Chapter 1

Introduction to Digital VLSI Systems Design

The electronics industry has achieved a phenomenal growth over the last few decades, mainly due to the rapid advances in large scale integration technologies and
system design applications. With the advent of very large scale integration (VLSI)
designs, the number of applications of integrated circuits (ICs) in highperformance computing, controls, telecommunications, image and video processing, and consumer electronics has been rising at a very fast pace. The current cutting-edge technologies such as high resolution and low bit-rate video and cellular
communications provide the end-users a marvelous amount of applications, processing power and portability. This trend is expected to grow rapidly, with very
important implications on VLSI design and systems design.
Information technology (IT) focuses on state of the art technologies pertaining
to digital information and communication. The IT sector is the fastest growing industry in recent times. With the world growing smaller day by day and business
going global, the need for better devices and means for communications becomes
all the more important. One of the most important characteristics of IT is its increasing need for very high processing power and bandwidth in order to handle
real-time applications: video, for example. This has led to the need for faster and
increasingly more efficient products to enable better telecommunications. It is this
ever-growing demand in the modern world that is making many countries invest
heavily in VLSI systems design. Manufacturing VLSI systems on chips is an involved process and comprises a number of activities: VLSI systems design using
electronic design automation (EDA) tools; computer aided design (CAD) in the
manufacture of VLSI chips; foundry activity starting from base wafer to packaged
and tested ICs; and design, development, and manufacture of capital equipments
for producing VLSI chips. All these activities except VLSI systems design using
EDA tools are capital intensive. The latter, however, is knowledge intensive.
Since applications are numerous and growing rapidly, challenging as well as interesting, VLSI system application designers are in greater demand than professionals working on chip technology.
Ever-increasing global communications has opened up a brand new vista for
people interested in a career in the information technology and VLSI design including embedded systems. The advent of advanced EDA tools gives one the
freedom to innovate and experiment to develop a new product that could be the
next breakthrough in all spheres of research and development. A career in these
sectors will give the reader access to the technical resources to work with and design better world-class products. As a product developer, the reader will be providing solutions to international markets and, therefore, technical skills need to be
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of the best quality. It requires continuous learning, systematic approach, and sustained efforts to realize one’s dreams. It is both intellectually stimulating and exciting to be part of creating the technology of the future. This book is an earnest
attempt to equip the reader completely for this challenging task and shape him or
her as a highly skilled professional.
The rest of this chapter is organized as follows: In the next section, a brief introduction to the evolution of VLSI systems is presented. This is followed by presenting a short list of growing applications for VLSI systems in order to motivate
the reader towards undertaking product designs seriously. In Sections 1.3 and 1.4,
the advantages as well as limitations are discussed for processor based systems
and embedded systems respectively. Section 1.5 presents field programmable gate
arrays (FPGAs) based designs and their advantages over processor and embedded
controller based designs. It discusses briefly the selection criteria of hardware. It
also discusses in detail various issues involved in one of the latest applications,
namely, video compression. Complete project design for video compression is
presented in later chapters. An introduction to digital system design using FPGAs
is presented in Section 1.6. Following this, detailed descriptions of features and
architectures of various types of popular FPGAs manufactured by leading vendors
are presented so that the readers may select the right type of FPGAs for their applications.

