data
sheet quotes the rms dark charge noise, when the CCD is cooled to —10°C, to be 0.05
electrons per pixel per second. Dark charge is, therefore, an important noise source to
consider when imaging at long exposure time. The exposure times used in this work
are on the order of microseconds or milliseconds, which are small enough to discount

dark charge as a serious noise source.

5.10.83 Fixed Pattern Noise

Fixed pattern noise was previously discussed in section 2.7.7. This noise source
arrises from the small pixel-to-pixel variations in gain. The gain factors for each pixel

vary slightly around unity and are constant over the system’s linear operating region.
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The variation in gain factors can, therefore, be corrected in software.

If the variations are not corrected, at signal levels that approach saturation,
the fixed pattern noise will be the dominate noise source (Janesick et al, 1987).
Correcting the gain variations of raw image data in software, reduces the noise to a
level such that the data is shot noise limited (at signal levels above the read noise

floor). Further discussion on fixed pattern noise can be found in Chapter 2.

5.10.4 Charge Transfer Noise

Charge transfer efficiency (CTE) is a measure of a device’s ability to transfer
charge from one potential well to the next. Charge transfer efficiency is essentially
the ratio of charge transferred to the initial charge. Typically, well made, buried-
channel devices have a CTE in the range of 0.99999 or greater per transfer for high
signal levels (Janesick et al., 1987). The remaining charge that is not transferred is
either recombined in the silicon, or it is spread to trailing charge packets transferred

along the same path.

Charge transfer noise is a statistical measure of the electrons nmot transferred

with the original charge packet. Charge transfer noise, Nor, can be calculated as,

Ner = +/2enC, electrons, (5.129)

where ¢ is the transfer inefliciency, n is the number of transfers, and C, is the amount
of charge stored in the signal packet. The charge transfer inefficiency, € is 1 — CTE.
The high CTEs that are routinely produced in CCDs make this source of noise rela-
tively unimportant (Janesick et al., 1987).
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5.10.5 On-Chip and Off-Chip Amplifier Noise

The CCD’s on-chip, output amplifier cont.ains three sources of 'noise, which are
reset noise, electronic 1/f noise, and thermal noise. Two of these noise sources, the
electronic 1/ f noise and the thermal noise are also observed in the off-chip amplifiers
as well. Of these three sources, the reset noise and thermal noise sources add the

majority of the total noise (Holst, 1996).

5.10.6 Reset Noise

Reset noise is the uncertainty in the CCD’s output voltage after the charge from
a pixel is read and the output amplifier is reset. The signal voltage is the difference
between the reset voltage and the voltage a short time later when the charge from
a pixei is transferfed to the output capacitance node. Therefore, uncertainty in the
reset voltage translates into uncertainty in the signal voltage. The reset noise, in

electrons, is

JETC,

q

Np =

electrons (5.130)

where k is Boltzmann’s constant, T is the absolute temperature, C, is the total
capacitance attached to the output node, and ¢ is the charge of an electron (Janesick

et al., 1987).

Proper signal processing techniques, such as correlated double sampling (CDS)
or bandpass filtering, can effectively remove reset noise (Levine, 1985; Janesick et al.,
1987; Solhusvik et al., 1997). Since the imaging system incorporates CDS circuitry,

the reset noise is assumed to be negligible.
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5.10.7 Electronic 1/f Noise

Low frequency or 1/f noise, as described in section 5.6, is also present in elec-
tronic devices, albeit at lower power levels. The spectral density of low frequency
noise is related to the inverse of frequency and is, therefore, larger in magnitude at
very low frequencies near dc.

The 1/f noise generated by the laser at the input and the 1/f noise generated
from the read out electronics effect the data differently. The 1/f noise at the input
creates temporal uncertainty. After an image is integrated on the CCD chip, the
temporal data is essentially fixed in time for a particular frame. As the frame is
read from the CCD, the 1/f noise in the read out electronics adds 1/f noise across
multiple pixels as they are read from the array. The electronic 1/f noise, therefore,
adds noise spatially and creates spatial uncertainty, rather than temporally.

Much like the reset noise, the electronic 1/f noise can, however, be mitigated
with appropriate signal processing techniques. In fact, the CDS technique used to

eliminate the reset noise, can also be used to filter out much of the electronic 1/f

noise (Levine, 1985; Solhusvik et al., 1997).

5.10.8 Thermal Noise

At higher frequencies, the 1/f noise rolls off to the thermal noise floor of the
electronics. Thermal noise, or Johnson noise, is caused by the random thermally ex-
cited vibration of charge carriers in a conductor. Since every conductor in the system
has a temperature above absolute zero, it also has charge carriers that are randomly
moving and vibrating. This random motion, which is a function of temperature, gen-
erates instantaneous current fluctuations, which is considered white noise in the noise

bandwidth of the system.
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The thermal noise power spectrum, S;(f), is a function of temperature 7' and
equivalent circuit resistance R.,. From statistical mechanical considerations, the ther-

mal noise power spectrum is,

watts

Hz

Si(f) = 2kT R, (5.131)

where k is Boltzmann’s constant (Stremler, 1990; Motchenbacher & Connelly, 1993).
The mean-square value of the thermal noise voltage, defined as -1}?, is the integral of

S;(f) over the noise bandwidth, B, of the circuit.

7= [Cswa= [ wrreg

B -B
V? = 4kTR.,B watts (5.132)

The root mean-squared (rms) thermal noise voltage is, therefore, the square root of

V2

v; = \/Vi? = \JATR,B wvolts (5.133)

Equation 5.133 is the standard equation for rms thermal noise voltage. Since Req
is fixed in the CCD’s output amplifier, v; can be reduced by either lowering the
temperature or reducing the effective bandwidth. Both are accomplished by the

active CCD chip cooling and the CDS processing, respectively.

5.10.9 Quantization Noise

Quantization noise, which is introduced during the system’s analog to digital

conversion (ADC) process, is the error that results from representing the actual analog
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signal as a discrete value.

Since no value from the ADC is preferred over any other value, quantization
noise has a uniform probability density function (pdf) (Cooper & McGillem, 1999).

The uniform pdf for quantization noise can be written as‘,

o) = dy <d <da. (5.134)

de — dy
The mean value, D, of a process that has a uniform pdf is,

— 1
D = 5 (di+do) (5.135)

and the variance is (Cooper & McGillem, 1999),

2

0p =

1 2

— (de — d 5.136

= (o — o) (5.136)
The error between the actual analog signal and the discrete representation is

assumed to be uniformly spread over the interval —Ad/2 to Ad/2. Ad is defined as

the difference between the two discrete values which are closest to the actual analog

value. In this case, the mean is zero and the variance is equal to the mean-squared

value.

A 16-bit ADC is used in the imaging system, which was described in section 2.7.2.
The transfer gain of the ADC was also shown to be 1.526x10—4 volts per DN (digital
number). The off-chip amplification is 4.1 volts per volt and the CCD’s output am-
plifier conversion is 30.3uV. The ADC transfer gain can, therefore, be stated in terms

of electrons as 1.228 electrons per DN. Using 1.228 electrons as Ad, the quantization
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noise variance is,

1
0’% = —1—1-§(Ad)2 = 5(1.228)2 = 0.1257 (electrons)? (5.137)

which is also equal to 0.0833(DN)2. The rms quantization noise can, therefore, be

stated as 0.354 electrons or 0.289 DN.

5.10.10 Read Noise

The read noise floor was discussed in section 2.7.4. Read noise is primarily
thermal noise associated with the read out electronics. As stated in section 2.7.4,
read noise is a combination of the dark charge, output amplifier noise, and noise from
all other amplification stages. Read noise is the noise floor of the imaging system,
- below which signals are undetectable. Once the integrated image is above the read
noise floor, the image is limited by shot noise. The read noise variance is 25.2 DN,

which is equal to 38.0 electrons.
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Chapter 6

GATED INTEGRATION SYSTEM MODEL

6.1 General Introduction

The imaging system can be operated in two detection modes, the gated inte-
gration mode and t.he heterodyne detection mode. The difference between the two
modes lies in the frequency at which the input scene is sampled by the CCD, rela-
tive to the input signal’s modulation frequency. The imaging system is operated in
the gated integration mode by setting the sampling frequency equal to the modula-
tion frequency. On the other hand, setting the sampling frequency and modulation

frequency to different values places the system in the heterodyne detection mode.

This chapter analyzes the imaging system operated in the gated integration
mode. The following chapter, Chapter 7, will then analyze the system under het-
erodyne detection operation. The input spectrum, developed in Chapter 5, is used in

analyzing both operating modes.

To begin with in this chapter, the system’s normal image acquisition process is
presented as review. Based on the image acquisition process, mathematical functions
that model the imaging system’s operational capabilities are developed. A system
function for the gated integration mode is then created by combining functions that

describe the system’s individual operations.

After applying the input spectrum to the gated integration system function,

the signal and noise outputs are used to determine the signal-to-noise ratio (SNR).
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Finally, the SNR is used to determine the system’s detection limitations and predict

the limiting modulation depth that can be resolved.

6.2 Charge Flow Under Normal Operation

A single exposure process, as performed by the interline transfer CCD, is reviewed
in this section. Section 6.3 then relates the discussion in this section to linear systems
models that are used to mathematically describe the individual CCD operations.
The individual models are the basis for the gated integration system functién, that
is developed later in this chapter, and the heterodyne detection system function,
developed in Chapter 7. The general interline transfer CCD illustration that was
introduced in chapter 2, shown in Figure 6.1, is again used to facilitate discussion on
the CCD’s exposure process.

In a normal detection process, the over flow drain (OFD) barrier is initially
lowered by raising the substrate voltage. This forces all charge accumulated in the
sensor to immediately drain into the substrate. The OFD barrier, therefore, controls
the electronic shutter mechanism. When the OFD barrier is lowered, the electronic
shutter is closed, immediately draining photoelectrons into the substrate. When the
OFD barrier is raised, the electronic shutter is open, creating a storage well in the
sensor area that collects photoelectrons.

An image is acquired by first raising the OFD barrier. Once this barrier is raised,
all photoelectrons are accumulated in the sensor area. After the desired exposure
time has elapsed, which began when the OFD barrier was raised, the charge packet
accumulated in the sensor is shifted to the vertical register by lowering.the read out

gate (ROG) barrier.

After the charge packet is stored in the vertical register, the ROG barrier is then
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raised to its original level. The OFD barrier is once again lowered to drain off new
photoelectrons accu‘mu1a£ed in the sensor. Finally, the charge packet stored in the
vertical register is transferred, along the y direction, out of the CCD by clocking
the three vertical register phases. While the image is being read from the array, the
process starts over and the next exposure is captured in the sensor.

The OFD barrier is also the mechanism that controls the anti-blooming feature.
When an image is acquired and charge is integrated in the sensor, the OFD barrier
level is lower than the ROG level. If the sensor well is saturated, meaning the well is
full, any additional charge acquired in the sensor, will spill over the OFD and drain
into the substrate. This prevents the additional charge from spilling into the vertical

register or into adjacent sensor wells.

Incident Photons
1

Vehical g
Register ROG

z:/ N

y

Ve

1]
Sensor OFD  Sybstrate

Fic. 6.1. .General cross-section of the interline transfer CCD

6.3 Linear Systems Model Development

Based on the imaging process reviewed in the previous section, three funda-

mental functions are utilized to describe and model the imaging system’s detection



190

process. A natural sampling function is used to model the sensor’s accumulation of
‘photoelectrons. An integrate and dump filter models the accumulation of multiple
samples in the vertical register. And, a sample and hold filter is used to model the

image read out process at the system’s frame rate.

The natural sampling function and the integrate and dump filter are used to
model the system when operated as a gated integrator. When operating as a gated
integrator, the output frames contain either background, signal, and noise components
or only background and noise components. It is not necessary, in this case, to retain
information about the timing of an output frame with respect to another frame. It
is only necessary to know whether or not the signal was present while a frame was

acquired.

In order to model the system as a heterodyne detector, a sample and hold filter is
added to the model, as described in Chapter 7. When operating the imaging system
in a heterodyne detection mode, the background, signal, and noise components are
contained in a series of frames. The sample and hold filter is, therefore, added to

create a continuous time model and eliminate discontinuity between frames.

Each pixel captures a natural sample of the input and transfers the photoelec-
trons, or charge, from the sample to the vertical register. Initially, the vertical register
is assumed to be empty (except for noise, i.e. dark charge) and the ROG barrier is set
to its maximum level, which prevents charge, generated in the sensor, from flowing
into the vertical register. The overflow drain (OFD) barrier is set to its minimum leve]
to drain charge, generated in the sensor, to the substrate. Natural sampling is then
accomplished by raising the OFD barrier and lowering the ROG barrier. The ROG
remains low for the desired exposure time 75, which is the natural sample’s length in

time. During this time, the charge in the sensor, which varies proportionally with
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the incident number of photons, flows directly into the vertical register. After the
desired sample time has elapsed, the ROG barrier is raised to prevent further charge
from entering the vertical register, and the OFD is lowered to drain charge from the

sensor to the substrate.

After the input signal is naturally sampled, the sample is stored in the vertical
register. It is also possible to acquire another sample, for the same exposure time,
Ts, and add it to the previous sample stored in the vertical register. Repeating the
natural sampling process will add another sample to the sample that is already stored
in the vertical register. The image is not read from the array between samples so that
the sample contained in the vertical register remains in the same location as the
corresponding sensor. The detector can, therefore, integrate multiple samples in the

vertical register by repeating the sampling process at the sampling frequency fs.

Integration of multiple samples can continue until the integrated charge fills the
vertical register’s potential well. In order to prevent saturation, however, the number
of samples integrated in the vertical register should be set so that the integrated
charge lies in the imaging system’s linear operating range. Once the desired number
of samples are integrated in the vertical register, the integrated image is readout, and

the detector is reset for acquisition of the next image.

An integrate and dump filter is used to model integration of multiple samples
in the vertical register. The integrate and dump filter integrates an input for a time
period 7;, which is the total time required to integrate the desired number of samples
from the sensor. Once the desired number of samples are integrated, the charge in
the vertical register is transferred out of the array. The integrate and dump filter,
used to model the vertical register, is, therefore, reset to zero for the next integration

period.
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The natural sampling function and the integrate and dump filter are introduced
in the following sections. The sample and hold filter, which is not used in the gated
integrator system model developed in this chapter, is discussed in Chapter 7. The
‘mathematical development of the natural sampling function and the integrate and

dump filter are included in Appendices E and F' respectively.

6.3.1 Natural Sampling Function

The input to the imaging system is first sampled by controlled operation of the
CCD’s ROG. A natural sampling function is used to model the sampling performed
by the CCD’s ROG. From Appendix E, the time domain Fourier series representation

of the natural sampling function is,

o0

q(t) = ¥s Y Sa(wngh,)ed* ™, (6.1)

n = -0

and the corresponding frequency domain representation is,

oo

QU = vs Y Salmnmho)s(f —nfs) (6.2)

n = —oo

where 1, is the duty cycle and f; is the sampling frequency.

The power spectrum of the natural sampling function is found by squaring the

harmonic values contained in Q(f). The power spectrum of Q(f) is,

RUNIE = @a)* > ISa(wmp,)?6(f — nfs) (6.3)

n = —o0

Equation 6.3 is illustrated in Figure 6.2 with v, set to 50% and fs normalized.
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F1G. 6.2. Natural sampling function power spectrum

Natural Sampling Function Characteristics Considering a general natural
sampling fun,ction? the spectral content and spectral envelope are a function of the
duty cycle. More specifically, the sampling period, 7, and dwell time, 75, values
control the natural sampling function’s spectral envelope. The dwell time is the time
length of the sample pulse.

The spectral representation of the natural sampling function, defined in equa-
tion 6.2, is comprised of harmonics, located at the sampling frequency, f;. The
harmonics are scaled in amplitude by a sampling function envelope [Sa()]. They are
also scaled by the constant duty cycle term, v, however, the same gain from this
term is applied to all harmonics, independent of frequency. For now, only the shaping
effects from Sa() are considered.

Since the sampling frequency, f, is the inverse of the sampling period, 7%, the
spectral components are fixed if 7} is fixed. The harmonic amplitudes are then de-

pendent on the sampling function envelope. Since the sampling function, Sa(x), is
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defined as sin(z)/z, it has maxima at multiples of 7/2 and zeros at multiples of 7.
The spectral location at which the sampling function envelope crosses the abscissa,
and is zero, is a function of the dwell time, 75. Solving for the zero crossings, the

spectrum is zero at integer multiples of 1/7; (Stremler, 1990).
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F1G. 6.3. Amplitude spectrum of periodic natural sampling function with constant
sampling rate and variable dwell time

Figure 6.3 shows the amplitude spectrum of a natural sampling function for three
different duty cycle values. The sampling period, 7%, is held constant and the dwell
time, Ty, is varied to obtain the desired duty cycle. The illustrations in Figure 6.3
show that the harmonics are stationary, their amplitudes change according to the
sampling function envelope, and the zero crossings are located at the inverse of the
dwell time.

On the other hand, the duty cycle can also be set by changing T and holding 7
constant. In this case, the harmonic locations change only according to changes in the
sampling period and the shape of Sa(x) is constant, albeit with amplitude variation.

Figure 6.4 shows the spectrum for a fixed dwell time and a variable sampling period,



195

or sampling rate. Since the dwell time is constant, the zero crossings, in this case,

are fixed at 1/7.
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F1Gc. 6.4. Amplitude spectrum of periodic natural sampling function with constant
dwell time and variable sampling rate

The natural sampling function’s spectral envelope and harmonic placement can,

therefore, be controlled by appropriately setting the values for T and 7;. The period,

T, of the natural sampling function can be set such that the harmonic components

of interest are within a low noise band. The dwell time can then be used to eliminate

unwanted components that reside, in frequency, at integer multiples of 1/7,. Both

parameters can be configured to retain desired information and to attenuate unwanted

noise.

6.3.2 Integrate And Dump Filter

After the input signal is sampled with ¢(t) given in equation 6.1, the sampled

values are integrated over an integration period 7;.

At the end of the integration
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period, the final integrated value is sent to the output and the integrate and dump
filter is reset. After the integrator is reset, a new integration period begins.

Based on the integrate and dump filter developments in Appendix F, the transfer
function, Hi4(f), for the filter is,

Hy(f) = 7.Sa(n fr;)e 7 F (6.4)

The power transfer function, |H;q(f)|?, of the integrate and dump filter is determined
by multiplying the Fourier transform complex conjugates pairs. The power transfer

function, given in equation 6.5, is illustrated in Figure 6.5.

|Hia(H)P = |Hia( NI Hia(F)
le(f)|2 = 'Tizlsa(ﬁfﬁ)l? (6.5)
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FIG. 6.5. Integrate and dump filter power response
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Filter Characteristics Before concluding discussion on the integrate and
dump filter, a few characteristics are discussed. Notice from Figure 6.5 the peaks
and troughs, which are inherent in a sampling function, Sa(). The filter’s troughs
are actual zeros that eliminate power at that ‘particular frequency value. Since the
integrate and dump filter’s response is defined with a sampling function [Sa()], its
temporal frequency domain characteristics are similar to the spectral envelope of the

natural sampling function.

The sampling function is a maximum when the argument of Sa() is a multiple
of m/2, and is zero when the argument is a multiple of 7. The integrate and dump

filter, therefore, has peaks at,

142
+f = —% where r = 0,1,2, .. (6.6)

and has zeros at,

1+7r

i

+f =

where r = 0,1,2, ... (6.7)

In Figure 6.5, both the integration period, 7;, and the frequency are normalized.
It is apparent, in this case, that the power transfer function goes to zero when f is
equal to =(1+7)/7;. At these points in frequency, power is eliminated at the integrate

and dump filter’s output.

Noise Equivalent Filter Also shown in Appendix F is the noise equivalent
filter that can be used to determine the noise power at the integrate and dump filter’s

output. The integrate and dump filter has a noise equivalent bandwidth (NEB),
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defined as Biq, that is equal to 1/(27;). The noise equivalent filter is,

0P = 711 (542) = #1169 = TH(ff-) (6.5)

where the integrate and dump frequency, f;, is equal to 1/7;.

6.3.3 CCD Specific Gain

The imaging system’s gain, which was presented in section 2.7, can also be
incorporated into the system function. In section 2.7, the total gain was shown to be
a combination of quantum efficiency, 17, CCD output amplifier gain, S,, the gain of
the readout electronics, A1, and the analog-to-digital conversion (ADC) factor, A,.

The system gain, G, used in this chapter is defined as,
Gs =n-8,-4 (6.9)

which excludes the ADC conversion factor. Referring to Figure 5.1 in Chapter 5, the
output of the system function (defined in this chapter) will have units of either volts
or (volts)?, depending on the input definition. Incorporating the ADC conversion
gain, Ay, at system function output will convert the result to a digital number (DN)

of counts.

The same gain term is, however, applied to the background, the noise compo-
nents, and to the signal components. When analyzing the system in terms of the
output signal-to-noise ratio (SNR), the constant gain term will factor out and, there-
fore, is not explicitly needed in the model. If, however, the absolute power at the

output is desired, then G can be included in the model.
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6.4 Gated Integrator Model

The imaging mode analyzed in this chapter is the gated integration mode. In this
mode the imaging system is either synchronized to the signal or operated completely
out of phase from the signal. A minimum of two images must, therefore, be acquired

to determine the modulation depth.

)

The system integrates multiple samples into a single image. The final integrated
image either includes the information bearing signal, or excludes the signal. After
acquiring two images, oﬁe with signal and one without, the modulation depth is
determined by subtracting the two images and dividing by the image that does not

contain signal.

The integrated image that contains signal is defined as Y2 and the integrated
image that does not contain signal is defined as Y%. Both Y2 and Y2 also contain
the steady state background component and noise. The modulation depth that is
determined from these two images is, therefore, the mean-squared modulation depth,

which is given in equation 6.10.

