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The technical descriptions, procedures, and content featured in this book have
been developed with the greatest care and have been useful to the authors
in a broad range of applications; however, they are provided as is, without
warranty of any kind. Artech House, Inc. and the authors of this book make
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in this book are free of error, or are consistent with any particular standard
of merchantability, or will meet your requirements for any application. They
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result in injury to a person or loss of property. Any use of the descriptions,
procedures, and content of this book in such a manner is at the user’s own
risk. The authors and publisher disclaim all liability for direct, incidental, or
consequential damages resulting from your use of the material contained in
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Foreword

The introduction of spaceborne synthetic aperture radar (SAR) into Earth re-
mote sensing can be dated back to the SEASAT mission in 1978 —a 100-day
episode that opened a door and enabled us to catch a glimpse of the poten-
tial of SAR imaging. However, it was not until the 1991 launch of ERS-1
that SARs began to continuously orbit the Earth and deliver images on a
reliable, operational basis from aboard remote sensing satellites. Data conti-
nuity, which has become indispensable to environmental monitoring and global
change research, is guaranteed by national and international space programs
where radar remote sensing is of high priority.

Many new applications, never before dreamed of, have been developed
since then. The most exciting one is SAR. interferometry, where the coherent
nature of the complex SAR image is exploited to measure topography, mo-
tion, or structural decorrelation of the Earth’s surface. At present, with the
availability of more than 13 years of continuous SAR data, long-term studies
are possible and decadal signals can be observed, be they indicators of land
subsidence of 1 mm per year or of variations in ocean wave systems. Up to 100
SAR images of the same area often need to be processed, precisely registered,
and evaluated to obtain a single result.

This has all become possible because SAR processing made a significant
leap from the optical bench to the world of digital signal processing (DSP).
Only in the digital world are processed SAR images accessible in a convenient
and reproducible way; their large dynamic range remains undistorted, their
phase is carefully preserved, and the set of possible signal processing oper-
ations is not limited by physical restrictions. Also, digital SAR processing
continually benefits from the inflationary increase in computing power that
we have been and still are experiencing. In the beginning, supercomputers or
dedicated DSP hardware were required; today, a SAR image can be processed
on a notebook computer in a reasonable time. The tempting possibilities of
digital processing, plus the ever-growing SAR data availability and user in-
terest, stimulated SAR processor developments at many research institutes
and commercial companies. Several new algorithms have been designed to
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XX Digital Processing of SAR Data

accommodate high resolution, high bandwidth, and high phase accuracy re-
quirements, as well as sophisticated imaging modes.

SAR image formation and data processing are different from many other
remote sensing techniques, since the imaging process is coherent. The most
natural way to describe such a system and its signals is by complex-valued
functions. Hence, signal processing, rather than image processing, provides
the appropriate tools. SAR processing needs DSP, but DSP also profits from
SAR. The SAR imaging principle and the processing algorithms on their own
have become an attractive class of DSP methods that can be transferred to
other fields. The concepts of SAR constitute a general imaging principle of a
caliber quite comparable to tomography; hence SAR signal processing is well
worth studying from an educational point of view.

Having said this, it is surprising that only a very small number of books
are available to describe digital processing for remote sensing SARs in a
comprehensive manner. Up until now, knowledge in this field has been dis-
persed throughout journal papers, conference proceedings, internal reports,
and patents. Therefore, this book by Professor Cumming and Dr. Wong is
special.

First, it is written by the developers of the first digital SAR processor
for remote sensing and, therefore, builds upon the longest possible experience.
Second, it collects the current knowledge on SAR algorithms, and represents
it in a coherent signal processing based terminology. It differs from classical
radar books in that it approaches the subject from the processing viewpoint
rather than from the physical radar world. By focusing on the important
class of satellite SARs with their relatively small squint and aperture, some of
the concepts—and sometimes baggage —inherited from conventional radar
can be simplified and described in a clearer fashion. It is common experience
that, even though a technology has been fully developed, it takes longer for
its exposition to be clearly established. This book demonstrates that SAR
processing algorithms have reached this level of maturity. This is not only
true for the stripmap imaging mode algorithms, but also for the more recent
ScanSAR algorithms. I hope that in a later edition of the book spotlight
imaging will also be included.

It is evident that the authors have well-honed teaching skills and are
not holding back any of their knowledge (Ian Cumming is a professor and
Frank Wong is a sessional lecturer at the University of British Columbia). I
have known both authors for several years and have always appreciated their
dedication to explaining complicated matters in an instructive and easy-to-
understand way. Their book is a step-by-step, concise yet complete, illustra-
tive course in SAR processing, following a straight, logical line. The reader is
taken on a guided tour, starting from a review of relevant signal processing
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fundamentals, passing the traditional range Doppler algorithm, reaching the
most recent class of chirp scaling methods, and finally arriving at the field of
processing parameter estimation. All these stations are supported by numer-
ous examples and illustrations. A set of SAR data provided on a CD-ROM
allows the reader to achieve valuable hands-on experience with the processing
algorithms.

