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Abstract

Statistical and Information-Theoretic Analysis of Resolution in Imaging and

Array Processing
by
Morteza Shahram

This work investigates some detection-theoretic, estimation-theoretic and information-
theoretic methods to analyze the problem of determining resolution limits in imaging
systems. The canonical case study is formulated based on a model of the blurred image
of two closely-spaced point sources of unknown brightness. To quantify a measure of
resolution in statistical terms, we address the following question: What is the mini-
mum detectable separation between two point sources at a given signal-to-noise ratio
(SNR), and for pre-specified probabilities of detection and false alarm?”. Furthermore,
asymptotic performance analysis for the estimation of the unknown parameters is car-
ried out using the Cramer-Rao bound. Also, we analyze the problem of resolution by
computing the Kullback-Leibler distance to further confirm the earlier results and to
establish a link between the detection-theoretic approach and Fisher information. To
study the effects of variation in point spread function (PSF) and model mismatch, we
present a perturbation analysis of the detection problem as well. The proposed analy-
sis methodologies presented are carried out for the general two-dimensional model and
general sampling scheme. We consider different sampling scenarios and in particular

study the case of under-Nyquist (aliased) images.



The approach we have advocated for determining resolution limits in imaging
can be similarly used to develop statistical algorithms and performance limits for
resolving sinusoids with nearby frequencies, in the presence of noise. Here the problem
is that of distinguishing whether the received signal is a single-frequency sinusoid or a
double-frequency sinusoid. We derive a locally optimal detection strategy that can be
applied in a stand-alone fashion or as a refinement step for existing spectral estimation

methods, to yield improved performance.
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Chapter 1

Introduction

1.1 Information-Theoretic Imaging

The problem of resolution historically has been of significant interest in differ-
ent communities in science and engineering; for example in astronomy, optics, different
applications in physics, array processing and imaging. We focus on the problem of
achievable resolution in imaging practice for the following reasons. First, the problem
of resolving point sources can be considered as a canonical case study to investigate
the performance of imaging systems and image restoration techniques. Second, devel-
oping different techniques to resolve point sources is indeed a concern in real-world
applications, e.g. astronomy.

Resolution in imaging systems can be interpreted as a fundamental compos-
ite estimation/detection problem, and we will explain the detail of such a concept

in what follows. Resolvability in imaging is therefore considered and categorized as



an information-theoretic problem [48]. Information-theoretic imaging concerns two
classes of analyses: to apply fundamental statistical and information-theoretic prin-
ciples to imaging and to optimally (or suboptimally) extract information from image
data. The first type of analysis includes, for example, exploring fundamental perfor-
mance bounds on detection and estimation or information retrieval [57].

Information theory and statistical methods have been very successfully stud-
ied and applied to communication systems. But imaging problems have benefitted
much less from the use of information-theoretic methodologies for two reasons: First,
the image computing problems are harder; and second, there have not been all-agreed
standards of abstract formulation of the problems in imaging [48]. Nevertheless, in
the last decade, information theoretic imaging has received remarkable attention to
build connections between the advanced theory of information and imaging, and image
processing problems. As pointed out by others earlier [57], the broad interpretation of
information-theoretic imaging includes every problem of imaging in which information

theory plays a role.

1.2 Resolution Limits in Imaging

In incoherent optical imaging systems the image of an ideal point source is
captured as a spatially extended pattern known as the point-spread function (PSF), as
shown for the one-dimensional case in Figure 1.1. In two dimensions, this function is

the well-known Airy diffraction pattern [22]. When two closely-located point sources



are measured through this kind of optical imaging system, the measured signal is the
incoherent sum of the respective shifted point spread functions. According to the
classical Rayleigh criterion, two incoherent point sources are ”barely resolved” when
the central peak of the diffraction pattern generated by one point source falls exactly
on the first zero of the pattern generated by the second one. A more detailed and
complete explanation of incoherent imaging and related topics can be found in [22]

and [19].

1 b
0.8
0.6
0.4

0.2

Figure 1.1: Image of point source captured by diffraction-limited imaging

The first part of the research reported in this thesis is concerned with the
statistical analysis of the resolution limit in a so-called ”diffraction-limited” imaging
system. The canonical case study here is that of incoherent imaging of two closely-
spaced sources of possibly unequal brightness. The objective is to study how far beyond
the classical Rayleigh limit of resolution one can reach at a given signal to noise ratio.

In other words, we define resolution statistically as the ultimate ability to distinguish

whether the captured (noise-corrupted) data originated from one point source or two

3
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Figure 1.2: Incoherent imaging of two closely located point sources

closely-spaced point sources. The analysis uses tools from statistical detection and
estimation theory to specifically find explicit relationships for the minimum detectable
distance between two closely-spaced point sources imaged incoherently at a given SNR.

In this chapter, we will first review the basics of a canonical imaging system
and identify the signal based on which we will build our analytic framework. After

introducing the signal model, the related literature will be discussed.

1.3 Optical Imaging Model

In order to design and study the performance of imaging and image restora-
tion systems, it is essential to characterize the image degradation effects due to the
physical parameters of the imaging device. Degradations include noisy measurements,
blur, illumination and color imperfection (underexposure, overexposure) and so forth.
Especially, accurate image modelling is a key factor in image restoration processing

[49, 3]. Fortunately, a deep understanding of optical imaging systems has been devel-

4



oped using concepts of communication and linear system theories[22]. For example, the
effect of imaging components such as apertures, lenses and sensors can be considered

as deterministic functions in a linear space-invariant framework.

1.3.1 Blurring by Diffraction: Point Spread Function

A simple schematic of a pinhole imaging system is shown in Figure 1.3. As-
suming the rays of light move in a straight line, the output image Iz(x,y) will be a
geometric projection of the aperture. But there is in fact no sharp boundary between
dark and bright areas in the imaging plane and the observed image is diffusely blurred
[49]. Such a system is known as a diffraction-limited (or incoherent) imaging system
and the blurring phenomenon is called diffraction. Diffraction is the major cause of
blurring in remotely sensed images captured by telescopes, microscopes, infrared or
usual cameras [3]. The model of diffraction is mathematically described by a point
spread function (PSF) which can be computed by the Fraunhofer far filed approxima-
tion of the electromagnetic propagation of the light wave [22]. According to Franhofer
approximation, the PSF is modelled by the amplitude square of the Fourier transform
of system’s aperture A(&, ()[22]:

2

) =| [ Al exp (~33 € +40) ) dele (1)

where A is the wavelength of radiation and z is the system focal length (the distance

between the aperture and the imaging plane), see Figure 1.3. For instance the PSF of



circular and square apertures have the following forms as shown in Figure 1.4 [22]:

w

2ﬂw2>2jinc2 (27‘('11)\/:62 + y2>

Circular: A(£,¢) =11 ( &€+ C2>

h =
— (@,y) ( Az Az

Square: A(£, () =11 <2§) > II <C>

- 2wy

where

1 t<1
i) =
0 t>1
sinc(t) = Sm(:t)
s
27 . .
6 + jt cos 0)df
jine(t) — 40 eXP(Jer'j cos )
Tt

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

(1.7)

(1.8)

Referring to Figure 1.3, the observable image will be obtained by the following inte-

gration [42]:

Bloy) = [ [REOn (o + Zey+ Z¢) aza

(1.9)

where h(z,y) is the point spread function and I;(x,y) and I2(x,y) denote the input

(scene) and output (observation) intensities, respectively. By changing variables in

the following form:

¢=-=¢
21

C/ = _£Ca
<1

(1.10)

(1.11)



Equation 1.9 can be readily rewritten as a two-dimensional convolution (denoted by
) of the input intensity and the point spread function:

! 21z

(z,y) = (Z>211 <x y) « +h(z, y) (1.12)

z z

Adding a lens to the imaging system as shown in Figure 1.5 will result in:

Ig(x,y):( Al >211< S y)**h(a},y) (1.13)

Z— 29 z2— 29  Z— 29

z z
;fv% """"""""" B B
SOR— SR e ] TN
Original Scene Aperture Imaging Plane
(X Y) (X, y) 1,(xy)

Figure 1.3: Pinhole imaging system

1.3.2 Other Causes of Blurring

Another type of blurring in images is introduced by an out-of-focus lens.
The intensity of defocusing is a function of the shape of the aperture and the lens and
the distance between the camera and the object. For instance in a circular aperture
with radius R, the point spread function due to out-of-focus lens (assuming spatially

uniform blur) is given by [3]:

# V2 + 2 < R?

pdef(xvy) = (114)

0 a2+ y2> R?
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Original Scene Aperture Imaging Plane
1i(xy) p(x.y) 1, (% y)
Circular
Squar e Wy &
Wy

Y

Figure 1.4: Circular and Square Aperture

Also, in underwater or astronomical remote imaging, images may be blurred by a
atmospheric or underwater turbulence. Blur in these images in long-term exposures

is approximately modelled by a Gaussian function[21, 3]:

2 2
L oo <_:c+y> (1.15)

Patm(T,y) = ———= 3
\ /2m§tm 20

atm
2 parameterizes the amount of blur. In summary, the total blurring effect

where o7,

in an imaging system can be modelled by the convolution of all point spread functions

(Figure 1.6):

h(z,y) * *patm(x, y) * *Pe f (T, NEEEEE (1.16)
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Original Scene Aperture Imaging Plane
1(% ) with Lens (%, Y)

p(x,y)

Figure 1.5: Lens in Imaging [19]

Turbulence

Original Scene Aperture Imaging Plane
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Figure 1.6: Several blurring in imaging[19]

1.3.3 Noise Assumptions

As mentioned before, noise is another type of the degradation in an imag-
ing system. When an optical field reaches a photo-detector, a quantum of energy is
absorbed in the form of a photon. The number of photons recorded during a light
exposure is a random quantity modelled by a Poisson distribution. However the elec-
tric signal generated by charge coupled devices (CCD) or other detectors contains
other forms of noise which are mostly caused by thermal noise in the data acquisition

process. Thermal noise is modelled by additive zero-mean Gaussian noise. Gaussian



distribution is also used to characterize the behavior of other noises (e.g. photon

counting noise) in limiting conditions according to the central-limit theorem [3, 63].

1.3.4 Fundamental Problem: Definition

The direct result of previous sections is that the image of an ideal point
source is captured as a spatially extended pattern known as the point-spread function
(PSF). This pattern is shown for the one-dimensional case in Figure 1.1. When two
closely-located point sources are imaged, the measured signal is the incoherent sum of
the respective shifted point spread functions (Figure 1.2). To define the problem in
the one-dimensional case, let us assume that the original signal of interest is the sum
of two impulse functions with amplitudes /a1 and /51 separated by a small distance

d as shown in Figure 1.2:

Jaié <:c— ;) + /P16 (x+;l> (1.17)

From Equation 1.12, given samples at 2, (k=1,---, N) of the measured signal, the
measured discrete signal resulting from a slit with length w in one-dimensional case,

as seen in Figure 1.2 is !:

g(x) = s(xp; o, b1,d,w, 2, 21) + w(xy) (1.18)
= (2) (o (Fan5) w s (Zw ) (52) e (52)
+w(z) (1.19)

w2z, z z d z zd WL
= | —= —0 - —— —4 —— inc? [ —=%
< Az (alzl (zk 21 2) o 21 (xk - 21 2)) " ome ( Az )

'The effect of other blurring function will be considered in next sections.

10



+w(z) (1.20)

_ (wf(a (wx wd)wsmcz (wx +wd>)
N Az ! PP Az1 2 ! PP Az1 2

+w(xy) (1.21)

where w(zy) is assumed to be a zero-mean Gaussian white noise process with variance

o%. Now defining new auxiliary variables:

po= % (1.22)
v = %1 (1.23)
a = (;”Z)Zal = 12ay, (1.24)
8 = (;‘;)261 = uf, (1.25)

Equation 1.21 can be written in the following form

g(xr) = s(zp;a,B,d) +w(xy) (1.26)

d d
= asinc? (Mmk — 1/2> + Bsinc? (ka + 1/2) + w(xg) (1.27)

As an example, let us calculate some typical values of the parameters for this imaging
scenario. The wavelength of visible light is in the range of 400-900 x10~? m. Let the
distances w, z1 and z be in the range of 1-10 mm, 1-100 m and 5-10 cm, respectively.
Then we will have y in the range 10* to 10% and v in the range 10-1000.

Without loss of generality, hereafter we assume that 4 =1 and v = 1. With

the above definition we write the measured image (in one-dimensional case) as

o) = s(owian o)+ wlm) = ah (= 5 )+ 0h (m = ) + wlm) (125)

11



As we will see later, this model will be generalized in this thesis. For example we will
study the 2-D signal model and also asymmetrically located point sources.

For the above model, if the distance between point sources is less than the
Rayleigh spacing, the two point sources are (in the classical Rayleigh sense) ”unre-
solvable”. It is important to note that the Rayleigh criterion does not consider the
presence of noise. The Rayleigh criterion for resolution in an imaging system is gen-
erally considered as an accurate estimate of limits in practice. But under certain
conditions related to signal-to-noise ratio (SNR), resolution beyond the Rayleigh limit
is indeed possible. This can be called the super-resolution limit [40]. Indeed, at suf-
ficiently high sampling rates, and in the absence of additive noise, arbitrarily small

details can be resolved.

1.4 Literature Review

In the last forty years or so, there have been several attempts, and more
recently surveys, of the problem of resolution from the statistical viewpoint. Of these,
the most significant earliest works were done by Helstrom [24, 25, 26]. In particular, in
[25, 26], he derived lower bounds on the mean-square error of unbiased estimators for
the point source positions, the distance between the sources, and the radiance values,
using the Cramér-Rao inequality. In [25], he considered two separate situations. In
the first, the problem of whether any signal was present or not was treated, whereas

in the second, the question of whether one or two sources were present was treated.

12



(This second scenario is, of course, what interests us in the present work.) Helstrom
described a geometrical optics field model of the problem involving a general radiance
distribution and point spread function, for objects with arbitrary shape. To study the
case of the circular aperture and point sources, he applied a complex and remarkable
set of approximations and simplifications of the initial model.

In [40, 39], an approximate statistical theory was given to compute the re-
quired number of detected photons (similar to the notion of signal to noise ratio) for
a certain desired resolution, and the value of achievable resolution by image restora-
tion techniques was also investigated by numerical and iterative deconvolution. In
these papers the definition of resolution was made as the separation of the two point
sources that can be resolved through a deconvolution procedure. In [39], the analysis
of the achievable resolution in deconvolved astronomical images was studied based on
a criterion similar to Rayleigh’s.

In [8] two-point resolution in imaging systems was studied using a model-
fitting theory for coherent and partially coherent imaging, where the probability of
resolution (probability of detection) was computed for different models. Also in [2]
the Cramér-Rao lower bound formulation was used to study the limits to attainable
precision of estimated distances of the two point sources. Assuming a Gaussian PSF,
they determined a lower bound for the variance of estimation of the distance. Finally,
in [9], the reader can find a very comprehensive review of past and present approaches
to the concept of resolution.

Another view of the resolution problem from the information theory perspec-

13



tive is given in [35]. This line of thinking, again with simplifying approximations, is
used to compute limits of resolution enhancement using Shannon’s theorem of max-
imum transferable information via a noisy channel. This paper considers the case of
equally bright nearby point sources and derives an expression relating resolution (here
defined as the inverse of the discernable distance between two equally bright point
sources), logarithmically to the SNR.

Other papers in which some direct applications of information theory to sam-
pled imaging systems have been introduced are [16, 17, 15, 27]. The main feature of
these papers is end-to-end (sensor-to-display) analysis of the problem of imaging and
image restoration and to unify the design of image gathering and display devices [16].
Huck et al in [27] developed some formulations to study the performance of the imag-
ing process including image gathering, data transmission, and image display. They
compute change of information rate for whole system which was claimed to be closely
correlated to the fidelity and clarity of final observed images.

The results of our research extend, illuminate, and unify the earlier works
in this field using more modern tools in statistical signal processing. As mentioned
before, the first part of this work is concerned with the statistical analysis of the
ultimate resolving power in incoherent imaging of two closely-located point sources.
We use locally optimal tests, which lead to more explicit, readily interpreted, and
applicable results. In addition, we study various cases including unknown and/or
unequal intensities, which have not been considered in their full complexity before.

The present results clarify, arguably for the first time, the specific effects of the relevant

14



parameters on the definition of resolution, and its limits, as needed in practice.

We formulate the problem of two-point resolution in terms of statistical es-
timation/detection. Our approach is to define a quantitative measure of resolution in
statistical terms by addressing the following question: what is the minimum separation
between two point sources (maximum attainable resolution limit) that is detectable
at a given signal-to-noise ratio (SNR). In contrast to earlier definitions of resolution,
there is little ambiguity in our proposed definition, and all parameters (PSF parame-

ters, noise variance, sampling rate, etc.) will be explicitly present in the formulation.

1.5 Organization of the Thesis

To gain maximum intuition and perspective from the foregoing analysis, we
will first carry out our detection-theoretic analysis in the one-dimensional case in
Chapter 2. We study various cases including unknown and/or unequal intensities,
which have not been considered in their full complexity before.

The analysis for the one-dimensional signal model will later be extended to
the two-dimensional case in Chapter 3 in which general analytical results are also
derived for arbitrary sampling schemes. Our framework in Chapter 3 treats the most
general case where all the parameters involved in the signal model are unknown to the
detector. Furthermore, we consider two cases, where the value of noise variance (o2)
is known and where it is unknown. For both cases we develop corresponding detection

strategies and obtain the explicit relationship between SNR and the parameters in the

15



model.

In Chapter 4, the estimation-theoretic and information-theoretic approaches
will be discussed. In the interest of completeness, we also compute the Fisher Infor-
mation matrix (and Cramér-Rao (CR) lower bound) in closed form for two different
cases. The Cramér-Rao lower bound formulation is used to study the limits to at-
tainable precision of estimated distances of the two point sources. We carry out this
analysis for the case of under-sampled images and for a general PSF. Another appeal-
ing and informative analysis is to compute the symmetric Kullback-Leibler Distance
(KLD) or Divergence [36, p. 26]. KLD is a measure of discriminating power between
two hypotheses, and is directly related to the performance figure of a related optimal
detector. To accurately compute the KLD for the underlying problem, we make some
essential extensions to the conventional formula of approximating the KLD [36]. We
shall see an interesting and important connection between the KLD analysis and the
detection-theoretic analysis. A significant question which has not been addressed in
the past is to analyze the effect of a known or unknown perturbation of PSF on the
detection performance. Variation in PSF can be caused by other blurring elements in
the system, for example an out-of-focus lens or atmospheric or underwater turbulence.
We first address the problem of finding the change in the required SNR due to a vari-
ation of the PSF. This will help us to analyze sensitivity to model inaccuracies. This
is the topic of interest in Chapter 5.

Chapter 6 includes an interesting extension of the proposed approach to the

filed of spectral analysis and direction finding. The methodology we present for deter-
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mining resolution limits in optical imaging is quite similar to that of finding direction
of arrivals for incident waves at a receiver array. Finally in Chapter 8, results will be

summarized and concluded and future directions will be discussed.

1.6 Important Notations

o and 8 point source intensities (brightness)
d the distance between point sources
s(z) or s(x,y) Respective 1-D or 2-D signal of interest in

continuous domain

s(zk) or s(xg,y;) The discretized signal

S The vector notation of the discretized sig-
nal (in 1-D and 2-D models)

g(xg) or g(zk,y;) The discretized measured signal (in 1-D
and 2-D models)

g The vector notation of the discretized
measured signal (in 1-D and 2-D models)

0 The vector of parameters

o? Noise variance

SNR Signal-to-Noise Ratio

h(z) or h(z,y) The 1-D or 2-D point spread function
hi(zx) The i-th partial derivative of h(z)

h; The vector notation of h;(x)

hij(z,y) The i-th partial derivative of h(z,y) with

respect to x followed by the j-th partial
derivative of h(z,y) with respect to y

h;; The vector notation of h;;(x,y)
E; The norm-2 energy of h;(x)
E;ij The norm-2 energy of h;;(z,y)
A The Fisher information matrix
J The Kullback-Leibler distance
det(A) The determinant of matrix A
tr(A) The trace of matrix A

AT The transpose of matrix A
AT The inverse of matrix A
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Chapter 2

Detection-Theoretic Approach:

One-Dimensional Signal

In this chapter, we focus on the problem of resolution limit for a canonical case of a
1-D imaging scenario. We consider two hypothesis testing problems. First, we mainly
concentrate on the problem of detectablity of separation between point sources (spa-
tial super-resolution) and develop detection frameworks for different cases based on
the signal parameters being known or unknown to the detector. The second detection
problem deals with the problem of resolvability of difference in brightness of closely-
spaced point sources (grey-level super-resolution). The latter has application in, for
example, determining achievable contrast between adjacent surfaces in thermal imag-
ing. The presented results in this chapter are for the case where the measured image
is (unaliased) super-critically and uniformly sampled. These results will be extended

to more general sampling schemes in Chapter 3.
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2.1 Signal Model

To gain maximum intuition and perspective from the foregoing analysis, all
discussion in this chapter will be carried out in the one-dimensional case, which will
later (in Chapter 3) be extended to the two-dimensional case. To begin, let us assume
that the original signal of interest is the sum of two impulse functions separated by a

small distance d:

Vad(x — g) +V/B6(x + g) (2.1)

As mentioned before, the image will be the incoherent sum of two point spread func-
tions!, resulting from an imaging aperture (or slit in one-dimensional case, as seen in

Figure 1.2):
s(z; o, B,d) = ah <:L" - Z) + Bh (x + Z) (2.2)

- 2
where for our specific case of incoherent imaging h(z) = sinc?(z) = [%} , but

other PSF’s can also be considered. Finally, the measured signal includesis composed
of discretized samples corrupted with additive (readout) noise. Given samples at

xr (k=1,---,N) of the measured signal, we can rewrite the measurement model as:
d d
g(zg) = s(zk;a,B,d) +w(zg) = ah (mk — 2) + GBh (xk + 2) + w(zg) (2.3)

where w(zy,) is assumed to be a zero-mean Gaussian white noise process with variance

a? .