2 2
7~ _ Yo — Yo
mod 2

Yoa

(6.10)
The integrated images Y2 and Y% are defined using superposition. In the sec-
tions that follow, the signal, background, and noise components are defined individ-

ually at the output of |Hy(f)|*>. The sum of these components then describe Y2 and

Y2, which are used to determine the modulation depth.
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6.4.1 System Function

When operated as a gated integrator, the system function is the combination of

the natural sampling function and the integrate and dump filter. A block diagram of

the gated integrator is shown in Figure 6.6.

p,(t)

by, ()

R(f)

D—> [y

Hid (f)

y®H
Y()

q(t) <> Q(f)

F1G. 6.6. Gated integrator block diagram

The effective system function for the gated integrator, shown in Figure 6.6, is

defined as H,(f). Applying an input F.(f) to Hy(f) results in an output of Y'(f).

The output power from the gated integrator is found by first convolving the input

power spectral density function with |Q(f)|2. This result is then filtered with |H;4(f)|?

to produce the output power spectrum, |Y(f)|?. For an input power spectrum Sr(f),

where St(f) is equal to |P.(f)|? from Figure 6.6, the output is,

Y(NHI* =

which is,

YN =

| Hia(f)? (Sz(f) * 1Q(NI°)

o

m2Sa(m ) ()2 D IS8 (mnae) P Sp(f —nfs) -

n = —oo

(6.11)

(6.12)
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6.4.2 Input Review

The input power spectrum, Sz (f), given in equation 5.123, is applied to the gated
integration power transfer function, |H,(f)|? in this chapter. As shown in Chapter 5,
St(f) is the combination of the steady state background, Sg(f), the photon noise,
Sw(f), the 1/f noise, Sp(f), and the modulated information bearing signal, Sa,(f).

Two changes are made to the input spectrum when the imaging system is op-
erating in the gated integrator mode. First, an additional variable is added to the
input to model the integration threshol(i feature, which was introduced in section 3.4.

Second, the modulation applied to the information bearing signal, contained in input

spectrum, is removed because of characteristics inherent to the gated integrator.

Integration Threshold The integration threshold feature is only considered
when operating in the gated integrator mode. Section 3.4 describes this mechanism as
a nonlinear function that captures a portion of the steady state background irradiance.

The integration threshold (IT) is defined as,
I[T=1 - p. (6.13)

Based on this definition, when p, defined as the integration threshold coeflicient, is
equal to one no threshold is set and the entire input is integrated. On the other hand,
when p = 0 a complete threshold is set and, in theory, the steady state background
irradiance is eliminated. The amount of background that is integrated is, therefore,

p multiplied by the arrival rate of background photons, A,.

Un-modulated Signal The input spectrum that is “seen” by the gated inte-

grator is different than the input spectrum “seen” by the heterodyne detector. When
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the imaging system is operated as a gated integrator, the information bearing signal
spectrum does not appear modulated. In this mode, the system samples the signal
only when it is present, therefore, the signal appears as a baseband, un-modulated
spectrum at the input.

In order to completely resolve a particular frequency component, the component
must be sampled at a frequency that is at least twice the component frequency. The
Nyquist frequency is twice a particular component’s frequency. The gated integrator
samples at the component frequency, rather than the Nyquist frequency, therefore,

the signal’s modulation is not appreciated.

Natural Sampling of Background Plus Signal
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F1G. 6.7. Illustration of the natural sampling performed by the gated integrator on
the input waveform

Figure 6.7 illustrates that the gated integrator does not recognize the modulation
applied to the signal. Each frame from the imaging system contains either the sum
of the background, signal, and noise, or the sum of only the background and noise.
In either case, as shown in Figure 6.7, |H,(f)|* can be analyzed with the baseband

signal spectrum, Sa(f), applied to the input, rather than the modulated spectrum,
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Sap(f)-

Even though the gated integrator does not sample at or above the Nyquist rate
and does not, therefore, recognize the modulation applied to the information bearing
signal, the modulation may be required by other components of the diagnostic system.
In order for the laser to properly interact with a species under investigation, and to
prevent population saturation, laser modulation may be required (Settersten, 1999).
Besides physical constraints, modulation may also simplify data collection. A simple
change of phase may be all that is required to switch from images that include the

information bearing signal to images that exclude the signal.

The gated integrator analysis, contained in the following sections, is performed
with an integration threshold factor, p, and is performed as if the signal were not
modulated at the input. Also, in order to simplify the signal’s spectrum, the signal
variance, o, is assumed to be zero and the mean value, A, is set equal to aM,, where
« is the modulation depth and ), is the steady state background entering a pixel.
The signal is, therefore, assumed to be constant, which is an impulse at dc in the

frequency domain. The spectral input to the gated integrator is defined as,

Se(f) = Ss(f) + Su(f) + Salf)
) en)s) (614)

Se(f) = (A)5(0 + 2
fir

where p’s effect on the signal is assumed to be negligible, thus, only effecting the
steady state background. Since the noise is defined as a function of the steady state

background, p also effects the noise components.
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6.5 Gated Integrator Output

In the following sections, the components of St(f) from equation 6.14 are applied

to |H,(f)|*. The outputs are defined with the same subscripts as the inputs. For
example, the output is [Yz(f)|? when Sg(f) is applied to the input.

6.5.1 Signal Output

The signal is, again, represented as unmodulated when applied to the gated

integrator. The signal spectrum is defined as a dc component.
Sa(f) = (ah)*8(f) (6.15)

As the signal enters the imaging system, it is first sampled with the natural
sampling function. Since it is sampled in time, it is convolved in the frequency

domain, which results in,

o0

Sa(f) *1QUAOP = (ews)? ) |Sa ()| 8(f — nfs) (6.16)

n = -0

where f; is, again, the sampling frequency. The signal power is, therefore, spread out
over the harmonic components created by Q(f).
After sampling, the result is filtered by the integrate and dump filter. The signal’s

spectrum at the output of |H,(f)|* is,

[o o]

Yag(N)F = (Gami)*(Sa(mfr)P(adts)? D [Sa(wngps)*8(f —nfs)  (6.17)

n = —00

where G is the imaging system gain and 7; is the integration time. The subscript g

on |Ya,(f)]? indicates the output was processed by |H,(f)|?.
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The characteristics of |H;4(f)|? were discussed in section 6.3.2. In this section,
it was shown that |H;4(f)|* has zero points at multiples of 1/7;. It is assumed that 7;
is set to a value that eliminates all of the harmonic components from Sa (f) * |Q(f)[?

leaving only the dc term. The integration time is, therefore, set such that,

5= 1 ; oy =0,1,2,.. (6.18)

which sets the minimum integration time, at 7 =0, to 1/fs.

Removing all harmonic components with |H;q(f)|?> reduces the output signal

spectrum to,
Yag(N)P = (Gombsar,)*6(f) (6.19)

When analyzing noise in section 6.5.3, the sampling function’s duty cycle, s, is

set to 50%. In this case, the signal power at the output of |H,(f)|? is,

(Gymian,)? . (6.20)

g

(Va)" =

6.5.2 Background Output

Since the steady state background spectrum is the same as Sa(f), albeit with a
different magnitude, the background spectrum at the output is also a dc component.

The spectrum of the background component, Sg(f), at the output of |H,(f)[? is,

[e o]

Vao(F)? = GASa(nfr)P(phps)® > [Sa(wnes)|*6(f - nfs) . (6.21)

n = —oo
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where p is the integration threshold factor introduced in section 3.4.

Using the same assumptions from section 6.5.1, all of the harmonic components
are eliminated and the background is naturally sampled with a 50% duty cycle wave-

form. Only the dc term, therefore, remains at the output.

(Vag)" = % (GsTipdp)? (6.22)

6.5.3 Noise Output

The noise at the output of the imaging system is a combination of photon noise,
1/f noise, and noise from the CCD and read out electronics, as discussed in sec-
tion 5.10. In the following sections, the noise spectra, Sy (f) and Sp(f), are applied
to |H,(f)|* and the outputs are derived. The imaging system’s read out noise is a con-
stant that is added per frame. The read out noise is incorporated into the total noise
power at the output, which is used in the signal-to-noise ratio (SNR) calculations in

section 6.7

Photon Noise The photon noise, Sw(f) = p),, is first sampled by the
natural sampling function at the imaging system’s input. If the duty cycle, 9, of
Q(f) is 50%, then the power at the output of Q(f) is half of the power at its input.
Convolving the photon noise spectrum, which is white, with the natural sampling

function results in photon noise power that is a function of the duty cycle.
1
Sw(f)« IRUIE = Yaps = 50 (6.29

Passing this result to the integrate and dump filter produces the output photon
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noise spectrum,

VgD = (Gor? [Sa (s 50 (624

The total photon noise power at the output of |H,(f)|? can be determined by
integrating Sy (f)*|Q(f)|? over the integrate and dump filter’s noise equivalent band-
width (NEB). The integrate and dump filter’s NEB, which is discussed in Appendix F,
is 1/(27;). Using this NEB, the photon noise power at the output of |H,(f)|? is,

o 1 9 1/27;
Owy = §(Gs7'i) P)\p/ df

~1/27;

1
Thyy = §G§Tip>\p : (6.25)

1/f Noise The 1/f noise spectrum, S.(f), is, again, first mixed with |Q(f)|2.

St(f) *1QUAIP = (We)® > [Sa (mnahs)|* SL(f — nfs) (6.26)

n=—oo

Since S1.(f) is convolved with all of the harmonics contained in |Q(f)|?, equation 6.26
contains the baseband 1/f noise spectrum and a replica of the 1/f noise spectrum
at all of the harmonic components contained in Q(f). The noise power from the
harmonic components that are higher than the fundamental sampling frequency are
considered negligible. Only the spectrum at dc and the spectra that is convolved to

the fundamental frequency are considered. Assuming that the sampling function’s

duty cycle is 50%, the result is,

SUH) = QP = TSN+ 580l + 1)+ 8ulf — 1), (627)
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S

(@

7

F1G. 6.8. Transfer of 1/f noise through gated integrator system function

since |Sa(ms)|? = 4/n% when s = 1/2. The result given in equation 6.27 is

illustrated in Figure 6.8(c).

After 1/ f noise is sampled, it is then filtered with Hy4(f), producing the following

noise spectrum at the output.

WP = (Gon) Selm frl | 7S00) + —5S0(f + Jo) + 5SS = £ (6.29)

The noise power, from the 1/f noise, that appears at the output of |H,(f)|? can
again be determined with the integrate and dump filter’s NEB. The integrate and

dump filter’s NEB is also shown, as a dashed line, in Figure 6.8(c). The noise within
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the NEB is the sum of the noise from Sr(f) and the noise from both S.(f + fs) and
SL(f - fs)

Each of the three components inside the NEB is considered separately. The

noise contribution from the dc term is found by integrating 5. (f) over the NEB and

multiplying by 77, which is the gain of |H 3 (f)]%.

1/27 1/27;
(Ger)? / Su(f) df = 12 (Curpry)? /0

1/2m; ’ 2

1
NS

AN

0 1 1\?
O'?czo = % (Gs.rip)\p)z In -2—7_1— + (‘2—7_:> + f2 ] —In(f,)
0 1 o 1
‘7)2‘=o = f? (GsTipAp)? In (E) = % (GsTipAp)? In <§;—) (6.29)

Equation 6.29 is derived by assuming that 1/(27;) is much larger than f,, and f; is

substituted for 1/7;.

Since both the 1/f noise spectrum and the integrate and dump filter are even
functions, the limits of integration can be shifted to determine the contribution of
1/f noise at £f,. Figure 6.8(d) illustrates the integration limits that are used to

determine the rest of the noise that is contributed by S (f + f5).

Mathematically, the associative law of convolution is used to switch the process
order. Essentially, |H:(f)|? is convolved with |Q(f)|? and then the 1/f noise contri-
bution at £ fs is found. In order to account for the negative frequency contribution,

integration of the positive frequency range, shown in Figure 6.8, is doubled.
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G, 2 rfs+l/2m GsTi A 2 ,fs+1/27; 1
(B [ e — o (G2 [
m fo—1/2m .7 fo-1/2n A J2HS

Since (fs — 1/21) > f,, the noise contribution from the 1/f noise at £ f; is,

2
o%s = 2fo<GsT;r”A”> In @;f;) (6.30)

The total 1/f noise power at the output of |H,(f)|? is the sum of equations 6.29
and 6.30.

9 1 P ]. 2 s i ’
02, = 2f, (GsTip)y)” hln G_) +—In (%—J_L}i)] (6.31)

6.6 Modulation Depth Determination

When operating the imaging system in the gated integrator mode, at least two
frames are required to determine the modulation depth. The first frame, ¥,2 includes

the signal, and the second frame, Y%, does not. The noise components included in

each frame are the photon noise, agvg, 1/f noise, a%g, and the imaging system’s read

noise, o2. The noise components in different frames are assumed to be completely

uncorrelated.

Y2 = (Ya) + (V&) + ok, + 03, + 0 (6.32)
Y4 = (Ya) + 0k, + 0%, + o (6.33)

The mean-square value of the modulation depth is then determined by subtract-

ing Y from Y2 and then dividing the result by Y%. Using 0%, as the sum of the
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three noise components,
2 _ 2 2 2
JTg - an + ULg + a,, (634)

the mean-squared modulation depth is,

Y2 _ Y2
a2 — on off
mod Y;Qﬁ
2 2 =\ 2
— _ (5)" + (i) + o] - [(Ve0)” + 08, o35

(V2)" + o)

The square of the mean modulation depth is found by eliminating the noise

components from the equation above.

(Ofmod)2 = —— 5

. (Ya)” _ 1(Gman) o2
) = 5 = 3 7 = (6.36)
(YBg) ) (GsTipAp) p

(amod

If the integration threshold is not used and p = 1, then the modulation depth is the
square root of equation 6.36. If, however, the integration threshold feature is utilized,

the value of p must be known in order to calculate the modulation depth.

The modulation depth that is determined with Y2 and Y% also has a variance,

02,4 that is a function of the photon noise, 1/f noise, and read noise. Based on

the propagation of errors, the modulation depth variance is (Bevington & Robinson,
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1992),
U?nod _ O-%g + 0-%9
@) (V) (Va)
mo 2 2
(YBQ) (YAQ) (YB!J)
—\ 2 —\ 2
Oros = (¥e) ot + 4("*9) or (6.37)
(YBQ)

The “modulation depth-to-noise ratio” (MDNR) is the ratio of the square of the

mean modulation depth to the modulation depth variance. Assuming that p is equal

to one, the MDNR is,

2 —\ 2 —\ 4
MDNR,g — (0;-7;'0(1) — (&) 5 - 2<YBQ) - -
mod (YBQ) (YBg/ or + (Y_AQ> or
2 =\ 2
MDNR, = (V) ~ (YAQg) (6.38)

0% + (Tmoa)” o2 or
If the modulation depth is small, the MDNR can be approximated, as shown in

equation 6.38. This approximation is, simply, the signal-to-noise ratio (SNR) of Y2 .

6.7 Signal-To-Noise Ratio

The signal-to-noise ratio (SNR) of a frame which includes the information bearing
signal is given in equation 6.39. The SNR shown is per pixel and per frame.

SNR, = () (6.39)

oty + 0 + o?

Once the accumulation of photoelectrons surpass the read noise floor, the image

is limited by photon noise (see section 5.10.10). Assuming the acquired photoelectrons
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exceed the read noise floor, using equations 6.20, 6.25, and 6.31, the SNR is,

% (GsTiaAp)2

SNR, = .;.VGg'Tip)\p + 2, (GsTipAp)® [Zliln (%) +iln (%”

(6.40)

After factoring out G and dividing by both 7; and A,, the SNR at the output of
[ H,(f) is,

()®

SRy = 20 (Tidp) ™ + 8fop? {ihl <3‘L) +arln (%%)] |

(6.41)

which is, again, the SNR for a single pixel in a single frame.

The SNR can be improved by averaging multiple pixels or multiple frames, or
both. In general, the variance from n statistically independent samples is (Cooper &

McGillem, 1999),

1 VX 2
Var(X) = =3 > EX:- X ~ (X)
Var(X) = %[nﬁ—i—(ﬂf—n) (@2}~(5{_)2
Var(X) = %@— = %; (6.42)

Using n, as the number of statistically independent pixels and ny as the number of

statistically independent frames, the SNR can be improved by a factor of n, - ny.

- (- 15) (@)
SNRg B Qp(Ti/\P)_l-l-Sfopzp[%ln (}&) "|-7%ghl (%%%>] (6.43)

o

Based on equation 6.43, the SNR can be improved either by averaging or by

using the integration threshold. The SNR improvement gained from using the inte-
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gration threshold feature is shown in Figure 6.9. The SNR is given in decibels (dB),
which is 10log,q(SNR,). In this figure, it is apparent that as p approaches 0, SNR

improvement is achieved.
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Integration Threshold Factor (p)

FiG. 6.9. SNR improvement gained from integration threshold factor, p

If it were possible, in an ideal case, to set p to zero, all of the background
irradiance would be removed. It is not incorporated into the mathematical model,
but if all the background were removed, the SNR of the output would be limited to
the photon noise contained in the information bearing signal. Completely removing
the steady state background is, however, impractical and p will not approach zero.

The SNR is also improved through temporal averaging. Gathering multiple
frames and then calculating the average will improve the SNR by the number of
frames gathered. Giving up spatial resolution and averaging multiple pixels together
is also an effective way to improve the SNR. Figure 6.10 shows the SNR improvement,
in dB, that is gained from a combination of pixel averaging and frame averaging. As

an example, averaging 500 pixels and 500 frames would improve the SNR by 50dB.
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F1c. 6.10. SNR improvement gained from averaging (n, - ny)

6.8 Detection Limits

The expected modulation depth detection limits for the gated integrator are
presented in this section. In order to benchmark the detection limits, a comparison is
made with a simple lock-in amplifier detection process. The simple lock-in amplifier,
which is a basic homodyne detector, is derived in Appendix H.

Using an input spectrum, S7(f), that includes a modulated information bearing

signal, Sa,(f), the SNR at the output of the homodyne detection process is,

SNR, = ()" . (6.44)

_ 2 3
7r3fcdp1 + 72 f,In (%%)

Derivation of the individual components is included in Appendix H.
The SNR from |H,(f)|?, given in equation 6.43 is a function of A,, which is
multiplied by 7; to account for the CCD’s maximum well depth. Maximizing (7; - Ap)

will reduce the photon noise component and, therefore, increase the SNR. Because
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of the CCD has a limited well depth, (7; - Ap) has a maximum value. Since A, is the

arrival rate of photons, the product of 7; and A\, must be,

€sat

n

where ey, is the electron saturation limit and 7 is the CCD’s quantum efficiency
for the particular wavelength of A,. The maximum value of 7; - A, is about 4.3x10°,
which is based on an ez of 34,000 electrons, and an 7 of 0.08 at 770nm. The
quantum efficiency, 7, is determined from the CCD’s quantum efficiency curve, which

is included in Appendix C.

In order to make a fair comparison between SNR,, from equation 6.43, and SNR,,
from equation 6.44, a relationship betweern variables needs to be specified. First, the

steady state background, I,, in SNR, is set to,

I, = ET'_ e;t (6.46)

which is a rearrangement of equation 6.45 that includes a substitution of I,/e for A,.

The minimum value of 7; is about 1usec, which produces an I, of 1.11x1077 watts.

The frequency components of SNR, and SNR, are also related for a fair compari-
son. The demodulation frequency, fg, in SNR, is set equal to the sampling frequency,
fs, in SNR,. And finally, the noise equivalent bandwidth of the lowpass filter, from
Appendix H, is set equal to the noise equivalent bandwidth of the integrate and dump

filter. The lowpass filter cutoff frequency is, therefore, set to,

(6.47)
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where f; = 1/7.
The expected SNR, as a function of modulation depth, for both the gated inte-
grator and the homodyne detector are shown in Figure 6.11. The parameter values

used in Figure 6.11 are,

o 7; = 1x1073,

o I, = 1.109x1071°,
o (T3)p) = 429800,
e f. = 3183,

* fa = fs = 4000,
e f,=129x1077,
e p=1 and

o (n, nsg) =1

10 0™ . 107 -
Modulation Depth

F1c. 6.11. Comparison of SNR, with SNR, using the same parameters
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- When the parameter values are comparable, as shown in Figure 6.11, SNR, is
slightly higher than SNR,. This is because the signal power at the output of the gated
integrator is larger than the signal power at the output of the homodyne detector.
Half of the input signal power is obtained at the output of the gated integrator.
The homodyne detector, on the other hand, captures half of the input’s fundamental
harmonic power at the output.

The imaging system has a limited well depth, which limits the number of pho-
toelectrons that can be acquired prior to saturation. A lock-in amplifier, however,
does not have such a constraint and would not be operated with the settings used in
Figure 6.11.

Figure 6.12 shows SNR,, with I, set to 1x107% and f, set to 10Hz. The parameter
values for SNR, remain the same as in Figure 6.11, because they are set to their limits.
It is apparent from Figure 6.12 that the SNR of the homodyne detector improves
dramatically when the input is unconstrained. A homodyne detector, such as a lock-

in amplifier does not, however, have the ability to produce two-dimensional images.

6.8.1 Detection Summary

The SNR of the gated integrator can be improved with both the integration
threshold feature and averaging. Figure 6.13 illustrates the SNR improvement that is
obtained with the integration threshold feature. The integration threshold coeflicient,
p, is set to values less than one and equation 6.43 is plotted in Figure 6.13. The
product (1, - nf), in equation 6.43, is held at unity in Figure 6.13.

The SNR improvement from averaging is illustrated in Figure 6.14. The product

of n, and ny is varied and plotted, using equation 6.14, with p set to one. Figure 6.14
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shows that approximately 250,000 averages are needed to obtain an SNR, of over 20dB
at a modulation depth of 1074,

80 R T R R RPN
=% 250000
-6~ 10000

6oL ~e= 1000

-60 A S
X 107

Modulation Depth

Fic. 6.14. Predicted SNR improvement when averaging
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Chapter 7

HETERODYNE DETECTION SYSTEM MODEL

7.1 General Introduction

The second detection mode, the heterodyne detection mode, is analyzed in this
chapter. When operating the imaging system in a heterodyne detection mode, the
sampling frequency represented in the natural sampling function, |Q(f)|? is differ-
ent than the modulation frequency, f,,, that is used in modulating the information
bearing signal. In this mode, the modulated signal at f,, is mixed down to an interme-
diate frequency (IF) that is above the baseband but lower than the imaging system’s
frame rate. Heterodyne detection and the concept of an intermediate frequency was

introduced in section 4.4.2.