1.1 Evolution of VLSI Systems
With the advent of discrete semiconductor devices such as bipolar transistors, unijunction transistors, field effect transistors, etc., miniaturization started in fullswing, replacing bulky systems that used vacuum tubes. During 1950s computers
that were made using vacuum tubes occupied an entire floor of a big building.
Vacuum tubes are even now used in high power applications such as radio transmission and HAM radios. Gradually, attempts were made to integrate several
circuits, be it analog or digital, in a single package. These attempts succeeded in
producing both analog and digital ICs, as well as mixed signal ICs. Analog ICs offered operational amplifiers, multipliers, modulators/demodulators, etc., while
digital ICs integrated AND, OR, XOR gates and so on.
Digital ICs are broadly classified according to their circuit complexity measured in terms of the number of logic gates or transistors in a single package. Chips
falling under the category of small scale integration (SSI) contain up to 10 independent gates in a single package. The inputs and outputs of these gates are connected directly to the pins in the package with provision for connections to a
power supply. With the advances in integration technology, more devices having a
complexity of approximately 10 to 100 gates were packed in a single package.
They were called medium scale integration (MSI) devices. Decoders, adders, multiplexers, de-multiplexers, encoders, comparators are examples of MSIs. Thereafter, large scale integration (LSI) devices emerged, which integrated between 100
and 1000 gates in a single package. Examples of this category include digital systems
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such as processors, memory chips, and programmable logic devices. Finally in late
1970s, very large scale integration devices containing thousands of gates within a
single package became a reality. Personal computer chips such as 80186, 80286 of
Intel are examples of this category. Since then, integration has been growing by
leaps and bounds crossing 10 million gates in a single package, going into realms
of ultra large scale integration (ULSI), system level integration (SLI), and systemon-chip (SOC). FPGAs fall under all the above high-end categories starting from
VLSI. The foregoing classifications are summarized in the following.
Category

Date

Density (gates)

Single transistor
Logic gate
Small scale integration (SSI)
Medium scale integration (MSI)
Large scale integration (LSI)
Very large scale integration (VLSI)
Ultra large scale integration (ULSI)
SLI/SOC

1959
1 device
1960
1
1964
Up to 10
1967
10 – 100
1972
100 – 1000
1978
1000 – 10000
1989
10000 and above
Late 1990s > 10 million

Systems were implemented in all the above categories and are still being implemented using discrete transistors for large power applications and SSIs to
SOCs for progressively larger systems. In the next sub-section, we will see what
applications these systems can be configured for.

1.2 Applications of VLSI Systems
VLSI system applications have become all pervasive in various walks of life like
communications including internet, image and video processing, digital signal
processing, instrumentation, power, automation, automobiles, avionics, robotics,
health and environment, agriculture, defense, games, etc. There is hardly anyone
who does not know what a cell phone is. From MP3 players, camera cell phones
and GSM to Bluetooth and Ipods, everyone wants all the features squeezed into a
single device as small as possible. Some of the ever-growing applications are as
follows:
•

Digital cameras

•

Digital camcorders

•

Digital camera interface

•

Digital cinema

•

Digital display
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•

Digital TV and digital cable TV

•

Digitizer for analog NTSC/PAL/SECAM cameras

•

Display interface

•

Mobile phone

•

FAX machine

•

PDA

•

Scanner

•

Anti-lock brakes

•

Automatic transmission

•

Cruise control

•

Global positioning system for automobiles

•

Electro cardiograph

•

Life-support systems

•

MRI/CT scan

•

LCD projector

•

Low-cost computer

•

Mobile phone personal computers

•

Scan pen and PC notes taker

•

Automated baggage clearance system in airports

•

Avionic systems

•

Flight simulator

•

Instrument landing system

•

Ship controls

•

Driverless shuttle

•

Cruise controls

•

Traffic controller

•

Washing machine

1.3 Processor Based Systems
•

Petrol/diesel dispenser

•

Demodulator for satellite communication

•

Encryption/decryption

•

Network card

•

Network switches/routers

•

Quadrature amplitude modulator (QAM) and demodulator

•

Wireless LAN/WAN
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More applications are presented in the final chapter, which may be taken up for
implementation by the readers. They are classified into various categories, such as
automotives, avionics, control system applications, medical applications, and
video processing applications, to name a few. Brief descriptions are also presented. Curious readers may have a peep into those applications before going over
to the next section.
VLSI systems can be designed using any of the following: 8/16/32/64 bit general-purpose processors, microcontrollers, DSPs, FPGAs, or ASICs depending
upon the applications, throughput, market potential, etc. The advantages and limitations for each of these categories are discussed in the following sections.

