
Theory of Remote Image Formation

In many applications, sensor outputs, such as ultrasonic or X-ray signals, are recorded
and then analyzed with digital or optical processors in order to extract information to
form images. Such processing requires the development of algorithms of great precision
and sophistication. This book presents a unified treatment of the mathematical methods
that underpin the various algorithms used in remote image formation.
The author begins with a review of transform and filter theory. He then discusses two-

and three-dimensional Fourier transform theory, the ambiguity function, image con-
struction and reconstruction, tomography, baseband surveillance systems, and passive
systems (where the signal source might be an earthquake or a galaxy). Information-
theoretic methods for image formation in the presence of noise are also covered.
Throughout the book, practical applications illustrate theoretical concepts, and there

are many homework problems. The book is aimed at graduate students of electrical
engineering and computer science, and practitioners in industry.
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“The story is told that young King Solomon was given the choice between wealth and
wisdom. When he chose wisdom, God was so pleased that he gave Solomon not only
wisdom but wealth also.
. . . So it is with science.”

Arthur Holly Compton

“Where the telescope ends, the microscope begins.”
Victor Hugo

www.cambridge.org© Cambridge University Press

Cambridge University Press
0521553733 - Theory of Remote Image Formation
Richard E. Blahut
Frontmatter
More information

http://www.cambridge.org/0521553733
http://www.cambridge.org
http://www.cambridge.org


Contents

Preface xiii
Acknowledgments xvi

1 Introduction 1

1.1 Remote image-formation systems 1
1.2 The history of image formation 4
1.3 Radar and sonar systems 8
1.4 Imaging by projections 14
1.5 Passband and complex baseband waveforms 16
1.6 Temporal and spatial coherence 18
1.7 Monodirectional waves 20
1.8 Wavefront diffraction 23
1.9 Deterministic and random models 26

2 Signals in one dimension 29

2.1 The one-dimensional Fourier transform 29
2.2 Transforms of some useful functions 34
2.3 The dirichlet functions 38
2.4 Passband signals and passband filters 43
2.5 Baseband and passband sampling 45
2.6 Signal space 48
2.7 The matched filter 54
2.8 Resolution and apodization 59

vii

www.cambridge.org© Cambridge University Press

Cambridge University Press
0521553733 - Theory of Remote Image Formation
Richard E. Blahut
Frontmatter
More information

http://www.cambridge.org/0521553733
http://www.cambridge.org
http://www.cambridge.org


viii Contents

3 Signals in two dimensions 67

3.1 The two-dimensional Fourier transform 67
3.2 Transforms of some useful functions 71
3.3 Circularly symmetric functions 80
3.4 The projection-slice theorem 85
3.5 Hankel transforms 88
3.6 Two-dimensional pulse arrays 90
3.7 Sampling in two dimensions 92
3.8 Two-dimensional signals and filters 100
3.9 Resolution and apodization 102

4 Optical imaging systems 111

4.1 Scalar diffraction 112
4.2 The Huygens–Fresnel principle 115
4.3 Fresnel and Fraunhofer approximations 118
4.4 The geometrical optics approximation 121
4.5 The ideal lens 123
4.6 Noncoherent imaging 132
4.7 Optical filtering 136
4.8 Phase-contrast imaging 139
4.9 Wavefront reconstruction 141

5 Antenna systems 153

5.1 Aperture and pattern 154
5.2 Reciprocity 161
5.3 Antenna arrays 163
5.4 Focused antennas and arrays 172
5.5 Nondiffracting beams 173
5.6 Interferometry 174
5.7 Vector diffraction 176
5.8 Scanning antenna patterns 179
5.9 Wideband radiation patterns 180

www.cambridge.org© Cambridge University Press

Cambridge University Press
0521553733 - Theory of Remote Image Formation
Richard E. Blahut
Frontmatter
More information

http://www.cambridge.org/0521553733
http://www.cambridge.org
http://www.cambridge.org


ix Contents

6 The ambiguity function 186

6.1 Theory of the ambiguity function 186
6.2 Properties of the ambiguity function 193
6.3 Shape and resolution parameters 196
6.4 Ambiguity function of a pulse train 199
6.5 Ambiguity function of a Costas pulse 203
6.6 The cross-ambiguity function 208
6.7 The sample cross-ambiguity function 210

