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Preface to First Edition

Field-programmable gate arrays (FPGAs) are on the verge of revolutioniz-
ing digital signal processing in the manner that programmable digital signal
processors (PDSPs) did nearly two decades ago. Many front-end digital sig-
nal processing (DSP) algorithms, such as FFTs, FIR or IIR filters, to name
just a few, previously built with ASICs or PDSPs, are now most often re-
placed by FPGAs. Modern FPGA families provide DSP arithmetic support
with fast-carry chains (Xilinx Virtex, Altera FLEX) that are used to imple-
ment multiply-accumulates (MACs) at high speed, with low overhead and
low costs [1]. Previous FPGA families have most often targeted TTL “glue
logic” and did not have the high gate count needed for DSP functions. The
efficient implementation of these front-end algorithms is the main goal of this
book.

At the beginning of the twenty-first century we find that the two pro-
grammable logic device (PLD) market leaders (Altera and Xilinx) both re-
port revenues greater than US$1 billion. FPGAs have enjoyed steady growth
of more than 20% in the last decade, outperforming ASICs and PDSPs by
10%. This comes from the fact that FPGAs have many features in com-
mon with ASICs, such as reduction in size, weight, and power dissipation,
higher throughput, better security against unauthorized copies, reduced de-
vice and inventory cost, and reduced board test costs, and claim advantages
over ASICs, such as a reduction in development time (rapid prototyping),
in-circuit reprogrammability, lower NRE costs, resulting in more econom-
ical designs for solutions requiring less than 1000 units. Compared with
PDSPs, FPGA design typically exploits parallelism, e.g., implementing multi-
ple multiply-accumulate calls efficiency, e.g., zero product-terms are removed,
and pipelining, i.e., each LE has a register, therefore pipelining requires no
additional resources.

Another trend in the DSP hardware design world is the migration from
graphical design entries to hardware description language (HDL). Although
many DSP algorithms can be described with “signal flow graphs,” it has been
found that “code reuse” is much higher with HDL-based entries than with
graphical design entries. There is a high demand for HDL design engineers
and we already find undergraduate classes about logic design with HDLs [2].
Unfortunately two HDL languages are popular today. The US west coast and
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Asia area prefer Verilog, while US east coast and Europe more frequently
use VHDL. For DSP with FPGAs both languages seem to be well suited,
although some VHDL examples are a little easier to read because of the sup-
ported signed arithmetic and multiply /divide operations in the IEEE VHDL
1076-1987 and 1076-1993 standards. The gap is expected to disappear after
approval of the Verilog IEEE standard 1364-1999, as it also includes signed
arithmetic. Other constraints may include personal preferences, EDA library
and tool availability, data types, readability, capability, and language exten-
sions using PLIs, as well as commercial, business, and marketing issues, to
name just a few [3]. Tool providers acknowledge today that both languages
have to be supported and this book covers examples in both design languages.

We are now also in the fortunate situation that “baseline” HDL compilers
are available from different sources at essentially no cost for educational use.
We take advantage of this fact in this book. It includes a CD-ROM with
Altera’s newest MaxP1lusII software, which provides a complete set of design
tools, from a content-sensitive editor, compiler, and simulator, to a bitstream
generator. All examples presented are written in VHDL and Verilog and
should be easily adapted to other propriety design-entry systems. Xilinx’s
“Foundation Series,” ModelTech’s ModelSim compiler, and Synopsys FC2 or
FPGA Compiler should work without any changes in the VHDL or Verilog
code.