I am sure that university teachers, postgraduate students, and engineers —
whether novices or SAR processing experts — will appreciate this book. Per-
sonally, I would have saved myself quite some effort had I had access to a book
like this when I entered the field of SAR processing.

Richard Bamler, Director

Remote Sensing Technology Institute
German Aerospace Center, DLR
Oberpfaffenhofen

December 2004



Preface

Scope of the Book

We have written this book to record our experiences in processing synthetic
aperture radar (SAR) data for remote sensing applications. Most of the ma-
terial has been published previously in technical literature, but is gathered
together here for the first time in a single reference work.

Our SAR work began at MacDonald Dettwiler (MDA) in 1977, in design-
ing a digital processor for SEASAT data. The work continued with processors
developed for SIR-B, ERS-1, ERS-2, RADARSAT-1, and ENVISAT. Several
airborne SAR processors were built, the most recent being a dual-frequency,
polarimetric, interferometric system. The work continues to this day, with the
development of the current RADARSAT-2 processor. This book is an attempt
to record the knowledge gained in this work during the last 27 years.

When we began our work, coherent optical SAR processors were the ex-
isting technology. Coming from digital sonar backgrounds, it was a natural
extension to apply digital signal processing (DSP) principles to SAR data.
Although there had undoubtedly been work on digital processors in the mili-
tary, we were unaware of any such developments, so we had a clean slate upon
which to develop our SAR processor ideas.

Our experience has been mainly with the class of SARs that we refer to
as “remote sensing” SARs. These SARs make an image of the Earth’s surface
for applications such as mapping, geology, oceanography, forestry, agriculture,
and the like. Their resolutions are typically in the order of a few meters to a
few tens of meters, and swath widths are in the order of 2000 to 8000 samples,
covering up to 150 km in ground range (even larger swaths with ScanSAR).

There are significant differences between the processing of satellite and
airborne SAR data, and it is difficult to build a processor with enough gen-
erality to handle both types of data successfully. As satellite data is more
publicly available, we usually describe the algorithms from this point of view.
When we can provide a simple explanation without disturbing the flow of the
book, we point out some differences with airborne data processing.
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XXiv Digital Processing of SAR Data

This book addresses SAR processing from a DSP perspective. It does not
dwell upon radar systems principles, except those needed to understand the
properties of recorded SAR data.

Prospective Audience

The book is primarily directed towards practicing engineers working with SAR
data, or research engineers designing new processing algorithms. Most of the
technical information needed to understand and design high quality and/or
high throughput SAR processors is presented in some detail. Some of the
pertinent DSP principles are included to help those without a strong DSP
background.

In addition to processor designers, the book may also be of interest to
applications specialists who need to understand some of the properties of the
SAR data to help in their image interpretation.

Digital SAR processing is a fascinating application of DSP principles.
Indeed, a SAR processor uses a large proportion of the algorithms described
in standard DSP textbooks, and even adds a few new concepts. For this
reason, the book should be of interest to senior or postgraduate students
studying DSP, who wish to learn from an advanced example of applying DSP
to a practical application.

Errors, Misprints, and Omissions

The authors apologize for any errors that may be present in the book, and
would be grateful to have them brought to their attention.

We have tried to quote the most relevant and precedent references for
the various technical issues. In many cases, we have used the references most
familiar to us, which means that in some cases our own writings have been
given more prominence than they deserve. We will be grateful to have other
references pointed out to us.
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An Airborne SAR Image

On to the book—but first let’s start off with a SAR image, taken by the
Canada Center for Remote Sensing C-band polarimetric airborne radar on
the Convair-580. The image was taken over the UBC Westham Island test
site on September 30, 2004.

The scene center is 49.2° N, 123.1°W. The swath width is 10km, and the
image was formed by the on-board real-time processor with seven looks, with a
nominal radiometric correction. The four polarimetric channels are combined
to form the black and white image displayed in Figure A.1.

The first real-time digital SAR processor built by MacDonald Dettwiler
was delivered to CCRS in 1979, and installed on the Convair-580. This image

was made by the second real-time processor, which replaced the first model
in 1986.
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Figure A.1: Convair-580 real-time processed image of the Ladner area of Delta,
BC. (Courtesy of Bob Hawkins of CCRS.)



Contents

Foreword

Preface

Acknowledgments

I Fundamentals of Synthetic Aperture Radar

1 Introduction

1.1
1.2
1.3
1.4
1.5

References

Brief Background of SAR . . . . ... ... ... ...
Radar in Remote Sensing . . . . .. ... ... ....
SAR Fundamentals . . ... ... ...........
Spaceborne SAR Sensors . . . ... ... ... ...
Outline of the Book . . . . .. ... ... .......
1.5.1 Example of a Spaceborne SAR Image . . . ..

2 Signal Processing Fundamentals

2.1

2.3

Introduction . . . .. .. .. .. ... .. ... .. ..