Once at the intermediate frequency, the information bearing signal then oscillates
over multiple frames. In order to extract, from a series of frames, the information
bearing signal and the background as separate components, a final set of post process-
ing functions are utilized. After separating the background and signal, the modulation

depth is determined.

The analysis results, presented at the end of this chapter, indicate the hetero-
dyne detection mode is not well suited for extracting weakly modulated imagqs to
measure modulation depth. The analysis in this chapter, therefore, demonstrates that
other detection modes should be used when measuring very small modulation depths.

Other applications, however, can benefit from an imaging system that is capable of
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performing heterodyne detection. As an example, a heterodyne imaging system can
extract interference patterns that can enhance industrial object recognition systems.
The work presented in this chapter can, therefore, be a basis for other investigations

on heterodyne detection imaging systems and their application.

7.2 Heterodyne Detection Model

The system function that describes the heterodyne detection process is divided
into two stages. The first stage includes image capture functions performed by the
imaging system. The second stage is comprised of post processing functions that are
used to extract the desired components.

The first stage of the detection process includes a natural sampling process,
|Q(f)|?, an integrate and dump filter, | H;4(f)|?, and a sample and hold filter, |Hsx(f)[%.
The image capture stage and the post processing stage of the heterodyne detection
process are illustrated in Figure 7.1. Both |Q(f)|? and |Ha(f)|* are the same as
equations 6.3 and 6.5 respectively.

In order to filter the data contained over consecutive frames the sample and hold
filter is included in the heterodyne detection system function. The sample and hold
filter, |Hsn(f)|?, filters the imaging system output at the system’s frame rate. The
frame rate is defined as [y, which is expressed in [Hg,(f)|? as T or 1/ f;. The addition
of the sample and hold filter completes the first stage of the heterodyne processing

chain, which is illustrated in Figure 7.1.

7.2.1 Sample And Hold Filter

The sample and hold filter, which is modeled as a lowpass filter, is an additional

filter included in the system function to represent the heterodyne detection process.
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F1G. 7.1. Block diagram of the imaging system operated as a heterodyne detector
with post processing functions

A mathematical description of the sample and hold filter is developed in appendix G.

From appendix G, the power transfer function, |Hs(f)[?, for the sample and

hold filter is,

|Ha ()P = [Sa(rfTy)]” (7.1)

where T is the imaging system’s frame period. The frame period is the inverse of
the frame rate, fy. The sample and hold filter’s power transfer response, given in

equation 7.1, is illustrated in Figure 7.2.

Filter Characteristics Much like the integrate and dump filter, the sample

and hold filter has peaks and troughs across the frequency spectrum. The zeros can,
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Sample and Hold Filter
Power Spectrum

T | —— |

Power (dB)

-10 -8 -6 -4 -2 0
Normalized Frequency

F1G. 7.2. Sample and hold filter power response

again, be used to eliminate power at specific frequencies in the output of the sample

and hold filter. As shown in Figure 7.2, the sample and hold filter has peaks at,

2
*+f = 1 2_2} L wherer = 0,1,2,.. (7.2)
and has zeros at,
1
+f = tr where r = 0,1,2,... (7.3)
Ty

Noise Equivalent Filter The noise equivalent bandwidth (NEB) for the sam-
ple and hold filter is very similar to the integrate and dump filter’s NEB. The NEB for

the sample and hold filter, defined as Bgy, is equal to 1/(27%). The noise equivalent
filter, H(f), is, therefore,

P = (z) - Moz - I(£) (74)
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7.2.2 Post Processing

Depending on the desired output, the demodulation function, |D(f)|? is either
included or excluded from the second processing stage. Including |D(f)|? results in
an output that does contain the information bearing signal. Processing the imaging
system output, |Y(f)|?, with [D(f)|? transfers the signal from the intermediate fre-
quency to the baseband. At the same time, |D(f)|? also transfers the background
component to the intermediate frequency. Once the signal is at the baseband, and
the background is at the intermediate frequency, a final integrate and dump filter can

be used to eliminate the background and retain only the signal.

Excluding | D(f)|? results in an output that does not contain the signal and only
contains the background component. By not using |D(f)|? and leaving the signal at
the IF, the signal is eliminated by the downstream integrate and dump filter. The
signal and the background are, therefore, separated with the second processing stage

through demodulation and filtering, as illustrated in Figure 7.1.

A simple homodyne detection process is included in appendix H for comparison
with the other detection methods. This appendix includes further discussion on

|D(f)|?. The power spectrum of |D(f)|?, used in this section, is,

(e = Seir+ 10 + Sestr - 1) (73

where Gy is the amplitude of the sinusoidal demodulation function and f; is the

demodulation frequency.

The integrate and dump filter [H,4|? is the same as the filter discussed in ap-
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pendix F with different variables. The power spectrum of |H,.4(f)|? is

)

[Hrd(f)|2 = Tr2 |Sa(7rf7'r)|2 (7.6)

where 7, is the integration time of the filter.

Also discussed in appendix F is the noise equivalent bandwidth of an integrate
and dump filter. Based on this discussion, the NEB of |H,4(f)|? is 1/(27,) and the

noise equivalent filter is,

P = 2T10em = 2T1(L) (7.7

where f, = 1/7,.

7.2.3 System Function

Two effective system functions are defined to identify the two different paths in
the second processing stage. The syétem function that includes |D(f)|? is defined as
|H.(f)|? and the system function that excludes |D(f)|? is defined as |Hg(f)|?>. The
subscript g is used in |Hy.(f){?, since excluding |D(f)|? results in a gated integra-
tor system function that is similar to the one presented in Chapter 6, albeit with

additional filters.

Applying an input spectrum to each of the effective system functions produces

different outputs, which are diagrammed in Figure 7.3. Applying Sr(f) to |H.(f)|?

produces Z2 _ - and applying Sz(f) to |Hy(f)|?

72
i produces Z%;.

an of — ‘Hrd(f)lg{“Hsh(fﬂ?lﬂéd( )|2 (51( ) |Q(f) )] |} 78)
Zzg = |Ha(H)PIHnw (D Hia(£)F (Sr(f) = 1QUAI) (7.9)
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Both Z2 _ s and Z2; are defined below.
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F1G. 7.3. Processing with and without |D(f)|?

Applying an input spectrum, Sr(f), to each of the system functions produces
different results at the output, |Z(f)]>. Applying S7(f) to |H.(f)]* produces an

output spectrum that is the combination of signal, photon noise, and 1/f noise.

Se(OHLNE = 1Zae(F) + 1Zwel )P + |Z1e(H)? (7.10)

Similarly, applying St(f) to |Hye|?, from equation 7.9, produces a combination of

steady state background, photon noise, and 1/f noise:

Sr(AHge(N)P = 1Zsge(N)F + |Zwge(HIF + |Zpge(£)I (7.11)

Including |D(f)|? in |He(f)|? makes it possible to filter out the steady state

background with |H,4|2. When |D(f)|? is excluded, however, the background power

is retained and the signal is eliminated with | H,4(f)|?. Since no signal is contained in

the output of |H,.(f)|?, the power at this ontput is defined as Z%;, which maintains

the notation convention used in section 6.6. The power out of |H.(f)|?, which does
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contain signal and does not contain background power, is defined as Z2 Both

on—off
outputs are illustrated in Figure 7.3.

Based on the output definitions, the modulation depth can be determined by
dividing Z2 __g by Z%. The output of both |H.(f)|?> and |H,.(f)|? contain noise as
well, thus, dividing the power from each system function produces the mean-square

value of the modulation depth, o?

mod’
—2
72 Zne)” + 0%, + 02, + 02
afnod — on—2—off — ( Ae)2 We Le T (712)
Za (ZBge)” + 0y + 0%y + 02

Since the imaging system’s read noise, 07, is added per frame and both Z2 _ ¢
and Z2%; are determined from the same set of frames, the read noise in Z2 _ o and
72 is correlated. When determining the modulation depth variance, the read noise

will, therefore, be eliminated since the squared terms will be cancelled by the cross

product terms (Bevington & Robinson, 1992).

Both the photon noise and the 1/ f noise, however, do not cancel in equation 7.12.
The noise power from |H,(f)|? and |Hy(f)|* is determined from different frequency
bands. The photon noise and 1/f noise at different bands of frequency is uncorrelated
and, therefore, does not cancel in equation 7.12. The mean-squared value of the

modulation depth reduces to the following equation.

—} 2
0,2 — Zgn—oﬁ' — (ZAB + 0_124/6 + 0%6 (7.13)
mod Zogff (ZBge)2 + Ugvge + O_I%Qe

7.2.4 Input Review

The modulated signal spectrum is captured by the heterodyne detection process,

thus, the modulation is included in the input spectrum. The steady state background
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and noise spectral components remain the same. The input spectrum is, therefore,
the same as the spectrum given in equation 5.123.

The input signal is again defined as the constant value a), and 0% is assumed
to be zero. Modulation replicates a), at the harmonics contained in the modulation
waveform. The modulation waveform that is considered is the rectangular pulse train

function, my(t). The total input spectrum used in this chapter’s analysis is,

Self) = Se(f) + Sw(f) + Sanlf)
Self) = () 6(f) + —=22)

[eo]

+ (@p¥m)® Y [Sa (mntpm)* 6(f — mfm) - (7.14)

m = =0

+ Ap

7.3 Heterodyne System Output Without Demodulation

The system function, |Hy(f)|?, is very similar to the system function that was
used in section 6.4. In this section, |Hsn(f)|? and |H,q4|? are included to create

|H,e(f)|*. Using these additional filters, the output of |H,.(f)|? is,

Ze ()P = [Hea(F) P Hon(F) P Hia(£)I? (S (f) * 1QHI)
1Ze(f)P = 77 |Sa(wfr)* |Sa(w fTy)* 772 [Safn f7:)|*
x 2 Y |Sa ()| Sp(f — nfs) (7.15)

n=—oo

when applying Sr(f) to the input.
The noise equivalent filter for the combination of | H,q(f)|?, |Hsn(f)|? and |Hia(f)|?
can be used to determine the noise power at the output of |Hy(f)|>. The integrate

and dump filter, |Hy4(f)|?, has a noise equivalent bandwidth (NEB) that is less than
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the NEB for both |Hg(f)|? and |Hig(f)|?. The final integrate and dump filter, there-
fore, removes noise power that passes through the two other filters, which means that

the NEB for |H,4(f)|? is also the NEB for the combination of filters.

The gain of all three filters is included in the noise equivalent filter for the
combination of filters. Since the NEB of | H,.q4(f)[? is 1/(27.) (or f,/2), the total noise

equivalent filter is,

BN = )2 [ ) = >H<}r ) (7.16)

where 72 is the gain of |H,4(f)[?> and 72 is the gain of |H;4(f)|? (the gain of |Hsy(f)|?
is one).
In the following subsections, each component of Sz(f), except for the signal

component, is applied to |Hy(f)|?. The total output of |Hye(f)|* is then developed

through the use of superposition.

7.3.1 Background Output

The steady state background is a constant for all time and its spectrum, Sg(f),
is (\y)26(f). Applying Sg(f) to |Hge(f)|? produces the same result that was shown in
equation 6.22, with a difference in gain. The gain changes because of the additional

filters. The spectral output of |Hy(f)[?, in this case, is,

ZawlNP = 3(Gannids)5() (7.17)

which assumes that 1), the sampling function’s duty cycle, is 50% and the imaging

system’s gain is G. Since the output is simply a delta function at f = 0, the power
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at the output is the square of the mean background.

(Zan)® = %(Gsmx,,)? (7.18)

7.3.2 Photon Noise Output

The photon noise power and 1/f noise power out of | Hy.(f)|? are also similar to
the noise power derived in section 6.5.3. As shown in section 6.5.3, sampling photon
noise with |Q(f)]? results in half the photon noise power when 1, is 50%. Under this

assumption, the photon noise spectrum at the output of |Hy(f)|? is,
1
|Zwee(IP = 5% (Gorvms)* Sa(m frs)* [Sa(nfTy) | Sa(r f7:) [ (7.19)

Using the noise equivalent filter given in equation 7.16, the photon noise power

at the output of [H,(f)]? is,

1 9 1/(27)
Oge = = (GsTeTi) 1-df
2 ~1/(er)
1
Ohrge = imp(am)? (7.20)

7.3.3 1/f Noise Output

Finally, the 1/f noise spectrum, Si(f), is applied to |Hy( f)]? in this section.
In doing so, S(f) is first convolved with |Q(f)|?. Just as in section 6.5.3, only the
spectrum at dc and the spectra that are convolved to % f, by |Q(f)|? are considered.
The 1 /f noise that is convolved to the higher harmonics is considered negligible. The
result of S(f) * |Q(f)|? is, therefore, the same as the result given in equation 6.27,

assuming ¥ is-50%.
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Filtering equation 6.27 with | Hiq(f)|?, |Hsn(f)|?, and |Hyqa(f)|? provides the 1/f

power spectrum at the output of |Hye(f)|?, which is,

Zrge(f)I? = (Gomvm)? [Sal(m fry)[* |Sa(m fT%)I? Sa(n f:)|?

1

< 2SN+ S )+ S = F| - (72

The 1/ f noise power is also found using the same methodology that was outlined
in section 6.5.3. The noise equivalent bandwidth is now changed to 1/(27,) and the
gain is slightly different. Based on these changes, the 1/f noise power at the output
of |Hye(f)I? is,

T 2 S r
02ge = 2fo (GsTrmid 0)’ [ In <Jf:>+ In (2”}:+j;>} . (7.22)

7.3.4 Combined Output

The spectral output of |H,.(f)|? is a combination of background, photon noise,
and 1/f noise. Since the power out of |H,.(f)|* contains only background power and

no signal power, it has been defined as Z2;. Thus, ZZ%; is,

2 —'—)2 2 2
Zoﬁ - (ZBQS + JWge + oLge

1 A
2 . 2 P
s = (GsTrTz) {4)\p + 5;

+ 2f,22 Eln G—) + il (;j: +;)} } : (7.23)
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7.4 Heterodyne System Output With Demodulation

In this section the demodulation function, | D(f)|? is included in the second stage
of the detection process. When including | D(f)|?, which changes the system function

definition to |H.(f)|?, the output of the system function is,

1Ze(N* = [ Hea(H)P {[|Han (N[ Hia())IF (Sr(F) % 1QUN )] * 1D} . (7.24)

In the following subsections, the signal and noise components of Sr(f) are ap-
plied individually to |H.(f)[?. The total output power is, again, developed through

superposition.

7.4.1 Signal Output

As Spp(f), from equation 7.14, enters the imaging system it is convolved with
|Q(f)|?. Since this mode is a heterodyne mode, the sampling frequency is different
than the modulation frequency. Convolving Sa,(f) with |Q(f)|? will transfer the
signal in frequency to all of the sum and difference terms +m f,, & nfs, where m and

n are all integer values from —oco to co.

Sap(N#IQUNP = Wmtsad)® > Y [Sa(mmim)[’

m=—o0 nN=—00

X [Sa (mnhs)[* 6(f — mfm — nfs) (7.25)

The intermediate frequency, f;, which was introduced in section 4.4.2, is the ab-
solute value of the difference of f; and f,,,, where |m| and |n| are both one. Convolving
Sap(f) with |Q(f)|? will, therefore, transfer the signal component at fp, to the inter-

mediate frequency, f;. The intermediate frequency needs to be chosen in accordance
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with downstream filtering processes to allow f; to propagate to the output. If f; is
not properly set, downstream filtering may eliminate the desired signal component.
After filtering with |Hiq(f)|? and |Ha(f)[?, the only components of Sa,(f) *
|Q(f)|? that are not severely attenuated are the dc component and the difference
terms between fs and f,,,. Incorporating the filters, the output of the imaging system

is,

Yac(NIP = (Gsmipmipsary)*|Sa(m fT7) P |Sa(r fr:)

x Y [Sa (mngpm) [ 1Sa (ngps) P 8(f + nf — 1fs)

n=-—1

|YAe(f)’2 = (GsTiwm'ﬁbsa)‘p)lea(Wfo)|2lsa(7rf77)[2

X Y [Sa (wnap)|? 1Sa (wnae) 2 6(f — nfy) (7.26)

n=-—1

The sample and hold filter, which has a smaller pass band than the integrate and
dump filter, sets the limits on f;. Actually, the limit is set by the imaging system’s
maximum frame rate, fy, which is 1/Tf. The maximum frame rate, for a very small
region of interest (ROI), is approximately 30Hz. The first zero point in the sample
and hold filter’s spectrum, therefore, is at 30Hz.

In order for the signal, that is modulated at fm, to pass through |Hga (f)|?, fr in
equation 7.26 must be less than 30Hz. As an alternative, the intermediate frequency
can also be set greater than 1/7T; as long as it is set to one of the peaks in |Hg(f)]?.

The intermediate frequency should, therefore, be set to,

fro= e ful < Ti,f:ff (7.27)
or
fro= e fnl = 222 L~ 012, (7.28)

2. T;
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From equation 7.26, the only components from Sa,(f) * |Q(f)|? that will pass
through |Hy(f)|? and |Hgr(f)|? without serious attenuation will be the de term and
the components at |fs — fm|. The product of the modulation function and the natural
sampling function at n = 0, which is the dc term is one. Assuming both ., and s

are 50% the product of the modulation function and the natural sampling function

at :l:f] iS,

2 1

1.1 (7.29)

me 2

sin(mm,)
Thm

sin(7m,)

2
Y, i

2
{-zﬁ?

The signal spectrum at the output of the first stage of |H.(f)|? can, therefore, be

written as the following equations.

Mac ) = (Gortmbad) (1) + (S5 ) Hud1fs = o P V(1 = D
x [6(f + Ifs - fml) +6(f - lfs - fmm

which is,
. 2
Mall ) = 15 (Coran)?a() + (2222 ) sansim)l Safot )P
x [6(f+ f1) +6(f = f1)] (7.30)

The subscript € on |Yae(f)|? indicates the output is from the heterodyne detection

process.

In order to extract just the information bearing signal that resides at f; and
eliminate the steady state background component that lies at f = 0, |Ya.(f)|? is
first mixed with |D(f)|?> and then filtered with |[H;z(f)|?>. Mixing |Ya.(f)[* with
|D(f)|* will transfer any component at fy, which is the demodulation frequency in
|D(f)|?, down to the baseband. In order to recover the signal at f;, the demodulation

frequency, fs, is, therefore, set equal to f;. Convolving |Ya.(f)|* with |D(f)[?, and
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setting fy = f1, produces the following result.

Yacl P 5 IDUNE = o (GaGorads P 6(S + f1) + 6(F = £
2

+ 2 (SEETE Y satefim) P Sa(n T 61)(7:31)

Not only is the dc component of the information bearing signal transferred to
fr, as shown in equation 7.31, but the steady state background component is also
transfered to f;. The final integrate and dump filter, |H,q4(f)|?, is then used to
remove the background component that is transferred in frequency to f;. This is

accomplished by setting 1/7. = f; = f4, which creates a zero at f;.

This is the same reason the signal is eliminated at the output of | Hy(f)[*, which
does not perform the convolution in equation 7.31. If [Ya.(f)|? is not convolved
with |D(f)|?, the signal remains at f;. The signal, that remains at f; in this case,
is eliminated by |H,4(f)|?, which has a zero at f;. The final integrate and dump
2

filter, therefore, eliminates the signal from |H,(f)|* and eliminates the steady state

background from |H.(f)|?.

After equation 7.31 is filtered with |H,4(f)|?, the only remaining term is the dc

term. The signal’s spectrum at the output of |H.(f)|? is, therefore,
. .
1 Zac ()P = 53 (GaGarymiary)? Sa(m frm)|” Sa(w f1T7)I* 6(f) (7.32)

where 7, is the gain of |H,4(f)|>. Since only the dc component remains, the signal

power is the square of the mean signal power at the output.

1
(7;6)2 = 53 (G4Gorrmiar,)? |Sa(x fr7) |2 |Sa(n f1T5)|? (7.33)
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7.4.2 Photon Noise Output

The noise at the output of the first stage of the heterodyne detection process is,
essentially, the same as the noise out of the gated integrator. The sample and hold
filter is added to the spectrum given in equation 6.24, to produce the photon noise

spectrum at the output out of the first stage of the heterodyne detection process.

Vel DE = (Gor)? Sa(n )l 2 (S TP Dy (7.34)

The photon noise spectrum at the output of the second stage, | Zw.(f)|% is deter-
mined by mixing [Vive(f)|? with |D(f)|? and then filtering the result with |H,.4(f)}%.

Zwe(HP = [Hwa(f)I [Wiwe( )]+ D]

Buwel I = 2 (CuGirer) 1Sa(mf7) 188 [n(f + fa)m) I8a (S + f)Ty)F
+ [Salw(f — fa)mll* 1Sa r(f — f) TP | (7.35)

The symmetrical shape of both |Ya.(f)|? and the noise equivalent filter for
|H,4(f)|? can, again, be used to simplify the noise power calculation. Using the
NEB for Hyq(f) and changing the integration limits to include fy, the photon noise

power at the output of H.(f) is,

o 1 o fd+fr/2 9 o
Opye = Z)\p (GyGeTrmy) [Sa (7 fr;)|” |Sa (7 fTy)|” df (7.36)
fd“' fr/2
The demodulation frequency, fg, is set equal to the intermediate frequency, f 1,‘
- to transfer the signal to the baseband. The final filter’s first zero at f.. is also set equal

to f;. The demodulation frequency, fq, is; therefore, also equal to f.. In this case,

equation 7.36 can be simplified by substituting f; for f.. The photon noise power at
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“the output of |H,(f)|? is then a function of f;.

] T . )
dhe = polCuGrn)® [ Sa(nfr)Sa(ns T df  (137)
fa/2
or
1
O-IZ:Ve = Z)‘p(GdGsTrT'L')ZKW(fd) (738)
where
(3fa)/2 0 )
Kw(fs) = /f L eI ST 4 (7.39)
d

The numerical integration of Ky (fy), defined in equation 7.39, is shown in Fig-
ure 7.4. For the numerical integration shown in this figure, the demodulation fre-
quency ranges from 1Hz to 75Hz, the integration time, 7;, is set to 1/200 seconds,

and the frame period, T, is set to 1/30 seconds.