The book is structured as follows. The first chapter starts with a snapshot
of today’s FPGA technology, and the devices and tools used to design state-
of-the-art DSP systems. It also includes a detailed case study of a frequency
synthesizer, including compilation steps, simulation, performance evaluation,
power estimation, and floor planning. This case study is the basis for more
than 30 other design examples in subsequent chapters. The second chapter
focuses on the computer arithmetic aspects, which include possible number
representations for DSP FPGA algorithms as well as implementation of basic
building blocks, such as adders, multipliers, or sum-of-product computations.
At the end of the chapter we discuss two very useful computer arithmetic con-
cepts for FPGAs: distributed arithmetic (DA) and the CORDIC algorithm.
Chapters 3 and 4 deal with theory and implementation of FIR and IIR fil-
ters. We will review how to determine filter coefficients and discuss possible
implementations optimized for size or speed. Chapter 5 covers many concepts
used in multirate digital signal processing systems, such as decimation, inter-
polation, and filter banks. At the end of Chap. 5 we discuss the various pos-
sibilities for implementing wavelet processors with two-channel filter banks.
In Chap. 6, implementation of the most important DFT and FFT algorithms
is discussed. These include Rader, chirp-z, and Goertzel DFT algorithms, as
well as Cooley—Tuckey, Good—Thomas, and Winograd FFT algorithms. In
Chap. 7 we discuss more specialized algorithms, which seem to have great
potential for improved FPGA implementation when compared with PDSPs.
These algorithms include number theoretic transforms, algorithms for cryp-
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tography and errorcorrection, and communication system implementations.
The appendix includes an overview of the VHDL and Verilog languages, the
examples in Verilog HDL, and a short introduction to the utility programs
included on the CD-ROM.
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Preface to Second Edition

A new edition of a book is always a good opportunity to keep up with the lat-
est developments in the field and to correct some errors in previous editions.
To do so, I have done the following for this second edition:

e Set up a web page for the book at the following URL:
www.eng.fsu.edu/~umb
The site has additional information on DSP with FPGAs, useful links,
and additional support for your designs, such as code generators and extra
documentation.

e Corrected the mistakes from the first edition. The errata for the first edition
can be downloaded from the book web page.

e A total of approximately 100 pages have been added to the new edition.
The major new topics are:
— The design of serial and array dividers
— The description of a complete floating-point library
— A new Chap. 8 on adaptive filter design

e Altera’s current student version has been updated from 9.23 to 10.2 and
all design examples, size and performance measurements, i.e., many ta-
bles and plots have been compiled for the EPF10K70RC240-4 device
that is on Altera’s university board UP2. Altera’s UP1 board with the
EPF10K20RC240-4 has been discontinued.

o A solution manual for the first edition (with more than 65 exercises and over
33 additional design examples) is available from Amazon. Some additional
(over 25) new homework exercises are included in the second edition.

Acknowledgements. T would like to thank my colleagues and students for the feed-
back to the first edition. It helped me to improve the book. Special thanks to:
P. Ashenden, P. Athanas, D. Belc, H. Butterweck, S. Conners, G. Coutu, P. Costa,
J. Hamblen, M. Horne, D. Hyde, W. Li, S. Lowe, H. Natarajan, S. Rao, M. Rupp,
T. Sexton, D. Sunkara, P. Tomaszewicz, F. Verahrami, and Y. Yunhua.

From Altera, I would like to thank B. Esposito, J. Hanson, R. Maroccia,
T. Mossadak, and A. Acevedo (now with Xilinx) for software and hardware support
and the permission to include datasheets and MaxPlus II on the CD of this book.

From my publisher (Springer-Verlag) I would like to thank P. Jantzen, F. Holz-
warth, and Dr. Merkle for their continuous support and help over recent years.
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I feel excited that the first edition was a big success and sold out quickly. I
hope you will find this new edition even more useful. I would also be grateful,
if you have any suggestions for how to improve the book, if you would e-mail
me at Uwe.Meyer-Baese@ieee.org or contact me through my publisher.

Tallahassee, October 2003 Uwe Meyer-Bdse



Preface to Third Edition

Since FPGAs are still a rapidly evolving field, I am very pleased that my
publisher Springer Verlag gave me the opportunity to include new develop-
ments in the FPGA field in this third edition. A total of over 150 pages of
new ideas and current design methods have been added. You should find the
following innovations in this third edition:

1)

2)

3)

4)

5)

6)

Many FPGAs now include embedded 18 x 18-bit multipliers and it is
therefore recommended to use these devices for DSP-centered applica-
tions since an embedded multiplier will save many LEs. The Cyclone
IT EP2C35F672C6 device for instance, used in all the examples in this
edition, has 35 18 x 18-bit multipliers.