1.3 Processor Based Systems
Designers have wide choice of selecting processors, which include general- purpose processors, microcontrollers, application specific instruction processors
(ASIP), reduced instruction set computers (RISC), complex instruction set computers (CISC), digital signal processors (DSP), etc. ASIPs are optimized for specific class of applications such as telecommunications, digital signal processing,
embedded controls, etc. Each of these processors has an instruction set with a specific class of applications in mind. Nevertheless, they are all processors executing
instructions sequentially, differing only in performance, processing speed, effectiveness, power, cost, etc. Most of these processors fall under the category of
VLSI. Over the years, a wide variety of systems have been designed with these
processors. These cover an impressive spectrum: data processing systems, data
acquisition systems, programmable logic controllers and numerous industrial control systems, measuring instruments, image processing systems, etc.
Selection of a processor for an application is not an easy task, especially when
numerous processors are available. The designer is overwhelmed by numerous instruction sets. With a change of processor for a new project, the designer is forced
to learn a new instruction set, which is as arduous as learning a new language, if
the designer is not already familiar with the processor. Often, there is great confusion and struggle if instruction sets of processors have conflicting meaning such as
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the position of source and destination in an instruction. For example, Intel microprocessor instructions start with the destination first, followed by the source,
whereas Motorola microprocessor instructions start with the source first, followed
by the destination. Even in the hardware realms, process timings of processors
vary widely. The associated peripheral chips also differ, necessitating major redesign of software/hardware, if processors are changed. All these introduce considerable delays in the project. In order to avert disaster, designers try to bend the new
project towards their favorite processor(s). For small performance requirements,
this tactic may serve the intended purpose. However, in time critical applications,
the favorite processor may be a misfit.
Earlier, we discussed about the difficulties a designer undergoes while designing systems using processors, especially when the need arises to unlearn instruction set of the familiar processor and, instead, learn a new processor assembly language instructions. This difficulty may be eliminated if the designer has
knowledge of a high level language such as C or C++. Of course, the designer has
to learn C if he or she has no knowledge of the same. It is a well known fact to designers that C codes generate longer codes than assembly language instructions
do. This, in turn, would lower the processing speed considerably and may prove to
be a bottleneck in real-time applications.

1.4 Embedded Systems
General-purpose processors as well as microcontrollers are popular in embedded
systems due to several good features such as low cost, good performance, etc. If
hardware is already available, the designer needs to concentrate only on software
development and integration of the system. Therefore, for small quantity of end
products, it will be cost-effective as well as reduce the development cycle time
dramatically if the embedded systems are built using bought out populated electronic cards such as STD/VME bus cards and the like. The designer may write
some part of the programs in C and other parts in assembly language and link
them together. Many tools are available to aid designers in product development –
hardware: troubleshooters, emulators, logic analyzers, and programming units and
software: assemblers, compilers, linkers, and C. These tools are a must if the embedded system designer is to bring out a working product into the market fast. Designers must try to achieve the goal of designing complete systems by treating
hardware and software in a unified way. Hardware/software co-design emphasizes
this unified view that enables the co-development of systems using both hardware
and software, especially during synthesis [1, 2].
Processor based embedded systems are quite effective for small and mediumend applications. For medium to high-end embedded systems design, field programmable gate arrays (FPGAs) and application specific integrated circuits
(ASICs) are the right choice. In the near future, FPGAs may be expected to be
cost-effective even for small-end applications. The development tools that will
convert ideas into reality of a working system for this category are Verilog/VHDL
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(hardware design language) compilers, simulation, synthesis and place and route
tools and programmers. In the next section, we will discuss how FPGAs offer
much higher performance than processors including DSPs and those used in embedded systems.