Photon Noise Integral Factor, Kw(f d)

0 15 30 45 60 75
Demodulation Fequency, £ o (Hz)

F1c. 7.4. Numerical integration of Kw (fq4)
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7.4.3 1/f Noise

Determining the 1/f noise at the output of the first stage of the heterodyne
detector is, again, the same as for the gated integrator. The 1/f noise at the output
of the first stage is the same as shown in equation 6.28, with the addition of the

sample and hold filter.

P = (G el ol )
<[+ Zsuls + 20+ S =) (a0

Using the noise equivalent filter from equation 7.16, the 1/f noise at the output

of the first stage 1is,

of = 2f,(GeTidy)” [W <§J>+ —1In @%%;—;)] (7.41)

which is the same as equation 6.31, however, using f; from |Hg,(f)|* instead of f;.

The total 1/f noise at the output is comprised of the baseband 1/f noise and
the 1/f noise that is convolved to f; by Q(f). The ratio of the noise from Sy (f =+ f)

to the total noise, as given by equation 7.42, is shown graphically in Figure 7.5.

1n <2fs+f>
. . Qfs ff
Si(f £ fs) Contribution = x 100 (7.42)

viin () + 200 (3£:77)

In Figure 7.5, f, is set to 4kHz, 1, is set to 50%, and the 1/f noise cutoff

:1

s

frequency, fo, is set to 1.29x107"Hz. The imaging system frame rate, fy, is varied
from 1Hz to 100Hz.
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F1G. 7.5. Ratio of noise contribution from Si(f %+ fs) to the total 1/f noise

It is apparent from Figure 7.5, that most of the 1/f noise at the output of the
first stage is from the baseband 1/f noise. Since the additional noise from S (f % fs)
is quite small, compared to the noise from Si(f), the 1/f noise at the output of the

first stage is approximated with only the baseband contribution.
1 .
Yie(f)I? =~ 1 (Gomi)” |Sa(m 1) [* [Sa(m fT5)|* Su(f). (7.43)

The 1/f noise spectrum at the output of |H,(f)|? is found by first convolving
[Y2e(f)|? and then filtering the result with the final integrate and dump filter.

ZeolF)E = 1 Heal )1 [Vael)® # ID(H)I?]
1ZLe()IP 1_16 (GaGsTymi)" [SL(f + fa) Sa[m(f + fom) 1Salx(f + fa) Ty
+ Su(f = fa) 182 (f = f)m)P 1Sa [x(f — f Ty ] (7.44)

Il



241

In order to determine the 1/f noise power, the noise equivalent filter, |H:a(f)|?

can be substituted for |H,q(f)|?. Since the functions in equation 7.44 are all even

functions, |H 2 (f)|?, instead of |Yac(f)|?, can be convolved with |D(f)|?.

Zee(HIF = YaelH)I* [|HZ()I? = D)) (7.45)

By convolving |H,4(f)|? with |D(f)|?, the limits of integration, over the NEB, include
fa. The 1/f noise power at the output of |H,(f)|? can, therefore, be determined with

the following equation.

41712 |Sa (r ;)| [Sa (S 7))

fam1:/2 VIE+ f?

0'%6 = %(GdGsTrTi)\p)z

(f) d&f (7.46)

Just as in the photon noise case, f; can be substituted for f,.. After substitution,

the 1/f noise power is,

e o [C10721Sa (nf1,)° |Sa (x fT7)|?
A = L@y /W e UL
0. = %(GdGsTmAp)QKL(fd) (7.48)
where
[ 8a (r f) P |Sa (n f T
Ko(fa) = /m Viies -t (7.49)

The results from numerically integrating K (fy), with f; ranging from 1Hz to
75Hz, are plotted in Figure 7.6. The integration time, 7; is, again, set to 1/200 seconds

and the frame period, T is set to 1/30 seconds.
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1/f Noise Integration Factor, KL(f »
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F1G. 7.6. Numerical integration of K (fq4)

7.4.4 Combined Output

The output power from |H,(f)|? is the combination of signal power, photon noise
power, and 1/f noise power. Since no background power is resolved, the total output

of |H.(f)|? is, again, defined as Z2

on—off

Zgn—oﬂ' = (—Z—A:) ’ + U%Ve + 0%6
2 _ 2| 1 2 2 2
Zon—off = (GdGsTrTz‘) 2_71_4 (Gf/\p) lsa(’fffj’rz‘)l 'Sa(’ﬂ'f]Tf),
1. 1.,
+ e Ew(fa) + gloAKi(fe) (7.50)

7.5 Modulation Depth Determination

The modulation depth is determined with a similar method to the one shown

in section 6.6. The signal is, however, extracted through demodulation, thus, the
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background does not need to be subtracted out. The ratio of the signal to the back-
ground will, in this case, provide the modulation depth. The mean-square value of

‘the modulation depth is,

— B (Za) + od, + 0L

mod T 2 palip—) 2 5
off (ABe) + UWge + O-Lge

(7.51)

The mean-square value of the modulation depth is the sum of the square of the

mean modulation depth, (@meg)’, and the modulation depth variance, o2, ,. The

squared mean value is,

Ty D2

after canceling the like terms in equations 7.23 and 7.50. Taking the square root of

(Zse)* _ g (Coahy)* 1Sa(mfrm) P [Sa(r fiTy)*

(@mea)’ = (7.52)

equation 7.52 produces the mean modulation depth that is measured by the imaging

system.

Crmod = ngMSa(Wfﬂm|Sa.(7rf]Tf)| (7.53)

Since the gain of |D(f)|?, which is Gy, is only applied to the signal, it can be set

such that « is extracted. In order for @, to be equal to «, Gy is set to,

7T2

o 7.54
¢ V2|Sa(n fi7)| [Sa(r fiTy)| ()
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7.6 Signal-To-Noise Ratio

Since Z2 __. contains the signal power, the signal-to-noise ratio (SNR) can be

defined as

(7.55)

which contains the read noise power, 02, The read noise power is only canceled when

the modulation depth is determined.

Measuring the modulation depth, rather than the signal power, is, however, the
objective. A more useful figure of merit is, therefore, the modulation depth-to-noise
ratio (MDNR). The MDNR is the ratio of (Gmgq)° and 02,,;. The MDNR is different
than the SNR because of the propagation of errors through the calculation performed

in equation 7.51.

Since the noise from |H,(f)|? and the noise from |Hye(f)|* are determined over
different spectral ranges, the photon noise powers are uncorrelated. It is assumed that
the 1/f noise power from the two system functions will have some correlation. The
correlation in 1/f noise is, however, ignored, which produces a worst case scenario.

If the 1/ f noise has in fact some correlation, the actual MDNR will only be better.

Based on the propagation of errors, the modulation depth variance is (Bevington

& Robinson, 1992),

2
agwd - (U%Ve + O-%e) (U%Vge + aLge)

@) (Zn)’ (Zsee)”

(7.56)
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Since (amod)2 is (ZAe )2 / (ZBgetg, the modulation depth variance is,

2
2 . (ZBge) (Ua/e+0%e) + (O-I%Vge +0%ge)
Omod = 4 (757)
(ZBge)
The MDNR is then found by dividing equation 7.53 by equation 7.57.
. (amod)2
MDNR = 2
2
Zpe)
MDNR = (Za (7.58)

(Zage)” (0%, +02) + (0%, +02,.)

The MDNR is plotted in Figure 7.7, for modulation depths of 1072, 1072, 1074,
'and 10°. The MDNR is shown as a function of the demodulation frequency, fq,
which is also the intermediate frequency, fr, or the frequency difference between fr,
and fs. The integration time, 7; is set to 2.5ms, thus, 10 samples of a 4kHz input are
integrated per frame. The system frame rate is assumed to be 30Hz, therefore, 1%
is set to 1/30 seconds. Also, the input )\, is set such that the system is just below

saturation after integrating the 10 samples per frame.

7.7 Detection Limits

The MDNR shown in Figure 7.7 is much lower than the SNR shown in F igure 6.11
for the gated integrator detection mode. The MDNR is much lower because the signal
power at the output of |H.(f)|? is much lower than the signal power obtained with
the gated integrator, |H,(f )|2

The ratio of signal power out of the heterodyne detection mode, from equa-
tion 7.33, to the signal power out of the gated integrator mode, from equation 6.20, is

plotted in Figure 7.8. This figure shows that the signal power obtained at the output
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FIG. 7.7. Modulation depth-to-noise ratio (MDNR) as a function of demodulation
frequency, fy

of the heterodyne detection system is much smaller. The reduction in signal power

accounts for the reduction in SNR, or in this case MDNR.

The noise power from both system functions remains essentially the same. Since
the natural sampling function has a dc component, the low frequency noise remains
at the baseband. The input signal power at the modulation frequency, fp,, is mixed
down to the intermediate frequency, f;. Since the imaging system has such a low
frame rate, f; must be a low frequency (~30Hz) located in a large portion of the
1/f noise. Since the 1/f noise remains at its baseband and is not convolved to a
higher frequency band by the natural sampler, the heterodyne detection process can

be thought of as a lock-in detection process that uses a 30Hz modulation frequency.
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FI1G. 7.8. Ratio of signal power from |H.(f)|? to the signal power from |H,(f)|?

7.8 Applications

The results indicate that the imaging system’s heterodyne detection mode is not
well suited for making measurements used to calculate modulation depth. The gated
integration mode, discussed in Chapter 6, transfers more signal power to the output
and is, therefore, more applicable to the problem of extracting a weakly modulated
image.

The heterodyne detection mode can, however, enhance images used in other
applications. Not discussed in this analysis is the fact that phase information is also
retained at the output, |Y(f)|?, of the imaging system. Phase information in images
can be used to calculate distances in the object plane and generate topographical
images.

Besides three-dimensional mapping, phase information may also be used in se-

lected background free laser diagnostics. As an example, the ability to determine the
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phase difference between an excitation source and the resulting fluorescence from a
paint sample can extend the measurement options in pressure sensitive paint diag-

nostics.
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Chapter 8

PROCESSING DEMONSTRATION

8.1 General Introduction

As an indication of the imaging system’s potential, its processing capabilities are
demonstrated in this chapter. The system’s ability to perform on-chip integration of
multiple exposures is first shown in section 8.3. Then, in section 8.4, the results from

testing the integration threshold function are presented.

After demonstrating the system’s ability to perform on-chip integration, the
results from modulation depth experiments are outiined. In these experiments, the
gated integration mode, from Chapter 6, is used to measure a simulated probe beam
irradiance. The simulated probe beam irradiance is generated with a controllable
light-emitting-diode (LED) array. Modulation depth, from the simulated probe beam,
as measured with the imaging system is compared to the modulation depth, from the

same LED, as measured by the combination of a lock-in amplifier and a dc volt meter.

This chapter then concludes with demonstrations that could prove valuable to
alternate applications. Using the gated integrator mode, fringe analysis is shown as
a method for object and shape recognition. Finally, the heterodyne detection mode,

presented in Chapter 7, is demonstrated and possible applications are discussed.
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8.2 Experiment Configuration

Most of the results are generated from the experimental setup shown in Fig-
ure 8.1. An LED array is used as a controllable irradiance source. In the LED array
electronics, a dc input, a noise input, and a signal input, can be summed together to

produce the desired irradiance from the LEDs.

T dc V (Background) Noise Input
Supply mﬂ Y
HP E3631A r LED Array
¥ YOoOUOow
Modulation Signal| Modulated — - Computer
Generator Signal c (ng dware
_________ onfiguration,
HP ESG-1000A i . i Post Processing,
y P ——— - —-! | Multimeter |! Storage)
1 HP 34401A0 :
'l Lock-In |
| Amplifier |} L_ Interline Transfer
! SR830  |«— CCD Camera
; 46
bmommmommmmo PR A A
L PLL: Phase 1 Gated ‘ ] -
Locked Loop | mtegrator - Multimeter|! | Oscilloscope
HP 34401A} HP 54602 .
Delay 'l SR250 ] | Imaging
Generator e e ! * ‘\ ‘l iﬁ( SySth
DG535 Ext Sync/Trigger /SCAN ] Controller
) /Ready a

Fic. 8.1. Equipment and instrumentation used to demonstrate and test the imaging
system’s functions

A lock-in amplifier (Stanford Research Systems (SRS) SR830), a gated integrator
(SRS SR250), and a multimeter (Hewlett-Packard (HP) 34401A) are used to acquire
baseline data, for comparison with the data from the imaging system. The irradiance
from an LED is detected with a photodiode (Thor-Labs DET110), amplified with
a current pre-amplifier (SRS SR570), and then set to a combination of instruments

for measurement. Although Figure 8.1 shows that different LEDs are used for the



251

baseline measurements and the imaging system measurements, the same LED was

used for both.

When performing measurements with the photodiode, a lens was used to focus
the irradiance onto the photodiode element. An optical diffuser was used to make
the LED irradiance more uniform for the imaging system. The uniform irradiance

created by the diffuser made it possible to collect data across a larger area of pixels.

8.2.1 Light Source

An LED array was developed as the excitation source for testing the imaging
system. The array consists of an 8x8 square matrix of LEDs. The LED array is
energized with a dc voltage, a signal' voltage, and a noise voltage, which are summed
together. Figure 8.2 is a block diagram of the circuitry used in the LED array.

The dc input and the signal input are used to simulate a small modulated signal
that is superimposed on a large steady state background (dc), similar to the probe
beam irradiance introduced in Figure 1.3. A dc power supply (HP E3631A) was used
to generate the dc input and a digital signal generator (HP ESG-1000A) was used
to produce the modulated signal waveform. For the results given in this chapter, a
50 ohm terminator was connected to the noise input to create a noise floor created
with Johnson noise. Additional noise from, for example, an active noise generator

was supplied.

The LEDs used in the array are blue-green emitters (Hewlett-Packard, HLMP-
CE23-R0000) that have, based on the data sheet, a typical peak wavelength of 502nm
and a spectral halfwidth of 35nm. The wavelength of light emitted by the LED array

was scanned using a monochromater. The results of the scan are shown in Figure 8.3.

The peak wavelength is very close to the wavelength given in the data sheet. At a
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FiG. 8.2. Block diagram of LED array

wavelength of 500nm, the imaging system has a quantum efficiency (QE) of about
45%, which is obtained from the QE curve in Appendix C.

The LEDs begin to conduct when the dc voltage is 3V or greater, as shown in
Figure 8.4. The dc voltage used during the tests shown in the following sections

ranges from 3V to 6V.

8.3 On-chip Integration

The imaging system’s ability to integrate multiple exposures is demonstrated in
this section. A single LED is imaged onto a 100x100 region of interest (ROI). The
dc voltage applied to the LED is set at 3V, 4V, 5V, and 6V. At each voltage setting,
the number of integrated exposures is increased until the imaging system saturates.

Figure 8.5 is a graph of the number of exposures that can be integrated when
the exposure time is set to 10us. The maximum number of exposures that can be
integrated is 4000, which is a limit that is set by the digital logic configured in the

controller. The imaging system will not reach saturation when the exposure time is
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Fic. 8.3. Wavelength scan of LED Array

set at 10us and the dc voltage applied to the LED is 3V.

It was determined, in Chapter 2, that the imaging system saturates at approxi-
mately 28,000 counts (DN). The count values plotted in Figures 8.5, 8.6, and 8.7 are
mean values across the 100x100 ROI. The mean data in the figures only approaches
16,000 counts (DN) because some pixels were near saturation and data collection was

terminated.

Figures 8.6 and 8.7 are also graphs of the integrated exposures for exposure times
of 100us and 500us respectively. Obviously, as shown in Figures 8.5, 8.6, and 8.7,
the maximum number of exposures that can be integrated decreases as the irradi-
ance increases. In the same respect the number of exposures that can be integrated

decreases as the duration of each exposure increases.

Independent of the exposure time, integrating exposures on the CCD chip is

a fairly linear process. As shown in Figure 8.5, a 4V dc input to the LED and
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F1G. 8.4. Applied dc voltage vs. total LED current draw

an exposure time of 10us produces about 14,000 counts (DN) at the output after
integrating 2500 exposures. The output is determined by averaging over the 100x100
ROL

After increasing the exposure time by an order of magnitude to 100us, the num-
ber of integrated exposures required to obtain the same output acquired by inte-
grating 10us exposures should, correspondingly, decrease by an order of magnitude.
Figure 8.6 shows, in fact, for a dc voltage of 4V and an exposure duration of 100us,

the output reaches about 14,000 counts (DN) after integrating 250 exposures.

The same correlation is apparent in Figure 8.7 as well. Using an exposure time
of 500us requires, as expected, 50 integrated exposures to reach approximately 14,000

counts (DN) at the output, when the dc voltage applied to the LED is 4V.

Using the 4V dc data from Figures 8.5, 8.6, and 8.7, the integration rate, in
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F1G. 8.5. On-chip exposure integration using 10us exposure time
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F1G. 8.7. On-chip exposure integration using 500us exposure time

terms of digital counts per second, is determined and shown in Figure 8.8. Once the
integrated value becomes larger than about 4000 counts, the mean integration rate

becomes fairly constant. The same is true for LED dc supply voltages of 5V and 6V,

which are not shown.

The mean integration rate, given in Figures 8.8 is shown to be higher when
the exposure time is 10us. This effect is probably caused by an emphasis in noise
that occurs at very short exposure times. Charge, in the form of noise, from mask
bleedthrough can add to the total charge at the output. The ratio of the charge
collected during an exposure to noise charge is small when using a short exposure
time. The mean integration rate, shown in Figure 8.8, does not account for noise

and, therefore, increases as the exposure time decreases.
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Fic. 8.8. Input arrival rate when applying 4V dc to the LED array

8.4 Integration Threshold

The integration threshold (IT) feature is demonstrated in this section. The same
100x100 ROI discussed in section 8.3 is used again to image a single LED. The dc
voltage applied to the LED is held constant at 4V. Also, only a singIe exposure is
taken and multiple exposures are not integrated.

The dead-band, created with the IT feature, is controlled by the voltage applied
to the read out gate (ROG) barrier during an exposure. The maximum voltage that
can be applied to the ROG barrier is 12.75V. In the following analysis, the dead-band
threshold level is represented as a percentage of the maximum voltage that can be ’
applied. The dead-band threshold is, therefore, created by applying less than 100%

of the maximum voltage to the ROG barrier, and it is represented as this percentage.

Figure 8.9 shows the integrated output as the ROG barrier voltage is lowered
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from 75% to 18%. The expected output when the ROG voltage is set to 100% is
shown on the abscissa and the actual output when the ROG voltage is less than

100% is plotted along the ordinate.
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FiG. 8.9. Mean integration per read out gate (ROG) voltage setting

As expected, lowering the ROG voltage does in fact create a dead-band in the
integration process. The amount of charge accumulated per exposure must exceed
the dead-band threshold before it is integrated into the vertical register.

The integration threshold coefficient (p), which was defined in equation 6.13, is
given in Figure 8.10 for various ROG settings. The threshold coefficient is plotted as
a function of the average output when the ROG voltage were set to 100%.

Figure 8.10 shows that the integration threshold coefficient is not a constant,
which would make it difficult to determine the actual modulation depth as given by .

equation 6.36. The integration threshold coefficient, p, is determined by dividing the
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actual output (with ROG set less than 100%) by the expected output when ROG is
100%. As the average output with the ROG set to 100% increases, p levels off and
approaches a steady state value. If integration is performed in a region in which p
reaches a steady state value, it is possible, according to the data in Figure 8.10, to

use the integration threshold to improve the SNR.
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F1G. 8.10. Integration threshold coefficient (p) determination

The dead-band threshold does not appear to be a constant, however, at every
pixel over the region of interest. Noise from pixel-to-pixel variations dramatically
increases as the threshold is raised. Figures 8.11 and 8.12 show the noise power
obtained when the dead-band threshold is raised. Figure 8.11 shows ROG settings of
100%, 75%, and 61%, and Figure 8.12 shows results for ROG settings of less than 50%.

The photon noise limit is also incorporated-into Figures 8.11 and 8.12 for comparison.
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F1G. 8.11. Noise power per read out gate (ROG) voltage setting

When the ROG voltage is set below 61% of the maximum, the noise power (in
dB referenced to counts) becomes quite large and appears to be signal dependent. It
also appears that, when using the integration threshold, the noise power is dependent
on the integrated input. At all the ROG settings, the noise power dropped back down
to the photon noise limit when the integrated value reached about 87.5dB, which is
about 23,700 counts (DN).

All of the images at each dead-band threshold setting were processed with the
flat-field correction file that was created for 100% ROG operation. The flat-field
correction file may account for some of the anomalous results shown in Figures 8.11
and 8.12. In some cases, the data is lower than the photon noise limit, which is
suspected to be an overcorrection caused by the flat-field correction data file. Even
though the flat-field correction factor data file was generated by averaging images

taken at multiple steps over imaging system’s linear operating region, it may be the
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cause of the strange shape in the noise curves.
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The pixel-to-pixel uniformity appears to be dependent on the ROG barrier volt-
age, which is a CCD trait that has also been documented by Janesick (1987). Based
on equation 6.36, integration threshold nonuniformity across the array, which is the
same as nonuniformity in p, would make it very difficult to determine the modulation
depth at each pixel. It is, therefore, not advisable to use the integration threshold

when determining modulation depth.

8.5 Modulation Depth

Based on the modeling results in Chapters 6 and 7, the gated integration mode,
rather than the heterodyne detection mode, offers better performance expectations
when attempting to determine modulation depth. In this section, the gated inte-

gration mode from Chapter 6, without the integration threshold, is used to measure
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the irradiance from a single LED and demonstrate the system’s ability to determine

modulation depth.

8.5.1 Source Configuration

In order to set-up a test probe irradiance that contains a modulated information
bearing signal, an LED is excited with the sum of a dc voltage and a modulated signal
voltage, as shown in Figure 8.2. The irradiance from the LED is passed through a
diffuser and then imaged onto a 100x100 pixel ROI in the CCD array, creating 10,000
data points per frame.