MaxPlus II software is no longer updated and new devices such as the
Stratix or Cyclone are only supported in Quartus II. All old and new
examples in the book are now compiled with Quartus 6.0 for the Cyclone
II EP2C35F672C6 device. Starting with Quartus IT 6.0 integers are by
default initialized with the smallest negative number (similar to with the
ModelSim simulator) rather than zero and the verbatim 2/e examples
will therefore not work with Quartus II 6.0. Tcl scripts are provided
that allow the evaluation of all examples with other devices too. Since
downloading Quartus II can take a long time the book CD includes the
web version 6.0 used in the book.

The new device features now also allow designs that use many MAC calls.
We have included a new section (2.9) on MAC-based function approxi-
mation for trigonometric, exponential, logarithmic, and square root.

To shorten the time to market further FPGA vendors offer intellectual
property (IP) cores that can be easily included in the design project. We
explain the use of IP blocks for NCOs, FIR filters, and FFTs.

Arbitrary sampling rate change is a frequent problem in multirate sys-
tems and we describe in Sect. 5.6 several options including B-spline,
MOMS, and Farrow-type converter designs.

FPGA-based microprocessors have become an important IP block for
FPGA vendors. Although they do not have the high performance of a
custom algorithm design, the software implementation of an algorithm
with a pP usually needs much less resources. A complete new chapter
(9) covers many aspects from software tool to hard- and softcore uPs. A
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complete example processor with an assembler and C compiler is devel-
oped.

7) A total of 107 additional problems have been added and a solution manual
will be available later from www.amazon.com at a not-for-profit price.

8) Finally a special thank you goes to Harvey Hamel who discovered many
errors that have been summarized in the errata for 2/e that is posted at
the book homepage

Acknowledgements. Again many colleagues and students have helped me with re-
lated discussions and feedback to the second edition, which helped me to improve
the book. Special thanks to:

P. Athanas, M. Bolic, C. Bentancourth, A. Canosa, S. Canosa, C. Chang,
J. Chen, T, Chen, J. Choi, A. Comba, S. Connors, J. Coutu, A. Dempster, A. El-
wakil, T. Felderhoff, O. Gustafsson, J. Hallman, H. Hamel, S. Hashim, A. Hoover,
M. Karlsson, K. Khanachandani, E. Kim, S. Kulkarni, K. Lenk, E. Manolakos,
F.Mirzapour, S. Mitra, W. Moreno, D. Murphy, T. Meifner, K. Nayak, H. Ningxin,
F.von Miinchow-Pohl, H. Quach, S. Rao, S. Stepanov, C. Suslowicz, M. Unser
J. Vega-Pineda, T. Zeh, E. Zurek

I am particular thankful to P. Thévenaz from EPFL for help with the newest
developments in arbitrary sampling rate changers.

My colleagues from the ISS at RHTH Aachen I would like to thank for their
time and efforts to teach me LISA during my Humboldt award sponsored summer
research stay in Germany. Special thanks go to H. Meyr, G. Ascheid, R. Leupers,
D. Kammler, and M. Witte.

From Altera, I would like to thank B. Esposito, R. Maroccia, and M. Phipps for
software and hardware support and permission to include datasheets and Quartus
II software on the CD of this book. From Xilinx I like to thank for software and
hardware support of my NSF CCLI project J. Weintraub, A. Acevedo, A. Vera,
M. Pattichis, C. Sepulveda, and C. Dick.

From my publisher (Springer-Verlag) I would like to thank Dr. Baumann,
Dr. Merkle, M. Hanich, and C. Wolf for the opportunity to produce an even more
useful third edition.