7 Radar imaging systems 221

7.1 The received signal 221
7.2 The imaging equation 228
7.3 Imaging resolution 231
7.4 Focusing and motion compensation 233
7.5 Structure of typical imaging systems 237
7.6 Computing the cross-ambiguity function 242
7.7 Dual aperture imaging 247

8 Diffraction imaging systems 254

8.1 The three-dimensional Fourier transform 254
8.2 Transforms of some useful functions 256
8.3 Diffraction by three-dimensional objects 262
8.4 Observation from diffraction data 265
8.5 X-ray diffraction by arrays 267
8.6 Diffraction imaging 272
8.7 Model formation from diffraction data 273
8.8 Diffraction from fiber arrays 278
8.9 Diffraction from excited arrays 280

9 Construction and reconstruction of images 287

9.1 Deconvolution and deblurring 288
9.2 Deconvolution of nonnegative images 293

www.cambridge.org© Cambridge University Press

Cambridge University Press
0521553733 - Theory of Remote Image Formation
Richard E. Blahut
Frontmatter
More information

http://www.cambridge.org/0521553733
http://www.cambridge.org
http://www.cambridge.org


x Contents

9.3 Blind image deconvolution 296
9.4 Phase retrieval 302
9.5 Optical imaging from point events 307
9.6 Coded aperture imaging 311

10 Tomography 321

10.1 Projection tomography 322
10.2 Fourier and algebraic reconstruction 330
10.3 Merging of multiple images 335
10.4 Diffraction tomography 337
10.5 Diffusion tomography 343
10.6 Coherent and noncoherent radar tomography 346
10.7 Emission tomography from magnetic excitation 349
10.8 Emission tomography from decay events 352
10.9 Coherence tomography 353

11 Likelihood and information methods 361

11.1 Likelihood functions and decision rules 362
11.2 The maximum-likelihood principle 367
11.3 Alternating maximization 368
11.4 Other principles of inference 376
11.5 Nonnegativity constraints and discrimination 379
11.6 Likelihood methods in blind image deconvolution 385
11.7 Likelihood methods in photon imaging 387
11.8 Radar imaging of diffuse reflectors 390
11.9 Regularization 395
11.10 Notions of equivalence 397
11.11 The Dempster–Laird–Rubin method 400

12 Radar search systems 408

12.1 The radar range equation 408
12.2 Coherent detection of pulses in noise 410
12.3 The Neyman–Pearson theorem 414
12.4 Rayleigh and ricean probability distributions 419

www.cambridge.org© Cambridge University Press

Cambridge University Press
0521553733 - Theory of Remote Image Formation
Richard E. Blahut
Frontmatter
More information

http://www.cambridge.org/0521553733
http://www.cambridge.org
http://www.cambridge.org


xi Contents

12.5 Noncoherent detection of pulses in noise 423
12.6 Detection under unknown parameters 425
12.7 Clutter 431
12.8 Detection of moving objects 434
12.9 Coherent estimation of pulse parameters 438
12.10 Noncoherent estimation of pulse parameters 443

13 Passive and baseband surveillance systems 455

13.1 Radio astronomy 456
13.2 Estimation of direction 461
13.3 Passive location of emitters 466
13.4 Magnetic anomaly detection 470
13.5 Estimation of differential parameters 473
13.6 Detection of unknown waveforms 475
13.7 Lidar surveillance 476

14 Data combination and tracking 481

14.1 Noncoherent integration 482
14.2 Sequential detection 485
14.3 Multitarget sorting 486
14.4 The assignment problem 490
14.5 Multilateration 495