The dc voltage applied to the LED ranges from 3V to 6V. A zero mean valued
square wave is used as the modulating signal. The modulating signal amplitude
ranges from £20mV to £1mV. Since the modulating signal has a zero mean value, it
both adds to and subtracts from the dc voltage. The noise input is grounded through
50 ohms. R

8.5.2 Calibration Measurements

In order to measure the captured signal’s modulation depth with the imaging
system, the modulation depth created with the LED needs to first be known. The
modulation depth created with the LED cannot, however, be determined with the
conventional technique used to determine the modulation depth in an actual probe
beam from a PPAS experiment (Settersten, 1999). Instead, a method for calculating
modulation depth from a combination of measurements with both a lock-in amplifier
and a multimeter was developed.

Conventionally, in a PPAS experiment, only.the power in the fundamental har-

monic is measured with a lock-in amplifier to determine modulation depth (Settersten,
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1999). First, the pump beam is blocked and the noise floor (no signal present because
pump is blocked) at the fundamental harmonic (which is phase and frequency locked
_to the modulated signal) is measured with a lock-in amplifier. This value is set at
the 0% modulation depth point. The modulation is then impressed directly onto the
probe beam (normally by inserting a mechanical chopper in the probe beam’s path)
and the power at the fundamental harmonic component is again measured. This sec-
ond value is set as the 100% modulation depth point. A linear calibration equation
is fitted between the 0% and the 100% modulation depth points. The experiment is
‘then performed (modulation is impressed onto the pump beam) and the power at the
fundamental harmonic component is measured. The linear calibration is then used

to determine the actual modulation depth occurring in the experiment.

The conventional measurement technique, described in the previous paragraph,
uses the fact that the steady state background is a constant value and the modula-
tion depth can be determined from changes in the fundamental harmonic component’s
power. The 0% and 100% modulation depth points cannot, however, be measured
with the test probe irradiance from the LED. Because the modulating signal, in the
test irradiance, has a zero mean value, it lowers the dc voltage (steady state back-
ground) by the negative portion of the square wave modulation signal. The steady
state background in the test irradiance, therefore, changes based on the magnitude

of the modulating signal.

Since both the steady state background irradiance and the irradiance in the fun-
damental harmonic component change with changes in modulation signal magnitude,
the modulation depth is determined from both components. As introduced in sec-
tion 1.3.1, the modulation depth is the ratio of the power in the modulated portion of

the irradiance to the power in the steady state background irradiance. In order to ob-
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tain baseline data, an equation was developed to calculate the modulation depth from
measurements of both the dc component and the fundamental harmonic component.

The derivation and further explanation of this calculation is given in Appendix I.

To determine the actual modulation depth emitted by an LED, the irradiance
from that LED was focused onto a photodiode and measured with both a multimeter
(HP 34401A) and a lock-in amplifier (SRS SR830). The multimeter was used to
measure the steady state background, or dc irradiance, from the LED. The lock-in
amplifier was referenced to the modulation signal and was used to measure the power
in the fundamental harmonic component. The values from these measurements were

then used to calculate the modulation depth using equation 1.26.

The calculated modulation depth from measurements at LED dc voltage settings
from 3V to 6V and modulation voltages of +20mV, +£10mV, and £5mV are plotted
in Figure 8.13. With these voltages applied to the LED, the modulation depth ranged

from just over 0.1 to 2x1073.

In order to verify the data obtained with the lock-in amplifier, multimeter, and
calculation from Appendix I, measurements were also performed with a boxcar av-
erager (SRS SR250). The boxcar averager was used in a gated integration mode to
integrate samples of only the steady state background (I.g from equation 1.1) and
then to integrate samples of both the steady state background and the signal (1, from
equation 1.1). The values from the boxcar averager were then used in equation 1.1

to determine the modulation depth. The results are also shown in Figure 8.13.

Based on the inclusion of the boxcar averager measurements in Figure 8.13, the
modulation depth results determined with measurements from the lock-in amplifier
and multimeter are more convincing. The lock-in amplifier and multimeter are, there-

fore, used to acquire baseline modulation depth data, with which the data from the
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FiGc. 8.13. Modulation depth measurements with a lock-in amplifier and a boxcar
averager

imaging system is compared. Figure 8.14 shows the baseline modulation depth data,

which ranges from about 0.1 to 2x107°.

8.5.3 Imaging System Results

The imaging system was then used, in the gated integration mode, to determine
the modulation depth created by the same LED that was analyzed in Figure 8.14.
The dec voltage applied to the LED ranged from 3V to 6V in 1V increments. The
modulated signal amplitude was set to 20mV, 5mV, 2mV, and 1mV. The modula-
tion frequency was set to 1500Hz, which was the frequency at which the irradiance
appeared, on a spectrum analyzer (HP 89410), to roll off to the noise floor. Each
exposure was set to 125us and, depending on the dc voltage, the number of integra-

tions was set such that the final integrated output was in the linear operating range
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FiG. 8.14. Modulation depth measurement with the combination of a lock-in
amplifier and a multimeter

around 20,000 counts (DN).

Multiple image sets per dc voltage setting and per modulation voltage setting
were acquired with the imaging system. As described in Chapter 3, the integration
of exposures is phase locked to the modulated signal. Using a delay generator (SRS
DG535), that is phase locked to the digital function generator, either an image that
contains signal (I,,) can be acquired or an image that contains no signal (only steady
state background, I,g) can be acquired. The images that contain signal are considered
in-phase images and the images that do not contain signal are considered anti-phase
images. Changing the delay in the trigger, generated by the DG535, that initiates an
exposure relative to the modulation signal, provides a means for selecting between

in-phase and anti-phase images.

Once the in-phase image and the anti-phase image are acquired, the modulation

depth is determined, on a pixel by pixel basis, using a two-dimensional form of equa-
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tion 1.1. Prior to calculating the modulation depth, multiple frames are also averaged
together.

The modulation depth calculations from imaging system measurements are shown
in Figures 8.15, 8.16, 8.17, and 8.18. Also included in the figures is the baseline mod-
ulation depth that was determined with the lock-in amplifier and multimeter, from
Figure 8.14. The data in Figure 8.15 is based on a 20mV modulation signal. Fig-
ures 8.16, 8.17, and 8.18 are based on modulation signal voltages of 5mV, 2mV, and

1mYV respectively.
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F1G. 8.15. Modulation depth measurement with 20mV input signal modulation

The modulation depth data point shown for the imaging system measurements
is the average value over the 100x100 pixel region of interest (ROI). The error bars
indicate the range of modulation depth values that were calculated over the ROI. Error
bars that do not extend below the mean indicate that negative values were present

in the ROI, which are probably caused by 1/f noise or drifts in the dc voltage.
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The discrepancy between the baseline modulation depth data and the modulation
depth determined with the imaging system becomes very lAarge in Figure 8.18. The
modulation depth error is larger than 100% for many data points in Figure 8.18.

Figure 8.18 only shows the results that were feasible. Some of the results, when
using a 1mV modulation signal, were returned as negative values. Modulation depth,

as defined by equation 1.1, cannot be a negative value, thus, any negative results were

discarded.
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F1c. 8.18. Modulation depth measurement with 1mV input signal modulation

Negative valued modulation depth results are probably due to drifts in the dc
voltage (steady state background). While acquiring a set of anti-phase images, the
dc voltage likely drifted higher, or when acquiring a set of in-phase images, the dc

- voltage likely drifted lower. This seems especially reasonable when averaging a set of
100, 200, or 500 images, which takes quite a:long period of time and is more suseptible
to dc drift (1/f noise).
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8.5.4 Detection Limit

Based on the data in Figures 8.17 and 8.18, the imaging system’s ability to de-
termine modulation depth appears to be limited to 1x1072. As shown in Figure 8.14,
a modulation depth of 107 was, however, obtainable with the lock-in amplifier. The
modulation depth, whether determined with the imaging system or the lock-in ampli-
fier, is limited by the amount of signal power and noise power that manifests itself at
the measurement system’s output. The amount of signal and noise power produced
at the measurement system’s output is not only dependent on the system’s processing
functions but is also dependent on the amount of signal and noise power introduced

at the measurement system’s input.

The irradiance incident on one of the CCD’s pixels can be determined from the
integration rate, shown in Figure 8.8, the imaging system’s gain, given in equation 6.9,
and the ADC conversion gain, Az, which is not incorporated into the system gain.
The integration rate, that was calculated in section 8.3 and is defined here as v, has
units of counts or DN (digital number) per second. The ADC gain, A,, has units
of DN per volt. The system gain, G, which is a function of the quantum efliciency
(n), CCD output amplifier gain (S,), and the transfer gain (A;), has units of volts
per photon. The arrival rate of photons per pixel, A,, can, therefore, be calculated
by multiplying the integration rate by the inverse of A; and the inverse of G5. The

average, per pixel, arrival rate of photons is, therefore,

1 1
UI.A_.ES = A\ (8.1)

which in terms of units is,

=) o ] - 1

sec DN volt sec
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The parameter values for the system gain are given in section 2.7. The ADC con-
version gain is 6.553DN/mV, the CCD output amplifier gain is 30.3uV/electron, and
the transfer gain is 4.1V/V. Based on a 500nm wavelength, which is the approximately
the peak shown in Figure 8.3, the quantum efficiency is about 46% (Appendix C).

Using the values listed produces a system gain, G, of about 5.59x1073.

The integration rate, shown in Figure 8.8, is the average rate of integration
per pixel with the LED dc voltage set to 4V. The integration rate becomes fairly
constant after integrating approximately 4000 counts (DN). Since the exposure time
used to determine modulation depth was set at 125us, the integration rate calculated
at an exposure time of 100us, as shown in Figure 8.8, was considered in the following
analysis. The average integration rate for LED dc voltage settings of 3V, 4V, 5V,
and 6V, was calculated for integrations over 4000 counts (DN). These values were
then multiplied by the inverse of the ADC gain and the system gain to determine the

average arrival rate of photons, as given in equation 8.1.

The average input arrival is considered to be the average steady state back-
ground, Ip, incident on each pixel. The average input arrival rate can be converted
to irradiance in watts by multiplying by the energy per photon (equation 5.6). Using
500nm as the wavelength, the average arrival rate of photons, per pixel, is converted
to the steady state background in watts by multiplying A, with e. Table 8.1 lists the
results, along with the corresponding standard deviation, from converting the average

integration rate to the average steady state background irradiance per pixel.

The steady state background, I,, given in Table 8.1, is the average irradiance
incident on each pixel of the CCD. Since a 100x100 region of interest was used, the
average irradiance over the entire array was approximately 10,000 times the values

shown in Table 8.1. The average irradiance over the entire array is used as an estima-
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LEDdc || | An RSy 7, Al
Vv (DN/sec) (photons /sec) (watts)
3 1.24x10° | 7.23x10% || 3.37x10° | 1.97x10% || 1.34x10~13 | 7.85x10°16
4 5.49x10° | 3.04x10°% || 1.50x10° | 8.31x10° || 5.95x10~13 | 3.30x10~1°
5 8.96x10° | 5.87x10% || 2.45x10° | 1.60x10% || 9.72x10~13 | 6.37x10°1°
6 1.15x10° | 6.94x10° || 3.15x10° | 1.89x10* || 1.25x107*2 | 7.52x10~%°

Table 8.1. Calculation of photon arrival rate (),) and steady state background
irradiance (I,) from the integration rate (v7) on a per-pixel basis

tion to the irradiance that was focused onto the photodiode element, which was the
transducer for the lock-in amplifier measurements. Under the same LED dc voltage
conditions, the steady state background power incident on the photodiode is, there-
fore, assumed to be 10,000 times larger than the background power incident on a
single CCD pixel.

In section 5.5.3 the expected signal power is compared to the photon noise limit
for a range of steady state background powers. The comparison is shown graphically
in Figure 5.5." The calculated steady state background power per pixel, given in
Table 8.1, is incorporated into this comparison and is shown in Figure 8.19. Also
shown in Figure 8.19 is the estimated steady state background power incident on the
photodiode element.

Figure 819 shows that the experimental modulation depth detection limit quoted
above is set by the source (LED) rather than by the imaging system. For the average
steady state background power that was incident on a single pixel, the minimum
expected signal that remains greater than the photon noise limit is about 1072. The
modulation depth data given in Figures 8.17 and 8.18 does, if fact, become noise
limited around modulation depths of 1073,

Figure 8.19 also shows that the lock-in amplifier measurement technique, which

uses the photodiode, becomes photon noise limited at a modulation depth of about
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1075. Figure 8.14 does show that a modulation depth close to 1075 was calculated
from measurements with the lock-in amplifier.

Based on Figure 8.19, the LED array does not provide adequate irradiance for
testing the imaging system on modulation depths below 1072, The data in Fig-
ures 8.15, 8.16, 8.17, and 8.18 indicates that the minimum detectable modulation
depth is photon noise limited. Based on the mathematical models, which are shown
graphically in Figures 5.5 and 6.14, the imaging system should be capable of resolv-
ing a modulation depth of at least 107%, if an adequate irradiance source (one that

supplies at least 107 watts per pixel) is utilized.

8.6 Alternate Applications

Besides the ability to measure modulation depth, the imaging system may be
applied in other arenas. For example, the gated integration mode could be used in
industrial applications for object recognition. The other detection mode, heterodyne

detection, may prove useful in imaging applications that require phase information.

8.6.1 Object Recognition

Fringe analysis is an optical technique that can be used for object measurement
and object recognition in industrial applications (Arai et al., 1996a). In order to show
the systems ability to extract a fringe pattern from an object, a simple experiment
was performed using the gated integration mode.

A simple interference pattern (fringe pattern), setup by the constructive and
destructive interfergnce from two coherent beams, was focused onto an integrated
circuit package, as illustrated in Figure 8.20 (Fisher et al., 1999). One of the beams

is a'steady state beam and the other is modulated with a mechanical chopper. The
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gated integration is, again, phase locked to the modulated beam.
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Fiac. 8.20. Experimental configuration for fringe analysis

An image with modulation and an image without modulation is acquired by the
system. The interference pattern, or fringe pattern, is obtained by differencing the two
images. The resulting fringe pattern is shown in Figure 8.21. Since interference exists
only in the area where both beams exist, which is in this case on the integrated circuit
package, the fringe pattern emphasizes the shape of the object. The background,

which does not contain a fringe pattern, becomes a fairly constant value.

The gatéd integration mode, therefore, may also find application in fringe analy-
sis methods. These methods may prove useful in two-dimensional object recognition
and measurement systems. The initial result indicates that further investigation into

the use of the imaging system gated integration mode may prove valuable.
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FIG. 8.21. Fringe analysis example

8.6.2 Heterodyne Detection

The heterodyne detection process, described in Chapter 7, did not appear to
be applicable to modulation depth measurements in PPAS. It may, however, prove
useful to other applications. Unlike the gated integration mode, the heterodyne detec-
tion mode retains phase information. The ability to resolve phase data is necessary
in range finding instruments, such as LIDAR. Phase information can also enhance

diagnostics such as pressure sensitive paint measurements.

The irradiance from an LED is, in this case, set as the combination of a small
background (a dc voltage of 3V to surpass the LED’s break down voltage, Figure 8.4)
and a relatively large modulated signal. The imaging system is, again, phase locked to

the modulated signal. The sampling process performed on the CCD chip is, however,
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set at a slightly different frequency than the frequency of the modulated signal. The
difference in frequency is the intermediate frequency, which is explained in Chapter 7.

In order to acquire data at a rate faster than the intermediate frequency, the
number of pixels that can be incorporated into the region of interest (ROI) is quite
small. A single row of 100 pixels is set as the ROI to achieve a frame rate of about
30Hz.

Figure 8.22 shows the output from the imaging system in the heterodyne detec-
tion mode. In this example, the modulated signal’s frequency is set to 4kHz. The
sampling performed on the CCD chip is set to 3998Hz, which sets the intermediate
frequency to 2Hz. The output of 100 frames, each a row of 100 pixels, is shown in

Figure 8.22.

40
Frame

80 100

Fic. 8.22. Heterodyne detection output with difference between sampling frequency
and modulation frequency set to 2Hz

The power spectral density of the data in Figure 8.22 is determined and shown
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in Figure 8.23. The output from the imaging system is, in fact, at the intermediate
frequency of 2Hz. Also present in Figure 8.23 are harmonics of the intermediate
frequency. These harmonics probably appear because the sampling performed by the
imaging system is not purely sinusoidal. Sampling performed by the imaging system
was defined in equations 6.1 and 6.2 as a natural sampling function that has frequency

components that are harmonics of the sampling frequency.

20 *, ! ! .'
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F1G. 8.23. Power spectrum of the 2Hz IF example from Figure 8.22

The primary advantage of the heterodyne detection process, as shown in Fig-
ure 8.22, is that the phase information is retained. If for example, multiple signals
were present, rather than a single modulated signal, the phase relative to other signal
could be determined. This type of information could prove valuable to 3-D depth

imaging and harsh environment imaging applications.
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Chapter 9

DISCUSSION AND OBSERVATIONS

9.1 System Performance

The imaging system performs well, given the fact that the focal plane processing
has been incorporated into a commercially available system, not specifically designed
for focal plane processing. A demonstration has shown that a modulation depth of
1073 can be resolved with the imaging: system and mathematical modeling suggests
that 107 is obtainable.

The processing functions incorporated into the imaging system are by no means
optimized in terms of the signal-processing functions most suitable for extracting
modulation depth (Fowler, 2000). In order for an imaging system to accurately
resolve modulation depths lower than 10~% sophisticated processing circuitry must

be incorporated at the focal plane.

The level of processing implemented in the interline transfer CCD, which is lim-
ited by the architecture itself, was sufficient enough to extract a weakly modulated
image from a large background and determine modulation depth. Sophisticated pro-
cessing implemented in an imaging system specifically designed to resolve modulation
depth should be able to perform better and achieve a higher SNR than that achieved
with the imaging system in this work. An imaging system specifically designed to
remove the steady state background and synchronously extract the information bear-

ing signal could extend two-dimensional modulation depth measurements to at least
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1075,

9.2 Industrial Collaboration

Collaboration with Roper Scientific, Inc., (Princeton Instruments) provided sig-
nificant momentum for this investigation. The opportunity to obtain a scientific
imaging system, gather an understanding of its design, and the ability to modify the
design has proved to be invaluable. Both the hardware resources and intellectual
property provided by Roper Scientific, Inc., have greatly enhanced this project.

Results from this investigation and joint efforts with Roper Scientific, Inc., have
led to the development of other imaging systems. An imaging system, based on the
same CCD architecture, that captures two full frame images separated by a short
temporal delay has been developed. This imaging system has been demonstrated at
university laboratories and is now available as a commercial system. This commercial
system is currently being applied to pressure sensitive paint research at the Colorado
School of Mines.

Not only has this work directly influenced the development of a commercially
available device, but the results have also influenced the design of a new active pixel
device. Collaboration with a semiconductor design house has been initiated and a
CMOS active pixel sensor has been designed specifically for extracting weakly mod-
ulated images from a large background irradiance. As of this writing, the prototype

device is in production.

9.3 Project Breadth

In order to complete this investigation, selected fundamentals from a variety

of technological disciplines were incorporated. Interdisciplinary topics required in-
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vestigation in order to obtain an understanding of the imaging system’s role as the
transducer in a diagnostic system. In order to develop this understanding, breadth

in technological fundamentals was required. A fundamental understanding of

e analog circuitry design and hardware development,

e digital logic design and hardware implementation,

e communications and linear systems analysis fundamentals,

e optics fundamentals,

e semiconductor technology specific to CCDs and CMOS active pixel sensors,
e fundamentals of laser diagnostics and spectroscopy,

e image processing techniques,

e statistical and probabilistic systems analysis, and

e measurement and instrumentation technology,

was incorporated at multiple stages of this investigation.

A particular important result is the fact that much of the analysis performed
in this work is actually not specific to pump-probe absorption spectroscopy or the
interline transfer imaging system. The models were formulated to conform to their
parameters and follow their attributes and functions. Nothing about the framework
of the analysis is, however, specific to laser diagnostics or imaging.

This work, therefore, contains a solid analytical treatment and a collection of
pragmatic tools that can be used to analyze technical systems. This tool-set not
only includes the mathematical fundamentals from linear systems theory but also
methodologies aimed at understanding the parts of a technical device or process as

sub-systems.
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Chapter 10

CONCLUSIONS

10.1 General Summary

An imaging system that extracts a weakly modulated image that is superimposed
on a large background and is embedded in noise has been developed and investigated.
In order to complete this task, application specific functions, that operate at the
focal plane, have been incorporated into an imaging system. The functionality of the
imaging system has been modeled. A separate model of the input irradiance was also
developed and was used in the analysis of the imaging system.

After the system was modeled, the application specific functions were then
demonstrated. This demonstration showed that the proposed integration threshold
is not generally viable as a mechanism for improving the signal-to-noise ratio (SNR)
beyond the SNR obtained without the integration threshold. The system was shown,
however, to have the capability to extract a weakly modulated image from a large
background irradiance. Based on the imaging system’s ability and the demonstration

of its processes, other applications have also become apparent.

10.2 Contributions of this Work

The result of this work contributes to not only the field of detection for laser
diagnostics but also to a selection of other imaging applications. Primarily, the appli-

cation specific CCD functions, the related mathematical models, and the mathemati-
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cal model of the input irradiance can prove useful to two-dimensional laser diagnostic
investigations and to the design of new detection systems for these diagnostic inves-

tigations. The contributions are further outlined in the following sections.

10.2.1 Two-Dimensional Gated Integration with a CCD

A commercial interline transfer CCD is used as a two-dimensional gated inte-
grator. Synchronizing the CCD’s exposure mechanism with a signal’s frequency and
phase produces a imaging system that can be operated as a gated integrator. In the
gated integrator mode the input irradiance is either integrated or rejected at the focal

plane.

10.2.2 Integration Threshold Implementation and Investigation

An integration threshold feature is implemented and investigated in the interline
transfer CCD architecture. A potential barrier between the CCD’s sensor and storage
well is used to create a dead-band threshold, which accumulated charge in the sensor
must surpass before it is integrated in a storage well. The process is similar to anti-
blooming, which is implemented with another potential barrier and the substrate
potential well. |

The results show that an integration threshold can be implemented in a com-
mercially available interline transfer CCD, even though it is not designed for such
an application. The integration threshold does, in fact, introduce a dead-band that
reduces the amount of charge integrated per exposure, thus, eliminating some of the
steady state background. As a result, a greater number of exposures can be integrated

prior to reaching saturation.