1.5 FPGA Based Systems
A number of software and hardware implementations have been reported for various real-time applications such as video codecs. Although software implementations are easy to realize on general-purpose microprocessors, multiprocessors, microcontrollers, or digital signal processors, their instruction sets are not well suited
for fast processing of computationally intensive real time processing applications
such as high resolution compression/video scaling of motion pictures, satellite
communication modulator/demodulator, etc. In addition, the instructions are executed sequentially, thus slowing down the processing further. For example, one of
the promising digital signal processors, which was used to implement MPEG
based video codec could only process still monochrome images of resolution
512 × 512 pixels at one frame per second instead of the required frame rate of 30.
In contrast to this, the hardware implementations based on FPGAs and ASICs can
exploit pipelining and massively parallel processing resulting in faster and costeffective designs.
ASIC designs are suitable if high-volume production is envisaged. However, in
the research and development phase and for rapid prototyping of a new design,
FPGA is the right choice. Further, FPGA implementation is cost-effective for low
volume applications. In a later chapter on project designs, we will show that high
resolution motion pictures of sizes 1600 × 1200 pixels can be processed (actually
compressed) at 30 frames per second using FPGAs. The Verilog code developed
for this application can also be implemented without any modification of the codes
on an ASIC for still higher resolution pictures by over three times in the present
day technology. The following sub-sections discuss briefly video compression application using FPGAs as an example.