15 Phase noise and phase distortion 499

15.1 Quadratic-phase errors 500
15.2 Phase noise and coherence 503
15.3 Phase noise and the Fourier transform 505
15.4 Phase noise and the matched filter 506
15.5 Phase noise and the ambiguity function 509
15.6 Effect of phase distortion 511
15.7 Array errors 511

References 513
Index 529

www.cambridge.org© Cambridge University Press

Cambridge University Press
0521553733 - Theory of Remote Image Formation
Richard E. Blahut
Frontmatter
More information

http://www.cambridge.org/0521553733
http://www.cambridge.org
http://www.cambridge.org


Preface

As processing technology continues its rapid growth, it occasionally causes us to take
a new point of view toward many long-established technological disciplines. It is now
possible to record precisely such signals as ultrasonic or X-ray signals or electro-
magnetic signals in the radio and radar bands and, using advanced digital or optical
processors, to process these records to extract information deeply buried within the
signal. Such processing requires the development of algorithms of great precision and
sophistication. Until recently such algorithms were often incompatible with most pro-
cessing technologies, and so there was no real impetus to develop a general, unified
theory of these algorithms. Consequently, it was scarcely noticed that a general theory
might be developed, although some special problems were well studied. Now the time
is ripe for a general theory of these algorithms. These are called algorithms for remote
image formation, or algorithms for remote surveillance. This topic of image formation
is a branch of the broad field of informatics.
Systems for remote image formation and surveillance have developed independently

in diverse fields over the years. They are often verymuch driven by the kind of hardware
that is used to sense the raw data or to do the processing. The principles of operation,
then, are described in a way that is completely intertwined with a description of the
hardware. Recently, there has been interest in abstracting the common signal processing
and information-theoretic methods that are used by these sensors to extract the useful
information from the raw data. This unification is one way in which to make new
advances because then the underlying principles can be more clearly understood, and
ideas that have already been developed in one area may prove to be useful in others. A
unified formulation is also an efficient way to teach the many topics as one integrated
subject.
Surveillance theory,whichwe regard as comprising the various information-theoretic

and computational methods underlying remote image formation systems, is only now
starting to emerge as an integrated field of study. This is in marked contrast to the devel-
opment of the subject of communication theory in which radio, telephone, television,
and telegraphy were always seen as parts of a general theory of communication. For a
long time, communication theory has been treated as an integrated field of study while
surveillance theory has not.

xiii
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xiv Preface

This book is devoted to a unified treatment of themathematical methods that underlie
the various sensors for remote surveillance. It is not a book that describes the hardware
used to build such systems. Rather, it is a book that describes the mathematics used
to design the illumination waveforms and to develop the algorithms that will form the
images or extract the desired information.
Because my goal is a unified presentation of the mathematical principles underlying

the development of remote surveillance, the book is constructed so that the core is the
ubiquitous two-dimensional Fourier transform. In addition, the mathematical topics of
coherence, correlation functions, the ambiguity function, the Radon transform, and the
projection-slice theorem play important roles. The applications, therefore, are intro-
duced as consequences or examples of the mathematical principles, whereas the more
traditional treatment of these subjects begins with a description of a sensing appa-
ratus and lets the mathematical principles arise only as needed. While many would
prefer that approach – and certainly it is closer to the history of these subjects –
I maintain that it is a less transparent approach and does not advance the goal of
unification.
Many of the physical aspects of a surveillance system – such as a radar or sonar

system or a microwave antenna – are complicated and difficult to model exactly. Some
may conclude from this that it is pointless to develop a mathematical theory that is
honed to a sharpness beyond the sharpness of the physical situation. I take exactly the
opposite view: If a rich mathematical theory can be developed, it should be developed
as far as is possible. It is in the application of the theory that care must be exercised. For
example, the interaction of electromagnetic waves with reflectors or with antennas can
be quite complex and incompletely understood. Nevertheless, we can model the inter-
action in some more simple way and then carry the study of that model as far as it will
go. To object to this would be analogous to objecting to the study of linear differential
equations under the argument that every physical system has some degree of nonlin-
earity. Thus our primary emphasis is on an axiomatic formulation of the mathematical
principles of surveillance theory rather than a phenomenological development from the
underlying physical laws. The book treats surveillance theory in a formal way as a topic
in applied mathematics. The engineering task, then, is to choose judiciously and com-
bine the elements developed here with due regard to the capricious behavior of physical
devices.
The two-dimensional Fourier transform (or the three-dimensional Fourier transform)