2.2.1 Continuous-Time Convolution . . ... .. ..
2.2.2 Discrete-Time Convolution . . ... ... ...
Fourier Transforms . . . . . . . . oo
2.3.1 Continuous-Time Fourier Transform . . . . . .

2.3.2 Discrete Fourier Transform . ... ... . ...

vii

xix

xxiii

XXV



viii

Contents

2.3.3 Fourier Transform Properties . . . . . . ... ... ... 30
2.3.4 Examples of Fourier Transforms . . ... ... ... .. 34
2.4 Convolution Using DFTs . . . ... . ... ... ........ 36
25 Samplingof Signals . .. ... ... ............... 38
2.5.1 Spectrum of Sampled Signals . . . . .. .. ... .... 38
25.2 Signal Types . . .. ... ... .. ... .. ... ... 40
2.5.3 Nyquist Sampling Rate and Aliasing . . . ... ... .. 42
2.6 Smoothing Windows . . . . . ... .. .. ............ 49
2.7 Interpolation . . ... ... .. ... ... ... ... . . ... 51
2.7.1 Sinc Interpolation . .. ... ... ... . ... ... 52
2.7.2 Spectra of Interpolation Kernels . . ... ........ 56
2.7.3 Nonbaseband and Complex Interpolation . .. ... .. 58
2.8 Point Target Analysis . . . .. ... ... ... ......... 59
29 Summary . . . ... 64
2.9.1 Magellan Image of Venus Crater . . ... ... ... .. 65
References . . . . . ... .. ... ... ... ... 66
Pulse Compression of Linear FM Signals 69
3.1 Introduction . ................. .. ... ..... 69
32 Linear FM Signals . . .. ... ... ... ............ 70
3.2.1 Time Domain Representation . . . . ... ... ... .. 70
3.2.2 Spectrum of the Linear FM Pulse . ........... 72
3.2.3 Sampling of FM Signals . . . . ... ... ... ..... 76
3.2.4 Frequency and Time Discontinuities . . . ... ... .. 78
3.3 Pulse Compression . . . .. ... .. ............. .. 80
3.3.1 Principles of Pulse Compression . . ........... 80
3.3.2 Time Domain Compression of Linear FM Signals . . . . 82
3.3.3 Frequency Domain Matched Filter . . . ... ... ... 87
3.34 TheEffect of Windows . .. ............... 90
3.3.5 Oversampling Ratio Revisited ... ... ... ... .. 93
3.4 Matched Filter Implementation . . . . ... ... ........ 93
3.4.1 'Target Registration and Matched Filter Throwaway . . 96

3.5 FM Rate Mismatch . ... .. ... ... .. ... . ... ... 98



Contents

3.6

3.5.1 Effect of Mismatch in a Baseband Signal . . ... ...

3.5.2 Effect of Mismatch in a Nonbaseband Signal . . . . ..
3.5.3 Filter Mismatch and Time Bandwidth Product . . . . .
SUMMATY . . . . o o o e e e e e e e

3.6.1 A Wide Swath ENVISAT/ASAR Image . . . . . .. ..

References . . . . . . . . . . . . . . e
Appendix 3A: Derivation of the Matched Filter Output . . . ...

3A.1 Signal and Matched Filter of Equal Length . . . . . ..
3A.2 Signal and Matched Filter of Unequal Length . . . . . .

Appendix 3B: Derivation of the Phase Error Due to Mismatch . . .

4 Synthetic Aperture Concepts

41
4.2

4.3

44

4.5

4.6

Introduction . . ... ... ... ... oo
SAR Geometry . . . . . . . . . .. e
4.2.1 Definition of Terms . . . .. ... ... .. .... ...
4.2.2 Satellite Ground Range Geometry . .. ... ... ...
4.2.3 Satellite Orbit Geometry . . .. .. ... ... .....
The Range Equation . . . . . ... ... ... ..........
4.3.1 Hyperbolic Form of the Range Equation . . . . . .. ..
4.3.2 Relationships Between Velocities and Angles . . . . ..
SAR Signal in the Range Direction . . . . . ... ... ... ..
44.1 Transmitted Pulse . . . ... ... ... .........
442 Data Acquisition . . . . ... ... ... L.
SAR Signal in the Azimuth Direction . .. ... ........
4.5.1 What Is Doppler Frequency in the SAR Context? . . .
45.2 Coherent Pulses . ... ... ...............
453 Choiceof PRF . . ... ... ... ... ........
4.5.4 Azimuth Signal Strength and Doppler History . . . ..
4.5.5 Azimuth Parameters . . . . .. ... ...........
The Two-Dimensional Signal . . . .. ... ...........
4.6.1 Data Arrangement in Signal Memory . ... ... ...
4.6.2 Demodulated Baseband Signal . . ... ... ... ...
4.6.3 The SAR Impulse Response . . . . ... .........

X

98
102
102
103
104
107
108
108
110
111