'From now on we refer to o and 8 as intensities and also we assume that o, 3 > 0. Also, note
that this model (for now) assumes point sources symmetrically placed about the (known) origin. This
model will be generalized later in this Chapter.
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2.2 Statistical Analysis Framework

The question of whether one or two peaks are present in the measured signal
can be formulated in statistical terms. Specifically, for the proposed model the equiv-
alent question is whether the parameter d is equal to zero or not. If d = 0 then we
only have one peak, and if d > 1 then there are two resolved peaks according to the
Rayleigh criterion. So the problem of interest revolves around values of d in the range
of 0 < d < 1. Therefore, we can define two hypotheses, which will form the basis
of our statistical framework. Namely, let Hg denote the null hypothesis that d = 0
(one peak present) and let H; denote the alternate hypothesis that d > 0 (two peaks

present):

Ho :d=0 One peak is present

(2.4)
Hi :d>0 Two peaks are present
Given discrete samples of the measured signal, we can rewrite the problem as:
Ho: g=sp+w
(2.5)

Hi: g=s+w

where

g = [g(@r),- - 9(@n)]",

W= [w(@), - wzy)]’

s = [s(zi;0,8,d), -, s(zn;a, 8, d)7,
so = I[so(z1), -, so(zn)]",
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and

soniafud) = ah(ze =5 )+ 8h (0t 5) (2.6)
so(zx) = s(xr;o,B,d)|a=0 = (a+ B)h (xk) . (2.7)

This is a problem of detecting a deterministic signal with unknown parameters (c,
B, and d, in general). From (2.5), since the probability density function (PDF) un-
der H; is not known exactly, it is not possible to design optimal detectors (in the
Neyman-Pearson sense) by simply forming the likelihood ratio. The general structure
of composite hypothesis testing is involved when unknown parameters appear in the
PDFs [33, p. 248]. There are two major approaches for composite hypothesis testing.
The first is to use explicit prior knowledge as to the likely values of parameters of
interest and apply a Bayesian method to this detection problem. However, there is
generally no such a priori information available. Alternately, the second approach, the
Generalized Likelihood Ratio Test (GLRT) first computes maximum likelihood (ML)
estimates of the unknown parameters, and then will use this estimated value to form
the standard Neyman-Pearson (NP) detector. Our focus will be on GLRT- type meth-
ods because of less restrictive assumptions and easier computation and implementa-
tion; but most importantly, because uniformly most powerful (UMP) and locally most
powerful (LMP) tests can be developed for the parameter range 0 < d < 1.

To be a bit more specific, consider the case where it is known that « = 8 =1,

with the parameter d unknown. The GLRT approach offers to decide H; if

maxp(e.d. M) g d )
p(g, Ho) p(g, Ho)

21
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where d denotes the ML estimate of d, and p(g, d, H1) and p(g, Ho) are PDFs under H;
and Ho, respectively. Assuming additive white Gaussian noise (AWGN) with variance

0% and 8 = [s(z1;1, 1,&), e s(aas 1, 1,&)}T we will have:

1 1 o
Wexp(—@]\g—SH )
L(g) =
s exp(— 55l — sol)
(2mo2)N/2 P92 18750

1 - .
— o (g0 (<117 + Il + 2676~ s0))

Therefore, H; will be chosen if

~|I8II* +2g" (8 — s0) > 7/ (2.9)
Equivalently,
N 3 Sk
)
k=1
d d /
+ 2 [ah <a:k — D + Bh (xk + ;> —(a+ ﬂ)h(azk):| g(zw) >, (2.10)

where the ML estimate of d in the above involves solving the following minimization

problem:

~

mdin/i:1 {ah (wk - g) + Bh (a:k + ;l) - g(:ck)}2 =d (2.11)

It should be clear from the above that this detection/estimation problem is highly
nonlinear. However, since the range of interest are the values of 0 < d < 1, these rep-
resenting resolution beyond the Rayleigh limit, it is quite appropriate for the purposes
of the our analysis to consider approximating the model of the signal around d = 0,

and to apply locally optimal detectors. This is the approach we take.
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2.3 (Quadratic) Model Approximation

Much of the complexity we encountered in the earlier formulation of the
problem can be remedied by appealing to an approximation of the signal model. This
approximate model is derived by expanding the signal about the small parameter
values around d = 0. As alluded to earlier, this approximation is quite adequate in
the sense that all the parameter values of interest for resolution beyond the Rayleigh
diffraction limit are contained in the range [0, 1] anyway.

We consider the Taylor series expansion of s(zy;«, 3,d) around d = 0, with

all other variables fixed?. More specifically,

a+pf

swia,B.d) ~ (0 Ahm) + 2 Came) + T P (212)

where hi(.) and ha(.) denote the first and second order derivatives of h(.) and where

for h(z) =sinc?(z):

Oh(z) 2sin(mxy ) (sin(mxy) — mog cos(may))
hi(xg) = = (2.13)
o/ PR m2x}
0?h(x) (4m%z? — 3) cos(2may) — Ay sin(27zy) + 3
h = 2.14
R T =T >0

In the above approximation, we elect to keep terms up to order 2 of the Taylor ex-
pansion. This gives a rather more accurate representation of the signal, and more
importantly, if we only kept the first order term, then in the case @ = [, the first
order term would simply vanish and no term in d would appear in the approximation.

The reader can find a more detailed discussion on the accuracy of this approximation

2Tt is important here to note that this is an approximation about the parameter of interest d, and
not the variable x; as such it therefore is a global approximation of the function.
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in Appendix A. The proposed approximation simplifies the hypothesis testing problem
to essentially a linear detection problem (as we will see in the next section). The ap-
proximation is helpful in that we can carry out our analysis more simply. In addition,
it leads to a general form of locally optimum detectors[33, p. 217] as will be discussed
later in Section 2.4.1.

Continuing with vector notation we have:

s ~ (a+pB)h+ ﬁ%dhl + O‘TWthQ (2.15)
where
h = [h(z1),---, hzn)]"
h; = [hl('rl)v R hl(;UN)]T
hy = [ha(21), -, ha(zn)]"
Writing in the form of hypotheses described earlier in (2.5):
Ho: g=(a+p0)h+w
(2.16)

Hi: g=(a+pB)h+55%h + 4 d%hy + w
where we distinguish g from g due to the approximated model. According to this

model, we define the measured signal-to-noise ratio as follows:

2

8 —
2

a+p

Y dh, + d’h,

SNR = —
g

(a4 B)h +

(2.17)

For any differentiable symmetric PSF (h(z)) and in the case of above-Nyquist sam-
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pling, the following relations can be verified®

h’h; = 0
hih; = 0
h’hy, = —hih

Therefore, we can rewrite (2.17) in the following form:

_ 2 2 2
SR = @+ 0P+ (D50) em o+ (R0 dm e+ (U5 dQEll
o 2 8 2
2
— % (a+ﬁ)2E0—aﬁd2E1+<a—gﬁ> d4E2] (2.18)
where we define
+o0
Ey = hTh:fs/ h%(z)dx (2.19)
+o00 2
Ei = hTh =/, /_ [ag(;)] dx (2.20)
+oo [ 52 2
By = hQThzzfs[ l aw(f)] dz (2.21)

as energy terms?.

3For instance

“+oo —+oo
oh 10 1 Foo
h'h, :/ h(x) 8(;) dz :/ §$[h(:c)]2dx = §h2(a:) = 0

— 00
and

+oo 2 2 too
h"hy +hihy = / h(x)aaf;(f) + (agg:m)) dx = / %h(m) agf) dz = h(z) 8}(;;)

+oo
=0

—00

[ee]

since the PSF has finite energy and limz—+o0 h(z,y) =0

“In above-Nyquist sampling, SNR is independent of N (and f;) since energy terms are all propor-
tional to fs. See Appendix B for details and explicit computations of these energy terms for the case
of h(z) =sinc?(x).
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2.4 Detection Theory for the Approximated Model

In this section, we develop detection strategies for the hypothesis testing
problem of interest based upon the approximated model. It is illuminating to study the
various cases of interest in order. Our first assumptions are: equal known intensities,
symmetrically located point sources about a given center, and the energy constraint
a+ 6 = 2. In the interest of clarity and ease of exposition, we start with the case when
all these assumptions hold. Then we will extend the discussion in order of increasing
levels of generality by relaxing an assumption in each step. Namely, we will treat the

problem for the following cases:

The case of equal known intensities @ = 3 = 1, with symmetrically located point

sources

e The case of unknown intensities but a+ 8 = 2, with symmetrically located point

sources

e The case of unknown intensities but a + 8 = 2, asymmetrically® located point
sources
e The case of unknown intensities, asymmetrically located point sources

By considering (2.16), we notice that when o 4+ 3 = 2 is known to the detector (the

first three cases), (o + ()h is a common known term in both hypotheses and it is

Swhere point sources are located at —d; and +ds instead of —g and %.
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independent from d. Therefore we may simplify further:

Ho: y

w
(2.22)
Hi: y=25%dh + 252 d%hy + w
where y = g — (o + #)h. As we began to describe earlier, when o = (3, the hypothesis

test will be reduced to the case of detecting a known signal with unknown positive

amplitude (D = d?). For this case, there exist well-known optimal detection strategies.

2.4.1 The Case of Equal Intensities , Symmetrically Located Point

Sources
When a = =1, (2.22) is reduced to:

Ho: y=w
(2.23)

Hi - y:%hz—kw

It is readily shown that given this model, the ML estimate for the parameter d? is

given by
@2 = 4(h%hy) 'nly (2.24)

Next, the test statistic resulting from the (generalized) Neyman-Pearson likelihood

ratio is given by:
1 _ 2
T(y) = —(h3hy)~ (h3y) (2.25)

We note that the expression for the test-statistic is essentially an energy detector with

the condition that the value of d? is in fact estimated from the data itself. The detector
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structure, due to our knowledge of the sign of the unknown distance parameter, is
effectively producing a one-sided test, and hence is in fact a Uniformly Most Powerful
(UMP) detector in the sense that it produces the highest detection probability for
all values of the unknown parameter, and for a given false-alarm rate [33, p. 194].

Therefore, the above test-statistic can be simply replaced by:

T'(y) = \/T(y) = | 5 (b hs) 1 (ndy) (2.26)

For any given data set y, we decide H; if the statistic exceeds a specified threshold:
T (y) >~ (2.27)

The choice of v is motivated by the level of tolerable false alarm (or false-positive) in a
given problem, but is typically kept very low®. The detection rate (P;) and false-alarm

rate (Py) for this detector are related as [33, p. 254]:

Pi=Q (@' (P - i) (2.28)

where

d? |E,
== 2.2

and @ is the right-tail probability function for a standard Gaussian random variable
(zero mean and unit variance); and Q7! is the inverse of this function [33, p. 20].

A particularly intriguing and useful relationship is the behavior of the smallest peak

SIn [8, 65] a similar criterion (in a different framework) has been proposed, where they applied a
sign test (i.e. a fixed threshold) to decide if there is one or two point sources present. This approach
gives a detector with a fixed false alarm rate.

28



separation d, which can be detected with very high probability (say 0.99), and very
low false alarm rate (say 107%) at a given SNR. According to (2.18), (2.28) and (2.29),

the relation between d,,;, and required SNR can be made explicit

,64Fy — 16d*E; + d*E,
d*Es

_ _ 64Fy 1 16F; 1
= (@' (P)-Q 1(Pd)>2< Egod‘l_Egld?Jrl)'

SNR = (Q'(Py) —Q ' (Fy)) (2.30)

(2.31)

The above expression gives an implicit relation between the smallest detectable dis-
tance between the two (equal intensity) sources, at the particular SNR. As an example,
for h(x) =sinc?(z) and for the specified choice of Py = 0.99 and Py = 1079, if we col-
lect N samples at zj within the interval [—10,10], at just above the Nyquist rate, we

have

140 14 72 4
Y- L +d
SNR = 50125,

72.04 — 71.1d? + 50.124d*
Nd*

A plot of this function is shown in Figure 2.1. It is worth noting that in (2.31), the
term involving d~* dominates for small d. Therefore, a reasonably informative (but

approximate) way to write SNR is

SNR ~ (Q(P)) = QM (PP LY 5 = o (2.32)

where the coefficient ¢ is a function only of the selected Py and P,;. It is worth noting

that for any sampling rate higher than the Nyquist rate, we can rewrite ¢ in (2.32) as
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follows:

) /+OO h%(z)dx
c =64 (Q—l(pf) - Q—l(pd)) —oo (2.33)

oo [ 92h(x 2
/_oo [ 8$(2)1 du

A plot of the approximate expression in (2.32) is also shown in Figure 2.1, to be

compared against the exact expression (2.31). The above relation (2.32) is a neat and
rather intuitive power law that one can use to, for instance, understand the required

SNR to achieve a particular resolution level of interest below the diffraction limit.

Pp=0.99 PL,=107°

— Exact form
- - Approximated

0 I I I . L ]
20 40 60 80 100 120 140 160

SNR

Figure 2.1: Minimum detectable d as a function of SNR (in dB) at the Nyquist rate (exact
and approximate)
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2.4.2 The case of unknown a and 3, symmetrically located point

sources

In this section we discuss a more general case where neither the intensities
a and 3, nor the distance d, are known”. Equation 2.22 leads to a detection problem

defined in terms of a linear model over the parameter set 6 defined as follows:

y = HO+w (2.34)

H = [h;, hy (2.35)
dla —

0 = ( P 2 , (2.36)
4

where we note that the matrix H has orthogonal columns. Specifically, the detection

problem is now posed as:

Ho: A6=D
(2.37)
Hi: AO+#Db
where
1 0 0
A= b= (2.38)
0 1 0
The GLRT for this problem is given by [33, p. 274]:
L opar e\ AT A g
T(y) = —0"A"|A (H"H)  AT| A9 (2.39)
2 2
- 0'2 E1 E2 ’

"But we assume that o + 3 = 2 is known to the detector
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where
= (HTH)_l Hy (2.41)

The performance of this detector is characterized by:

Pr o= Qa(v) (2.42)
Py = Qx';(A)(V) (2.43)
L orar e\ L AT
A= 0TA [A(H H) A} Ad (2.44)
N
= 012<(a26> d2E1+116d4E2> (2-45)

where ng is the right tail probability for a Central Chi-Squared PDF with 2 degrees
of freedom, and QX/QQ( N is the right tail probability for a non-central Chi-Squared PDF
with 2 degrees of freedom and non-centrality parameter A. In order to perform the
same analysis as Section 2.4.1 (i.e. dpn vs. SNR curve), we start by computing the
required A from the above expressions, based on the fixed values of Py and P;. Then,

using the relation (2.18), we will have:

64Fy — 16afd*E, + d*E,

SNR = (P}, P
By Fa) 4(a— B2 d2E, + d*Es

(2.46)

where A\(Py, P;) represents the value of required non-centrality parameter as a function
of the desired Py and P;. For instance, for the case of h(x) =sinc?(z), with P; = 0.99

and Py = 1076 we have:

140 14 2 4

40 _ UaBd® +d
SNR = 56.290- T vl

gz (o — B)2d% 4 d*

(2.47)
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It is useful to compare the performance of this detector (in terms of minimum de-
tectable d) against the ”best” case where the parameters d, a and [ are actually
known. In fact, a comparison in Figure 2.2 demonstrates that, happily (and perhaps
rather unexpectedly), the curves are very close, implying that the performance of
GLRT is very close to the optimal detector for which all parameters are known.

Pp=0.99 P,=107°

0.9

- - d, a and 3 known
— d, a and 3 unknown(a+p=2)

0.8

0.7

0.6

dmin

0.4

0.3

0.1

0 | | | . L |
20 40 60 80 100 120 140 160

SNR

Figure 2.2: d versus SNR(dB) fora=38=1

min

An interesting observation arises from a comparison of the minimum de-
tectable d for the cases a = § and « # 3, shown in Figure 2.3. It is seen that unequal
« and [ yield better detection. That is, for a fixed d, the required SNR for resolving
two closely-spaced unequally bright point sources is smaller than the SNR required
to resolve two equally spaced sources. This results seems counter-intuitive. Yet, the

reason behind it is somewhat clear in hindsight. Equal o and § produce a perfectly
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symmetric signal (without noise) and therefore result in redundancy in the measured
signal content. With unequal o« and (, an anti-symmetric part is added to signal
information and better decision is made possible. This phenomenon is a result of the
assumption of symmetry of point sources around the known origin (x = 0). If the
center of point sources is not known, the results can be different, as we will explained

in the next section.

Pp=0.99 Pr,=107°

--0=1, =1
— 0=1.5, $=0.5

Figure 2.3: GLRT for « # 8 and the case o = 3, symmetric sources; d versus SNR(dB)

min

2.4.3 The case of unknown intensities but a + § = 2, asymmetrically

located point sources

With the earlier machinery in place, in this section, we study the case when

the point sources are not located symmetrically around the origin (z = 0). We consider
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the following model for this case:
9(zk) = s, B, dr, do) + wlay) = ah (vp — di) + Bh (zk + d2) + w(@e]2.48)

where d; and do are unknown and d = dy + ds is the distance between point sources.

The Taylor expansion for the signal term in (2.48) around (di, d2) = (0, 0) is given by:

ad? + pd

2
s(zp; o, B,dy, dy) = (a4 B)h(xy) + (—ady + Bda)h (1) + 5 2hy(z1) (2.49)

Here we consider the general case of unknown « and § but o + 8 = 2 is known to
the detector. However, we assume that the test for determining whether one peak is
present or two peaks are present is performed at some point located between the two
point sources. Hence, the hypothesis test can be expressed as:

Ho : [di d2] =10 0]

(2.50)
Hi: [dy da] # [0 0]

or equivalently

HO : g(ack) = (Oé + ﬂ)h(a:k) + w(a:k)
(2.51)

Hi: glay) = (a+ B)h(xy) + (—ady + Bd2)hi (x) + %hﬂ%) + w(wy)

By removing the known common term (o + ()h(xy), the signal can be expressed as

the following linear model:
y = Hb6,+w

where

H = [hy, hy]
0 —ady + Bds
a = 2.52
ad? + Bd3 (2:52)
2
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where the subscript ”"a” an 6, is denoting the asymmetric case, to be distinguished

from (2.36). Then, the corresponding hypotheses are given by

Ho: Af,=Db
(2.53)
Hi: A6, #Db
where
10 0
A. - b =
0 1 0
just as in Section 2.4.2. The GLRT for (2.53) will be:
2 2
i) - (nfy) . (nly) )
Y= 0'2 E1 E2 ’
From (2.54), the performance of this detector is characterized by:
Py = Qz(v)
Fa = Qxlf(/\) (7)
1 & + pd3\’
A = = ((—aah + Bdy)* By + (a ! ;—ﬁ 2) E2) (2.55)

Now, to obtain the relation between SNR and (d;,d2), we first need to compute SNR

for the model of (2.48), which is given by:

1 2 2\ 2
SNR = ﬁ (Oé + ﬁ)ZEo — Ozﬁ(dl + d2)2E1 + (W) FEs (2.56)

The value of 02 in (2.55) can be obtained for desired P; and Py. By substituting this

value in (2.56) we will have:

ad? 2\ 2
(a+ 0)Bo — of(ds + do)2Ey + (“4574)" B

SNR = A(Py, Py) (2.57)

ad? 2\ 2
(—ad1 + ﬂdg)Q FEi + (%) Ey
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In order to present the results in this case, let us assume that® ad; ~ Bdy (i.e. we
perform the test at a point which is closer to the stronger peak.). It can be easily
shown that the value of A in (2.55) is maximized for the case of @ = . This shows
that when ad; ~ fBda2, the performance for the case of equal intensities is better than
the performance of the case with unequal intensities. Figure 2.4 confirms this result
by showing the curves of d,,;, vs. SNR for two cases: equal intensities and unequal
intensities (we consider here the case of h(z) =sinc?(x)). By comparing this result
and that of the previous section, we conclude that the assumption of symmetrically
located point sources around the test point plays a very important role in the detection
performance. Also, it is worth mentioning that with the assumption of ad; ~ Gd2, we
can approximate (2.57) for the range of small d; and dy in the following informative

ways:

Aa+P)?® Eo 4 E

4o+ p)! By
ot + o8 B2 G

SNR =~ )\(Pf,Pd) )\(Pf,Pd) 2,826{4 E{2 58)

More interestingly, one can verify that if the value of a4+ (8 and the condition
ad; = (dz (which is quite achievable in practice) is known to the detector, the GLRT
framework will result in uniformly most powerful test. The reason for this case is that
the first element in (2.52) vanishes and the second element is always positive resulting

in optimality.

8See Appendix C for a justification
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0.9
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0.8 u\ __a= [3, 174,
20 40 60 8‘0 77100 léO 14‘10 lt‘SO
SNR(dB)
Figure 2.4: d,;,, versus SNR(dB); d = d1 + d2 and ady = [ds; equal intensities and unequal
intensities

2.4.4 The case of unknown intensities, asymmetrically located point

sources

Here, we analyze the most general case in which we assume that the energy
of point sources (o + () is unknown to the detector, as well as the individual «, 3, dy

and dy. Recalling (2.51), we can set up another linear model as follows:
g = H,0,+w

where

H, = [h, hy, hy
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a+p

O = —ady + Bdy | > (259)

ad? + Bd3
L 2 i

and the subscript ”u” denotes the completely unknown parameters. The above setup

leads to the following hypothesis test:

Ho: A,0,=D
(2.60)
Hi: Aufu#Db
where
01 0 0
A, = b=
0 0 1 0
The GLRT for (2.60) will be:
T\ T T7:\?
R 1 hig Eoh" g+ Ephs g
Y UL ) (2.61)

T o2 Fy + Eqy (EoEy — E2)

The performance of this detector is given by?:

Py = Qz(v)
Py = QX’22()\)('Y)

2 2\ 2 2
A = 012 ((—ad1 + Bds)* By + (W) <E2 — 2)) (2.62)

Consequently the relation between d; and dy vs. SNR is given by:
2 2\ 2
(a+ 0)Bo — of(ds + do)2Ey + (“457%)" B

a 2 E}
(—ady + Bd2)* By + (M) < 2 1)

SNR = A(Py, Py) (2.63)

_EO

“Note that according to the Cauchy-Schwarz inequality EoE» > Ef always.
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By comparing (2.57) and (2.63), it can be readily shown that because of the negative
term —%12), the detector without the knowledge of o + (8 performs more poorly than
the detector which knows a4+ 8 = 2. Figure 2.5 displays the performance of these two
different detectors in terms of the minimum detectable d vs SNR for the example of
h(zx) =sinc?(x).