is central to most of the systems developed, and we shall always take pains to bring
the role of the two-dimensional Fourier transform to the forefront. Huygens’ principle,
which is at the core of much of optics and antenna theory, but often is not treated
rigorously, will be presented simply as a mathematical consequence of the convolu-
tion theorem of two-dimensional Fourier transform theory. In turn, the study of the
far-field diffraction pattern of antennas will be largely reformulated as the study of the
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xv Preface

two-dimensional Fourier transform. Even the near-field diffraction pattern can be stud-
ied with the aid of the Fourier transform.
The book also describes the behavior of an imaging or search radar system from

the vantage point of the two-dimensional Fourier transform. Specifically, it views the
output of a radar’s front-end signal processing as the two-dimensional convolution of a
radar ambiguity function and the reflectivity density function of the illuminated scene.
This is the elegant formulation, and it is very powerful in that it submerges all the
myriad details of image formation while leaving exposed the underlying limitations on
resolution and estimation accuracy, as well as the nature of ambiguities and clutter.
I have regularly taught a one-semester course from the manuscript of this book,

starting with Chapters 3 through 12 and ending with portions of Chapter 13. This
programwould treatChapters 1 and 2 as introductory readingmaterial, intended only for
review andmotivation, and would return to topics in Chapter 2, principally Sections 2.3
and 2.6, as they arise. Presumably, the Fourier transform is already known, and the study
of the two-dimensional Fourier transform in Chapter 3 implicitly provides a review of
the one-dimensional case.
Chapters 3, 4, and 5 are closely connected and can be thought of as a long discourse on

the two-dimensional Fourier transform; the theory is in Chapter 3, its role in optics is in
Chapter 4, and its role in antenna systems is in Chapter 5. Chapter 8 picks up this thread
again, studying X-ray diffraction imaging as an application of the three-dimensional
Fourier transform.
Chapters 6, 7, and 12 form another closely connected sequence centered on the

ambiguity function. Chapter 6 develops the theory of the ambiguity function; Chapters 7
and 12 develop the theory of imaging radar and search radar, respectively, from the point
of view of the ambiguity function. Chapter 14 deals with data association and tracking
as a sequel to Chapter 12; these problems arise in the postprocessing of radar and sonar
data. The ambiguity function also plays a role in some parts of Chapter 13, which may
be described as a counterpart to Chapter 12 wherein the “radar” is passive.
The important problems of image construction and reconstruction from fragmentary

data are studied in Chapters 9, 10, and 11. Chapter 10 is devoted to the important
problem of tomography and to the general task of reconstruction of an image from
multiple degraded views. Chapter 9 deals with other topics in image construction and
reconstruction including the formationof images frompartial Fourier transformdata and
the formation of images from discrete event data. Chapter 11 introduces the important
subject of information-theoretic methods in image formation, a subject which itself can
grow to fill a book.
Other kinds of surveillance systems are discussed in Chapter 13. Passive systems, in

which the illuminating signal is already in the environment and is not under the control
of the system designer, are discussed in Chapter 13. The passive location of emitters
may arise as a sonar problem inwhich the emitters are sources of underwater sound; as a
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xvi Preface

seismic problem in which the emitters may be earthquakes or artificial explosions; or as
a radar surveillance problem in which the emitters are noncooperative radars or radios.
Passive systems can also be imaging systems; modern radio astronomy is a conspicuous
example of a passive imaging system, forming images of distant radio galaxies from
passively received radio signals. The book concludes with Chapter 15where an analysis
of phase errors and phase noise appears, and where the phase approximations used
elsewhere in the book are studied more closely.
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