I would be very grateful if you have any suggestions for how to improve
the book and would appreciate an e-mail to Uwe.Meyer-Baese®@ieee.org or
through my publisher.

Tallahassee, May 2007 Uwe Meyer-Bdse
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In recent years FPGAs have increased in complexity so that we can now
build large DSP systems with a single FPGA. Modern devices now have
hundreds of embedded multipliers and large on-chip memories. Since the
previous books were written mainly to optimize the size of the design, system
design questions now become more important. A good study of such issues
can be carried out with larger tasks such as PCA or ICA algorithms, image
and video processing systems, or a new 256-point FFT design discussed in
this edition. A total of over 150 pages — including 11 new system designs
ideas — have been added to this new edition, some requiring more than 100
embedded multipliers. You should find the following innovations in this fourth
edition:

1) Simulation in HDL in the book is now done with the powerful MODEL-
SiM simulator for Altera devices and the ISIM simulator for the Xilinx
designs.

2) For the system designs many test bench data are now provided using
MATLAB or SIMULINK.

3) System level designs using the VHDL-2008 new fixed-point and floating-
point IEEE libraries are introduced.

4) All-pass IIR filter designs in direct form, BiQuads, lattices, and wave
digital filters are compared.

5) Independent component analysis (ICA) and principle component analysis
(PCA) algorithms are implemented.

6) Speech and audio compression methods from A-law, ADPCM to MP3
are discussed and implemented in HDL.

7) Image processing algorithms for edge detection and median filtering using
HDL and embedded microprocessors are discussed.

8) Video processing for motion compensation using microprocessors with
custom instructions are discussed.

9) Plans exist to provide design examples for the SIMULINK toolbox from
Altera and Xilinx as well as support for Xilinx ISE and ISIM simulation
later as additional CDs available through www.amazon.com.

10) Updates and bug fix report will be posted at the author’s webpage, that
is, at the time of writing, at www.eng.fsu.edu/~umb
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Acknowledgements. Again many colleagues helped me with related discussions and
feedback to the third edition, which helped me to improve the book. Special thanks
to:

R. Adhami, M. Abd-El-Hameed, C. Allen, S. Amalkar, A. Andrawis, G. Ascheid,
P. Athanas, S. Badave, R. Badeau, S. Bald, A. Bardakcioglu, P. Bendixen, C. Be-
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0. Calvo, P. Cayuela, A. Celebi, C.-H. Chang, A. Chanerley, K. Chapman, I. Chio-
rescu, G. Connelly, S. Connors, J. Coutu, S. Cox, S. David, R. Deka, A. Dempster,
J. Domingo, A. Elias, F. Engel, R. van Engelen, H. Fan, S. Foo, T. Fox, M. Frank,
J. Gallagher, A. Garcia, M. Gerhardt,A. Ghalame, G. Glandon, S. Grunwald,
A. Guerrero, W. Guolin, O. Gustafsson, H. Hamel, S. Hashim, S. Hedayat, D. Ho-
dali, S. Hong, K. Huang, F. Igbal, R. Jadhav, D. Jiang, D. Kammler, K. Karuri,
T. Knudsen, M. Koepnick, F. Koushanfar, M. Kumm, M. Krishna, H. LeFevre,
R. Leupers, S. Liljeqvist, A. Littek, A. Lloris, M. Lugman, V. Madan, M. Manikan-
dan, J. Mark, B. McKenzie, H. Meyr, P. Mishra, A. Mitra, I. Miu, J. Moorhead,
S. Moradi, F. Munsche, Z. Navabi, L. Oniciuc, B. Parhami, S. Park, L. Parrilla,
V. Pedroni, R. Pereira, R. Perry, A. Pierce, F. Poderico, G. Prinz, D. Raic, N. Rafla,
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N. Trong, C. Unterrieder, G. Wall, G. Wang, Y. Wang, R. Wei, S. Weihua, J. Wu,
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Special thanks also to the students from my Spring EEL5722 DSP with FPGAs
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