PD:O.99 PFA:10_6

— a+P=2 is known to the detector
— - o+B=2 is not known to the detector

0.9

L 1
100 120 140 160

SNR(dB)

Figure 2.5: d versus SNR(dB); d = dy + d2 and ad; = fdy detectors with and without

min
the assumption of a + 3 = 2

2.5 Resolvability in Difference of Brightness

In previous sections we discussed the minimum detectable distance d between
two point sources. In this section, we are interested in carrying out the same analysis to

determine the minimum detectable difference in brightness («— /3); which corresponds
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to the following hypothesis test:

IC() Lo — ﬁ =0
(2.64)

Ki: a—p#0
where o« — 3 is unknown to the detector. We present our approach here for the simpler
case where point sources are located symmetrically and « + 8 = 2 is known to the
detector. We note that the Taylor expansion in (2.12) is directly applicable for this
problem as well, since the unknown variable o — 3 to be decided whether it is zero

or not in (2.64) appears as the variable around which the said Taylor expansion is

written. Therefore we reconfigure this hypothesis test as

Ko: g=(a+B8)h+0(d*) +w
(2.65)
Ki: g=(a+B8)h+255%h +0(d?) +w
We note that the first-order approximation here will be sufficient to capture the dif-
ference between point sources. This first-order approximation is shown to be accurate
for this specific problem, since point sources are closely located and also the difference
between intensities is small, resulting in a very small ﬂ%o‘d.

Similar to the solution proposed in Section 2.4.1, the following approximate

relationship can be derived between the minimum detectable oo — 8 and SNR:

C1

NR~ ————
SNRE N a2

(2.66)

in which ¢; is a function of the selected Py and Py. Therefore as o — 3 or d — 0, the

required SNR grows with a power law.
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Finally, we are interested to combine the hypothesis tests in (2.4) and (2.64)
into a single multiple hypothesis test, i.e.
Ho: a—pF=0andd=0

Hio: a—pF=0andd>0 - (2.67)

Hii: a—pF#0andd>0

What we call here the sequential approach first performs the test for (2.4) which is to
decide whether d = 0 or not, and then decides between g and K;. We present a proof
here to show that the sequential approach is equivalent to a GLRT directly proposed
for the multiple hypothesis testing problem in (2.67). Let <, denote the ordering in

GLR sense. For example we write

p(g|Ho) = p(glH1) (2.68)
if
p(glH1)
peglHo) ~ (2.69)

Now we can see that if the above ordering holds meaning d > 0, then the sequential
test is optimal. The reason is that the acceptance regions for Hig and Hi; are the

complementary subsets of the acceptance region for H;. Also we note that

p(elHy) _ p(gld>0) _ plgld>0,a=5=0) _p(glH) (2.70)

p(glHo)  p(gld =0) p(gld = 0) ~ p(glHo)

and!?

p(glH1) _ p(gld>0) _ p(gld > 0,0 — B #0) p(g|Hn) (2.71)

p(glHo) p(gld=0) ~ p(gld =0) p(g|Ho)

Ohecause o« — 3 # 0 only constrains the signal space, so in this case the PDF of signal can not be
greater.
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Hence, if p(g|H1) < p(g|Ho) (it is decided that d = 0), we can show that

p(glH10) =+ p(g[Ho) (2.72)

p(g|H11) <+ p(g|Ho), (2.73)

too. This again proves the optimality of the sequential test (in GLRT sense).

2.6 Concluding Remarks

We have set out in this chapter to address the question of resolution from a
sound statistical viewpoint. In particular, we have explicitly answered a very practical
question: What is the minimum detectable distance between two point sources imaged
incoherently at a given signal-to-noise ratio? Or equivalently, what is the minimum
SNR required to discriminate two point sources separated by a distance smaller than
the Rayleigh limit? Based on different assumption and models, we explicitly studied
four different cases in our detection-theoretic approach, from the simplest to the most
general case. We employed a hypothesis testing framework using like locally most
powerful tests, where the original highly nonlinear problem was approximated using
a quadratic model in the parameter d. We also discussed asymptotic performance for
estimation of the unknown parameters.

The major conclusion is that for a given imaging scenario (in this case, in-
coherent imaging through a slit), with required probabilities of detection and false
alarm, the minimum resolvable separation between two sources from uniformly sam-

pled data can be derived explicitly as a function of the SNR of the imaging array,
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and the sampling rate. The most useful rule of thumb we glean from these results is
that for the case of equal intensities (or for the case unequal intensities with a proper
choice of test point), the minimum resolvable distance is essentially proportional to
the inverse of the SNR to the fractional power of 1/4. The proportionality constant
was shown to be a function of the probabilities of detection and false alarm and the
point spread function. In deriving these results, we have unified and generalized much
of the literature on this topic that, while sparse, has spanned the course of roughly
four decades.

The analysis has been carried out in one dimension to facilitate the presenta-
tion and to yield maximum intuition. In the next chapter we carry out the analysis for

the general 2-D model and also under-Nyquist and non-uniform sampling schemes.
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Chapter 3

Detection-Theoretic Approach:
Extension to two-Dimensional

and Under-Sampled Signals

3.1 Introduction

Having studied the problem with a one-dimensional signal model and uni-
form over-Nyquist sampling scheme in Chapter 2, we now present an extension to a
more general model including two-dimensional scenario and arbitrary non-uniformly-
sampled and/or sub-sampled images. To begin, let the original image of interest consist

of two impulse functions positioned at points (ps,py) and (¢z,qy), a small distance of

d= \/(px — ¢2)? + (py — qy)? apart. That is, the signal model is

I(z,y) = Vad(x — peyy — py) + VB (2 + g,y + qy)- (3.1)
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We consider the following two-dimensional model for the measured (discrete) signal:

9@, y) = s(xk,y) +w(ek,y) (3.2)
= ah(zg — pz,y — py) + Bh(@k + @uyy1 + qy) + w(Tk, ) (3.3)

k,le{l,2,..,N}

where h(x,y) is the blurring kernel! (representing the overall point-spread-function
(PSF) of the imaging system) and w(z,y;) is assumed to be a zero-mean Gaussian
white noise process with variance o2.

The statistical analysis is similarly formulated based on the ability to dis-

tinguish whether the measured image is generated by one point source or two point

sources. This can be posed as a hypothesis testing problem, i.e.

Ho:d=0 One point source
‘Hi:d >0 Two point sources

or equivalently

Ho : g(zk,y1) = (@ + B)h(wg, yi) + w(xk, yi)
(3.5)

Hi:g(@e, yi) = ah(zg — pa,yi — py) + Bh(Tk + Go, y1 + 4y) + w(Tk, Y1)
3.2 Detection-Theoretic Approach
In the test (3.5), when the model parameters are unknown, the probability

density function (PDF) under both hypothesis is therefore not known exactly, resulting

in a composite hypothesis testing problem. As a common alternative, we use the GLRT

'For convenience and ease of presentation only, we assume that the point spread function is a
symmetric function throughout this chapter, i.e. h(z,y) = h(—z,y) = h(z, —y) = h(—z, —y).
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framework. As will be shown later, the performance of such a detector is very close to
that of an ideal detector, to which the values of all the parameters in the model are
known. Hence, the performance of the suggested detector can be reasonably considered
as an approximate performance bound in practice.

Applying the GLRT approach to the problem of interest directly will produce
a highly nonlinear test statistic (see Chapter 2). However, since the range of interest
for the value of d is assumed to be small (below the Rayleigh limit?), similar to the
one-dimensional case, we can benefit from approximating the model of the signal for
nearby point sources. The approximate model is obtained by expanding the signal in
a Taylor series about the small parameter values around (pz, ¢z, Py, qy) = (0,0,0,0).

By introducing the partial derivatives of h(z,y) as

" h(x,y)

hij(xg, y) = T oo ; (3.6)
LA P —

we write the signal model in the following (lexicographically scanned) vector form (e.g.

[h]in sk = h(zk, y1)):

m
Il
a
D

(3.7)

where

H = [h, hy, hgi, hyo, hg2, hyq] (3.8)

2Throughout this chapter, we assume without loss of generality that d = 1 corresponds to the
Rayleigh limit.
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a+f
—apz + B4z
—apy + Bay
5(ap? + Bq3)

(a2 + Ba?)

apepy + Baqy

We elect to keep terms up to order 2 of the above Taylor expansion which gives a
more accurate representation of the signal and avoids trivial approximations in cases
where the first order terms would simply vanish. This approximation leads to a linear
detection problem and also is equivalent to the framework of locally most powerful
tests [33, p. 218|.

We first consider the case where the noise variance is known to the detector.
By substituting the above approximated model into (3.5), the hypothesis test can be

rewritten as

Ho: AB=0
(3.10)
Hi: AO#0
where
010000
001000
A=100010 0]- (3.11)
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The test (3.10) is a problem of detecting a deterministic signal with unknown parame-
ters. The generalized likelihood ratio test (GLRT) for the approximated model yields
[33, p. 274]:

-1

1 _
T(g) = —0 AT AD (3.12)

o2

A (HTH) TLAT

where
~ —1
6= (H"H) H'g (3.13)

is the unconstrained maximum likelihood estimate of 8. g is the (lexicographically
scanned) vector form of the measured signal ([g|;nv+r = g(zk,y;)). For any given data

set g, we decide H; if the statistic exceeds a specified threshold,
T(g) > . (3.14)

It is worth mentioning that since the hypothesis test in (3.4) is a one-sided test, the
above formulations (the Taylor approximation and the generalized likelihood ratio
setup for the problem in (3.10)) can be viewed as a locally most powerful detector [33,

p. 218]. From (3.12), the performance of this detector is characterized by

Pp = Q:(v) (3.15)
Py = QX/;(A)(V) (3.16)
Lo PO T
A o= S0TAT |A(HTH)  AT|  Ae, (3.17)
g

where (), 2 is the right tail probability for a Central Chi-Squared PDF with 5 degrees
of freedom, and Qx'2(/\) is the right tail probability for a non-central Chi-Squared
5
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PDF with 5 degrees of freedom and non-centrality parameter A. For a specific desired
P; and Py, we can compute the implied value for the non-centrality parameter from
(3.15) and (3.16). We call this value of the non-centrality parameter A\(Py, Py). This
notation is key in illuminating a very useful relationship between the SNR and the
smallest separation which can be detected with high probability, and low false alarm

rate. From (3.17) we can write

-1

2 ! A6. (3.18)

02 = ———0TAT

~1
NPy, Fy) A(H'H) AT

Also, by defining the SNR as
1
SNR = — 6" H"H6, (3.19)
o

and replacing the value of 02 with the right hand side of (3.18), the relation between

the parameter set 8 and the required SNR can be made explicit?:

TyrT
SNR = A(P;, P) rER (3.25)
0" A" [A (H"H) AT} A6
3To give an insight into the terms in the expression for required SNR, let us denote
H'H = { E bCT } (3.20)
where

a = h"h (3.21)
b = [h7hi, hTho, hThao, h7hes, hThit]” (3.22)
C = AHTHAT (3.23)

Then we can show
(A (H"H) A7 R (3.24)

This form gives a rather better intuition to the established relationship between the required SNR and
the resolvability. For instance it can be readily proved that the appearance of the subtracted term in
the denominator of (3.25) (1bb”) is due to the energy of point sources (a+ 3) being unknown to the
detector. In other words, if only the value of o + 3 is known to the detector, this term would vanish
and the related term in the denominator would be given by 87 ATCAS8.
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2

The above analysis can be well extended to the case where ¢“ is unknown a priori,

and this will be done next. The corresponding hypotheses for this case are given by

Ho: AB=0, 0>2>0

(3.26)
Hi: AO#0, 02>0
The GLRT for (3.26) [33, p. 345] gives the following test statistic:
. -1 -1
9 AT [A (HH) AT} AD
Tu(g) = >y (3.27)

-1
g {I ~H (HTH) HT} g
where subscript ”u” denotes the case of unknown noise variance, I is the identity

matrix, and
~ —1
6=(H"H) H'g (3.28)

is the unconstrained maximum likelihood estimation of 8. For any given data set y,

we decide H; if the statistic exceeds a specified threshold,
Tu(y) > (3.29)

From (3.12), the performance of this detector is characterized by [33, p.186]

Pr = Qry () (3.30)
Py = Qr, ,00() (3.31)
1 -1
- %0TAT {A (H"H) AT] A, (3.32)
g

where Qpy _g is the right tail probability for a Central F distribution with 5 numerator

degrees of freedom and N — 6 denominator degrees of freedom; and Q g voe() is the

U
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right tail probability for a non-central F distribution with 5 numerator degrees of
freedom and N — 6 denominator degrees of freedom, and non-centrality parameter.
In this GLRT context, the following relation between the parameter set 6

and the required SNR (denoted by a subscript "u”) can be obtained:

0THTHO

SNR, = Au(Pf, Py) (3.33)

0TAT [A (HTH)_1 AT] Ag

which mirrors (3.25), with the only difference in performance being the change of
coefficient from A(Pf, Py) to Ay(Pf, Py). It can be easily verified that A(Py, Py) <
Au(Py, Py) for Py > Pj.

In either case, an important question is to consider how different this ob-
tained performance is from that of the "ideal” clairvoyant detector, to which all the
parameters (i.e. @ and 02) are known. We first note that in this case the hypothesis
test in (3.10) will be a standard linear Gauss-Gauss detection problem. Also, we can
further simplify the problem by seeing that the term (a + [)h in the signal model
in (3.7) is a common known term under both hypotheses and can be removed. As a

result, the following relationship can be obtained for the completely known case:

0THTHO
0TATAHTHATAG’

SNRiq = n(Py, Fy) (3.34)

where the subscript ”id” denotes the ideal case and n(Py, Py;) is the required deflection

coefficient[33, p. 71] computed as

n=(Q7' () - Q7 (rw)’ (3.35)
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where Q~!(-) is the inverse of the right-tail probability function for a standard Gaus-
sian random variable (zero mean and unit variance). Comparing the expression in
(3.25) to that of (3.35), we have

SNR  A(Py, Py) 6TATAHTHAT A0

SNRZd - n(Pfan) -1 AD

(3.36)

6TA” |A (HTH) TLAT

where we note that n(Pr, Py) < A(Py, Py), provided Py > Py. Also, according to

(3.20)-(3.24)

1 -1
AH"HA” - |A (HTH) A"| =C-C+ %bbT = %bbT (3.37)

is a positive definite matrix. As a result, as expected, SNR, > SNR> SNR;4, always.
However, as we will demonstrate in the following subsection, the difference between
SNR,, and SNR;; is quite small over most of the parameter range. Also, we note that
similar to the analysis presented in section 2.4.1 the proposed detector in the limiting
case (where intensities are known and equal®) indeed produces a uniformly optimal
test (same as ideal detector). Furthermore, for the general case as we will show later,
the difference between performances of the proposed detector and ideal detector is
very small. Therefore, we argue that the GLRT framework used to suggest a detector
can be reasonably accounted to set a performance limit in practice.

The expressions in (3.25) or (3.33) are in general applicable to any sampling
scheme including non-uniformly sampled or under-sampled (aliased) images. How-
ever, since the energy of a bandlimited signal in the continuous domain is that of its

uniformly (and super-critically) discretized version divided by sampling rate, the right

4The earlier developed approach for this case can be easily extended to the current 2-D model.
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hand side of these expressions should be understood more generally as depending upon
the sampling offsets (phases) of the discrete images. In particular, for under-sampled
images, the energy terms in H? H will vary significantly as sampling phase changes.
We will study this effect in Section 3.2.2.

An interesting related question is how the availability of multiple observa-
tions of the image (i.e. several frames with different sampling phases) affects the
performance. Let ; denote the I-th set of acquired samples (i.e. [-th frame in a video
sequence) out of a total of L frames, and let H; and SNR; represent the corresponding

H and the required SNR of the [-th image. Then, the overall required SNR is given

by
0THIH, 0
SNRy, = A(Py, Py) T = B (3.38)
0T AT [A (HIH,) AT} A0
where
L
H, =) H,. (3.39)
=1
Furthermore, it can be proved that
1 L
SNR < - > SNR; (3.40)
=1

with equality sign for the case of over-sampled frames. The reason behind this is that
the energy of signal in over-Nyquist case is a constant value and does not depend on
the phase of sampling. Hence, each (super-critically sampled) frame has the same

effect on the detection performance. In other words, in this case H. H,, = HLH,, =
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%HfHL for 1 < m,n < L. However in under-Nyquist case, some frames (due to
better placement of samples) provide more information for detectability than others.

In the following pages, we further analyze the performance results obtained
earlier for over-sampled images. Next we look into a case where the image is under-
sampled to see the effect of aliasing on the performance. Having earlier derived the
general expression for the performance, to facilitate the presentation, in what follows,
we will often consider a particular case with the following set of conditions (we may

call this the symmetric case):
® Px =Py Gz =Gqy =0

ea=03=1

e h(z,y) = h(y/2? +y?) = h(r) (angular symmetric kernel)

Some examples of angular symmetric kernels which will be used later in this thesis
are ”jinc-squared” and Gaussian windows. The former (jinc?(r)) is the PSF resulting

from a single circular aperture and is characterized by

exp[v/—1(0 + r cos 0)]df = J12(72:;r) (3.41)

. 1 21
inc(r) = ————
Jine(r) 21ry/—1 /o
where J;(+) is the first order Bessel function of the first kind[22]. The Gaussian kernel,
on the other hand, can be considered as a typical approximation of the overall effect of

various elements in the imaging systems (including aperture, CCD, out of focus lens,

atmospheric or underwater turbulence etc); it is given by

T’2
h(r) = ——— exp (- ) (3.42)

2
2102 202

i
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A plot of the above kernels is shown in Figure 3.1, where we note that we have normal-
ized the corresponding Rayleigh spacings for both functions to be 1 (this corresponds
to o, = 0.35 in (3.42)).

Due to the existence of sidelobes, under the above normalization, we expect
the jinc? PSF to provide better resolution (but increased sensitivity to) under fixed

SNR conditions. In the coming sections, we will look for confirmation of this intuition.

n
IR} - jinc2
i\ = = Gaussian

14r

121

0.6
0.4

0.2

I L L I L ! ]
-5 -4 -3 -2 -1 0 1 2 3 4 5

Figure 3.1: Normalized one-dimensional cut of the point spread functions used to present
the results
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3.2.1 Over-Nyquist sampling

In this section, we further simplify the earlier results for the over-Nyquist

case. To begin, we note that the energy terms can be written as

Ey 0 0 —Fig —Fnn O

P=H'H= (3.43)

0 0 0 0 0 FE
where
1 T T Py
Ej = hg;hl-j = m/ /_ﬂu v]|H(u,v)|2dudv (3.44)
too phoo FGitip(x y)
= dzdy. A4
/ / [ D0y zdy (3.45)

The zero elements in (3.43) are due to the orthogonality of some of the partial deriva-
tives with each other®. With the above notation, we will also have

-1

Q = AT A(HTH)_IAT A (3.46)

5For instance

+o0 +oo +oo +o0 2
/ / h(z,y) ahg;’ v) dzdy / / 1 8h dxdy
+
= / %h2(x y)’_ dzdy =0

since the PSF has finite energy and limz—+0 h(z,y) =0
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0 0 0 0 0 0
0 Ep 0 0 0 0
0 0 FEy 0 0 0
= 5 . (3.47)
0 0 0  [Ep— 20 g, =070
20 EO 11 EO
E19En EZ,
0 0 0 Ey— Egy— 201
11 EO 02 EO
0 0 0 0 0 En

Let us now consider the symmetric case. For the over-sampled case, as d — 0, we will

have

AP PO 6L B

SNR ~ NT 4 Byl - B2, (3.48)

where we can show that
Ey = /0 " rh?(r)dr, (3.49)
B = w/om r ng)r dr, (3.50)
A E

See Appendix E for detailed calculation of these energy terms.® Figure 3.2 shows the
minimum detectable d vs SNR for the proposed local detector in (3.27) and the ideal

detector. The former detector has been suggested for the case where all the model

5We note that due to the Cauchy-Schwartz inequality E3, < EoE2o, the right hand side of (3.48)
is always positive. Also, as discussed in Section 2.4.1, this term will vanish if the amplitude of the
original scene (o + (3) is known to the detector. This is to say

APy, Pg) 64 Eo

SNR =~ — .
N2 d* Ex
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parameters including the noise variance is unknown to the detector. However as can
be seen, for any given d, the difference between the required SNR for these detectors

is at most 3-4 dB.

Pp=0.99 Pp,=1072

= Proposed Detector
= jdeal detector

£
£0.5-
©
0.4F
0.3
0.2
0.1
0 I T — J
10 20 30 40 50 60 70 80 90 100 110
SNR(dB)

Figure 3.2: Minimum detectable d as a function of SNR (in dB) (just above the Nyquist
rate); Gaussian PSF

3.2.2 Under-Nyquist Sampling

Super-critical sampling of a bandlimited function (e.g. h(z,y) and its deriva-
tives) preserves its energy by a factor related to the sampling rate, regardless of sam-
pling offset. However, for the under-Nyquist (aliased) case every element of HTH will
be a function of sampling phases in x and y directions (we call these sampling phases ¢

and 1/1)7. This leads to a rather complicated expression for the required SNR versus d.