The integration threshold feature is, however, not recommended as a process for
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increasing the signal-to-noise ratio (SNR). As the threshold barrier is increased, the
pixel-to-pixel spatial noise increases dramatically. The amount of irradiance reduc-
‘tion, indicated by the integration threshold coefficient, also varies across the array
and is signal dependent. The ihtegration threshold is, therefore, not suitable for pre-
cise measurements, such as modulation depth, that require the threshold coeflicient

bé known.

Because it was possible to introduce a dead-band into a device not specifically
designed for such a feature, the integratilon threshola could be more attractive if it
is considered in the design stage of a new device. The integration threshold could
perform quite well if it were designed into the architecture of an applications specific
device. Incorporating CMOS APS technology would provide enhanced focal plane

processing capability that could be used to refine the integration threshold feature.

10.2.3 Heterodyne Detection with a CCD

The interline transfer CCD can also be operated as a heterodyne detector. The
CCD’s exposure mechanism is again synchronized to a signal’s phase. The frequency
of exposures is, however, different than the frequency of the signal. Using this type
of detection method transfers the signal to an intermediate frequency, that can be set

below the imaging system’s frame rate.

Operating the imaging system in this mode produces a set of frames that contain
both the signal’s frequency and the signal’s phase information. The phase information
can then be used, as another parameter, in measuring a characteristic in the object

plane.
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10.2.4 Input Irradiance Model Development

The input irradiance, used in analyzing the imaging system, is modeled as the
linear sum of probe beam components. Defining the input ii‘radiance as the sum of
individual spectra provides both flexibility and convenience in analyzing the imaging
system. With these definitions, it is possible to investigate the spectral composition
of each component before it enters a detection systém and after it has been processed
by a detection system. The definition of the input irradiance developed in this work is
general, flexible, and can easily be used in the design and analysis of other detection

systems.

10.2.5 Imaging System Model Development

Mathematical models of the imaging system are presented and analyzed. The
foundation for the models is built from communications and linear systems theory.
The model development practice and analysis procedure provides insight to the de-
tection process at a systems level. The detection parameters are investigated and

specified to improve performance.

A laser diagnostic and an imaging system are modeled and analyzed with linear
mathematical models, which are founded on fundamental communications theories.
These models and this analysis shows its flexible nature, effectiveness, and benefits
obtained from investigating a technical system with this approach. The system’s
parameters can be analyzed individually and prescribed to improve performance.
Since the approach has been beneficial to the analysis of the combination of a laser
diagnostic and an imaging system, it can also be useful to many other, unrelated

technical systems.
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10.2.6 Diagnostic Imaging Performance Prediction

The imaging system’s performance is defined in the context of modulation depth
measurement for pump-probe absorption spectroscopy diagnostics. Using the gated
integration mode, the imaging system can extract a weakly modulated image from
both a large background irradiance and noise. The ratio of the magnitude of the
modulated image to the magnitude of the background irradiance is defined as the
modulation depth. Modulation depth of 107* or less can be used in spectroscopic
calculations to determine species number density.

It is shown, that the imaging system can extract modulated images and that a
modulation depth of 107% can be obtained. The measurements were limited by the
irradiance source used for calibration and testing. Had the irradiance been adequate,
models of the irradiance and imaging system indicate that a modulation depth of
107 can be resolved.

Since the imagiﬁg system has been shown to have the ability to extract a modula-
tion depth of 1073, it can also be utilized in other applications that have less stringent
measurement requirements. Interference patterns can be resolved with the imaging
system operated in the gated integration mode. Such measurements can be used for

object recognition.

10.3 Limitations of this Work

The noise analysis of the input irradiance did not include spatial noise. The
irradiance source was not entirely adequate. The imaging system was not applied
directly to the laser diagnostic analyzed and post-processing the images to enhance
signal extraction was not investigated further. Recommendations to continue this

investigation and expand on the findings are outlined in the following sections.
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10.3.1 Spatial Noise Considerations

Spatial noise, which is a random fluctuation in irradiance across the profile of the
probe beam, was not, considered as a source of noise in the analysis. It was assumed
that each pixel across the imaging array was incident with the same irradiance. The
model of the input irradiance, and the imaging system model, should be extended to
include the effects of stochastic spatial variations. This extension would enhance the

models and provide an investigation that is closer to the system’s actual performance.

Along these lines, an analysis of spatial noise may lead to the implementation of
other signal-processing techniques, possibly inciuding spatial filters. Image processing
algorithms could be incorporated that account for low frequency spatial variations
and, essentially, register respective images for calculations. Some type of spatial
modulation may also be attractive. Spatially modulating the signal, in addition to
fhe temporal modulation, may move the signal to a spatial frequency that is not

affected by random low frequency spatial drifts.

10.3.2 Irradiance Source

The irradiance test source did not produce adequate irradiance for resolving a
modulation depth lower than 1073, The input irradiance was photon limited around
this range. The imaging system could, therefore, only perform to the photon noise
limit.

Another irradiance source needs to be developed that both produces adequate ir-
radiance (to allow calibration and measurement at or below 107°) and is configurable.
The source must have outputs (electronic) that can be used for synchronization and

the irradiance that is produced must be controllable.
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10.3.3 Diagnostic Application

The imaging system was applied to a pump-probe absorption spectroscopy ex-
periment. Conclusions were, however, unattainable from the images acquired during
the experiment. Since the characteristics of the imaging system were at the time un-
known, an apparatus that could be configured, accurately controlled, and repeated,
was needed to characterize the imaging system. Since the imaging system is now

characterized, it should now be applied to an actual diagnostic.

10.3.4 Signal Enhancement with Image Processing Algorithms

Image processing algorithms, performed in software after obtaining images, were
not extensively considered as a method to further enhance the final image data. Image
processing should be considered as an important tool that can be used to enhance

the image data and improve the overall system’s ability to resolve modulation depth.

10.4 Suggestions For Future Work

Besides the suggestions included in the previous section, an extension of the in-
terline transfer architecture is suggested for further investigations. An interline frame
transfer CCD, which is an architecture that is a combination of the interline transfer
and frame transfer architectures may provide more flexibility. In the normal interline
transfer CCD, integration, both in the gated integration mode and the heterodyne
detection mode, cannot commence until the previous image is completely read from
the array. A combination of interline transfer and frame transfer architectures could
be used to quickly transfer the image to a mask area, where it would then be read

from the array, while integration of the next consecutive image has been initiated.
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10.5 - Conclusion

An imaging system that uses an interline transfer CCD as the transducer can
operate in both a' gated integration mode and a heterodyne detection mode. These
functional modes are accomplishéd by synchronizing focal plane mechanisms with
the input signal’s frequency and phase. An integration threshold can also be incorpo-
rated into an interline transfer CCD, however, the noise from such an implementation
precludes its effectiveness. In a test application, the imaging system can measure a
modulation depth of ~10‘3. Based on the modeling and analysis performed, lower
modulation depths may be obtainable with the imaging system.

The modeling aéproach used in this work is flexible and effective. Based on the
analysis performed in this investigation, it is apparent that many other and unrelated
technical systems can also benefit from the underlying framework of analysis in this

thesis.
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APPENDIX A

Cooled CCD Cameras

based on the.Sony 1300 x 1030 Interline CCD
Cm e e e ]

MicroMAX-1300Y

These cameras are ideal for high reso-
lution fluorescence microscopy applica-
tions requiring high blue-green sensitiv-
ity. but not requiring high frame rates.

These cameras are recommended for
GFP imaging. FISH and general fluores-
cence imaging.

The key features include:

« High QE in the blue-green

+  Smallest pixel: 6.7 ym,
1.3 million pixels

« Electrohic shuttering

« Programmable readout capabilities
(subregion, binning)

* 100% duty cycle

« _ Fast focus video signal

‘CCD Array
Sony ICX0861

CCD Format
1300 x 1030: 8.71 x 6.90 mm overalt:
6.7 x 6.7 um pixels center-to-center

Full Well Capacity
20,000 electrons typical;
40,000 with 2 x 2 binning

Readout Noise
6-9 electrons at 1 MHz

Spectral Range
300-800 nm

Dynamic Range
11-12 bits

Response Nonlinearity
<1%

301

100
S0
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Interfine CCO

40
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Quantum Efficiency, %

20

10

0
200
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700 800

Wavelength, nm
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1100

Blemish Specifications

Grade 0, no point, cluster, or column
defects. These specifications are based
exclusively on the manufac-turer’s
cosmetic blemish definitions,

Thermostating Precision
+0.040 T over entire temperature range

Typical Dark Charge
0.05 efectrons/pixel-second at -10 T

Operating Temperature Scan Rate
-10 T for RTE/CCD with TE cooling 1 MHz
Readout Rates (frames per second)
Region
1300x1030 400x400 200x200 100x100

) 1x1 0.7 2.6 5.4 9
£ 2x2 1.9 5.4 9 14
E

3x3 3.2 7.5 12 17

4x4 4.3 9 14 19

QE values presented above are average for the entire pixel area, including the effect of microlenses with nearly collimated light (as
output from a microscope). Effective QE may decline slightly in low f/# systems.

Lumogen coating is not recommended on this CCD.

Although no mechanical shutter is required on this camera, a mechanical shutter is available either mounted on the camera or for
the use elsewhere in the optical path for special operating modes.

Princeton Instruments
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APPENDIX B

' BURIED-CHANNEL CCD CONCEPT
B.1 Charge Collection in a Semiconductor

The Poisson equation, which relates electrostatic potential and charge density in
electricity and magnetism, is often used as a starting point when analyzing semicon-
ductor devices and obtaining quantitative solutions to the electrostatic variables (Pier-

ret, 1996). The three dimensional Poisson relationship is

vip = £ (B.1)
K
where ¢ is the electrostatic potential, p is charge density, and & is a dielectric con-
stant. Simplifying the equation to a single dimension and applying it specifically to
a semiconductor material gives

0% _ —p

Oz? Ks€o

(B.2)

where z is the semiconductor material depth, p is the charge density in the material,
ks is the dielectric constant for the semiconductor material, and €, is the permittivity

of free space.
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Knowing that the electric field, in three dimensions, is

E = —-V¢ (B.3)
which in a single dimension is
9¢
E = - 32 (B.4)

allows us to find the electric field across a semiconductor by integrating the charge

density as a function of distance (Dereniak & Crowe, 1984).

B(@) = / LI (B.5)

Ks€o

Finally, the potential distribution along the depth of the semiconductor material can

be found by integrating the electric field with respect to the depth z.

The P-type region, as shown in figure B.1(b), is completely depleted of holes by
holding it at the negative potential ¢.. The charge density, p(z), in the P-type region

from z = 0 to z = z, is, thus, a uniform function of the acceptor doping,
plz) = —gN, 0<z <z, (B.7)

where g is the charge on an electron (¢ = 1.602x 107! C) and N, is the total number

of doped acceptor atoms. The charge density in the N-type region from =z = z, to
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Z = Zp + T4 also has a uniform distribution with respect to the doping,

p(xz) = qNg Zp <T < Tp + 24 (B.8)

where N, is the total number of doped donor atoms.

The distance x4 is the depletion depth and is determined by both the doping
density and the charge, (),, at the gate. The integrated charge across the entire
structure must be neutral (Dereniak & Crowe, 1984). Therefore, the charge on the

gate determines z; by

Qg = qNaxp — qNgzy (B 9)

which can be rewritten as
Naty = B.10
Tg = T' ( . )

From equation B.5, we find the electric field across the structure, as shown in
figure B.1(c), by integrating the charge distribution, p(z), along the depth of the
material. From z = z, to z = 0, the electric field is

E(z) = / Pz = 16 /Qg.é(x+xo)dx (B.11)

Ko€o Ko

which integrates to a step function and shows that the electric field in the silicon

dioxide, S70s, region is a constant.

Ei(z) = o -z, <z <0 (B.12)
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F1c. B.1. Buried-Channel CCD Illustration: (a) semiconductor structure, (b)
charge density profile, (¢) electric field profile, (d) potential profile.
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The constant x,, in equation B.12, is the dielectic constant for S70s.

The electric field from z = 0 to x = z, is a function of z given by,

E(x):/p dz =

Rs€o Ks€o

/ —gN, dz (B.13)

which, after includiﬁg the initial condition at z = 0 from the charge (), integrates to

a linear function of depth.

EQ(IL’) = _—Qg — QNG.’L'

Rs€o

O<z<Lz (B.14)

The dielectric constant for silicon, Si, is now used since we are integrating the charge

density in the P-type region.

The electric field from z = x, to 2 = 2, + 4 is also a function of z given by,

E(z) = l/qu'da: (B.15)

Ks€o
which, after including the condition at z,, becomes

Qg — qN.z + q]\fd(x;mp)
Ks€q

Es(z) = Tp <2 < Tp+ Tg. (B.16)

After finding the electric field profile, the potential profile can be found by in-
tegrating the electric field with respect to the semiconductor depth, as shown in

equation B.6. The integrated potential must also be neutral, thus, we must have

Zp+Tg
0=V, - / E(z) da (B.17)

—-To

which says we must use the negative of the integrated electric field to find the potential
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profile as a function of depth.

From z = —z, to z = 0, the potential in the SiO; layer, as shown in figure B.1(d),

is found by integrating the electric field, defined in equation B.12, over the oxide layer.

_.1 x
o@) = — | Qe (B.18)
Since the initial condition for the gate potential at z = —z, is V,,we find
d1(z) = Vg—QL(:—;—!ﬁ)— -z, <z <0 (B.19)

The potential profile in the P-type and N-type material varies quadratically with
respect to the depth as shown in figure B.1(d). Integrating equation B.14, which is
the electric field in the P-type region from z = 0 to z = z,,

—1

Ks€p

¢(z) =

/ Qg — qN,z dx (B.20)
0

and incorporating the initial conditions from evaluating equation B.19 at z = 0,

s0) = v, — e Ly (B.21)
Koo
results in the following:
. Qgz, 1 1 2
= =20 E— < Zp. .
@2(x) V, Pty [an: 5 qNyz J O0<z<uz (B.22)

In the remaining part of the structure, 2 > z,, the potential profile is again found by
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integrating final electric field section.

_ Tp+x
P(z) = 1 Qg — qNox + gNyg(z — 2,) dz (B.23)

K’SGO Tp

Evaluating the integral gives us

-1 1 1
¢(IL') = [ng — qNyzz, + §qNaa:2 + 5QN¢$2] (B24)

K4€O

and since,

qNax? qNoz?
= B.25
2K5€, 2K4€, ( )

the potential for x > z, evaluates to

Qe 1

Koo Ks€o

1 1
ps(x) = V,— [Qg — qNyzz, + §qNaa:Z + -Q—qu(:v —z,)%.  (B.26)
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APPENDIX C

SONY ICX085 CCD QUANTUM EFFICIENCY CURVE
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APPENDIX D

PHOTON TRANSFER TECHNIQUE
D.1 Photon Transfer Technique

The photon transfer technique is a tool for evaluating a CCD’s performance in
absolute units (Janesick et al., 1985; Janesick et al., 1987). This technique provides
a way to measure the CCD’s output sensitivity, Sy, in volts per electron (V/e™).

For an ideal CCD detector system that is illuminated with a diffuse, uniform light
source, the average signal value, S(DN) (in digital number, DN, units) over all the
affected pixels is found with the system’s signal value transfer function. Graphically

this transfer chain is illustrated in figure D.1.

n Sv Al A2
Electrons Collected i Volts > Volts > DN >
Incident Photons ) ? i Electron Volt Volt SON)
o

Fic. D.1. CCD signal conversion factor representation
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In equation D.1, P is the mean number of incident photons per pixel, QF; is the
interacting quantum efficiency, 7; is the ideal quantum yield, S, is the CCD’s output
sensitivity, A; is the cameras electronic gain, and A, is the analog-to-digital converter
(ADC) gain.

Two factors are defined for converting the output signal, S(D/V), into funda-

mental physical units of either signal electrons or interacting photons.

1 -

1 ) .
K = A, (interactingphotons/DN) (D.3)

For wavelengths above 300nm, only one electron-hole pair are generated per pho-
ton (Janesick et al., 1985). Therefore, in the diagnostic imaging system, the quantum
yield, n;, is unity, which means that there is only one signal electron generated for
each interacting photon. In this case the conversion factors K and J are equal.

Incorporating only the number of interacting photons, P, which is the number
of incident photons, P, times the interacting quantum efficiency, QFE;, gives a new

equation for S(DN) in terms of interacting photons, or signal electrons.
S(DN) = P;.5,.A1. Az (D.4)
Equation D.4 can also be written in terms of the conversion factor K.

S(DN) = % (D.5)



APPENDIX E

NATURAL SAMPLING FUNCTION

E.1 Natural Sampling Function Model

As the optical waveform, p,(t), enters the detector, it is first sampled by the
natural sampling function ¢(¢). The function g(t) is a periodic train of rectangular
sampling windows. The sampling rate is f; and the width of each sampling window

is defined as 75.

0 E << P
gt) = 1 = <t <z (E.1)

A time domain illustration for ¢(¢) is shown in Figure E.1. The natural sampling
function is very similar to the pulse train modulation function defined in section 5.8.1.
The sampling function has an inherent dc offset in its mathematical description. Since
the input to the natural sampler is always positive, the output from the sampler will

always be positive and, therefore, contain a dc component.

Since the sampling function is periodic, the function can be written as Fourier



316

Aq(®)

2T T = T 2T

o

Fic. E.1. Time domain illustration of the natural sampling function

series, which has the form,
at) = Y QuemT (E.2)

The Fourier series coefficients, (), are found by integrating the function, multi-
plied by the complex conjugate, over the period of the waveform. Since it is a power

waveform, it is also multiplied by the inverse of the period.

Ts/2
= — q(t)e 72t gt (E.3)

~Ts/2
The integral from equation E.3 can be divided into the sum of three integrals with
integration boundaries set by the time domain representation’s nonlinear changes in
amplitude. Since the amplitude changes from zero to ¢ at +7,/2, equation E.3 can

be written as,

“75/2 1 75/2
— _/ —127Tfsnt dt 4+ = - e~j27rfsnt dt
Ts/2 s J—7s/2
T, /2

+ = 0. e 72mfsmt gy, E.4
Ts Ts/2 ( )
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The sampling function ¢(t) is zero in both the range —73/2 to —7;/2 and the range
T5/2 to Ts/2, thus, the Fourier coeflicient integrals in these two ranges evaluate to
~zero. The Fourier coefficients for ¢(t) can be found by integrating only over the time

range from —75/2 to 75/2.

1 Ts/2 ] v
Qn = T /20- g~ 92 ant gy (E.5)

Performing the integration above results in equation E.6, which can be rearranged

into equation E.7.

— —C -—j27rfsn(1-2) _ j27rfsn(ﬁ-)

On j2m fsnTs [e e i } (E-6)
c gi2rfon(F) _ g-izmfen(%)

Qn = = T, 5 (BE.7)

Using an Euler identity, the portion of equation E.7 that is in brackets is equal

to sin(7 fsn7s). The Fourier coeflicients can, therefore, be written as,

Qn = == {m—)] : (E.8)

T, T fsnTs

A final simplification can be made by incorporating the definition for a sampling

function.

CTg

Qn = —T—Sa(wfsn’rs) (E.9)
where the sampling function is defined as
Sa(z) = sz(x) (E.10)

Once the Fourier series coefficients are determined, a periodic waveform can be
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represented by the exponential Fourier series in the time domain as equation E.11

and in the frequency domain as equation E.12.

q(t) = i Qn et (E.11)
QL) = D Quélf—nf) (E.12)

Using the Fourier coefficients, @),, and setting the amplitude, ¢, to one, the
natural sampling function is represented in time with equation E.13 and is represented

in frequency with equation E.14.

Ts

qt) = = > Sa(mfonry)err it (E.13)
Q) = 2 3 Sa(nfam)s(f - nf) (E.14)

The two equations above can be written in a shorter form by defining a variable
to represent the duty cycle. The duty cycle is the ratio of the sampling pulse width,
Ts, to the sampling period, Ty. If the sampling function’s duty cycle is defined as v,
then 7, /Ts and f,7, in equations E.13 and E.14, can be replaced with 1.

q(t) = s i Sa(mna,)es2fnt (E.15)

n = -0

QUf) = ¥ > Salwnp)8(f — nfs) (E.16)
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The amplitude spectrum of a sampling function, which has unity amplitude in
the time domain and a 50% duty cycle, is illustrated in Figure E.2. The harmonic
coeflicients exist at the dc component, the fundamental component, and at odd multi-
ples of the fundamental component. The sampling function’s spectral envelope is also

shown in Figure E.2 to illustrate the zero magnitude components at even multiples

of the fundamental harmonic component.
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Fi1G. E.2. Spectral coefficients and spectral envelope of the natural sampling
function

The power spectrum is obtained by squaring the absolute value of natural sam-
pling function’s harmonic coefficients. Since the natural sampling function can be
represented as the sum of discrete harmonic components, the squared magnitude of
the discrete harmonic components is equivalent to its power spectral density function,

Q(f)? (Taub & Schilling, 1986). The power spectral density of the natural sampling
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function is illustrated in Figure E.3.

oo o0

QUIP = }j QulP8(f —nfe) = @) Y [Sa(mngh)l*6(f —nfe) (E17)
e e
oo _

T ,,,,,, T
N A .
o |
AA_Q.J_&WIT\J: “M'T,A,LM&‘M“

0c \f
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Fic. E.3. Natural sampling function: magnitude squared spectrum
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APPENDIX F

INTEGRATE AND DUMP FILTER
F.1 Integrate and Dump Filter Model

In order to find the parameters that describe the integrate and dump function,
a qualitative discussion is first presented. An integrator sums all input signal values
over a specified time with a time resolution dt. If, for example, a square pulse signal
with an area ovf’ one enters the integrator, the integrator’s output will increase linearly
| until the oi1tput is unity. The output will remain the same until another signal enters
the integrator, or the integfator is reset.

By reducing the width of the unit area pulse that enters the integrator to dt,
the function’s impulse response is obtained. If the input, z;(t), is equal to a delta
function, §(t), then, from convolution, the impulse response, h;4(t), is received at the

integrator’s output (Stremler, 1990).