"See Appendix D
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To clarify further, let Py, be the product H? H for this case. In general, this matrix

will have the following form:

L. Ly L L
P.,=P+ Z Z p" Z cos(m¢; + ny) + P Z sin(mae; + nyy) | (3.52)
m=0n=0 =0 =0

where P is defined in (3.43) (for the over-sampled case) and P.""’s and P]""’s are
the matrices resulting from aliased components®. Specializing to the symmetric case,

we have

1 4||h||? + 4d>hThyg + d*||hge]|?

d <||h02||2 _ [hThQOP)
[h|2

SNR ~ A(Py, Py) (3.53)

We note that the energy terms in the above expression involve cos(-) and cos?(-) terms.

Figures 3.3 and 3.4 show the minimum, maximum and average values of
the required SNR over the possible range of sampling phases for jinc-squared and
Gaussian kernels, respectively. These curves are generated by using (3.25), which is
the expression for the required SNR corresponding to the proposed detector in (3.27).
For a given value of d, the required SNR is computed for the values of ¢ and ¥ drawn
uniformly in the range of [0, 27]. Then the maximum, minimum, and average of these
values are computed.

The curves are shown for the case where only one frame (i.e. one set of uni-
formly sampled data) is available. Nevertheless, it can be proved that the maximum,
minimum and average values of the resolvability (or required SNR) remain the same

for arbitrary number of frames (i.e. periodically non-uniform sampled image). This

8Lw, Lv, ¢1, and ¢ have been defined in Appendix D.
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follows by noting that the number of frames or the sampling rate are embedded inside
the ”SNR” on the left hand side of (3.25) and (3.33). For instance, for resolving a
particular separation, doubling the sampling rate does not change the required SNR,
but rather implies that the same detection performance can be achieved with twice
the noise variance as compared to the original sampling rate.

It is seen that the required SNR for the case where the PSF is a Gaussian
is on average 3 dB (and 16 dB at ”worst case”) more than for that for the case
of simple circular aperture. This can be explained by noting that the jinc-squared
kernel contains more energy in its second derivative. The more energy in the second
partial derivative means bigger difference between the PDF’s under the two hypotheses
and therefore better detectability. Also, we note that the jinc-squared window has a
larger effective bandwidth which lets more high frequency information through. This
phenomenon will also be observed in the following sections. Finally, Figures 3.5 and
3.6 show the average and maximum resolvability at different sampling rates below
Nyquist. As observed, change of sampling rate has much less effect on the average
performance (i.e. the required total SNR) compared to that of the performance at
worst case (Figure 3.6). These worst cases occur when at some sampling scenarios
(e.g. at 50% Nyquist), the discrete measured signal includes two strong peaks located
far from each other (or roughly speaking, where the acquired samples are far from the
point sources). This phenomenon clearly degrades the performance of the detector.
On the other hand, if there exist some samples which are positioned closely to the

point sources, the detector collects more information about the underlying signal.
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Pp=0.99, P,=1072, jinc? PSF

— worst case performance
= = Best case performance
0.9+ ' average performance

0 20 40 60
SNR(dB)

Figure 3.3: Minimum detectable d as a function of SNR (in dB); best, worst, and average
performance over the possible range of sampling phases (one set of uniform samples 50% below
the Nyquist rate); GLRT detector; h(r) = jinc?(r); known o>

3.3 Conclusion

In this chapter we investigated the problem of resolving two closely-spaced
point sources (beyond the Rayleigh limit) from noise-corrupted, blurred, and possibly
under-sampled images. We have studied a detection-theoretic framework to derive
performance limits on minimum resolvability. We have discussed the case of under-
Nyquist sampling in several parts of this chapter because of its significance in, for
example, image super-resolution reconstruction [14, 46, 18]. We have also considered
the case where the noise variance is unknown to the detector.

We explicitly found a general, fundamental, and informative relationship to

quantify a (statistical) measure of resolution, and also to reveal the effect of point
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Pp=0.99, P¢,=1072, Gaussian PSF

ir \
\ — worst case performance
\ - = Best case performance
09| \ average performance

0.8

SNR(dB)

Figure 3.4: Minimum detectable d as a function of SNR (in dB); best, worst and average
performance over the possible range of sampling phases (one set of uniform samples 50% below
the Nyquist rate); GLRT detector; Gaussian kernel; known o2

spread function and sampling parameters on resolvability. The established expressions
are in general applicable to any point spread function and any arbitrarily sampling
scheme. The analysis for the under-sampled images demonstrates explicitly how the
performance is affected by the sampling phases (sampling offset), while in the over-

Nyquist case the performance is independent from the sampling offset.
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Pp=0.99, P,=1072, jinc? PSF, Average performance

a — 25% Nyquist
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60
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Figure 3.5: Minimum detectable d as a function of SNR (in dB); average performance over

the possible range of sampling phases (one set of uniform samples at different sampling rates);
GLRT detector; jinc-squared kernel; known o2
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Pp=0.99, Pc,=1072, jinc? PSF, Worst Case performance

1 1 — 25% Nyquist
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Figure 3.6: Minimum detectable d as a function of SNR (in dB); worst case performance

over the possible range of sampling phases (one set of uniform samples at different sampling
rates); GLRT detector; jinc-squared kernel; known o2
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Chapter 4

Estimation-Theoretic and
Information-Theoretic

Approaches

4.1 Introduction

In this chapter, we re-analyze the resolution problem by using other statis-
tical and information-theoretic tools. Not only do these approaches verify the earlier
results of this thesis, but we can also observe some very interesting phenomena con-
necting all these different frameworks. We first establish a performance bound on
estimating the parameters of the signal by computing the Fisher information (and
the Cramér-Rao lower bound). We present our calculation for both one-dimensional
and two-dimensional signal models. Secondly, we compute a measure of discriminat-

ing power between two hypotheses (whether there is one point source or two point
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sources) by computing the Kullback-Leibler Distance (KLD). Through this computa-
tion, an interesting connection between the Fisher information and the (asymptotic)

detectablity is observed.

4.2 Estimation-Theoretic Approach, Fisher Information

In this section we present results on the estimation of the unknown parame-
ters of the model. In particular, we study the asymptotic performance of the maximum
likelihood (ML) estimate of the unknown parameters, using the Cramér-Rao lower
bound (CRLB). The standard CRLB [32, p. 27] is a covariance inequality bound
which treats the parameters as unknown deterministic quantities and provides a local
bound on the mean square error (MSE) of their (unbiased) estimate. Being able to
compute a lower bound on the variance of the parameter d, in particular, is rather help-
ful in verifying and confirming the earlier results of the detection-theoretic framework.
For example we shall see how the difference between o and 3 affects the variance of the
estimate in different cases. In what follows we first present the CRLB derivations for a

one-dimensional signal model and then will extend it to the two-dimensional scenario.
4.2.1 The CRLB Derivations for One-Dimensional Signal
Here, we compute the CRLB for the following cases:

e the signal model in (2.3), i.e. known intensities but unknown d

e the signal model in (2.48), i.e. unknown «, 3, d; and da
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To verify the details of the calculations (carried out mostly in the frequency domain),
we refer the reader to Appendix B. Recalling (2.3), the CRLB for the parameter d
(assuming o and 3 known), is given by !:

~ (72 0'2

var(d) > 7= 05(w.d) (4.1)
xka T W,
; ( ) 2 /_7r I
o? 1
= (4.2)
for = “(a? + 52) + W%"gg) [(72d? — 3) sin(27wd) + 37d cos(2md) + 3wd)]

where S(w, d) is the discrete-time Fourier transform (DTFT) of the signal s(z, d). To
compute the CRLB for the second case, when «, 3, di and dy are unknown, the Fisher

Information matrix is computed?. We have
cov(dy,dz,@,8) > A~'(di,ds, @, p) (4.3)

where A is the 4 x 4 symmetric Fisher Information matrix with its elements defined

by
1 9s(zy; o, B, dy, d2)\° 2 fs 4m2a?
k
_ 1 85(:6]6505 ﬁadlvdZ )2 2 _ fS 47{-252
A2,2) = 02%:( ady 2m2 was (@, fo)l" dw =55
1 ds(zp; ,6,d,d 2 1 fs2
Ay = L3 (B bd Y L e p P e = 42
k s
_ i 88(.1‘k,0( ﬁ7d1>d2 1 T 2 _ Eg
A(4’4) - 0_2;( ) - 271'0'2/ | (waf8)| dw = 0_23
1 as(mk;a,@dl,dﬂ Os(zk; a, B,d1,d2)
AL2) = ﬁz ddy dds
k
= [ e H e )P cos(eof(ds + o))
2o

lassuming sampling above Nyquist
2We thank Prof. Jeff Fessler for sharing with us his calculations for the continuous data case.
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& 2a6 (71'2(611 + d2)2 — 3) sin(27(dy + d2)) + 67(dy + d2) COSQ(ﬂ'(dl + da))

o2 73 (d1+d2)5
1 0s(xp; o, B,dy, d2) 0s(xy; a, B, dy, da)
A(L3) = ?zk: ad; da
(0]

— oo | whlH @ g e =0

2ro? J_

1 as(xk;aaﬁ)dladQ)as(l‘k‘;avﬁadlde)
ALY = ?%: dd o

- 27_-‘-:2 /jr wfs |[H(w, fs)|2Sin(wf8(d1 + dy))dw

fs « 3Sin(27‘r(d1 + dg)) — 47T(d1 + dg) COS2(7l'(d1 + dg)) — 27T(d1 + dg)

02 273 (d1 + d2)4

1 as(-Tk;a,ﬁ,d]_,dQ)as(xk;a7ﬁ,d1,d2)
A(2’3) - ?; 8d2 9o

= p " wfs |H(w, fs)]2 sin(w fs(dy + da))dw

o2ro? J_

fs =B 3sin(2n(di + d2)) — 47 (d1 + da) cos?(m(dy + dg)) — 2m(dy + da)

;27‘(‘3 (d1+d2)4
1 0s(xp; o, B, dy, d2) 0s(xy; a, B, dy, d2)
A(2,4) = ;Z s 95 (4.4)
A

= o [enlH, f)P s =0

A(3,4) = 012Z35($k;a,5,d1,d2)88(xk;a,ﬁ,d1,d2)
k

o ap

= o [ S cos(ef(dy + da))d

2mo?
&L —sin(2w(dy + da)) + 27w (d1 + da)
02273 (dl + d2)4

where H(w, fs) is the DTFT of the PSF h(z) sampled at frequency fs. The bound on
the variance of d; and dy can be obtained by taking the elements (1,1) and (2, 2) of the
inverse Fisher information matrix A~!, respectively. Also, the CRLB on d = d; + do

is computed by:

CRLB(d) = [A7Y] +[A!] +2[a7] . (4.5)

22
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Figure 4.1 shows the square-root® of CRLB for d, for fixed values of the intensities
« and [, versus the parameter value d, for two different cases; namely, the known
intensity case with symmetrically located point sources, and the unknown «, (3, dy
and ds case. In this figure, we observe that the curves in each case are rather close for
d > 0.5, and they are distinct when « is unknown and d is smaller than 0.5. In Figure
4.2 the value of d = 0.3 is fixed, and the v/CRLB for d is shown over a range of values
of a. The graph demonstrates the effect of the difference of o and 3 on the CRLB. As
seen in this figure, the CRLB for the second case (unknown «, (3, d; and d2) increases
rapidly by moving away from («, 3) = (1,1); but for known « and 3, there is a (rather
slow) decay away from the position a = 3 = 1. The observed phenomenon is counter-
intuitive, but can be readily explained by looking at the derivatives we computed in the
calculation of the CRLB. When point sources are located symmetrically, with unequal
intensities, the shape of the overall signal is dramatically different than the case when
« = 3 = 1. This difference is accentuated further as the value of o — 8 becomes larger.
Whereas for second case, because of uncertainty about the center and intensities of
point sources, if a — 3 # 0, the overall shape looks more like a single peak is present.
The observed behavior is consistent with what we saw before in Section 2.4.3 where we
demonstrated that unequal « and 3 yields improved detection if the center is known

and vice versa.

3to maintain the same units as d
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— d,=d,, Known a and B
18L | — _ Unknown a, B, dl, d2
I

o~

Figure 4.1: CRLB(d) versus d for two different cases

4.2.2 The CRLB Derivations for the Two-Dimensional Signal

In this section, we carry out the Fisher Information derivations for the general
case. Several papers have computed the Cramér-Rao bound to study the mean-square
error of unbiased estimators for the distance between the point sources|25, 26, 2, 55,
56]. The CRLB analysis assists us to first confirm the earlier results obtained by the
detection-theoretic approach, to better understand the effect of estimation accuracy
on the performance of the local detector developed in Chapter 3, and finally to derive
the KLD in Section 4.3, when we discuss the information-theoretic framework. We
present the analysis for the case where? B, < fs < 2B, and B, < fs < 2B, and when

two frames are measured, with sampling phases of (¢1,1) and (¢2, 12), respectively.’

4B, and B, are defined in Appendix D.

5Such results can be straightforwardly extended to the case where a higher number of frames are
available.
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Figure 4.2: CRLB(d) versus « for two different cases

As such, the vector of unknown parameters of the signal model in (3.3) is
T

t= Pz 4z, Py, dy, &, ﬁa ¢27 ¢2 ’ (46)
t, t.

in which we identify two sets of parameters: parameters of interest (t,) and nuisance
parameters (ts). We have not assumed ¢ and 11 to be unknown, since the first frame
can be considered as the reference frame and the uncertainty about the sampling

phases can be absorbed by the separation between point sources being unknown.

The CRLB for the separation d = \/(px —¢2)% + (py — qy)? (i.e a nonlinear

function of t) is given by [32]:

- _T - - - -
é%ci (AT, (AT, (AT (AT aii
~ 2d [A7Y] A1 AL A1 od
s | B b W Wl W
5%‘2 (A [AT] (AT [ATY], %
gqi, A7y (AT, (AT (AT aaqi,




or

Pz(Pz + ¢z) A, A, Ay Ay || pepe + )
~ 1 Qe (Pz + qz) [A_l]zl [A_l}zz [A_1]23 [A_1]24 Qe (Pe + qz)
var(d) > =
Py(Py + Qy) [A_l]:n [A_1}32 [A_1]33 [A_1]34 py(py + Qy)
| Qy(py +Qy) I [A_1]41 [A_1}42 [A_1]43 [A_1]44 11 Qy(py +Qy)
where A is the Fisher information matrix defined by
9*Inp(g,t)
Al; = —-F|——=2~ 4.
1 0
= 32D | 5o h@ = pey —py) + Ph(r 4 ary + ) . (4.10)
ko ! T=T), Y=Y

0
J

w=rk7y=yz}

The matrix A can be partitioned with respect to the parameter sets t, and t; as

A'rs
(4.11)

Ars Ags

The derivation of the Fisher information matrix for the general sampling scheme is
presented in Appendix F. For the over-Nyquist case, we note that the summations
in Fisher information matrix can be simply substituted by continuous integrations.
Furthermore these integrations can be rather easily computed in the frequency domain
for a given point spread function (see Section 4.2 for some examples in 1-D case).

As for the under-Nyquist case, similar to the earlier calculation of energy

terms in Chapter 3, we can see that the Fisher Information Matrix has the following
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components

L, Ly L L
Agp = A+ Z Z A™ Z cos(ng; + mapy) + AL™ Z sin(ng; + mapy) |  (4.12)
n=0m=0 =0 =0

where A is the Fisher information matrix provided there is no aliasing (i.e. same as
what was computed for the over-Nyquist case) and A»™’s and A"™’s are the related
matrices due to aliasing. For a given value of d, the square root of the CRLB is
computed for the values ¢ and 1) in the range of [0, 27r]. Then the maximum, minimum
and average values are calculated to be shown in the following figures. For example
these values are displayed in Figure 4.3 for a Gaussian kernel when o = § = 1. As
seen, the estimation task becomes much harder as d decreases.

Figures 4.4 and 4.5 show the average of the square-root of CRLB vs d for two
cases, where o = 3 and where « # 3. For the case where the PSF is jinc-squared, the
estimation accuracy is better than the case of Gaussian PSF, due to the larger energy
in the higher order derivatives of a jinc-squared function. The effect of the difference
between intensities (o« — () on the estimation variance is shown in Figures 4.6 and
4.7. These curves indicate that the estimation task is harder for the case of unequal
intensities, as expected.

So far we have explored some detection-theoretic and estimation-theoretic
approaches to the problem of achievable resolution. We have investigated the corre-
sponding performance figures (required SNR for a specific resolvability and the lower
bound on error of estimating the separation). In the following section we use (and

extend) a well-known information-theoretic measure in distinguishing two hypothe-

74



Gaussian PSF; a=p=1; SNR=30

10 T T T T
— Max
= = Min
‘= average
10° | E
10° b E
N
- .
o T
4 Sl
x +  Tmeal
o . S TTmemme e L
100 E|
~
~
~
~
~
-
~ ~
~ -~
'y Te el |
107 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
d
Figure 4.3: /CRLB(d) vs d; Maximum, minimum and average values over the possible

range of sampling phases resulted from two sets of uniform samples 50% below the Nyquist
rate (Periodically non-uniform sampling); a = 8 = 1; Gaussian PSF; known o2

ses. This measure nicely links the asymptotic detection performance to the Fisher

information derived in this section.

4.3 Information-Theoretic Analysis, The Kullback-Leibler

Distance

In the interest of completeness and also verifying the earlier result from yet
another perspective, we investigate the problem of the achievable resolution by an
information-theoretic approach. Namely, we compute the symmetric Kullback-Leibler
Distance (KLD) or Divergence [36, p. 26] for the underlying hypothesis testing prob-

lem. KLD is a measure of discrimination between two hypotheses, and can be directly
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Figure 4.4: /CRLB(d) vs d; average values over the possible range of sampling phases
resulted from two sets of uniform samples 50% below the Nyquist rate (Periodically non-
uniform sampling) for Gaussian and jinc-squared PSFs; a = 3 = 1; known o2

related to the performance of the optimal detector. However, since KLD analysis does
not take the effect of nuisance parameters® into account, it will indicate a somewhat
loose bound on the detection performance for our problem.

To gain better insight, we first carry out an analysis for the case where the
point sources are symmetric (that is to say p; = ¢z, py = ¢y and a = ). Having
computed this simpler case, we will extend the result to the general case. To begin,

let p(g,d) and p(g,0) be the PDFs of the measured signal under hypotheses Hy and

H; in equation (3.5). Then, we will have (See Appendix G for a proof)

J(d) = /D [p(g,d) — p(g,0)]log <z Ei:ﬁ;)dg (4.13)

Sthose which are unknown to the detector but are common under both hypotheses
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a=1.5, $=0.5; SNR=30
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Figure 4.5: /CRLB(d) vs d; average values over the possible range of sampling phases
resulted from two sets of uniform samples 50% below the Nyquist rate (Periodically non-
uniform sampling) for Gaussian and jinc-squared PSFs; a = 1.5, 3 = 0.5; known o2

2
0*hoa(xk, yi1) d*
402 ZZ <8d2 s 1o2 b0 (4.14)

as d — 0, where D is the observation (signal) space and we recall that hgs is the partial
second derivative defined in Chapter 3. We note that the KLD measure behaves as
the minimum detectable d raised to the power of 4 (confirming the power law we have
derived for the inverse of the required SNR in earlier sections.). We also note that the
KLD is proportional to the energy of the second derivative of the PSF, indicating its
major role in any measure of detection performance.

Now, let us consider the more general model of unequal and asymmetric point
sources. First, we observe from the above analysis that for the underlying problem,

KLD computation requires an extension to higher order terms (See Appendix G again).

77



, d=0.03; SNR=30
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Figure 4.6: \/CRLB(d) vs a(= 2 — 3); average values over the possible range of sampling

phases resulted from two sets of uniform samples 50% below the Nyquist rate (Periodically
non-uniform sampling) for Gaussian and jinc-squared PSFs; d = 0.03; known o?

We utilize this fact to construct our KLD computation for the general case.

To this end, we extend the (low order) formula typically used,

j(tT) ~ tz Arr|tr:0tr (4.15)

as in for example [36, p. 26], by a second order approximation

T 0%Ayy
T(tr) = t) Aplg _otr+ [col(trtf)} o2

[col(t,t])]  (4.16)
t.=0

where col(-) denotes the lexicographical (columnwise) scanning operator. After some
algebra (4.16) will lead to”

1
JO) ~ —6"ATAH"HA"A# (4.17)
g

"Note the difference between @ and t, which are defined in (3.9) and (4.6), respectively.
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Figure 4.7: \/CRLB(d) vs a(= 2 — 3); average values over the possible range of sampling
phases resulted from two sets of uniform samples 50% below the Nyquist rate (Periodically
non-uniform sampling) for Gaussian and jinc-squared PSFs; d = 0.03; known o?

This is again in general applicable to any arbitrary sampling scenario and point spread
function. It is worth mentioning that the matrix AT AHTHAT A is in fact the Fisher
information for the parameter set @ in the quadratic approximated model in (3.7).
Interestingly, the above framework shows that computing KLD in the context of [36]
(that is, an approximation based on small variations of parameter(s) of interest) is in
spirit similar to computing the original KLD for the approximated model. The latter

approach, of course, does not require any concern about higher order terms.
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For an alias-free signal (4.17) can be further simplified to

- - T - - - -
—ape + B4z Eow 0 0 0 O —apz + Bqx
—apy + Bay 0 Enn O 0 0 —apy + Bay
J(0) ~ % 5(ap? + B¢2) 0 0 Ex Eu 0 Lap2 + Bg2) (18
3(ap? + Bg2) 0 0 Eu Ep 0 L(ap? + Bq2)
| Papy + By | | 0 0 0 0 Eu || appy+ Gy |

whereas for the aliased case, the right hand side of (4.17) will depend on the sampling
phases.
For under-sampled images, similar to previous analyses, KLD varies with

sampling phases,

Lu Lo L L
Tsub(0) = T (0) + Z Z J(e) Z cos(may + ny) + J0"(0) Zsin(mqﬁl + nwl)(}x.w)
m=07n=0 1=0 1=0

where J(0) is the Fisher information matrix for actual over-sampled image and
Jm(0)’s and J.™™(0)’s are the related terms caused by aliasing. As sampling rate
increases, the terms resulting from aliasing (J™"(@) m + n > 0) will vanish and the
expression in (4.18) is obtained. Figure 4.8 shows variation of KLD over the range of
sampling phases for the symmetric case. We have used the expression in (4.13) to find
the maximum, minimum and average values of KLD for any given separation d. KLD
is beneficial from another perspective, the value of KLD can be asymptotically related
to the probability of detection and false alarm rate and provides an upper bound on

the detection performance[36]. Namely,

Pi(1 = Py) =exp(—NJ) (4.20)
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Figure 4.8: Maximum, minimum and average values of KLD vs d for the possible range of
sampling phases (50% below the Nyquist rate); h(r) = jinc?(r); symmetric case

as N (number of independent samples) goes to infinity.

4.4 Conclusions

We studied the asymptotic performance of ML estimate of the unknown
parameters, using the Fisher information matrix. Deriving a lower bound on the
variance of the parameter d, in particular, is rather helpful in confirming the results
of detection-theoretic analysis and also justifying the effect of estimation accuracy on
the performance of the proposed detectors. We also derived the symmetric Kullback-
Leibler distance for the underlying problem by extending its standard form to higher

order terms. This analysis provides an upper bound on the detection performance we
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have derived in Chapter 3 and also connects the Fisher information matrix with this

performance bound.
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Chapter 5

Perturbation and Sensitivity

Analysis

5.1 Introduction

The purpose of this chapter is to analyze how other parameters in real-world
imaging can affect the performance of achievable resolution in imaging. The analysis
here helps us to compute the effect of small variations in PSF or changes of PSF by
other blurring functions (e.g. the effect of lens or charge coupled devices (CCD)). In
this section we are interested in studying three cases. In the first case we present an
analysis for an imaging system in which samples are acquired through a CCD. We
study how the detection performance is affected by using such a system as compared
to the idealized point sampling. For the second case, we study the effect of variations
in PSF on the resolvability in a general framework. We assume that the variation in

PSF is known to the detector and we derive the sensitivity of the required SNR vs
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the small change in PSF. The third, and perhaps most important case, is the scenario
where the model (PSF) based on which we design our detector is slightly different
from the actual PSF. The result of these analyses will (for example) help quantify the
importance of precisely knowing the blurring kernel on the resolving power. To gain

more intuition, we concentrate on alias-free images throughout this section.

5.2 Imaging with spatial Integration: CCD Sampling

In real-world imaging there are other possible blurring sources which change
the total PSF of the imaging system. These blurring effects are usually modelled as
a space-invariant functions and can be therefore represented by a linear convolution
with the PSF of imaging system. For instance, imaging with a CCD can be properly
modelled in such a way. To see this effect, let us first recall that in uniform standard

(point) sampling scheme, we have

s(xrs 1) = 8(T,Y) oz o, y=1/ 1, (5.1)

where f; is the sampling frequency. On the other hand, using a CCD in image gathering
will result in spatial integration of the light-field coming from a (continuous) physical
scene. As an example, CCDs with square area which are uniformly sensitive to light

will generate the following discretized output:

1 U=12W pk-1/2W
s T, Yl) = — s(z,y)dxd 5.2
cedmw) =g [ [ sy (52)
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where W is the dimension of each CCD cell', as depicted in Figure 5.1. By defining

ez lzllyl <w/2
2 ) =
rect(z,y) = v (5.3)
0 otherwise

as the blurring kernel of the above CCD, it can be seen that the expression in (5.2)

directly leads to the following

Sccd(xkayl) = s(z,y) * *rect(z, y)|m:k/fs,y:l/fs (5.4)
= I(x,y) * xh(z,y) * *xrect(x,y) |x:k/fs,y:l/fs (5.5)
hccd(‘rvy)

where I(z,y) is the original scene to be imaged, ** denotes the two-dimensional convo-
lution operator and h.4(-,-) is the overall PSF. Now let SNR...q denote the required
SNR for the image collected by the above CCD sampling scheme. Figure 5.2 shows
the relative difference between this quantity and the required SNR for the point sam-
pling as a function of W. In this example we have considered the symmetric and
over-Nyquist case and have presented the results for both jinc-squared and Gaussian
PSFs.

From a system design point of view, since typically a CCD with larger effective area
has better noise characteristics (i.e. smaller o2), one can optimize the size of the CCD
by using such a curve in effecting a trade-off with other parameters (like noise variance
vs sampling rate).

In what follows, we investigate the effect of any (small) variations in the PSF on the

required SNR in a general framework using perturbation analysis.

"We ignore the effect of fill factor not being 100%.
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Figure 5.1: A simple structure illustrating the spatial integration caused by CCD

5.3 Variational Derivative Approach

In this section we concentrate on calculating the sensitivity of the required
SNR to (known) variations in PSF. We recall from Chapter 3 that the expression for
required SNR is a function of the PSF and in particular its partial derivatives (up to
the second order). We use well-known techniques in calculus of variations to compute
the overall variation in the required SNR.

To begin, consider the expression for SNR in (3.25) and suppose that the
point spread function is changed by h(z,y) — h(z,y)+Ah(z,y). By using the concept
of variational derivative [20, 60, 70], we can compute the variation in SNR (ASNR/(h))
due to the variation Ah(z,y). Namely,

MNPy, Py) 67 APOOT QO — 6T AQOO' PO

ASNR(h) = =05 T Q66705 (5.6)
APy, Py) 07 (APOOTQ - AQ66TP) 0
- A T66700 (5.7)
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Figure 5.2: Relative difference between the required SNR for CCD sampling and that of
point sampling

where ASNR(h) = SNR(h + Ah) — SNR(h) and AP and AQ are perturbations of
matrices P and Q defined in (3.43) and (3.47). We have detailed the derivation of AQ
and AP in Appendix H. Following these derivations, we present the result for the case
where point sources are located symmetrically , p, = py, ¢ = ¢, =0, =3 =1, and
h(z,y) = h(v/22 +y?) = h(r) (angular symmetric kernel). In this case the required

SNR is given by (3.48). Then the variation is computed as

A(Pf, P,

ASNR(h) =~ (16260 X
% 2EOAEO (E()EQ() — E120) — Eg (EOAEQO + AEOEQO — 2E10AE10)
d* (BoEao — %)
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As a result, the relative change in SNR is given by?

ASNR(h) oo oo
TSNR /_Oo o Ap(z,y)Ah(z,y)dzdy, (5.8)
where
0%h(x, 0*h(x,
(EOE20 — QE%O) h($, y) + 2E’OE‘IO ( ) y) - Eg ( 4 y)
Ap(@,y) = - oxt - (5.9)
EoEsy — EY,

Invoking the Cauchy-Schwartz inequality, we have

S ¢ [ e y)]?dxw [T P asay

or

ASNR(R) _ VEo\E§Ex — E3E3, — AE3E10Fso + 8Eo B3y o — 4B,
SNR EoEay — B2,

x\//::o /_J:O[Ah(ac,y)]Qd:cdy (5.11)

which indicates that the relative change in SNR is bounded by the energy in the

(5.10)

variation times a term related to energies of the PSF and its derivatives. As an
example, consider the following variation which corresponds to a ”stretching” (e < 0)

or ”compressing” (e > 0) of the PSF:
Ah(z,y) = p(e)h([1 + €|z, [1 + €ly) — h(z,y) (5.12)

where

+oo  pt+oo
/ / h%(z,y)dzdy
o) = —oo oo (5.13)

+oo  p+too
[m [m P2 ([1 4 €z, [1 + €)y)dady

= Eo . (5.14)

+o00  pto0
/_OO /_OO R2([1 + €z, [1 + €]y)dzdy

2See Appendix H for details
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is merely an energy normalization factor®. A plot of 1-D cut of stretched and com-

pressed versions of the Guassian PSF is depicted in Figure (5.3).

--e04
— =0
o e=-04
2k
15F
1
0.5F
0 ‘ ‘ ‘
-3 -2 2 3

Figure 5.3: 1-D cut of stretched (e = 0.4) and compressed (e = —0.4) versions of the Guassian
PSF

Figure 5.4 shows the normalized variation in SNR vs € for the jinc-squared
kernel. As expected, with a narrower point spread function (¢ > 0) less SNR is
required to resolve the point sources and vice versa. In fact, we can obtain a closed
form relationship for ASNR in this case assuming that the image is sampled super-
critically. Let us consider the expression in (3.48) which includes the energy of PSF

and its partial derivatives. Now let E;;(e) denote the energy terms for the new kernel

3The expression in (5.12) can be approximated by

oo e Wz Oh(z,y) . Oh(x, )] .
_/ /. y{ ZEAR T N Ohlwy) ,  Oh(w.y)

Ah(z,y) =

I h(x,y)+[w e U
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p(e)h([1 + €]z, [1 + €]y). It can be shown that
Eij(e) = (14 €)" E;;(0) (5.15)

After some algebra we will have

R (i) (5.16)

SNR

which holds true for any PSF.

A SNR/SNR

Figure 5.4: Variation in the required SNR vs parameter variation in PSF

5.4 Effects of model mismatch on performance

Another type of analysis is to study the case when the assumed model of

the measured signal does not follow the true model. This is an interesting case study
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which provides answers to the question of how much performance degrades due to
modelling inaccuracies or mismatch.

Let us assume that the actual point spread function is h(z,y) + Ah(z,y),
whereas the optimal detector is designed for the point spread function h(x,y); so that
Ah(z,y) is the mismatch (unknown to the detector) between the actual PSF and the
assumed PSF. We observe that the (approximated) signal model in this case is now

given by
S+As=(H+ AH)6 =5+ AHO, (5.17)
where
AH = [Ah, Ahjy, Ahgi, Ahyy, Ahge, Ahyy].

The measured signal will then be g+ AH. Consequently, the estimate of the param-

eter vector will be changed to

6+ A0 = (H"H) T HTg + (HTH)_1 HT AHO (5.18)

b

in which the second term on the right hand side is identified as the ”estimator bias”.
We are now able to show that 8 + A8 follows a Gaussian PDF with mean 6 + b and
variance o2 (HTH)_I. Using this, we can compute the PDF of A6 + A which is
again a Gaussian PDF with mean A@ + b and variance c2A (HTH)_1 AT The PDF
of the suggested test statistics which is compared to a pre-specified threshold similar

to the expression in (3.14),

% (§+A§)TAT [A (HTH)_lAT]_IA (6+28) >4 (5.19)
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is characterized by a non-central Chi-squared PDF under both hypotheses [33, p. 32].

To this end, we conclude that the detection performance in the presence of mismatch

is characterized by

where

Al =

Ay =

Pf(h‘ + Ah) = QXE—,Q(M) (’7) (520)
Py(h+ Ah) Qyr2(2,) (V) (5.21)
L o7 e\ 7]
;bTAT |A (HTH) AT Ab (5.22)
L 91+ b)TAT [A (HTH) AT _1A9 b 5.23
5(0+b) (H"H) (6 +b) (5.23)

are the resulting non-centrality parameters. It is also worth emphasizing here that

in order to obtain A; and Ao, the value of o2 in the expression above needs to be

computed according to the desired P; and Py by using the formula in (3.17).

Now as an example we again use (5.12) to compute the variation in probability of

detection and false alarm rate. Hereafter, we present the results for the case where

the desired detection and false alarm rates are 0.99 and 0.01 respectively. Figure 5.5

and 5.6 show the variation in probability of error vs e (which controls the stretching or

compressing the PSF as in (5.12)) for two different kernels, each of which at different

values of d. The change in the total probability of error is computed by

[1 — Py(h) + Ps(h)] (5.24)

N~ N

[1 — Pd(h + Ah) + Pf(h + Ah)] (525)
P.(h+ Ah) — P.(R)
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_ %[Pf(h + AR) — Py(h) + Pa(h) — Pa(h+ AR)]  (5.26)

APy —APy

Firstly we observe that the detector performance is severely affected for a smaller d

(e.g. d = 0.1). Roughly speaking, for the range of d < 0.3, the proposed detector

completely fails if |e| exceeds d?/2.

APy, jinc? PSF
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Figure 5.5: Variation in the error rate vs parameter variation in PSF; h(r) = jinc?(r)

In Figure 5.7 we observe how the probability of error changes as a function of d for
a given ¢ (i.e. variation in PSF )*. Also Figure 5.8 depicts the variations in PSF
which can be tolerated such that the probability of error is lower than a certain level.

Clearly, this amount highly depends on the separation between point sources. For a

small separation, even a minimal variation in PSF can cause dramatically unpleasant

“Hereafter, we only consider negative e.
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AP, Gaussian PSF
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Figure 5.6: Variation in the error rate vs parameter variation in PSF; Gaussian window

results. it is worth noting that the SNR used to generate these figures is the same as
that required for P. = 0.01 under no model mismatch.

Another interesting question in this regard would be how much extra SNR is
required to compensate the error caused by a model mismatch. To answer this question
let us consider the case where Py = 0.99 and Py = 0.01 are the desired detection and
false alarm rate respectively. To satisfy these conditions we see that the threshold
~ must be equal to 15.1 in (3.14). Howevr if there exists any mismatch caused by

the variation in PSF, according to (5.22) and (5.23) we should have A; > 33.5 and

A2 < 0.008 in order to achieve the error rates above. In other words, for a given

Ah(z,y), increasing the SNR can provide the desired detection accuracy only if the
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P,=0.01, jinc? PSF
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Figure 5.7: Variation in the error rate vs d for fixed ¢; jinc-squared PSF
following inequalities hold simultaneously:

4 -1
%bTAT A (HTH) AT] Ab < 0.008 (5.27)
g

-1
A(B+b) > 335 (5.28)

1 TAT T\ L AT
(0 +b)"A A(HTH) A

We note that the first inequality enforces the PDF of the test statistic under Hy to
have smaller non-centrality parameter so that the required P is accessible, whereas
the second inequality plays reverse role for the PDF under H;. We can unify the
inequalities in (5.27) and (5.28) as

(0+b)TAT |A (HTH) AT

A(6+Db)

—— > 4187.5. (5.29)
bl AT [A (HTH) AT} Ab

Under the above condition a sufficiently high value of SNR can compensate the effect

of model mismatch. To be more realistic let us also carry out the analysis for the
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P.=0.01, jinc? PSF
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Figure 5.8: the maximum tolerable € vs d for the fixed probability of error; jinc-squared PSF

case where we allow the probability of error to be equal to 0.02 (i.e. P; = 0.98 and
P; =0.02). The threshold v remains the same. However, to satisfy the new conditions
we only need A > 30.5 and A < 0.66. In other words it is possible to have an error
rate less than 0.02 if

(0 +b)TAT |A (HTH) AT} A +b)

—— > 452.93. (5.30)
bTAT {A (HTH) AT} Ab

As an illustration of the above analysis, let us consider the case where PSF undergoes
the same effect as in (5.12). Figure 5.9 shows the amount of mismatch which can
be compensated by presumably high SNR (theoretically as SNR— oo) for a given
distance d. We demonstrate two cases: the case where no extra error can be tolerated

(AP, =0) and the case where we allow AP, = 0.01. The results clearly indicate that
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specially for small distance between point sources the detector is extremely sensitive

to (unknown) variation of PSF.

maximum € which can be compensated, P,=0.01, jinc2 PSF
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Figure 5.9: Maximum tolerable € which can be compensated by sufficiently increasing SNR,
vs given d; jinc-squared PSF
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Chapter 6

Application of the Proposed
Approach to Array Processing:
Resolution in the Spectral

Domain

Spectral estimation has a long history and significant applications in signal processing.
In many areas of application, including the vast body of knowledge in array processing
[29], resolving sinusoidal signals with nearby frequencies has been of special interest. In
particular, the problem in array signal processing arises in several contexts, including
direction-of-arrival estimation, when two incoherent plane waves are incident upon a
linear equi-spaced array of sensors [41]. In the past, the vast majority of the techniques
in this area have been based on matrix decomposition methods. Notable instances of

the relevant literature are found in [41, 51, 28, 4, 31, 30].
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These approaches are based principally on second order statistical analysis
which relies on the covariance structure of the measured signal. Extensive work has
been done to determine the performance of such methods [41, 67, 44, 52, 23, 59, 58,
68, 38|.

A common question in this area has been to investigate the relationship
between resolution and SNR. Nearly all papers that have addressed this question,
either directly or in a related framework, have been focused on the celebrated MUSIC
algorithm [53] or its variants (e.g. root MUSIC [1]). The earliest related work was
done by Kaveh and Barabell [41] to determine the (minimum) threshold SNR required
to resolve two equi-powered sinusoids in the asymptotic regime. In the context of
array processing, recent work has employed Cramér-Rao bound analysis to investigate
the relationship between resolvability and SNR [55, 56]. While the methods employed
are somewhat different, the results obtained are consistent both with our earlier work
on establishing detection and estimation-theoretic bounds for resolution in imaging
systems [45]-[54], and with the results reported in this chapter.

Without being limited to subspace methods or to asymptotic regimes, a rel-
atively similar question interests us here. We employ a local model-based hypothesis-
testing approach to determine the limits to the resolution of frequencies of nearby tones
in signals measured in the presence of noise, and over short observation intervals. Our
approach is to precisely define a quantitative measure of resolution in statistical terms
by addressing the following question: ”What is the minimum separation between two

frequencies of nearby tones (maximum attainable resolution) that is detectable at a
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given signal-to-noise ratio (SNR), and for pre-specified probabilities of detection and
false alarm (P; and Py)?”

As we will demonstrate, in the process of addressing the above question, the
machinery of the analysis will also suggest a corresponding detection strategy that can
be applied in practice. In other words, the final computed performance limit is simply
the result of employing these locally, uniformly, most powerful detectors. In order to
illustrate the relevance of the results, we present comparisons against the general class
of subspace methods, and in particular the MUSIC algorithm, which is perhaps the
most commonly used subspace-based technique in practice. We demonstrate that the
proposed detectors yield significantly improved performance in distinguishing frequen-
cies of nearby tones.

We begin by defining the signal of interest as

s(x;01,02) = aysin (27(fe — 01)x + ¢1) + agsin (27 (fe + d2)x + ¢P2) (6.1)

B B
73]

in the range = € [— , where for convenience we consider the two frequencies f.—d;

and f.+ 02 to be around a ”center” frequency’ f.. The measured signal is a sampled,

and noise-corrupted version of (6.1) as follows:

fk;61,02) = s(k;01,02) + w(k) (6.2)

= apsin (27T (fe—61) ks + d>1> + ag sin <27r (fe+d2) J]fs + <Z>2) + w(k),

where the sampling frequency is fs (Hz), assumed to be sufficiently high to avoid

aliasing, and the integer index k is in the range k € {—%, RN %}, where N =

1We note that this center frequency can be assumed to be known or estimated, or the detection
procedure can be repeated at various candidate center frequencies.
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Bfs. The term w(k) is assumed to be a zero-mean Gaussian white noise process with
variance o2.

According to the so-called Rayleigh criterion [52], the two peaks in the fre-

quency domain corresponding to f. — &1 and f. + o are barely resolvable if

1

We are interested in studying the scenario in which the two frequency components are,
in this ”classical” sense, unresolvable. In practice, this corresponds to the situation
in which the main-lobe of the Fourier transform of the (sum of) two sinusoids is
located in the same FFT bin. So in this context, what we mean by ”signals with short
observation interval” is simply those signals in which the values of B, §; and §, satisfy
the inequality 61 4+ d2 < %. A scheme of frequency representation of such signal is

depicted in Figure 6.1.

With the above framework in place, we treat the problem of resolution by
formulating a hypothesis test. In particular, the corresponding hypotheses for this

problem are

H() : (51 =0 and (52 =0
(6.4)
Hy : (51 >0 or (52 >0

where Hy embodies the case where only one spectral component is present, whereas

H1 captures the case where two distinct frequencies are present.”? We note here that as

ZNote that the hypothesis test in (6.4) is a one-sided test.
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-B/2 B/2 -B/2 B/2

Figure 6.1: Two sinusoids with short observation interval having nearby frequencies: FFT
domain

earlier in this framework we consider d; and do to be unknown to the detector, so that
this is a composite hypothesis testing problem. Our approach in this work will again be
to take advantage of the small separation between the frequency components to effect
an approximation that will yield a detector which is locally uniformly most powerful.
As before, this analysis will enable us to explicitly compute the relationship between
minimum detectable frequency separation and SNR. Naturally the methodology we
present here is quite similar to the approach we advocated in earlier chapters for
determining resolution limits in optical imaging [45]-[54].

In Sections 6.1 and 6.2 we study the problem in the case where the noise
variance is known to the detector. In Section 6.3 we also treat the case of unknown
noise variance which is perhaps a more practical scenario. In other words, all the

parameters of the received signal model are considered unknown to the detector. The

102



main result of this additional analysis, as we shall see, is that there is little loss in

performance when the noise variance is unknown.