“+o0

Yia(t) = xi(t) x hig(t) = / Tig(T)hig(t — 7) dT (F.1)

-0

Since the area of a delta function is unity, the output of the integrator will also be

unity. The output remains at unity until the integration period, 7; is complete and
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the integrator is reset. A reset delta function at time 7;, that is negative and has a
magnitude equal to the input delta function, is required to force the output back to

the integrator’s initial state, which existed at time ¢ less than zero.

haat) = /O Sty - 8t — ) dt (F.3)

Evaluating the integral of a delta function at t = 0 and an opposite polarity delta
function at ¢ = 7, results in two unit step functions, one a time ¢ and the other at
time t — 7;. The difference between the two step functions produces the temporal rep-
resentation of the integrate and dump function, given in equation F.4 and illustrated

in Figure F.1.

hia(t) = [u(t) —u(t — 7)) (F.4)

y \hid ®

Fic. F.1. Causal impulse response of the integrate and dump filter

Often, the time function shown in figure F.1 is defined as [](e), which is a gate

function. The function [](e) is defined in equation F.5, and it is used to define the
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integrate and dump filter’s impulse response in equation F.6.

VN

H(%)E 1 < | 5

o
=~
V
Sl

ha(t) = [] (;) (F.6)

Besides finding the impulse response for the integrate and dump filter, determin-
ing the frequency response, or transfer function, H;4(f), is also useful for analyzing the
detection system. The transfer function of a filter is the Fourier transform of its im-
pulse response. In order to simplify the Fourier transform calculation of equation F.6,
the temporal impulse response, h4(t), is first time shifted by 7;/2, in the (—t) direc-
tion. The shift in time creates a non-causal, even function that simplifies the Fourier
series evaluation over the symmetric interval from —7;/2 to 7;/2, and provides the
real frequency spectrum components (Stremler, 1990).

hig(t) = H(t—i(—T@—)> (F.7)

T;

b, (®
?

0 E’t
2

] 1
-3
2

Fi1c. F.2. Non-causal integrate and dump impulse response
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It is also noted, in equation F.8, that the Fourier transform of a time-shifted
function is the Fourier transform of the unshifted function multiplied by a phase delay
term. Incorporating the phase delay term after determining the Fourier transform of
the non-causal impulse response, will incorporate the imaginary frequency spectrum
components with the real spectrum components producing a total spectrum for the

causal integrate and dump filter (Stremler, 1990).
z(t—t,) <= X(f)e*"ft (F.8)

The Fourier transform of a non-periodic function is calculated much the same way
as the Fourier coefficients are, for a periodic function. The Fourier transform is found
by assuming the non-periodic function is periodic and then taking the limit at the
function’s period T goes to infinity. As the fundamental period 7" goes to infinity, the
frequency step, which is the inverse of the period, 1/T, becomes infinitely small, and
the Fourier transform becomes a continuous frequency function. This is in contrast
to a periodic signal’s spectrum, as shown in Figure E.2; which is the sum of spectral
impulses at integer multiples of the fundamental frequency (Taub & Schilling, 1986).

Taking the limit as the period T goes to infinity, we find the Fourier transform

of a general time function f(t) can be found as shown in equation F.9.

oo

Ft)e 2t gt = / Fe = tge  (F.9)

-0

lim 1 [T/

T—)OO T -T/2

F(f) =

Since the integrate and dump filter’s impulse response, hy(t), is zero for all

t > |7:/2|, the integral need only be evaluated over the interval from —7;/2 to 7;/2.

/2

Hiyu(f) = /_OO h(t)e 721t dt :'/ (1)e™ 7271t gy (F.10)

o0 —71/2
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Evaluating the integral and utilizing an Euler identity, produces the real components

of the integrate and dump filter’s frequency response.

Hy(f) = 7-Sa(nfr) (F.11)

In order to simplify the procedure used to find the integrate and dump filter’s
Fourier transform, the filter was first transferred into a non-causal function by time
shifting h;;(f) in equation F.7. The Fourier transform for the causal integrate and

dump filter must, therefore, include the time delay given in equation F.8.

Hia(f) = 7 - Sa(rfr)e % (F.12)

The squared magnitude or power transfer function of the integrate and dump

filter is determined by multiplying the Fourier transform complex conjugates pairs.
IHid(f)|2 = |[Hia( I Hig(f) (F.13)

Squaring complex conjugate pairs that are orthogonal functions produces a zero
value for the cross-product terms. Also, the phase term from the product of positive
and negative frequency terms evaluates to unity. Using the power transfer function
will produce, at the filter’s output, information about the propagation of energy
or power density and will not provide phase difference information. The integrate
and dump filter’s power transfer function is given by equation F.14, and a graphical

illustration is shown in Figure F.3.

|Hia(/)P = |mi - Sa(m fm)|” (F.14)
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Integrate and Dump Filter
Power Spectrum
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F1c. F.3. Integrate and dump filter power response

F.1.1 Noise Equivalent Bandwidth

The noise equivalent bandwidth (NEB) of the integrate and dump filter is also
useful in determining the noise power obtain at the filter’s output based on an input
noise power. The method for calculating the NEB of a real filter is discussed in

section 4.7.3.

The NEB for the integrate and dump filter, defined as By, is

B,y

(F.15)

_ o Hu(HPdf 7 /°° sin’(rfr) 1 /‘°° sin® (m f7;)
Hia(O)2 7o (nfr)®  m S ()

I3

The integral is definite as shown by (Beyer, 1978),

/f?in_;g?ﬁ if =z (-725) . (F.16)
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The NEB for the integrate and dump filter is, therefore,

1  sin® (7 fr;) B 1 ) 1
By = 7r27'2/0 nE - (WT”QQ_) <-—2—> = 5 (F.17)

i

The noise equivalent filter, H_](f), rather than the actual integrate and dump filter,
can be used to determine the noise power at the output of the integrate and dump

filter. The noise equivalent filter for the integrate and dump filter is,

eq f
P = 11 (5

or

)=ﬁHw> (F18)

HE(P = ﬁI](%>, (F.19)

where f; is equal to 1/7;.
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APPENDIX G

SAMPLE AND HOLD FILTER
G.1 Sample and Hold Filter Model

In order to analyze the sample and hold filter, a flat-top sampler is first developed.
A flat-top sampling function is initiated with an impulse sampler. During a flat-top
sampling procedure, an input is first sampled with a unit impulse train. Equation G.1
represents an arbitrary signal, f(¢) that is sampled by an impulse train k(t). After
sampling f(¢) with an impulse train, the result is an impulse train that has as its

magnitudes, the magnitude of f(t) at the sampling period T; (Couch, 1995).

o
F@&) k() = f()- Y 8- nTy) (G.1)
The frequency domain representation of the impulse train is also a series of
impulses over all frequency, separated by the sampling frequency, ff, which has an
inverse relationship with the sampling period, 1/7f. The magnitude of the frequency
domain components are also scaled by the inverse of the sampling period. The Fourier

transform pair for an impulse train is given in equation G.2.

k) = 3 St —nTy) < 51; S 6 —nf)=K(f) (G2

nN=—0oo n=—00

The Fourier transform of the impulse train k() is another impulse train with
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a frequency f; = 1/Ty and it is scaled by the magnitude 1/Tf. Since the signal
f(t) is sampled in the time domain, it is convolved in the frequency domain. The
spectrum of the impulse sampled function f(¢) is, therefore, the Fourier transform of
f(t) replicated in frequency at integer values of the sampling frequency, f; (Couch,
1995).

F(f)« K(f) = F(f)*Tif S 6(f—nfy) = % S F(f-nf)  (G3)

n=—oo n=—

In order to generate a flat-top sample of the arbitrary function f(t), the impulse
samples need to be stretched over time. This is accomplished by convolving the time
domain impulse samples with a rectangular pulse, (¢), that has a width equal to the
desired flat-top sample pulse width, 7;,, and an amplitude of one. Since the impulse
-samples are convolved with r(t), the amplitudes of the impulse samples are retained
during the width of the rectangular pulse. The pulse width (73,) is, therefore, the time

during which the output of the impulse sampling function is held constant.

A general flat-top sampling pulse for stretching the impulse samples over time is

given in equation G.4, as r(t).

r(t) = H(t;h%) (G.4)

The corresponding power spectrum of r(t) is a continuous frequency function, defined

as [R(f)[*.

RN = |- Sa(mfr)l* (G.5)

In order to obtain the flat-top sampling function, f(t) - k(t) is convolved with
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r(t), in the time domain, which is the same as multiplying the frequency domain

representation. The power output of the flat-top sampler, |Y(f)|?, is found by multi-

plying the power spectrum of the flat-top pulse, |R(f)|?, with the magnitude squared

of the sampled input.

2 oo

Yo OIFR(f — nfp)f (G.6)

n = -0

Y ()P {—Sa ")

If the flat-top pulse width, 73, is stretched out further in time, so it is the same
length as the sampling period, 7%, then the éample will be held at its sampled value
until the next sample is taken. By extending 73, to T}, the harmonic components of
the sampled input, at integer multiples of the sampling frequency (ff), are forced to
zero. It is assumed that by extending 7, to T the sampled components of the input

are severely attenuated and can be discarded. It is, therefore, assumed that,

Y()]? = T—-Sa (mfT¥) Z |F(f —nf)f — 0 n#0
such that the power output is
YOI = [Sa(xfTy)l - [F(f) (G.7)

By making this assumption, the sample and hold function can be approximated

as a lowpass filter. The power response of the filter, |Han(f)|?, is

Y (NI

IF(f)|2 = IHSh(f)' = lSa(’ﬂ'fo)] (GS)

and the corresponding impulse response is

han(t) = T%H(%) (G.9)
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The power response of |Hg,(f)|? is shown in Figure G.1. As shown in the figure,

the sample and hold filter is in fact approximated with a lowpass filter.

Sample and Hold Filter
Power Spectrum
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F1c. G.1. Sample and hold filter power response

G.1.1 Noise Equivalent Bandwidth

The noise equivalent bandwidth (NEB) for the sample and hold filter is very

similar to the NEB for the integrate and dump filter from appendix F. The NEB for
the sample and hold filter, defined as B, is,

1 osin®(nfTy) . 1 T 1
Bsh-WZT;/O (f)? df‘( )( >‘

7272 |\ 72 EA
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The noise equivalent filter, Hl(f), for the sample and hold filter, however, has no

gain term and is defined as,

o = M (5-) - Hum) @11
maor = T1(E). 12)

where fy is equal to 1/T%.
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APPENDIX H

SIMPLIFIED LOCK-IN AMPLIFIER

(HOMODYNE DETECTION)

335

A homodyne detection process is used to simulate a very simple lock-in amplifier.

The homodyne detection system function is developed in this appendix for comparison

with both the gated integrator and heterodyne detection system functions. Essen-

tially, the homodyne detector is the second stage of the heterodyne detection process,

discussed in Chapter 7. The system function in this appendix processes, however, the

original input, S(f).

H.1 Homodyne Detection System Function

The homodyné detection system function is comprised of a sinusoidal mixer,

D(f), and a second order lowpass filter, Hj,(f). The system function is illustrated in

Figure H.1.

p(t)

hy p(t)

169

d(t)«<—>D(f)

\F—

Hyp(f)

y(®
Y(f)

Fic. H.1. Simplified lock-in amplifier (homodyne detector) block diagram
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H.1.1 Sinusoidal Mixer

The sinusoidal mixer is defined in the time domain as,
d(t) = Gd COS(?’/det + ¢d) (Hl)

where Gy is the gain of the mixer, f; is the demodulation frequency, and ¢4 is the
sinusoid’s phase. Since a lock-in amplifier performs in-phase (I) and quadrature (Q)
detection, then calculates the result as the square root of the sum of the squares, the
phase term, ¢y, is assumed to be zero.

Taking the Fourier transform of d(t) and squaring the result, gives the power
spectrum of the sinusoidal mixer, which is,

DU = Seo(s+ 1) + S48 - 1) (12)

H.1.2 Lowpass Filter

A second order lowpass filter is used to filter the output of the sinusoidal mixer,

as shown in Figure H.1. The transfer function of the lowpass filter, H.(f), is given as

H.(f) = __ G (H.3)

1+ (£)

where G, is the lowpass filter gain, and f. is the -3dB cutoff frequency. The power

transfer function is the squared magnitude of H,.(f), which is,

2
HP = el (H.4)

R

When analyzing noise passed through |H.(f)|?, the noise equivalent bandwidth
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(NEB) can be utilized. The NEB of the lowpass filter is B, = f.(m/2). The noise

equivalent filter is,

HA(P = GH(-Q%) _ C’H(J}) . (H5)

The output of |H,(f)|?, based on an input power spectrum S(f), which is, from
Figure H.1, |P.(f)|?, is,

Y(OI* = [H(N)P(S() = [DNHF) (H.6)

YR = e (st g + S - ) (17

H.2 System Output

‘Input Review The input applied to |H,|? is the power spectrum defined in

equation 5.122. The total input is,

Sr(f) = Ss(f) + Sn(f) + Sap(f)

2 2 2
Se(f) = (e) + —= et 4 2 B AL
1+ (£)
< Y sa(myn T (Mg2l) S5 s

n=—oo

H.2.1 Signal Output

At the input to |H,(f)|?, the signal, S4,(f), is mixed with |D(f)|?. Since Sa,(f)
is mixed with a sinusoid, only the components of S4,(f) that are involved in the
mixing process and are of interest at the output are considered. The dc component

and the fundamental harmonic component are, therefore, the only portion of Sap(f)
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that is applied to | D(f)|?. Using only the dc and fundamental harmonic components,

the input is,

_ 0A+(A)2 a |/ = nfml
I e D L H( - ) (H9)

n=-—1

The signal’s variance, 0%, is assumed to be zero and the mean value A is set equal
to al,, which is the steady state background multiplied by the modulation depth. The
measurement system’s goal is to then extract a. Since the signal is assumed to be a
constant value, it is now represented as a delta function, such that the unmodulated
signal is S4(f) = (alp)?6(f). The modulated signal’s three components of interest at
the input is, therefore,

Sunlf) = (@b 500) + L 607 + 1) 4607 = ) (H.10)

Since the dc signal component in equation H.10 is assumed to be buried by the
steady state background and noise at low frequency, which is the reason for modu-
lating the signal in the first place, the signal must be obtained from the modulated
components. In order to resolve the signal that resides at the modulation frequency,
+f,, the demodulation frequency, fy, in |D(f))* is set equal to f,,. Convolving
Sap(f) with |D(f)|?, with fy set equal to fp,, gives the following six components.

Su(f)*IDUF = %{(afpwm(ﬂfm(%) 6(7 +240) +6(1)]

b e 10+ (22) {(f~2fd)+5(f)]} (1)

Once the signal at f,, is transferred to the baseband, it is recovered at the output
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of |Ho(f)|* by filtering equation H.11 with |H.|?. It is assumed that f, is set high
~enough and f, from the lowpass filter, is set low enough to attenuate all components,
except for the baseband component, to a negligible level. Based on this assumption,
the 6(f £ f4) and 6(f £ 2f,) compdnents in equation H.11 are eliminated, resulting

in the following at the output.

YalD)P = IB(DF (Salf) + 1D
v = (422) (a;p)zé(f)Jr(%@)Qﬂf)}
I

2
2
P = 3 (222 s (1.12)

H.2.2 Background Output

The steady state background, Sp(f), is also mixed with D(f) and then lowpass
filtered. The output, |¥p,(f)|?, in this case, is,

Ya,(F)I? = |Hel* (Galp)? [6(f + fa) + 6(F — f)]. (H.13)

Based on the assumption made in section H.2.1 about the modulation frequency
and the lowpass filter’s cutoff frequency, the steady state background components at

6(f £ fa) are eliminated. The resulting output is zero.
Ve, () = 0 (H.14)

H.2.3 Noise Output

The noise at the input is the combination of photon noise and 1/f noise. The

noise obtained at the output of |H,|? is discussed in this section.
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Photon Noise The photon noise at the input has the constant power spectrum

Sw(f). Mixing Sw (f) with |D(f)|? gives,

G2

2
¢ dSW(f fa)

Sw(f)« DN = —£Sw(f + fa) +

Since Sw (f) is white, Sy (f £ f1) = Sw(f), which results in,

G? 1 o
Su(f) ¥ ID(A)IP = FSw(f) = 5Gael, (H.15)
Applying the lowpass filter, |H.(f)|?, to equation H.15, gives the photon noise

spectrum at the output of the homodyne detection system.

_ (G.Gaf) el

Ywo(HI? = |H(f)F [Sw(f) «|D(F)F] = 2 1 ) (H.16)

In order to determine the power of the photon noise that exits the detection
process, the NEB for |H.(f)|? is used. Applying the noise equivalent filter, from

equation H.5, to equation H.15 results in the photon noise power, ¢2,,, at the output

of |Ho(f)I*.

2 foT
02, = EG_G_g)_ﬁ / df = =(G.Ga)’feel, (H.17)
~fe%

DO

1/f Noise The analysis of 1/f noise as it passes through |H,(f)|? is performed
much the same way as the analysis of photon noise in the previous section. The 1/f
noise at the input is first mixed with |D(f)|? and then filtered with |H.(f)[*.

Mixing the 1/f noise spectrum, SL(f), with the sinusoid at the input gives,

G2

Cy Casu(s ~ fa) (H.18)

Sc(f)*ID(f)? = ”‘SL(f+fd) +
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Applying the lowpass filter produces the spectrum of the 1 / f noise at the system’s

output.

Yol = et (57 + fu) + Su(f ~ ) (H19)

(f2 + 1%
Figure H.2 illustrates Sp(f), |D(f)|2, and the convolution of the two spectra.
The 1/f noise power at the output is determined with the noise equivalent filter,

|H(f)|?, which is also shown, as a dashed line, in Figure H.2(c).

| 50
(2)
f
TlD(ml
® S G
2 TT
£ K
’ . ASD*DEOP f
el el
] i
© | |
i ]
1 I
AA;
i A% g & f

Fic. H.2. Transfer of 1/f noise through the simplified lock-in amplifier system
function

Instead of integrating Sp(f + fy) to find the output power, the noise equivalent
filter can be transferred to f; and the integration can be performed on Sp(f). The

limits of integration are shifted to center around f; and a multiplication factor of two
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is included to account for both positive and negative frequency contributions. The

1/f noise power at the output can, therefore, be determined by,

G262 fat+fes .
= 2(5F) [T Tsun g
fa—fe%

(G.GyL) fo [feFe3 1

— df. (H.20)
2 fd—fc% V fo2+f2
Since fy — f.(n/2) > f,, the noise contribution at the output is,
2 fﬁ 2 2fg +7fe
010 = 3 (GcGylp) In _<——~————~2fd_7rfc) (H.21)

H.3 Signal-To-Noise Ratio

The signal-to-noise ratio (SNR) at the output of |H,(f)|? is the ratio of |Ya,(f)|?
to the total output noise power. The total noise at the output is the sum of J%Vo and

2
oi,.

0 = O, + 0
1 2fg + 7 f
2 = G2 2lp [ 24T TJe
0%, = 5GGi |nfeely + fol}In (Qfdﬂrfc)} (H.22)

The SNR at the output of the homodyne detection system is,

Ya (NI

SNR, = —5—— (H.23)
0%
which after canceling G, and Gy is,
(O‘]p)2

SNR, =

(H.24)

w3 feel, + w2 f,I21n (%ﬁ—?}%) .
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Dividing through by the steady state background power, I, ;, gives,

()*

iwf"fce + 72f,In (—fﬁl&> .

SNR, = .
2fa—mfe

(H.25)
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APPENDIX I

MODULATION DEPTH DETERMINATION FROM FOURIER
COMPONENTS

I.1 Determination of Modulation Depth

In general, the probe signal, in a pump-probe absorption spectroscopy (PPAS)
experiment, can be illustrated as a square wave that has a dc offset, as shown in

figure [.1. The waveform in figure 1.1 represents the change in probe intensity which

Pump "ON" Pump "OFF"

¥ Modulated
—¥ Signal

Steady State
Background

Detector Input

o 20 Time —»

F1G. I.1. General probe intensity along a time axis

results from a change in a sample’s absorptivity. Since both beam’s, the probe beam
and the pump beam, pass throught the same sample volume, the sample’s absorptiv-
ity is changed by the pump beam, since it passes through the sample volume prior
to the probe beam. Therefore, a modulated pump beam will modulate the sample’s
absorptivity, which, in turn, will' modulate the probe beam intensity. The modula-

tion that appears on the probe beam is assumed to contain the same modualtion
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characteristics, which include frequency and phase, or waveshape, that were applied

directly to the pump beam.

The measurement objective, in a PPAS diagnostic, 1s modulation depth, meq-
From Figure I.1, modulation depth the ratio of the difference in the probe beam in-
tensity when the pump beam is 'ON’ and the probe beam intensity when the pump
beam is 'OFF’ over the probe beam intensity when the pump beam is ’OFF’ (Setter-
sten, 1999). Modulation depth is given in equation I.1. The modulation depth can
then be used in spectroscopic calculations to determine physical characteristics, such

at molecular number density, temperature, or pressure (Settersten, 1999).
Olmod = pr TP (1_1)

The detection system must, therefore, take, at the input, the waveform from
Figure 1.1, and produce, at the output, the modulation depth, .. In order to
design and develop a detector that will satisfy the detection requirements, a linear
mathematical model of the input is developed in this appendix.. Specifically, the
relationships between the input waveform, from Figure 1.1, the waveform’s frequency

components, and the modulation depth calculation, in equation 1.1, are developed.

I.1.1 Waveform Definition

First, the waveform shown in Figure 1.1 is defined in more general terms that
simplify the equations that are developed. The intensity of the probe beam when the
pump is 'ON’ is defined as d. The intensity of the probe beam when the pump is

’OFF’ is defined as ¢. Figure 1.2 illustrates the variable relationships.

The waveform in Figure 1.2 represents a general input to the detection system.
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Time

F1c. 1.2. General detection system input waveform

The desired output, modulation depth, can now be defined in terms of ¢ and d.

Jon _ Ioff d—c
I . A
amod - ngff - c (IQ)

I1.1.2 Fourier Series Representation

Next, we investigate the waveform’s harmonic content, which will prove useful
in extracting the modulation depth from the detected waveform. In other words,
the values of the harmonic components will provide insight to the desired irradiance

values ¢ and d.