6.1 The Case of Equal and Known Amplitude and Phase

To gain maximum intuition and perspective from the foregoing analysis, we

first consider a simple case with the following assumptions
e a1 =ay = 1.
e p1=02=0
e )1 =0=290

In this case, the measured signal model is given by

f(k;0) = s(k;6) + w(k) (6.5)
: k . k
= sin (277 (fe—19) fs) + sin <27T (fe+9) fs> + w(k) (6.6)

Since the range of interest for the values of ¢ is small (§ < %), (these representing
one wide peak in the frequency domain,) it is quite appropriate for the purposes
of the our analysis (even in the more general case treated in the next Section) to

consider approximating the model of the signal around § = 0. The second order

Taylor expansion of (6.5) about 6 = 0, with all other variables fixed, is

s(k; 8) = ho(k) + 6%ha(k) + O(6*) (6.7)
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where

ho(k) = 2sin(2”fick> (6.8)
B _4772k:2 . (2nf.k
ho(k) = 72 Sln( 7. > (6.9)

By ignoring the O(6%) terms in (6.7), the approximate measured signal model can then

be written as

Fk;8) = ho(k) + 62ha(k) + w(k). (6.10)

It is worth noting that in the above approximation, we elect to make explicit
use of terms up to order 2 of the Taylor series, since no linear term in § appears in
the approximation. By neglecting higher order O(6*) terms, the hypotheses in vector

form will be

Ho : ?:ho—l—w
(6.11)
Hi : ?:h0+52h2+w

where

F o= {f(_Ngl),...,f<N2_1)]T, (6.12)

and hg, hg, and w are similarly defined. Since hg is a common (known) term in both

hypotheses, we may simplify further:

Ho: y=w
(6.13)

Hy : y:52h2—|—w

where we have defined y = f — hg, and the parameter ¢ is unknown. This is a
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problem of detecting a deterministic signal with an unknown parameter (62). We again
apply the GLRT which uses the maximum likelihood (ML) estimates of the unknown
parameters to form the standard Neyman-Pearson (NP) likelihood ratio detector. The

(unconstrained) ML estimate for the parameter 62 is given by [32]
0% = (hlhy) " 'nlYy, (6.14)

which leads to the following GLRT detector:

)
52 1 _ 2
T(y) = —hihy = —(hihy) ! (b]y) (6.15)

T o2
where we decide H if the statistic exceeds a specified threshold T'(y) > ;. It is worth
noting that 7T'(y) is in fact a quadratic form in a rank-one projection. While it may
seem troublesome to use the unconstrained ML estimate to form the GLRT, in fact,
due to the (known) positivity of 62, the detector structure is effectively producing a
one-sided test, and hence is in fact a Uniformly Most Powerful (UMP) detector [33,
p. 194], [50, p. 124]. The detector can therefore be described simply as a normalized
matched filter (h2Ty), giving the best detection rate for a given false alarm rate, and

for all small values of 62. Hence we can write

T'(y) = \/T(y) = | 5 (b5 hs) 1 () (6.16)

For any given data set y, we decide H; if the statistic exceeds a specified threshold?

T'(y) > 7. (6.17)

3Due to the known positivity of 62, the threshold () should be positive. In fact another way of
writing the GLRT is: max{02,0}(h2h2/0?) > ~2. This will result in deciding Ho for any negative
estimate of 62 (i.e. hly < 0).
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The choice of «y is motivated by the level of tolerable false alarm (or false-positive) in
a given problem, but is typically kept very low. For this matched filter structure, the

detection rate (P;) and false-alarm rate (Py) are related as

Q(Pa) = Q™ +7) = Q (8% + Q7 (Py)) (6.18)

where

hlh,
n=\" (6.19)

and @ is the right-tail probability function for a standard Gaussian random variable
(zero mean and unit variance); and Q™! is the inverse of this function. From (6.18)

we can write

§n=Q N (Pr) — Q7 (Py). (6.20)

The above expression is key in illuminating a very useful relationship between
the SNR and the smallest § which can be detected with very high probability, and very
low false alarm rate. To see this, it is convenient to define the output (total) SNR as

follows:

|hg + 6hy |

SNR = d

. (6.21)

Using (6.19) and (6.21), the relation between minimum resolvable 6 (i.e. 0pin) and

the required SNR can be made explicit. Namely, SNR can be computed as

[ho + 6%hy|? « 2

SNR =
[y 2

(6.22)
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By substituting the required value of 7 from (6.20), we have

hihg 1 hihg 1
2 0 110 2 110
— 4+ 2—=——=+1]. 6.23
hlhy 6 “hlh, 62 (6.23)

SNR = (Q'(Py) — Q7'(Pa))

This is a fundamental relationship relating minimum resolvable § to SNR. To make

the expressions more explicit, the energy terms in (6.23) can be approximated by*

hlhy ~ 2N (6.24)
4N5 4NB4
hghg ~ il :7T
102 10
23 2N B2
hWhy, ~ -~ ="
6.2 6

With these approximations, it is readily seen that for the range of 20 B < 1 the relation

(6.23) can be properly summarized by

) — Q' (Py))?
20 B)4 '

320 (Q1<Pf( (6.25)

SNR = —

A plot of (6.23) and its approximation (6.25) are shown in Figure 6.2. The result
clearly shows that the minimum resolvable separation is essentially proportional to
the inverse of the SNR to the fractional power of 1/4 for the range of 26B < 1 . Note
that the frequencies here are separated by 20.

Looking at (6.23) or (6.25), one may study the effect of sampling rate on
these relationships. It should be mentioned that the sampling rate is embedded inside
the ”SNR” on the left hand side of (6.23) and (6.25). For instance, for resolving a
particular frequency separation (26), doubling the sampling rate does not change the
required SNR, but rather implies that the same detection performance can be achieved

with twice the noise variance as compared to the original sampling rate.

4See Appendix I for a justification of these approximations.
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Figure 6.2: 26 B vs. required SNR.

6.2 The General Case: Known Noise Variance

With the results of the previous section in place, we now follow a similar
analysis and extend the results in this section to the general signal model of (6.2),
with unknown amplitudes, phases, and also unknown frequency parameters §; and

2.5 The second-order Taylor expansion of the signal model around (&1, d2) = (0,0) is

s(k;6) =~ aopo(k) + Boqo(k) + cap1(k) + Brqu(k) + aopa(k) + B2q2(k) (6.26)

where
pi(k) = (;Z;)isin (27ch;§;> (6.27)
ai(k) = (]]Z)icos (27rfc£) (6.28)

5 Another more general, and perhaps more practical problem would be to consider the case where
o? is also unknown. This is presented in Section 6.3.
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and

ap

Bo

a1

A

a2

fa

a1 cos(¢1) + az cos(¢s) (6.29)
ay sin(¢y) 4 ag sin(¢s)

27 (a161 sin(¢1) — asds sin(¢))

2m(—a161 cos(¢1) + azdz cos(¢z))

—27% (107 cos(¢1) + a2d3 cos(¢2))

—27%(a167 sin(¢1) + a0 sin(epz))

Rewriting (6.26) in vector form will result in

s ~ agpg + Bodg + @1py + F19; + aepy + F2qs (6.30)

Now, the hypotheses in (6.4) appear in the following form:

Ho: z

apPg + Boqg + W

(6.31)

Hi: z = agpg+ Bodg + a1Py + 4141 + aspy + foqy + W

where z denotes the approximate measured signal model. Equation (6.31) leads to a

linear model for testing the parameter set 6 defined as follows:

= HO+w (6.32)
= [Pol @0l P1| a1| P2| a2 (6.33)
= oo Bo 1 Br g Ba]” (6.34)
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where H and 0 are an N x 6 matrix, and a 6 x 1 vector, respectively. The corresponding

hypotheses are®

Ho: AO=0

Hi: AO0#0

where

The GLRT for (6.35) will be

1 ~r -1 -1
T= 4 AT [A (H"H) AT} A9
(o)

where
A -1
0= (H"H) Hz
From (6.37), the performance of this detector is characterized by

Py = Qe()

Py = QXQZ()\) (7)

A = %QTAT A(HTH)*lAT A,

(6.35)

(6.36)

(6.37)

(6.38)

(6.39)
(6.40)

(6.41)

5Two inequalities constrain the values of the parameters in (6.34): apaz < 0 and Bo32 < 0. For
the detector development in Section 6.2 we have ignored these constraints. We note that ignoring
these constraints will still yield a detector, while invoking the constraints will yield (slightly) better
detection performance. At an operating point where very high P; and low Py are considered, the
performance of the detector will not be affected much at all by applying these constraints. Indeed,
in such cases, the implied high value of SNR will effectively enforce the constraints with very high
likelihood. In other words, for high SNR cases, the probability of violating these inequality constraints

is negligible.
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where QXZ is the right tail probability for a Central Chi-Squared PDF with 4 degrees
of freedom, and Qxf(/\) is the right tail probability for a non-central Chi-Squared
PDF with 4 degrees of freedom and non-centrality parameter A. For a specific desired
P; and Py, we can compute the implied value for the non-centrality parameter from
(6.39) and (6.40). We call this value of the non-centrality parameter \(Pf, P;) and
explicitly denote it as a function of desired probability of detection and false alarm
rate. Meanwhile, similar to the simpler case in the previous section, the SNR in this
case is given by

THTH
sg = T H HO (6.42)

o2
Together, the above yield the relation between the parameter set 6 and the required

SNR as follows:

_ -1 -1
SNR = A(Py, Py) <9TAT {A (H"H) 1AT] A&) oTHTHY (6.43)

It is instructive to simplify (6.43) by approximating the elements of the matrix H? H.

These approximations (again, justified in Appendix I), yield

[ N 0 0 -N N3 . |
2 TR Yy
N -N N3
0 A — 0 0o
2 s 242
-N N3 —N3
0 ——pu =5 0 0 "
HTH ~ 4 24 16
-N 0 0 NG N 0
4 M 242 16 "
N 0 0 N N? 0
242 16 " 160f2
N3  _N3 N
0 0 0
I 242 16 " 1604 |
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27"ch
where p = C:il((é:ifc)) With this approximation, after some algebra and replacing %
Ts

by B, (6.43) will result in

Ey + Eop+ E3B? + EyB?*1 + EsB*

SNR ~ \(Py, P, 6.44
( P d) F1B2+F2B2,LL+F3.B4 ( )
where
E, = 16(af + 53) (6.45)
Ey = —16(cfB1 + Boar)
By = o 03 + 82 +2 2
3 = 3™ + 61 + 2apa + 26052
Ey = —4(a1f2+ o)
Es = ! (043 + ﬁ%)
5
4
Fl = g (Oé% + %)
-8
F, = 3 (a1 B2 + fraz)
R
F; = - (Oég + 52)

It is useful to note that for the case where ¢1 = ¢ the first two terms in the numerator
of (6.44) dominate its size for small §; and &, (i.e. 01, 62 < ), as the other terms are

O(6%) and O(62). Hence, (6.44) can be further approximated to

Ei + Esp

SNR ~ \(Py, P,
(Py, d)F132 T B2+ F3BY

(6.46)

To gain further insight, we can consider yet another special case. By assuming a1; =

ad2, which results from a proper choice of the center frequency f. (See Appendix

112



C.2), the values Eo, F, F5 are also negligibly small and we have

Eq
< B 4
SNR & APy, Pa) g (6.47)
16(ad + (B3
= MPj, Py (2 0 20) . (6.48)
1 (a5 +05) B
_ A5 APy, Pa) af + a3 + 2ayaz cos(¢1 — o) (6.49)

7t BY al§f + a365 + 2a1a26%03 cos(p1 — ¢o)
A plot of (6.49) is shown in Figure 6.3 for the case of equal amplitude and for the case
of a1 = 4ay (In either case, the amplitudes and phases are not known to the detector.).
As expected, the case of equal amplitudes produces better detection performance.

In order to compare (6.49) with (6.25), let usset 1 = dy =0, a1 =ag =1, ¢1 = g2 =0
to get7

720 A(Py, Py)

NR~ ——=
SNR 7t (2B§)*

(6.50)

As an example, let Py = 0.99 and Py = 1072, Comparing (6.25) and (6.50) shows that
the required SNR for the second case (general case) is increased by a multiplicative
factor of 2.72.

Similar to Sections 2 and 3, we can show that that if the value of a1 + a9
and ¢1 = ¢o and the condition a;d; = asds are known to the detector, the GLRT will
result in uniformly most powerful test. The reason for this case is that the third and
forth elements in (2.52) vanish and the fifth and sixth elements can be combined to
produce a single negative coefficient for the vector cos(¢1)py + sin(¢1)qy. Therefore

an optimal test statistics is achievable in this case.

Tt should be noted that these parameter values are unknown to the detector in the general case,
therefore we expect poorer performance, as observed.
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Figure 6.3: (d; + 02)B vs. required SNR for equal and unequal amplitudes.

6.3 The General Case: Unknown Noise Variance

The hypothesis test in this case is represented by
Ho: AO=0, 0%2>0
Hi: AO#0,02>0
The GLRT for (6.51) [33, p. 345] gives the following test statistic:

g AT {A (HTH)_l AT] Y

Tu(z) =

27 [I—H(HTH)lHT}z 7

(6.51)

(6.52)

where subscript u denote the case of ”unknown noise variance” and I is the identity

matrix. For any given data set z, we decide H; if the statistic exceeds a specified
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threshold,

Tu(z) > u- (6.53)

From (6.52), the performance of this detector is characterized by [33, p.186]

Pr = Qryy() (6.54)
Fa = Qr, n() (6.55)
Lot PO I
A = S0TAT A (HTH)  AT| A0, (6.56)
g

where QF, y_g is the right tail probability for a Central F distribution with 4 numerator
degrees of freedom and N — 6 denominator degrees of freedom, and Q) Ff ) is the
right tail probability for a non-central F distribution with 4 numerator degrees of
freedom and N — 6 denominator degrees of freedom, and non-centrality parameter A.

Similar to the previous section, the required SNR is given by

TyyT
H
SNR, = Au(Py, Py) o’ H HO . (6.57)

0T AT [A (HTH)_l AT} N

For the sake of comparison, let us also consider the ideal ”clairvoyant” detector, to
which all the parameters (amplitudes, phases, frequencies and noise variance) are
known. The hypothesis test for such a detector (6.31) will be a standard Gauss-Gauss
detection problem. In that case, we also note that term agpy + foqy is a common
known term under both hypotheses and can be removed. As a result, the required

SNR for the ideal detector is given by

0THTHO

SNRyy = 1(P;, P ,
a = 10Ps F) G T A HTHAT A

(6.58)
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where the subscript ”id” denotes the ideal case and n(Py, Py;) is the required deflection

coefficient[33, p. 71] computed as

2

n=(Q PN -Q7\(P)), (6.59)

where Q~1(-) is the inverse of the right-tail probability function for a standard Gaus-
sian random variable (zero mean and unit variance). Comparing the expressions in
(6.43), (6.57) and (6.58), we conclude that SNR, >SNR>SNR;; always since (1)
n(Ps, P) < A(Pf, Py) < Mu(Pf, Py) and (2) AHTHAT — [A (HTH)lAT}_l is a

positive definite matrix. In Figure 6.4, we compare the performance of the proposed

2 2

detector for the unknown o“ case with those of the detector for the known o° case
and the ideal detector (6.58) for the case where a; = ag and §; = d2 = ¢ (curves of
209 B versus required SNR) . We observe that knowledge of the noise variance makes
little difference to the performance (around 1 dB in required SNR). It is worth men-
tioning that the estimate of the noise variance used in (6.52) is known to be unbiased

[33, p.346]. Comparing the ideal (unrealizable) detector, the GLR detector in (6.52)

requires 3-5 dB more SNR to achieve the same resolvability.

6.4 Comparison with Existing Subspace-Based Methods

A very significant question is how the above results compare with existing
methods for spectral estimation. Since we claim that the proposed detector structures
are optimal, we expect that, at least for the particular signal model studied here, we

should observe improved performance over existing subspace-based methods. As we
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Figure 6.4: 20B vs. required average SNR for known and unknown noise variance, a; = aq
and §; = d2 = §. Averaging (integration) is done over possible range of [0, 27| for both ¢; and

b2

demonstrate below, this is indeed the case. The subspace methods (e.g. MUSIC) for
spectral estimation are based on eigen-decomposition of the autocorrelation matrix
into orthogonal signal and noise subspaces [30]. In practice, however, since typically
only the time series are available, one uses an estimate of the autocorrelation matrix
derived from the signal samples.

In any event, much work has been done to study the performance and sensi-
tivity of subspace methods (specifically MUSIC) [43, 5, 37, 41, 67, 44, 52, 23, 59, 58,
68, 38, 34]. Here, we make some comparisons to the existing methods. First, we con-
sider the general class of subspace methods, in which we, very optimistically, assume

that the exact autocorrelation matrix is known to the subspace detector under both
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hypotheses. As we will see, the proposed approach outperforms the subspace methods
even in this (unrealistic) situation. Next, we present a comparison to the performance
of the MUSIC algorithm in resolving sinusoids with nearby frequencies.

Throughout this section, we assume that a; = ag = 1 and d; = o = §. How-
ever, we will use our detector structure described in Section 6.2, where we assume that
amplitudes, frequencies and phases in the signal model are unknown to the detector®.
Note that for subspace detectors, the phase is typically assumed to be a uniformly
distributed random variable in [0, 27]. Meanwhile the "required SNR” computed in
Section 6.2 is in general a function of the phases of the sinusoids. Thus, in order to
set up a fair comparison to subspace methods, we perform the following averaging for

the required SNR over the possible range of ¢ and ¢s:

1 2r 27
SNRavg = | 5 /0 /O SNR dé;des (6.60)

where subscript ”avg” denotes the averaged value and the integrand (SNR) is the right

hand side of (6.43).

6.4.1 General class of subspace methods; completely known autocor-

relation matrix

We first consider the most idealistic subspace detector structure, to which
the amplitudes a1 = a2 = 1 and frequency variables 61 = d9 = d of the signal model
f(k,01,92) in (6.2) are known, and where ¢; and ¢9 are assumed to be uniformly

distributed random variables in the range of [0,27]. To decide whether the received

8We assume that the noise variance is known.
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signal contains a single frequency component or two frequency components, we set up

the following hypothesis test:

Ho : fNN(O,R0+UQI)

(6.61)
Hy - fNN(O,Rl —1—021)
where Rg and R are the autocorrelation matrices of the signal part in (6.2),°
Ry = Re|r(for!(f.)] (6.62)

1 1
Ri = SRer(fet O’ (f+8)] + JRe[r(fe —op(f.—0)]  (6.63)
where Re[:] denotes the real part and r(-) is the vector form of

r(k; f) = exp (j27rfc£)

An NP detector for (6.61) decides H; if
-1 -1
T.(f) = £ {(Rl +0%1)  — (Ro+07T) } £> (6.64)

where subscript ”¢” denotes the ”completely known” case. The performance of this
detector can be calculated analytically [33] or through Monte-Carlo simulations, the
result of which is shown in Figure 6.5. For the purpose of simulation, the performance
of (6.64) was computed by averaging over the possible range of ¢; and ¢, similar
to (6.60). It is observed that the required SNR of this idealistic subspace method
is generally between 5-10 dB higher than the required SNR for the proposed GLRT
detector in (6.37). An interesting analysis related to the subspace framework is to

compute the symmetric Kullback-Leibler Distance (KLD) or Divergence (J(+)) [36, p.

?Superscript "H” in (6.62) and (6.63) denotes conjugate transpose.
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Figure 6.5: 20 B vs. required output SNR for the subspace detector with completely known
autocorrelation.

26]. KLD is a measure of difficulty in discriminating between two hypotheses, and is
directly related to the performance figure of the subspace detector. More specifically,
let p(f,0) and p(f,d) be the PDFs of the measured signal under hypotheses Hy and

H1 in equation (6.61). Then, we will have!”

4 a2
() = /D [p(£,8) — p(£,0)] log (ig: g;) df ~ %tr ({R1 + 0-21} 1 88(1;1

2
) 6.65)
6=0

as § — 0, where tr[-] is the trace operator and D is the observation (signal) space. We

note that the KLD measure behaves as the minimum detectable § raised to the power

of 4, confirming the power law we have derived for the inverse of the required SNR in

10See Appendix G.2.
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earlier sections. A comprehensive analysis of the relationship between divergence and

resolution in a related framework can be found in [52].

6.4.2 Comparison with MUSIC

For further comparison, we simulated the behavior of the MUSIC algorithm
for resolving sinusoids with nearby frequencies. In simulation of MUSIC, the signal is
declared to be resolvable if the output of MUSIC produces two distinct peaks within
an interval around the true frequencies (f.£6). The simulations for MUSIC are carried
out for cases in which either a single snapshot, or multiple snapshots, are available.
Naturally, we consider the output SNR in the latter case as the sum of SNR’s of each
snapshot.

Here, we develop two different comparison procedures. First, we compare the perfor-
mance of MUSIC with the performance of the detector in (6.37), where we assume that
the center frequency f., at which we perform the hypothesis test, is known a priori.
Since this might be seen as an unfair comparison, we have put forward an alternative
(perhaps more practical) scenario, too. In this scenario, we first seek assistance from
MUSIC to estimate the center frequency and then apply the proposed detector in
(6.37) centered at the peak estimated by MUSIC.

The results of these experiments are shown in Figure 6.6. First, we observe that the
proposed detector significantly outperforms MUSIC in both cases (using known or es-
timated center frequency). More interestingly, we see that the result of the proposed

detector with estimated center frequency (provided by MUSIC) is very close to the
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performance of the same detector with known center frequency, the latter representing
the ultimate performance bound. This implies that the MUSIC algorithm does a very
promising job in locating the center frequency (i.e. the candidate location where we
can perform a refinement step using our proposed approach). Intuitively, the reason
for this behavior is that for the case where a high probability of resolution (say 0.99)
is considered, a fairly high value of SNR should be provided. This value of SNR will
effectively guarantee a condition under which the MUSIC algorithm will produce the
peak in its spectrum within the range of [f. —d, fc + d]. This observation is essentially
in agreement with what has been noted in the past about the stability of MUSIC for
single-sinusoid signals'!. See for example [41, 59].

Figure 6.7 shows an example of implementing the proposed approach and
also the results obtained by using MUSIC and FFT methods. We observe that the
computed FFT representation produces a wide pattern around the frequencies present
in the signal (although its maximum is located exactly on the center of frequencies
of the sinusoids denoted by stars). Also, MUSIC results in a single sharp peak at
the same location. To show the effectiveness of the proposed detector, we plot the
probability of presence of a tone at each point in frequency domain. We have used
the estimated values of f. (obtained by either FFT method or MUSIC) and 4; and
02 (form the ML estimate of ) and we have assumed that probability of presence

of a tone follows the Gaussian distribution (asymptotic pdf for maximum likelihood

1 Although the signal in our case is a double-sinusoid, since the frequencies are very close and we
expect MUSIC to produce one peak, this is indeed a similar situation.
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Figure 6.6: 20B vs. required output SNR for the MUSIC algorithm.
estimate) which can be computed by CRLB analysis [59, 58]. As seen from Figure 6.7,
the Gaussian profiles are very well separated, showing the promising performance of

the proposed approach.

6.5 Conclusion

In this chapter, we have derived a performance bound for the minimum re-
solvable frequency separation between two tones in the presence of noise. We carried
out the analysis in the context of locally optimal detectors, and developed correspond-

ing detection strategies that can in practice produce significant improvements over
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Figure 6.7: An example illustrating the output of MUSIC and standard FFT and also the
output obtained based on the proposed approach

existing spectral estimation methods. For the task of bounding performance, we have
answered a very practical question: ”What is the minimum detectable frequency differ-
ence between two sinusoids at a given signal-to-noise ratio?” Or equivalently: ”What
is the minimum SNR required to discriminate these two sinusoids?”

Compared to existing spectral estimation methods, the proposed locally op-
timal detectors yield significantly improved detection of very nearby frequencies. It is
worth noting that as a matter of implementation, one can always apply an existing
method for spectral estimation (such as MUSIC etc.) to the given signal, and then ap-
ply the proposed detector as a post-processing operation intended to further improve
resolution. As discussed in Section 6.4.2, the application of such a detector, which

uses (for example) MUSIC to estimate the center frequency as the test point, is nearly
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as effective as applying the proposed detector with a known center frequency.

Furthermore, we clearly observed that noise variance being unknown has little
effect on the detection performance. This is a useful observation, since in practice the
variance is often unknown to the receiver.

In closing, we mention that the strategy for the analysis of resolution we have
put forward here is very generally applicable to other types of signal models such as
damped sinusoidal signals. Once the signal model is decided upon, the same line of
reasoning including approximations and the development of locally optimal detectors

can be carried out.
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Chapter 7

Conclusions and Future

Directions

7.1 Summary and Concluding Remarks

This thesis has proposed statistical and information-theoretic frameworks to
study the resolution limits in typical imaging systems and also in spectral estimation
(or equivalently direction finding). The approaches have included detection-theoretic,
estimation-theoretic, information-theoretic frameworks and also variational and per-
turbation analyses.

First, we considered the problem of resolvability from a detection-theoretic
point of view. The underlying hypothesis testing problem here was whether a discrete,
noisy, and blurred signal is originated from a single point source or two closely-spaced
point sources. We developed detection strategies to solve such hypothesis testing prob-

lem and carried out the performance analysis of these strategies. The suggested perfor-
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mance criterion is the relation (or trade-off) between the required SNR for resolving a
given separation between point sources at a pre-specified probability of detection and
false alarm rate, or alternatively the minimum detectable separation at a given SNR.
One of the fundamental results we obtained is that the required SNR is proportional
to the inverse of the separation between point sources raised to the fourth power.
Even if the point sources do not have the same level of brightness, with an intuitively
reasonable choice of the location at which the detector is (locally) implemented, this
statement still holds.

Second, as for the estimation-theoretic framework, we employed the broadly
used Fisher information approach to establish lower bounds on estimation of the sep-
aration between point sources and other possibly unknown parameters (such as inten-
sity of the two point sources). We have observed that the results generated in such a
framework not only verify the earlier results of the detection-theoretic methodology,
but also build an interesting link between the hypothesis testing methodology and the
information-theoretic measures derived later in Chapter 4.

Moreover, as a third method, we computed the Kullback-Leibler distance for
the underlying hypothesis testing problem, which provides an asymptotic measure of
resolvability power in connection to the Fisher information results.

Finally, we have put forward the variational analysis of the detection perfor-
mance where we are interested in studying the effect of any variation of the parameters
in a given imaging system on the performance.For instance we were able to compute

the sensitivity of the proposed performance figure as a function of PSF variations.
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Most of the developed results are presented for both one-dimensional and two-
dimensional cases and also for any general scheme for sampling (sub-Nyquist and non-
uniform sampling). For sub-Nyquist sampling, we have observed that the (detection
or estimation) performance depends on the sampling phases (or offsets).

Overall, we wish to mention that this thesis, we hope, represents one step
forward in an overall methodology for studying problems in imaging and image pro-
cessing that appeals directly to concepts in information theory. This approach and
point of view has been sorely lacking in the imaging community, and we hope that it
will become more pervasive in the years to come.

Moreover, the approach we have advocated for determining resolution limits
in imaging can be similarly used to develop statistical algorithms and performance
limits for resolving sinusoids with nearby frequencies, in the presence of noise. We
formulate the problem as a hypothesis test, the aim of which is to distinguish whether
the received signal contains a single-tone or double-tone. We have considered the most
general case where the amplitudes, frequencies and phases of sinusoids and also the
value of noise variance is unknown to the detector.

By utilizing a quadratic approximation, we in fact carried out the analysis
in the context of locally optimal detectors, and developed corresponding detection
strategies. The performance figure of resolution has been quantified by the following
practical question: ”"What is the minimum detectable frequency difference between
two sinusoids at a given signal-to-noise ratio?”

We clearly observed that noise variance being unknown has little effect on
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the detection performance. This is a useful observation, since in practice the variance
is often unknown to the receiver.

Also, the proposed locally optimal detectors yield significantly improved de-
tection of very nearby frequencies, as compared to the existing subspace methods. In
terms of implementing the suggested detection algorithm, we merely need to estimate
the center frequency. Fortunately, as we confirmed by some experiments, this task
can be very effectively performed by using one of the myriad of existing methods for
spectral estimation and then running the proposed detector at the estimated peak.
The performance of such a detector is nearly identical to that of the detector with a

known center frequency.

7.2 Future Directions

In this section, we briefly discuss some future aspects of the analyses devel-

oped in the thesis.

7.2.1 An application to physical fault detection in IC manufacturing

Integrated circuit manufacturing processes require transferring a circuit pat-
tern (including logic gates, memory cells, etc) onto the silicon wafers. This process
is referred to as lithography. However, because of several factors (like irregularity of
surface or mask imperfection) the above process may introduce some errors in repli-
cating the pattern. These errors translate into short or open circuits which make the

manufactured IC useless. Hence, there is a need for metrology and inspection to de-
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tect these physical defects or faults. The commonly employed method is to image the
printed wafer using an SEM (Scanning Electron Microscope) and to inspect this im-
age by matching with the desired, expected pattern. Over time, the dimensions of the
printed circuits are becoming increasingly small (currently 65nm), and this, coupled
with the resolution limits of the SEM, lead to a heavily blurred and noisy version of
the desired image of the wafer.

In this section, we employ and extend the detection frameworks developed
earlier in Chapter 2 to such inspection tasks. The models we put forward here suggests
a detector which evaluates the correctness of a circuit or mask in a simple way. For
comprehensive and practical purposes the method we propose needs to be general-
ized. Such generalization requires better understanding of the physical models of the
underlying systems.

Let us first start with the mask inspection problem. Consider a typical mask
pattern with two isolated holes as shown in Figure 7.1. The hypothesis test here is
to decide whether these bars are connected or not'. In 1-D model, we can write the

following model for the collected image:

9(xk) = amhm <a:k — g) + amhom, (:Ek + 62l> + w(zy) (7.1)

where «,, is the peak intensity of a single bar and

I |z[ <%
hm(x) = h(z) * rect(z,w), rect(x,w) = (7.2)

0 otherwise

Lor whether the distance between the boundaries of these holes is smaller than a required threshold.
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is the overall blurring kernel resulting from the imaging PSF (h(z)) convolved with
the aperture function (or hole shape). w is the width of each hole. We can now use

the developed detectors in Section 2.4 by replacing h(x) with h,,(x).

Figure 7.1: A simple scheme of a typical mask pattern

The problem in wafer inspection is however more complicated, since the print-
ing process does not usually produce a sharp edge (perfect rectangle) in the resist
profile. See for example the pattern in Figure 7.2. Therefore to have a faithful model,
one should first estimate the structure of the produced pattern generated from for
example a single point or bar. Perhaps the difficulty is that this pattern is changed in
time and at different locations in the circuit. Also, to decide whether a wafer should
be categorized as a defective one or not there are at least two relevant conditions: the

distance between the patterns and the depth of the valley between them.

ARV

Figure 7.2: 1-D version of a resist profile of the two closely spaced bars
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To attempt to overcome these difficulties, we take a rather different viewpoint from
what we have proposed so far in this thesis. Let rect(-, w)(a rectangle with width w),
hp(-) and h(-) represent the shape of the original bar to be printed, the blurring effect
caused by the printing process, and the imaging PSF, respectively. First, we note that
if h,(-) is itself a rectangular pulse, then the resulting burned pattern rect(-)*h,(-) will
have a trapezoidal shape?, similar to what is shown in Figure 7.2. A block diagram of
the model is shown in Figure 7.3. Now, let us assume that we know the general struc-
ture of h,(-) beforehand and that there however exists a different uncertainty about
stretching (or compressing) of this kernel for each printed component. The reason
is that every printed component maybe affected by adjacent element and space- and
time-varying manufacturing processes. To this end, the uncertainty is not about the
distance between the components to be printed (we in fact know a-priori about their
desired locations and other specifications), but about the stretching or compressing of

the blurring function.

TTTL [ optica |~ [ SEM JL

—— lithography imaging |——
hi(X) h(x)

Figure 7.3: Block diagram of the underlying model

Without loss of generality, we suggest the following methodology to remarkably sim-
plify the hypothesis test (to be specified later). To facilitate presentation, let hp,(x)

be a canonical form of the kernel hy(z) (where for example its energy is normalized

2We should mention that we have ignored the effect of soft thresholding in this model.
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to 1). By means of some experiments or perhaps analytical solutions, we will be able
to find a scaled version of hyy,(z) (i.e. to find the variable ¢, in hyy,(cpx)) such that
it just satisfies (user-defined minimum acceptability) all the validity conditions (the
distance and depth criteria and possibly others) for the printed circuits. Then we set
hyp(z) = hpn(cpz) as our acceptable kernel. In other words, any further stretching of
hy(z) will produce incorrect resist profile. Note that as ¢ — 400, the kernel will shrink
enough so that it will eventually pass the validity test.

Now consider two closely-spaced bars in the underlying layout, so that

recty, (z — dy) + recty, (z + da) (7.3)

is the 1-D original pattern® and that each of these bars experiences different blurring
as discussed earlier which we denote by hy([1 + €1]x) and hy([1 + e2]x). If €1,e2 > 0,

then we have correctly printed components. The measured discrete image is given by?

g(xr) = s(xp, €1, €e2) +w(xy) (7.4)
= recty (z — di) * hyp([1 + @]z) « h(z)|,_,, (7.5)
+  recty (z + d2) * hyp([1 + €2)z) * h(z)|,_, +w(@k). (7.6)

The signal s(z) can be globally approximated by the Taylor series around (e, €3) =

(0,0) as

s(xy, €1, €2) = so(zk,0,0) + e151(zk, 0,0) + €252(2, 0, 0) (7.7)

31t is worth emphasizing that d; and d2 are known here.
4We have assumed an additive Gaussian noise here, however a more precise model should include
the effect of both Gaussian and Poisson noises|71].
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where

so(zk,0,0) = [recty (z — di) + recty (@ + da)] * hp(x) = h(z)],_,, (7.8)
s1(z,0,0) = xrecty, (x —dy) * Ohy () * h(z) (7.9)
a‘r T=TL
so(xk,0,0) = arecty (x + da) * 6h§ix) * h(x) (7.10)
T=T)
or in vector form
s =H,0, (7.11)
where
Hp = [S(]|Sl|52] (712)
1
O, = | ¢ |- (7.13)
€2

Finally, the hypotheses Hp and H; are respectively defined based on whether €1, €
(or both) are negative (the printed circuit is unacceptable) or otherwise (the printed

circuit is acceptable,

Ho: €1 <0ore <0
(7.14)
Hi: € >0and e; >0
See the critical region in Figure 7.4. A careful reader will notice that this hypothesis

suggests somewhat a pessimistic detector. One may think of proposing a more precise

and critical region (like a smooth curve as the decision boundary).
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[59)

Critical

/ Region

€1

Figure 7.4: The critical region of the hypothesis test in (7.14)

7.2.2 Sparsity and Resolution

The theory of overcomplete representations has recently become a very pop-
ular area of research [6, 12, 11, 13]. Many papers have been published to establish the
mathematical and statistical theories behind sparse representations and also to prop-
erly use it in signal processing applications (such as compression, inverse problems in
imaging and many more). Basically, sparsity constraint for a given problem (e.g. im-
age denoising) provides prior information which enables us to recover the underlying
signal even from a set of weak observations about the signal, such as under-sampled
measurements or lower-dimensional projections of the signal.

A natural problem related to sparse representations is to study the question
of resolution limits in imaging or array processing applications [10]. One example is in
resolving frequencies of multiple sinusoids which are placed closer than the Rayleigh
interval. However, as indicated in [69], this leads to extremely ill-posed problems.
What we are suggesting here to overcome the ill-posedness is to utilize the proposed

local detectors. We can readily show that for the case of two sinusoids, use of the local
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detector is quite straight-forward. To solve the problem for the case of more than two
tones in the signal, an extension of the framework is required. As an example, one
may think of modifying and using the multi-stage greedy algorithms [61, 62] in a local
fashion to recover the underlying sparse multi-tone signal.

Given a unitary dictionary ® and signal g, we want to solve the following

problem® (i.e. searching the ”sparsest” representation):
min [[¢[lo subject to g = ®c (7.15)

The (orthogonal) greedy algorithm is a iterative method which at step [ gives an
approximate [-atom representation (a representation in which exactly ! atoms con-
tribute). The process initializes by first finding the most dominant present component

(atom) in the signal and then computing the residual. In general for step [ we have

ro) =8g—8u; (7.16)

where r(;) and g(l) denote the residual and the approximated signal at step [, respec-

tively. Also,

is the representation at step [, where c(;) is the estimated coeflicients of decomposition
and has only [ non-zero elements. Then at step [ + 1, a new atom is chosen which
has the maximum correlation with the residual resulted from I-th step. Iteration

stops when the level of the residual error is less then a pre-specified threshold. To

Snorm 0 of a vector simply means number of non-zero elements in that vector.
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employ this approach locally, one requirement is to decide whether at any stage, the
most recently added atom (tone) can be further resolved to two closely-spaced atoms
(or tones). Note that this hypothesis test is performed at the frequency of the most
recently added component. Moreover some theoretical results as in [11] can be similarly

derived for such specific problem.

7.2.3 Performance Analysis of Resolution in Indirect Imaging

It is worthwhile to note that the strategy for the analysis of resolution we
have put forward in this thesis is very generally applicable to other types of imaging
systems. Once the signal model of a given imaging system is determined the same
line of reasoning can be carried out. The optical imaging scenario we have described
here should really be thought of as a canonical example of the application of the
general strategy we propose for studying resolution. Extensions of these ideas can also
be considered to study limits to resolution for indirect imaging such as in computed
tomography.

In computed tomography, it is appealing to study the effect of SNR as well
as the number of projections on the resolvability. The underlying signal can be chosen
in some other forms rather than point sources. It could be for instance chosen as two

concentric circles with slightly different radii.
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7.2.4 Statistical Bounds on Distinguishing Details

Let s(z;0) represent a set of signals parameterized by a ”feature” vector
f. Now given a discrete, blurry, noisy version of such signal we setup the following
hypothesis testing to distinguish whether the measured signal is generated by a set of

parameters 0y or Oy + AB:

Ho: 6=0
(7.18)
Hi: 0=0+A0
or
Ho: AO=0
(7.19)
Hi: AO£0

We can now pose the following question ”"what is the smallest resolvable detail(s) at
a given SNR and detection accuracy?”. One possible solution is to develop locally
powerful detectors by means of the Taylor approximation around a nominal value of
the parameter of interest (for example Af = 0 in the above hypothesis testing). The
hypotheses here are represented by testing the value of these parameters. Alternative
ways can be proposed based on the estimation-theoretic approach by computing the
Fisher information matrix for the unknown parameters. Onother way is to compute
the KLD and establish an asymptotic performance figure. We carried out a similar
analysis in Section 4.3. Another approach is to derive and utilize the CRLB as we
explain in the following example. In [55, 56], the resolution is characterized based
on the minimum attainable variance (in terms of the CR bound) of estimation of

the underlying parameter(s). For example in point source separation, the minimum
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requirement for resolvability is defined based on whether the standard deviation of
the source separation is less than the actual value of the source separation itself. In
other words, the resolution limit is obtained as the separation at which such equality
is achieved. Interestingly, the results in [55, 56] are similar to that of the proposed
local detector we have developed mainly in Chapters 2 and 3.

We note that the presence of nuisance parameters in the model or clutter
embedded in the original signal needs to be treated carefully. It is worth mentioning
that the approach based on the CR bound is able to formulate and take into account

the presence of the nuisance parameters.

7.2.5 Imaging System Design

A preliminary example of a system design problem is given in Section 5.2
where we discussed the effect of CCD fill factor on detection performance in a trade-
off with noise level. Another interesting scenario is to study the effect of pupil filters
on resolvability. Overall, the statistical analysis machinery we have developed in this
thesis can be thought as a well-defined roadmap to be used in so-called PSF engineering

7).

7.2.6 Generalization to Different Noise Characteristic or Other Sta-

tistical Uncertainties

Resolution limit in photon-limited imaging systems is another important case

study that needs to be investigated. The noise in these systems is no longer additive
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readout noise and follows the Poisson process. Also, in many cases the underlying
image itself may contain different forms of noise and in particular clutter or unwanted
interference which are also described by a probabilistic function.

Another challenging direction is to investigate the performance of the imaging
systems with time-varying characteristics (for example time-varying PSF particularly
in astronomical applications). Such behavior may be modelled by some probabilis-
tic descriptions as well. The analysis here requires a somewhat more sophisticated
machinery.

We now briefly study the resolution problem for the case where the measured
signal is contaminated by Poisson noise (for example in photon-limited imaging). This
is an important case study in astronomical applications and SEM imaging.

Let g(xy) be the measured signal of the underlying (blurred) signal
s(zk,dy,de) = ah(xr — di) + Bh(zk + da)

and let ad; = (ds. The log-likelihood ratio for the hypothesis testing problem (i.e.

whether d = 0 or d > 0) is given by

I H s(xg, di, d2)9 @) exp(—s(zy, di,d2))/g(xk)
$k,0 0) 9(zk) eXp(_ (kaO?O))/g(xk)

= Zg(:nk) In (W) — s(xg,d1,d2) + s(xg,0,0). (7.21)
k ) ?

LLR =

(7.20)

Approximating the log-likelihood ratio above by the Taylor expansion around (d;, d2) =

(0,0) will result in

628(56 d1 dg)
LLR ~ = ad2 + Bd3) ( 1) D
5 Z xk)dla d2)

r = Tp. (7.22)
. ox?
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We note that

adi + 8d; = (o + f)didy = Lﬂdg, (7.23)

a+

confirming the proportionality of the log-likelihood function with d?. The remaining
steps include computing the probability of detection and false alarm rate for the ap-
proximated test statistics. It is worth mentioning that this approximation is directly
related to an extension of the locally most powerful test [33, p. 218] and one can
straight-forwardly use the result of applying such a framework to study the perfor-

mance for the current case.
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Appendix A

Accuracy of Signal
Approximation Using the Taylor

Series

A.1 On the Accuracy of the Quadratic Approximation

Here, we present an analysis to demonstrate the accuracy of the Taylor ex-
pansion proposed in Section 2.3. We consider the general model of (2.48) and its Taylor
expansion in (2.49). Let us define residual percentage error of the approximation as

follows:

ad? + 2. |

s — (a+ f)h — (—ad; + Bd2)h; — 5 Zhsy

Is?

(A1)

Consider the case when ad; = (dy (See Appendix C). Figure A.1 shows the upper

bound (d = dy + dg = 1) for € as a function of « for h(x) = sinc?(z) (Note that again
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for above-Nyquist sampling, € is independent from the sampling rate.). The maximum
of € is less than 20% in any case. Also, as seen in this Figure, the approximation
error for d = 0.7 is always less than 2.5%. Figure A.2 shows the curve for € vs d for
This figure indicates that the approximation error is quite acceptable for the range of

interest near d = 0. To have a picture of the local error in the approximation, the

error term

ad? + Bd

2
e, B, d1, dp) = s(w; 0, B, dr, dy) = (o + B)h(x) = (—ady + Bda)ha(2) — ———2hs(2)

is shown in Figure A.3 for two different values of d over the range of the variable z in

[—10, 10].

Residual Percentage Error (%)
> © 5 5 =
T T 7 : -

S
T

Figure A.1: Residual percentage error of the quadratic model; ad; = Bds
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Residual Percentage Error (%)
Py

Figure A.2: Residual percentage error of the quadratic model; a = 3 =1
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Figure A.3: Difference between the actual signal and the quadratic model; a = 3 =1
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Appendix B

Frequency Domain Derivations

for Computing the Energy Terms

B.1 Frequency Domain representation; Parseval’s Theo-

rem for the Signal s(z;d)

Considering the sampled signal of the general model, where the point sources

are located at —d; and ds:

s(ns . B,dy,dy) = s(ws 00, By da) - = o (;Z - dl) 1 Bh (;} 4 d2> (B.1)
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For the case of above-Nyquist sampling!, in the frequency domain we will have the

following 27-periodic representation:

H(w, fs) (vexp(—jw fsdr) + Bexp(jwfsda)) o] < 3

S(w,d) = (B.2)

0 I <|lwl<2n
where H(w, fs) = %(% —|wl) is the DTFT of h(x) when h(z) =sinc?(x) and sampling

rate is fs. Correspondingly, for this case, the functions hy(z) and ho(x) can be written

in the frequency domain as

L f3
ot L) W<z B3
1\W, Js = .
0 F<|wl <om
w2f§(27r | 2m
— 5 (7 — wl) wl < 75
Hy(w, fs) = (B.4)
0 %§|w|§27r

Using Parseval’s identities [47]:

> P = o [ X )P (B5)

iy o ) .
- * 1 m .
nzz_:oom(n)y (n) = %-/_WX(Q))Y (w)dw (B.6)

we can easily compute the following terms

2

Ey = Nh:ﬁg (B.7)
4 2

Ey = hlh =f"" (B.8)
15
3274

Ey = hlhy=f,"—— B.