Since the input waveform has periodic characteristics, the waveform can be writ-

ten as a Fourier series. In general, the Fourier series for a function v(t) is,
ot) = Y Vpe?™% (1.3)
n = —00

The Fourier series coeflicients, or spectral amplitudes, are found by integrating the

function, v(t), multiplied by the complex conjugate, over one period, and then divid-
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ing by that period.

T
1 2 .
. —j2r fsnt
Vo = T /';-" v(t)e dt (L.4)

A periodic signal is comprised of discrete harmonic components, that when summed
together, produce the periodic signal. If a signal is expressed in time by the general

Fourier series representation in equation 1.3, then it’s amplitude spectrum is expressed

by equation L.5.
V() = Y Vab(f —nf) (15)

The waveform in Figure 1.2 is defined as the time varying function v(t). The
spectral amplitudes are found by integrating v(t) over one period from —7,,/2 to
Tyn/2. The value T, is the modulation period, and, thus, the modulation frequency,
fm, is the inverse of the period. The value 7, is the width of the pulse and, therefore,

defines the duty cycle, which is 7., /T.

—m m Im
V, = 1 / ’ (c)e"jz”f"‘”tdt—l-/ ’ (d)e"ﬂ’rf”‘"tdt-F/ ’ (c)e= & Immt gl (1.6)
T | =g =i 7

The spectral components, V,, are equal to the sum of the three integrals defined
above, which as a whole equate to one period. FEach intergral can be evaluated
serperately and then summed with the results from the other integrals, in order to
find the spectral components. Evaluating the first integral, defining its result as V!,

over the time —-7,,/2 < t < —17/2, gives,

v = i/:%a(c)e_ﬂ”fmm dt (L.7)
I J2m
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which 1is,

—C 6j7rfmn7m _ ejﬂfmnTm]

127 frTo,
c I fmnTm ej”'fm'n"'m] . (18)

1 — —_—
Vo = 527 franTom

Evaluating the third integral, defining its result as V3, over the time 7,,/2 < t <

Tm/2, gives,
Tm
3 1 2 — 327 fmnt
Vo = — (c)e™7<mimn g (1.9)
T Joa
which is,
. —C . .
VS - - — 1% fmnTm _ —ITfmnTm
" T j2nfmnTom ¢ ]
cC g ,
V3 — — I fmnTm _ = IT fnTm ) 1.10
" 327 fmn L, ¢ ¢ ] (1.10)
Combining equations 1.8 and 1.10, which is now defined as V1\1,’3, results in,
yis — ¢ I fmt T _ =7 fmnTm ) _ (T fmthTm _ =47 fTim
g et B G )
V”;l,3 _ c eﬂﬂfmnTm _ .e_]"rfmnTm B eﬂﬁfmnTm _ é-JmenTm (111)
T fmnTm 29 27
which can be simplified to,
V3 = cSa(mn) — %Sa (TnTm fm) (1.12)

where Sa(e) is the sampling function, defined as sin(z)/z. Returning to the original

equation and evaluating the second integral, defining its result as V.2, over the time
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—7/2 < t < 7/2, gives,

1 7 .
V= — / i (d)e= 9% fmnt gy (1.13)
Tm —Im g
which integrates to,
—d . .
V2 — — T fmn T S ITfmNTm
" 727 frnTo, € ]
d ej"'fm NTm __ 6‘j77fm NTm
V: o= 14
S s 7 (L14)
Equation .14 can be simplified to,
V2 = %—CiSa(wnTmfm) (I1.15)

I

The harmonic coeflicients, V,,, are finally found by summing the results from the

three integrals. Summing equations 1.12 and 1.15 gives,

Ve, = VI4+V2+ V3 = cSa(nn) —_TTZ,"—LC—Sa, (T Tm fm) + Ij"%—an(wnTmfm)

V, = cSa(mn)+ ;—m (d—c)Sa(mntmfm) (1.16)

The waveform in Figure [.2 can now be written as a Fourier series in the time
domain and a corresponding summation of spectral amplitudes in the frequency do-

mailn.

u(t) = Z [cSa(mn) + Y (d — ¢) Sa (Tn, )] 2T (1.17)
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oo

V) = 3 [6Sa(n) + Y (d— o) Sa(rim) 6 — nfm)  (L18)

n = —-oc

The duty cycle, which is 7y /T, OF Tn frm, is represented by ¥, in the equations above.

I.1.3 Harmonic Relation To Modulation Depth

The spectal components for the waveform in Figure 1.2 are deﬁned in equa-
tion 1.18 as a function of both ¢ and d. The assumption is now made that it is
possible to extract the dc component, Vy, and the fundamental harmonie component,
Vi, which is at the modulation frequency, f,. The spectral components can, for

example, be measured using a photondiode and a spectrum analyzer.

Evaluating equation 1.18 at n = 0 and at n = 1 produces the dc component, V4,

and the fundamental component, V;, respectively.

Vo = ¢ + Yml(d—c) (1.19)

Vi = Ym(d — c)Sa(mm) (1.20)

Equation 1.19 can be rearranged such that,

d—c) = %w_c. (1.21)

m

Equation 1.20 can also be rearranged such that,

Wi
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Equations 1.21 and 1.22 can then be set equal to each other, which provides a way to

solve for c.

Vo—c Vi
wm B ¢m5a(7”/1m)
B W
© = Y Galmg) (123)

Equation I1.23 is substituted into equation 1.19, which is then used to solve for d.

(1 - 'lpm) Sa:(:’l/)m) + wm%
Vm

d =

(1.24)

The modulation depth can now be determined from the dc¢ component and the
fundamental spectral component, which is at the modulation frequency. A slight
change is made in the calculation based on the period definition of the signal in
Figure 1.2. In this figure, the Ig,f f is defined as c. If there is 100% absorption in an
experiment, then the irradiance of the probe beam when the pump beam is ’OFF’
would be zero. In the modulation depth calculation, dividing by zero would indicate
that the modulation depth tends toward infinity. The denominator, in the modulation

depth calculation, is, therefore, changed to d. In this case,

d—c
Omod - d
N % T
d —C _ mea(ﬂ’wm)
d (1—¢m)m¥m+¢mvo

Y
such that

Vi
VoumSa(mym) + Vi(1 — ¥m)

(1.25)

Cod

The modulation depth calculation, based on the dc component and the funda-
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mental harmonic component, is dependent the modulation imposed. Whether the
modulaiton is a gain term or a loss term, determines which calculation for modula-
tion depth is utilized. If the waveform has a modulated loss, then the modulation

depth is,

i
‘/O'l)bmsa(ﬂ-wm) + Vvl(l - ¢m) '

(1.26)

Amod;, =

If, on the other ihand, the waveform has an additional modulated gain, then the

modulation depth is,

o Vi
" VoymSa(mm) = Vit

(1.27)

‘An exaiﬂple of modulated loss is a steady light source that is directly modulated
»With‘ a meclzhanicalv chopper or other optical modulator. A mechanical chopper can
only eleminate the”transmissi'on of light to create a square wave modulation function.
Thus, the chopper imposes a loss in‘ the resulting light emitted at the chopper’s

output.

An example of modulated gain can be taken from pump probe absorption spec-
troscopy. Under steady state conditions, the probe beam has a mean irradiance value
after passing through a sample volume. If a pump beam passes through the sample
volume just prior to the probe beam’s interaction, the sample volume will have less
absorbing capability when the probe beam enters the sample. Thus, the probe beam
exits the sample volume with a slightly higher irradiance than its mean irradiance. In
this case a gain is seen in the probe beam, which in this case occurs at the modulation

that is placed on the pump beam, and the probe beam is, therefore, gain modulated.

Equations 1.26 and 1.27 are used in modulation depth calculations for a range of
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values for ¢ (which is I9/7) and d (which is I3'). The results are shown in Table 1.3.
The first and last set of values depict modulated loss and equation 1.26 is shown to
correctly calculate the modulation depth, while equation 1.27 does not. The second
and third set of values represent modulated gain and, accordingly, equation 1.27

correctly calculates the modulation depth.

1.1.4 Determiniation of Fundamental Harmonic

The magnitude at the fundamental frequency is actually 2|V;], since both the
positive and negative frequencies need to be considered. Assuming, however, that the

signal is demodulated with a sinusoid, d(¢) that varies from +1 to -1.

d(t) = cos(2nfy) (1.28)

D(f) = 56(F — fa) + 387 + fu) (1.29)

The frequency fy is assumed to be equal to the modulation frequency f,. From
the spectrum of the demodulation signal, D(f), we see that half of the power is at
the positive frequency and half of the power is at the negative frequency. Thus,
when we demodulate the waveform v(t) (cosidering only the fundamental harmonic
component) we get:

VD) = B - 200 + 2|40 + F0 r ) @)

Therefore, only |V;| is measured after demodulation, eventhough, 2|V1| actually

exists at the fundamental spectral component.



Fundamental { Modulating ; Modulating,
Toff Ion {Modulationf DC Harmonic Loss Gain
c d Depth Value Value (depth) (depth)
0.000 1.0 100.00% ¢ 0.7500 0.225079 | 100.000% | #DIV/0!
0.250 1.0 75.00% ; 0.8125 0.168809 75.000% | 300.000%
0.500 1.0 50.00% i 0.8750 0.112540 50.000% | 100.000%
0.750 1.0 25.00% § 0.9375 0.056270 25.000% | 33.333%
0.900 1.0 10.00% | 0.9750 0.022508 10.000% | 11.111%
0.990 1.0 1.00% 0.9975 0.002251 1.000% 1.010%
0.999 1.0 0.10% 0.9998 0.000225 0.100% 0.100%
0.999 1.0 0.10% 0.9998 0.000225 0.100% 0.100%
0.9999 1.0 0.01% 1.0000 0.000023 0.010% 0.010%
1.0 1.0001 0.01% 1.0001 0.000023 0.010% 0.010%
1.0 1.001 0.10% 1.0008 0.000225 0.100% 0.100%
1.0 1.010 1.00% 1.0075 0.002251 0.990% 1.000%
1.0 1.100 | 10.00% 1.0750 0.022508 9.091% | 10.000%
1.0 1.250 | 25.00% 1.1875 0.056270 20.000% | 25.000%
1.0 1.500 | 50.00% 1.3750 0.112540 33.333% | 50.000%
1.0 1.750 ! 75.00% 1.5625 0.168809 42.857% | 75.000%
1.0 2.000 | 100.00% i 1.7500 0.225079 50.000% | 100.000%
1.0001 1.0 0.01% 1.0001 0.000023 0.010% 0.010%
1.001 1.0 0.10% 1.0008 0.000225 0.100% 0.100%
1.010 1.0 1.00% 1.0075 0.002251 0.990% 1.000%
1.100 1.0 10.00% 1.0750 0.022508 9.091% | 10.000%
1.250 1.0 25.00% 1.1875 0.056270 20.000% | 25.000%
1.500 1.0 50.00% 1.3750 0.112540 33.333% | 50.000%
1.750 1.0 75.00% 1.5625 0.168809 42.857% | 75.000%
2.000 1.0 100.00% { 1.7500 0.225079 50.000% | 100.000%
1.0 0.000 | 100.00% i 0.7500 0.225079 | 100.000% | #DIV/0!
1.0 0.250 | 75.00% { 0.8125 0.168809 75.000% | 300.000%
1.0 0.500 | 50.00% i 0.8750 0.112540 50.000% | 100.000%
1.0 0.750 i 25.00% | 0.9375 0.056270 25.000% | 33.333%
1.0 0.900 | 10.00% i 0.9750 0.022508 10.000% | 11.111%
1.0. 0.990 1.00% 0.9975 0.002251 1.000% 1.010%
1.0 0.999 0.10% 0.9998 0.000225 0.100% 0.100%
1.0 0.999 0.10% 0.9998 0.000225 0.100% 0.100%
10 109999 0.01% 1.0000 0.000023 0.010% 0.010%

F1c. I.3. Modulation depth calculation using the dc component and the

fundamental modulation frequency component
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APPENDIX J

INTEGRATION THRESHOLD CIRCUIT DESIGN
J.1 Integration Threshold Circuit

This Appendix provides information about the integration threshold circuit. This
circuit is connected to the camera head and controls the voltage applied to the read
out gate (ROG) barrier during an exposure. When the system is not acquiring an
exposure, the'ROG barrier voltage is set to its nominal value.

The circuit obtains power from the camera head. Two 8-bit DACs are used to
set and control the ROG barrier voltage. Setting the ROG barrier to a desired level,
which is accc;mplished with the DACs, is discussed in Appendix K. Once the DACs
are set, the setting remains the same for all exposures, until a change is made through
the software when the system is not acquiring an image.

The voltage from the DACs are amplified through two operational amplifier
sﬁages. An analog switch is then used to control the ROG barrier voltage. During
an exposure, the analog switch allows the voltage from the DACs to propagate to
the camera head. When an exposure is not taking place, the analog switch allows
a nominal voltage to propagate to the camera head. Fither voltage, after passing
through the analog switch, is inverted and amplified with a final op-amp stage.

The analog switch is driven with a simple AND logic gate. A jumper is used to
invoke the integration threshold or leave the threshold off, operating the system in its

normal configuration. When the threshold is utilized, a logic signal from the camera
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head’s digital logic (EPLD) controls the analog switch, through the AND gate.
A schematic of the circuit is first presented. Printed circuit board (PCB) layouts
for the top and bottom layers follow respectively. Finally, a bill of materials (BOM)

is given.
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J.2 Circuit Design
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J.3 PCB Layout

J.3.1 Top Layer
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Bottom Layer

J.3.2
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Part Type Designator Footprint Description
1N5232 C19 DIODEO0.4 Zener Diode
POT RA43 VR1 Variable Resistor
10 R2 AXIALO.4 Resistor
10 R3 AXIALO.4 Resistor|
10 R32 AXIALO.4 Resistor
100k, 1% R38 AXIALO.4 Resistor
100k, 1% R39 AXIALQ.4 Resistor
100k, 1% R36 AXIALO.4 Resistor]|
100k, 1% R37 AXIALO.4 Resistor
10k R42 AXIALO.4 Resistor]|
10k, 1% R10 AXIALO.4 Resistor
10k, 1% RI11 AXIALO.4 Resistor
10k, 1% R9 AXIALO.4 Resistor
10k, 1% R12 AXIALOQ.4 Resistor
15k, 1% R16 AXIALO0.4 Resistor]|
15k, 1% R17 AXIALOQ.4 Resistor
15k, 5% R31 AXIALO.4 Resistor
15k, 5% R30 AXIALO.4 Resistor
24k, 1% R8 AXIALO0.4 Resistor
24k, 1% R7 AXIALO.4 Resistor]|
270 R40 AXIALQ.4 Resistor|
2k, 1% R34 AXIALO.4 Resistor
3.9k R41 AXIALO0.4 Resistor
30 RI5 AXIALO.4 Resistor
33 R35 AXIALO0.4 Resistor
33 R1 AXIALO.4 Resistor]|
33 R29 AXIAL0.4 Resistor
33 R24 AXIALO.4 Resistor
33 R23 AXIALO.4 Resistor]
33 R22 AXIALO.4 Resistor
33 R25 AXIALO0.4 Resistor]|
33 R28 AXIALO4 Resistor
33 R27 AXIALO0.4 Resistor]|
33 R26 AXIALO.4 Resistor|
332 R19 AXIALO.4 Resistor
390 R13 AXIALO.4 Resistor
500 R20 AXIALO4 Resistor
500 R21 AXIALO.4 Resistor|
S5k R5 AXIALO.4 Resistor
5K R6 AXIALO.4 Resistor]|
Sk R4 AXIALO.4 Resistor|
620 R14 AXIALO0.4 Resistor,|
750 R33 AXIALO.4 Resistor|
9.1k R18 AXIALO.4 Resistor]
IT Selection JP2 IDC4 Jumper
100pF C8 RADO0.26 Capacitor
100pF C9 RADO.26 Capacitor
10pF C7 RADO0.26 Capacitor

Fic. J.1. Bill of materials (BOM)



Part Type Designator. Footprint Description
15pF C20 RADO0.26 Capacitor
15uF, 16VDC Cié RBO.1 Capacitor
15uF, 16VDC C15 RB0.1 Capacitor,
15uF, 6VDC Cl4 RBO0.1 Capacitor
3.3uF C23 RBO.1 Capacitor,
3.3uF C22 RBO.1 Capacitor
3.3uF C30 RBO.1 Capacitor
3.3uF C29 RBO.1 Capacitor
3.3uF C25 RBO.1 Capacitor
3.3uF C24 RBO.1 Capacitor
3.3uF C28 RBO.1 Capacitor
3.3uF C31 RBO.1 Capacitor
3.3uF C26 RBO.1 Capacitor
3.3uF C4 RBO.1 Capacitor
3.3uF C5 RB0.1 Capacitor
3.3uF Cc27 RBO.1 Capacitor,
3.3uF C6 RBO.1 Capacitor
470pF C2 RADO0.26 Capacitor,
470pF C18 RADO0.26 Capacitor
470pF Cl RADO0.26 Capacitor
470pF C3 RADO.26 Capacitor
470pF C17 RADO.26 Capacitor|
74LS08 U7 DIP14 AND Gate
AD707 JP3 DIP8 Analog Devices Op Amp|
AD708 Ul DIP8 Analog Devices Op Amp
AD708 U2 DIP8 Analog Devices Op Amp!
ADS829 U6 DIP8 Analog Devices High Speed Op Amp
Signal Connection JP1 IDC10 Input/Output.Connection Block
MAXS519 U3 DIP16 Maxim I2C 8-bit DAC
MAX303 Us DIP16 Maxim Analog Switch

F1a. J.2. Bill of materials (BOM)
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APPENDIX K

DIAGNOSTIC IMAGING SYSTEM USER MANUAL
K.1 Application Manual

In order to use the application specific features, proper settings need to be made
in software. Settings for both the integration dead-band threshold and the number of
integrated exposures are entered in the WinView /32 software interface. WinView /32
is developed by Roper Scientific, Inc., (Princeton Instruments) and distributed with
their scientific imaging systems (Roper Scientific, 1998b).

This appendix provides instructions for configuring the level of the dead-band
threshold and the number of integrated exposures. Only the two application specific
features are discussed in this appendix. Information on conventional settings, such
as exposure time, region of interest, timing mode, can be found in the WinView/32
User’s Manual from Roper Scientific (Roper Scientific, 1998b). In order to use the
application specific featureé, the system must be set in the ‘Ext Sync’ (external syn-
chronous) timing mode. This mode is set under the ‘Experiment Setup’ control panel,
which is under the ‘Acquisition’ menu.

Both application specific features are configured in control panels under the
‘Diagnostics’ menu. As shown in Figure K.1, the ‘Diagnostics’ menu is found under
the main ‘Setup’ menu.

The exposure time resolution is first configured. Under ‘Diagnostics’, as shown

in Figure K.1, selected the ‘Get/Set Parameter’ control panel. This control panel



Fi1c. K.1. WinView/32 menu for application specific settings

looks like the one shown in Figure K.2. The parameter ID for setting the exposure
time resolution is 75, which should be entered in the appropriate space. Entering a
‘parameter value of ‘0’ will configure the system with 1ms exposure time resolution.
Entering a parameter value of ‘1’ will configure the system with 1u exposure time
resolution. Enter the desired parameter value and then press the ‘SET’ button. Leave

this control panel open; it will be used to set the integration threshold as well.

Once the exposure time resolution is configured, the appropriate resolution will

appear in the ‘Experiment Setup’ control panel, which is under the ‘Acquisition’ menu.

The same ‘Get/Set Parameters’ control panel is used to configure the dead-band
threshold. The dead-band threshold is raised by lowering the voltage applied to the
read out gate (ROG) barrier. The ROG barrier voltage is controlled with the digital-

to-analog converter (DAC) presented in Appendix J.
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Fic. K.2. Exposure time resolution setting

The two 8-bit DACs are set through the ‘Get/Set Parameters’ control panel.
DACO has a parameter ID of 231 and DAC1 has a parameter ID of 232. Since they
are both 8-bit DACs, any integer value from 0 to 255 may be entered as a parameter
value. Figure K.3 shows an entry that will set DACO to its maximum value. Once a

parameter 1D and a parameter value are entered, press the ‘SET’ button.

F1G. K.3. Integration dead-band threshold setting

The ROG barrier is set as a percentage of its maximum value. Figure K.4
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provides the parameter values that should be entered for both DACO and DACI1 to
configure the ROG barrier.

100

~—O—DAC0=0
90 4 —O—DAC0 =102
1} ——DACO =204

Read Out Gate (ROG) Barrier Voltage (%)

. s e S SR WM NS S
0 25 50 75 100 126 150 175 200 225 250 275

DACI Setting (counts, DN)

T

Fic. K.4. ROG barrier voltage as a function of digital-to-analog converter settings
(DAC)

The number of integrated exposures is set, in the ‘Controller Registers’ control
panel, which is shown in Figure K.5. This control panel is also found under the
‘Diagnostics’ menu, which is under the main ‘Setup’ menu, as shown in Figure K.1.
Once the ‘Controller Registers’ panel is open, set the hexadecimal mode. Then enter
‘3E’ in the ‘Register’ dialog box. This register in the controller’s digital logic sets the
exposure integration counter.

The ‘3E’ register is a 16-bit register. Only 13 of the 16 bits are used in this
configuration. Four hexadecimal values are entered into the ‘Register Value’ dialog
box. The first hex value is either ‘0’ or ‘1’. This hex value corresponds to the exposure

time resolution. If ms resolution is set, enter ‘0’ in the first hex value, or enter ‘1’ | if
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us resolution is set.

The number of integrated exposures is set with the last three hex values (12-
bit). The minimum number of iﬁtegrated exposures is 1, set as ‘x001’, where ‘x’ is
either ‘0’ or ‘1’ depending on the exposure time resolution.. The maximum number
of integrated exposures is 4095, set as ‘xFFF’. Any number in the range 1-4095 is set
according to its hex value. Figure K.5 illustrates a setting of 100 integrated exposures.
Once the desired number is entered in the ‘Register Value’ dialog box, press the ‘REG.
WRITE’ button.

Leave this control panel open. The number of integrated exposures can be

changed any time the system is not acquiring images.
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Fic. K.5. Setting the number of integrated exposures
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