2 2h2 = fo e (B.9)

'To recover exactly s(x;d) would mathematically require an infinite number of measurements (or
samples) s(n;d) [66]. But since we have considered a fairly large range (-10 to 10) for sampling, and
since the energy in the tails of the function in the range is very small, the effect of aliasing is essentially
negligible.
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and

hTsy =hThy =0 (B.10)

Note that in every case the energy terms are proportional to the sampling rate. It can
be shown [64] that the energy of any uniformly (super-critically) sampled version of a

band-limited signal is proportional to sampling rate.
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Appendix C

Is ad| =~ Bds a reasonable

assumption?

This appendix includes a proof for justifying the assumption ad; ~ Bds which states
the estimated test point is (linearly proportionally) closer to the stronger peak. We
present the proof for both cases of localizing the center for resolution in imaging and

direction finding.

C.1 Proof for determining the test point in resolving two

point sources

Suppose that we first wish to determine a location at which in signal we carry
out our hypothesis test. A reasonable way to find a good candidate is to compute the

correlation of the signal with a shifted version of h(z) and find the point where the
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correlation is maximum (this would yield a point near the brighter of the two peaks).

Ran(|7|, 0, B,d1,d2) = /+OO (s(z; a, B,dy,dz) +w(x)) h(x + 7)dx (C.1)

—0o0

= /+<>° (ah(x —dy) + ph(x + d2) + w(x)) h(z + 7)dx

—00

= aRp(|7] = di) + BRun(|7| + d2) + u(]7]) (C.2)

where Ry, and Rp), are the cross-correlation and autocorrelation functions, respectively

and

w(lr]) = /%O w(z)h(z + 7)de (C.3)

is a noise term (with zero mean). It must be clear form the model, that R, would
be maximized at 7 = 0. Also, Since d; and ds are assumed to be small, by using the
Taylor expansion around |7| —d; = 0 and |7| 4+ d2 = 0, we will have:
Run(|7| = di) = & + (I7| = di)é1 + (I7| = d1)*E (C.4)
Run(|7] + da) = &o + (I7| + d2)&1 + (|7] + d2)*2 (C.5)

where &g, &1 and &3 are some constant coefficients of the above Taylor expansion. Also,

it can be shown that £ = 0. Therefore, we can write (C.2) as follows:

R[], 8.d1, do) = (o + B)i + (allr] — ) + 81| — do)?) & +u(lr])  (C.6)

Taking derivative of Ry (|7], e, 3,d1,d2) with respect to 7 and setting it to zero will

result in:
(a+ B)|7] = ady — Bdy (C.7)

Hence, a proper selection of 7 (i.e test point) will lead to ad; ~ (Bda.
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C.2 Proof for determining the center frequency in resolv-

ing two harmonic signals

Suppose ¢1 =~ ¢o. Then the magnitude of the discrete-Time Fourier Trans-

form of the signal is given by [47]

F(f, fesa1,a2,01,02) = S(f, fe;a1,a2,01,62) + W(f) (C.8)
(- 55)) anfor (s 5]

Y =y E ey )

where W (f) is the Fourier domain representation of w(xy). A reasonable way to find

(f)-

a good candidate center frequency (f.), where we can perform our test, is to compute

the correlation of the signal with the following window in the frequency domain,

nfeN (1 )

)

and find the point where the correlation is maximum (this would yield a point near

G(f, fx) =

(C.9)

the stronger of the two peaks). Consider

“+o00

Rsc(|fe — fzl,a1,a2,61,02) = /_ [S(f, fesa1,a2,61,02) + W(f)] G(f, fz)df
= alRGG(’fC_él_fI|)+a2RGG(|fC+62_fID
+ RWG(|wa

where Rga, Rwa and Rga are the cross-correlation and autocorrelation functions

defined as:

+oo
Roo(fe=b= L) = [ GULIGU.L=baf.  (C10)
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+oo
Roo(fo+b2= L)) = [ GUIGU.L+b6af. (€1

+oo
RWG(‘fc_(sl_fxD = - G(fafx)W(f)df (C'12)

Since 41,02 < % and f, is expected to be close to f., we can again use the Taylor

expansion for (C.10) around (f. — 01 + fz, fe + 92 — fz) = (0,0),

Rec(|fe— 01— fol) €0+ (Ife — 01 — fo])é1 + (fe — 61 — fu)?6o (C.13)

Rec(|fe+ 02— fol) ™ &0+ (|fe + 02 — ful)é1 + (fo+ 02 — f2)*Ea, (C.14)

where &g, &1 and &3 are some constant coefficients of the above Taylor expansion. Also,

it can be shown that £ = 0. Therefore, we can write (C.10) as follows:

RSG(’fC_f$’7a17a2751752) ~ (a1+a2)§0 (C15)

+ (a1(fe— fo =0 +aalfe— fo+ 02)?) &

Taking derivative of the right hand side of (C.15) with respect to f, and setting it to

zero will result in

(a1 + a2)(fe — fo) = a101 — azds. (C.16)

which suggests to select f. such that lead to a101 =~ agds. It is worth noting that
application of any subspace-based method to the data will also provide a reasonable

candidate for the center frequency f., as discussed in Section 6.4.2.
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Appendix D

Sampling Theory, Derivations for

Under-Nyquist Case

D.1 Sampling theory for Under-Nyquist Measurements

To begin, let us first mention that for the case of over-Nyquist sampling,

following relationships are hold:

Ej; = hThZ] 2 / / u'v? | H (u, v)[2dudv (D.1)
Uy —
+oo +o0o 6Z+j T
- L) s 2)

Whereas in under-Nyquist case, assuming that H(u,v) is band limited to —B,, < u <

B, and —B, < v < B, we will have:

Ly—1L,—1
E, = 2 / / I L 2 JZ;J H(u — 2mi v—27r]) dudv (D.3)
Ly—1L,—1
_ -2
47'(' / / L L i=0 j=0 ‘ ﬂ-])’
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Ly—1Ly—1 Ly—1 Ly—1
> R[H(u-—2mi,v — 2mj)H* (u — 27’ ;v — 275")] dudv
=0 =0 ¢/=i+1j'=j+1

oo pr+oo
= f2 / h?(x,y)dady

Ly—1Ly—1 Ly—1 Ly—1

LL
_l’_

LL (i—i"Yp+ (G — 3
+ 1=0 =0 /=i+1j5'=5+1 (D4)

™
/ / H(u —2mi,v — 27j)H (u — 271’ ;v — 275" )dudv

where L, = [22“}, L, = [ZBﬂ and ¢ and ¢ are the sampling phases in vertical

and horizontal directions 0 < ¢, ¥ < 27 . For instance if B, < f; < 2B, and

B, < fs < 2B, we will similarly have:

E;; = E?j + Ezvj cos(p) + EZ; cos(v) + E}”j” cos(¢ + ) (D.5)
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Appendix E

Angular-Symmetric PSF

E.1 Angular Symmetric PSF

Let us consider the case of angular symmetric PSF (h(z,y) = q(v/2? + y?) =
q(r)) such as that corresponding to circular aperture. Following relationships for the

partial derivatives can be written in the polar form (r,0):

Oh(z,y) dq(r)

oz ~ T or cos(6)
ah(axy, Y) _ 8q8(rr) sin ()
82;(;(;;,3/) _ 824171(;) c0s(6) + 8%(;) sini(ﬁ)
82];)(;27 Y) _ (’*)28(1(27’) sin2(0) + a(é(:) cosi(ﬁ)
828};(;;5/) _ 828%"(27“) sin(0) cos(6) — 8%(:) sin(@)rcos(ﬁ)

After doing some math and by applying
2w 2
/ sin(f) cos(0)dd = / sin(#) cos®(8)dd = 0
0 0
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2w 2w
/ sin?(#)dg = / cos?(0)df =«
0 0
21 2
/ sin4(9)d0:/ cos4(0)d9:3—7r
0 0 4
21 T
/ sin?(#) cos?(0)df = —
0 4
We can show that
+o0o
Ey = / rq?(r)dr
0
o0 2
E10 = E01:7T/ ’I”|:8q(r)] dr
0 or
2
mo[te3 aq(mr 9%q(r)
Eyy = Ep=- - d
20 274 7“{ or s or? g

i = 3L e ]

by using

Therefore

MNPy, Py) 64E — 16d2 Eyg + d* Exg

SNR = = 7
d <E20 - 10)
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Appendix F

Derivations of CRLB

F.1 Derivation of the Fisher Information Matrix

Let Q1 and Q9 denote the sets of samples of the first and the second frames,

respectively. From (4.10), the Fisher Information matrix can be written as

A=777 (F.1)
where Z = [z, 29, 23, ..., zg] is defined in the following form
0s(x,
Z1) vy = é v) = —ahio(Tk — Pz, Y1 — Py) (F.2)
Pz lz=mz,y=y
0s(x,
[Zolivie = éy) = Bho(zk + ¢z, yi + ay) (F.3)
N
os(zx,
[Z3]IN+k = épy) = _Oéh01(l'k — Pz, Yt — py) (F4)
Y T=T,Y=Y|
os(x,y
[Za) v = é) = Bho1 (2 + gz, Y1 + qy) (F.5)
0s(z,y)
el = o — Wi~ pei ~ 1) (F.6)
T=T1,y=YI
os(zx,
[Z6linn = 59 v) = h(z + qo, Y1 + qy) (F.7)
(C R -
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[Z7]lN+k

[Z8]1N+k

9s(z,y)

(F.8)
D2

0 (T, m1) €

ahio(Tr — Pz, Y1t — Dy) + Bhio(@k + @zt + ay)  (Tky1) € Qo

0s(x,y)
0o

(F.9)

T=TE,Y=Y1

0 (1) €N

ahot (T — Pz, Y1 — Py) + Bhot(zk + @,y +qy)  (Tr, 1) € Q2
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Appendix G

Details of KLD computation

In this appendix we present the derivations of KLLD for two somewhat similar problems
discussed in this thesis. The former is for the case of resolution limit in a 2-D imaging

scenario and the latter is for the case of resolvability is spectral domain.

G.1 Computing the Kullback-Leibler Distance in (4.13)

Directly using the results in [36, p. 26], we can obtain the following expression

for KLD:
J(d) =~ d?1(0), (G.1)
where I(d) is the Fisher Information measure [32, p 40],

1 ds(zr, y1)\ >
I(d) = — —_— G.2

However, for the hypothesis test of interest in (3.5), I(0) is zero and (G.1) is not

directly applicable. Here we extend the approach in [36, p. 26] by considering higher
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order terms. Consider the following Taylor expansion:

(s, d))
d) = .d) — p(g,0)]1 d G.3
J(d) /D[p(g ) — p(g,0)]log (p(g,()) g (G.3)
N4 RN B PT at g 6
TO+4 34l ™2 2| "6 o | "1 dar|,  TOT)

Noting that!

8%(5;‘1) —0 i=1,3, (G.4)
d=0
We will have
J(0) = 0,
o7 on(e.d) €.d) op(g,d)
(g, (g, dd
- = 1 + [p(g,d) — p(g, 0 dg =0,
0d | 4= /D od 8 (p(g,0)> plg.d) = p(g. 0) (g,d) &
d=0
2{8p(g,d)]2
iV B [l Ll ag—o
adQ d=0 D p(gad) ’
d=0
(g d) p(g.d) 4 [8p(g, d) } ’
»*rJ _ / ad __ od> od de = 0
od |,_, D p(g:d) (g, d))° 7
d=0
3
Jor(e: d) *p(g,d) e 9%p(g, d)
AT B / od Od3 Od2
adt| o p(g, d)
8 Pp(g, d)r 0%p(g, d) {ap(g, d)r
od od? od
- 2 3 dga
[p(g,d)] [p(g, d)]
d=0

; [an(g, d)] 2
od?
-/ a
D

p(g,d) &

d=0

!Since p(g, d) is an even (and differentiable) function around d = 0.
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As a result, we can write (G.3) as
2
9°p(g. d)
7 d* dd?
T4 o p(ed)

d=0
On the other hand, we observe that

821(d)
ad?

dg

_ 0? / 0?Inp(g,d)
D d=0

Y7 2 p(g, d)

d=0
dnp(g, d)f

_ / { dd q
o2 o p(g,d) &
d=0
3 2 3
,0p(8,d) °plg,d) [3 (g, d)]

/ od dd3 Dd2
b p(g,d)

dp(g, d)]* 9*p(g, d) op(g,d) 7"
5{pg ] p(g 2[pg } )

od od? od

p(g. d))? p(g, d)]*

d=0
2
*p(g, d)}

_ /2l od? d (G.6)
D p(gvd) & .

d=0

Therefore,

J(d)

Q

9
9%s(xk, y1) n Os(xr, yi) 0°s(xk, yi)
od od3

d=0

d=0
O? [h(wy, + d/2,1) + h(xy, — d/2, yz)]>2

od?

4 2 2
- (T |

d=0
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d4
= o3 22 2 haolak. ) (G.8)
ko1

d=0

As we see from (G.7), the divergence for the underlying hypothesis testing problem is
directly related to the second derivative of the Fisher information matrix evaluated at

d=0.

G.2 Computing the Kullback-Leibler Distance in (6.65)
Similar to the previous section, using the results in [36, p. 26], we have
J(8) ~ 621(0), (G.9)

where () is the Fisher Information measure defined as,

B 2
I(6) = —E [82 lgggf’ 5)] - %tr l([Rl +o1] a;l) ] (G.10)

We again note that for the hypothesis test of interest in (6.61), I(0) is zero and that

an extension is required. Consider the following Taylor expansion:

£,6)
J(5) = / £.6) — p(f,0)]1 (p(’ )df G.11
(9) D[P( ) — p(f,0)] log ) (G.11)
aJ 52 92 5 9BJ 54 94T
= JO0)+0 5| + = 55| T mm| Fooa|  HO).
s 2 D0%|_ 6 96%|_ 24 90%|
Also
8%(;;5) 0 i=1,3,
0=0
Therefore
J(0) = o,
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op(f,9)

aJ B Ip(£, ) Mﬂ&) D6 _
6=0
Ip(£,6)]
0*J 2[ 96 }
> = /‘4444447 df = 0,
09 §=0 D p(ﬂ 5)
6=0
(OP(£:0) 9*p(£.9) 3[6M£5q3
A / 2500 | 05 d— 0
055y p  p(f9) p(£, 6)]° ’
6=0
(OP(£0) p(£.0) | [9*p(£.5)]’
9T 26 943 D62
o5t A> p(£,4)
8 {ap<f, 5)}2 Pp(f0) {ap@ 5)}4
9o 9% 96 df
[p(£,0)] (£, )] ’
6=0
¢ [P 0)]”
- / 002 i
B D p(f, 5)
6=0
As a result, we can write (G.11) as
p(£,6)]”
J(6) o 00" df (G.12)
~ 4 Jp p(f, 5) '
6=0
On the other hand, we observe that
0%1(6) 0? 02 Inp(f, 8)
wéo__wé m2mmkf

[amp@5q2
) gmp\t,0)
_ 5’/"5% daf
9% Jp  p(f,9)
6=0
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5 Op(f, 8) &°p(f, 9) 9%p(£, 9)

<[5

/ a6 D63 D62
N D p(f, 6)
5 {ap<f, 5)]2 p(f, 9) [ap<f, 5)}4
B 96 D62 D6 O
[p(£,0)]? [p(£,))°
6=0
2
5 | 0°p(f )
/ 0" af
N D p(f, 5) .
6=0
Therefore,
&4 021(5)
JO) ~ —
8 90% |,_,
&t [ 92 5o —1 OR1\ 2
= wtr[852 <[R1+O‘ I} 7(9(5 ) o
54 OR\? 0°R 0’R
E— = ~— R+ R
T [2<85) T e |
where
OR 5 1-1 OR1 2 b1-1 0°Ry
% = ([R1+a I] 55 ) i [R1+a I] 552
O’R 5r1-1 OR1\ 3 ,-1-1 OR; 01-1 9°Ry
5 = 2<[R1—|—UI} 8(5) —2[R1+UI} W[Rl—i—aq 552
LR = | R (I T [
Finally, since
8@?@; =0 i=1, 3,
6=0
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we will have

J(0) = 5—4tr {([Rl + 021}—1 ORy

8 062

2
) ] . (G.13)
6=0

As we see from (G.13) and (G.13), the divergence for this case is also related to the

second derivative of the Fisher information matrix evaluated at 6 = 0.
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Appendix H
Derivation of AQ and AP

H.1 Derivation of AQ and AP)

Computing AQ and AP requires the following

) = f [ [ hep)AnG ey

+o00 +oo
AB(h) = / / E)h (x,y 8Ah(xx y)dxdy
. Oh(x pteo +o0 92h(x
_ fs/ [hm(ay)Ah( v oo—/oo a(2y)Ah(m,y)dm dy
+o0o  ptoo 62
= / / Ah (z,y)dzdy
+oo  ptoo
AFEp(h) = / / 8h @,y 8Ah(;: ) dzdy
+oo  ptoo 82
= / / Ah (z,y)dzdy
too rtoo 92h(x 82Ah x
AEs(h) = / / o .y) = (.9 tedy
_ [ Oh(a,y) 08h(,y) [T BPh(z,y) 0AR(z, y)
= I /_oo fim 0z2 Oz o B /_oo ox3 oz dz | dy
+o00 [ ) aSh(m,y) r——+00 400 84h(x,y)
= f /_oo — lim 53 Ah(z,y) x_)_oo—’—/—oo e Ah(z,y)dz | dy
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AEp(h) =

ABE,(h) =

TN

nC L
JAR
n L
TN

where we assume that

as x or y — +oo. Therefore

AP =

lim h(x,y) = lim

AFEy
0
0
—AFE

0084

(z y ———>Ah(z,y)dzdy

0084

2

+
+to0 92h (x y) O Ah(x,y)
+

+oo (92h (z,y) O*Ah(z,y)

y?

(2 y ——— 2 Ah(z,y)dzdy

8x8y

+o0 84

81'28 2

AFE

0

o0xdy
Ah(m y)dzdy

dzdy

dzdy

O Ih(z,y)
Ox'OyI
0 —AEyp
0 0
AFEy 0
0 AFEs
0 AFEq
0 0
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0 0

AFE7 0

AFEy 0
0 AE




and

0 0 0 0 0 0
0 AFEq 0 0 0 0
0 0 AFEy 0 0 0
AQ = 2 EiE (H.2)
0 0 0 A <E20 - 10) A (EH it 01) 0
0 0
Fi10FE E?
0 0 0 A(EH— 10 01) A Epp — =% 0
0 Ey
0 0 0 0 0 AFEq;
where
E? E E?
A BEyp—=22) = ABEy- 2$AE10 - 120 AEy
Ey E§
—+o0 —+o00 i E E2
-/ ) - 2" hao(a.y) + El;h@,y)] Ah(e, y)dady
0
E10E01) Eo Evo Ei0Eo
Al Ey — = AF{ — —AE — —AE, AFE,
( 11 7y 11 10 o o1 + Eg 0
Foo +°° [ Eo Eho EroEo1
- h _ Dy _ 20y h
fo | [ pento) = St hentan) = ) + )
x Ah(z,y)dxdy
E? Eo E?
Al Eyp— =9 = AEyp-—222AE, + ZUAE
( 02 E0> 02 o 01 + Eg 0

+oo oo E E2
g [hm,y) —2;;h02<x,y>+;;h<x,y>] Ah(z, y)dady
—0o0 —0o0 0

167



Appendix I

Computing the Energy Terms

I.1 Computing the Energy Terms

In this appendix, we explain the general process for the approximate compu-

tation of the energy terms. We will utilize the following identities for the calculation:

L _ oL+l
Yok o= LT (L1)
par l1—=x
L p m L+1
0 1—=x
Z L Z ™ — ( ) (1.2)
= — ox 1—=x
2}; EPTlsin (zk) cos (xk) = ;ai 2}; kP sin? (zk) (1.3)

Instead of showing all the calculations, for the sake of brevity we discuss, as an example,

the calculation of the term hihy:

(N-1)/2

hihy, = 4 Z sin? (27}fck:)
k=—(N—-1)/2 s
S 2/, 2rf \]?
= 2 () e ()
k=—(N—-1)/2 s s
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(N-1)/2

=) e (0

1)/2
— 2N - L-exp (WD) 1- e (—75EW + 1) +2
e (55) e (=77)
N 21 — cos (47}sfc> + cos (2?% (N — 1)) — cos (%(N + 1))
1 — cos (47}f°)
_ v oot ) (L.4)

=),

C
Since sin(z) > 1 — ’%x — 1‘ for 0 <z <, and 27}% < 7, by upper and lower bounding

the numerator and the denominator of |C|, respectively, we have

_ sin (%N) 2 2
cl=2 sin (2?f0> ~ sin (27}fc) < 1 ‘%c B 1‘ (15)

Thus for the range of € < Qf—? < 1 — € (representing the range of f, from just above the
Nyquist rate (2f.) to 1/e times the Nyquist rate), we will have |C| < 1/e and therefore

for e < %
hl'hy ~ 2N (1.6)

A similar approach can be followed to compute other energy terms.
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