1.5.1 FPGA Based Design: Video Compression
as an Example
FPGAs offer high performance in terms of processing speed and high chip density, thus suiting every conceivable application, whether small or high end, yet
remaining cost-effective. An entire VLSI system can be housed in a single FPGA
device. Although many applications are possible, we will discuss the basics of
video compression implementation as an example. Video compression is an application that demands high performance and high density. For example, a color
motion picture of high resolution, 1600 × 1200 pixels can be compressed and
transmitted or received over a serial channel at a real time processing speed of 30
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frames/second using an FPGA. Complete project design for this application, in
addition to many other applications, is presented in later chapters. The design
methodology presented for this application is equally applicable for any other application. In the following sub-sections, we will briefly discuss the need for video
compression, what standards govern the implementations, various issues involved
in the design, and a review of the evolution of video compression implementations.
Need for Video Compression
Image processing applications such as high definition television, video conferencing, computer communication, etc. require large storage and high speed channels
for handling huge volumes of data. For instance, one hour of color motion picture
of size 1024 × 768 pixels at 30 frames per second in the raw format will need
about 255 GB of memory and 566 Mbps channel speed for effective communication. In order to reduce the storage and communication channel bandwidth requirements to manageable levels, data compression techniques are imperative.
Data compression in the order of 20 to 40 is normally feasible depending upon the
actual picture content and techniques adopted for bringing about the compression.
It is of paramount importance that systems designed for applications communicate with one another effectively and also offer connectivity and compatibility
among different services. These requirements are met if these systems are designed
to conform to international standards such as JPEG, H.261, HDTV, and MPEG [3].
The development of standards by the ISO, ITU, etc. for audio, image and video, for
both transmission and storage, has led to worldwide activity in developing hardware
and software systems for a number of diverse applications. Although the standards
implicitly address the basic encoding operations, there is enough freedom and flexibility in choosing the algorithms, the actual implementation, and devices. As such,
the standards do not stifle the research and development activity, the main objective
being maintaining compatibility and interoperability among the systems. The next
sub-section describes briefly various standards available currently for compression
of still image and motion pictures.
Video Compression Standards
JPEG has been recognized as the most popular and efficient coding scheme for
continuous-tone still images. The JPEG compatible fast implementations find applications in color facsimile, high-quality newspaper wire photos, desktop publishing, graphic arts, medical imaging, digital still cameras, imaging scanners, etc.
Examples of video sequence (motion picture) standards are H.261 for video telephony and video conferencing, MPEG 1 for digital storage media and MPEG 2
for generic coding of moving video and extending to television broadcasting and
communication.
In recent years, additional standards such as JPEG 2000, MPEG 4, and MPEG
7 have also been introduced. The JPEG 2000 standard is intended to complement
and not to replace the JPEG standard. Lossless and lossy coding, progressive by
resolution and quality, high compression efficiency, error resilience, and lossless
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color transforms are some of its characteristics. The JPEG 2000 standard is based
on discrete wavelet transforms (DWT) and offer higher image quality than is possible with JPEG for the same compression effected. However, all the above mentioned advantages of JPEG 2000 are at the expense of memory size, data access
complexity, and processing time when compared to JPEG. MPEG 4 is an international standard that provides core technologies for efficient object-based compression of multimedia content for transmission, storage, and manipulation. MPEG 4,
Part 10 (also known as H.264) is based on integer transform, derived from discrete
cosine transform used in JPEG, MPEG 1, MPEG 2, H.261 encoders/decoders (codecs). MPEG 7 addresses content description technologies for efficient and effective multimedia retrieval and browsing. Both are essential in developing digital
multimedia broadcast and internet multimedia applications. However, these two
standards, MPEG 4 and MPEG 7, are more complex and only slower implementations are possible when compared to MPEG 2 and H.264 standards.
The basic operations that bring about image compression, namely, the discrete
cosine transform (DCT), quantization (Q) and variable length coding (VLC) are,
however, common to all the standards from JPEG to MPEG 2 mentioned earlier.
DCT prepares the ground for effective compression. Mapping the image/video
signal into the transform domain by itself does not lead to bit-rate reduction. At
best, the mapping results in energy compaction in the low frequency range of the
transform domain. By cleverly quantizing the coefficients that carry significant information and at the same time coarsely quantizing or dropping the remaining coefficients, the bit rate can be reduced. The resulting quantized DCT coefficients
are Huffman coded in the VLC coder, effecting further compression. The resulting
compressed, serial bit stream output is then sent out to the channel for onward
transmission. Upon receipt of this bit stream, the decoder reconstructs the image
by carrying out the inverse operations such as variable length decoding (VLD, inverse quantization (IQ) and inverse discrete cosine transform (IDCT).
Still image processing employs only the DCT, Q, and VLC, exploiting the spatial redundancy. In contrast to this, the motion pictures employ motion estimation
and compensation in addition to DCTQ and VLC, effecting more compression
owing to the exploitation of temporal redundancy.
Issues Involved in Video Compression
There are two basic issues to be addressed in the design of codecs for video applications: speed of processing and power considerations. With the proliferation of
personal computers in multimedia applications and the evolution of digital networks, speed of processing is the most vital need for effective real time communication such as videoconferencing, point to point audio-visual communication,
digital cable TV, etc. In spite of galloping technological advances, the internet is
pathetically slow to accommodate communication of real time moving pictures,
which finds unlimited scope for applications. The same is also true with most of
the software and hardware implementations of video compression schemes based
on general-purpose or multiprocessor computers and digital signal processors.
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Fortunately, implementations based on FPGAs and ASICs hold much promise for
high speed processing.
Power consumption is one of the most important criteria in evaluating digital
systems, whether portable or not. This stems from a variety of requirements such
as prolonging battery life in portable devices, reducing chip packaging, reduction
of cooling costs, enhanced reliability of the system, environmental considerations,
etc. Increase of clock frequency, operating voltage, or system complexity increases the power consumption drastically. Large power savings are effected by
minimizing these parameters as well as through appropriate architectural and algorithmic trade-offs and functional module-level optimizations. The emergence of
portable computing and communication devices such as laptop/palmtop computers, cellular phones, videophones, etc. is one of the most important factors driving the need for low power design. For most portable devices, the power consumed in integrated circuits is a significant and increasing portion of the total
system power consumption. Thus, the development of low power VLSI design
methodologies and tools are inevitable.
In general, the video encoder implementation must have high speed performance, whereas the decoder must have low power characteristics. The emphasis of
the present book is on high speed processing rather than on low power so that high
resolution pictures may be processed, especially at the encoder end.
The color pictures are represented as a luminance, Y, and two color difference
signals, Cb and Cr [3]. The color difference signals are usually sub-sampled with
respect to the luminance by 2:1 in both vertical and horizontal directions. This is
because the sensitivity of the color component of the human eye is less than that
of the luminance component. This sub-sampling of chrominance information leads
to further bit-rate reduction in video compression techniques. Other features such
as quantization reflecting the human visual system can further contribute to the
overall compression. All these features, of course, are accomplished at a price.
The result is that the codec complexity increases and the encoding mechanism becomes much more vulnerable to channel noise, requiring sophisticated error detection and correction techniques. The decoder is much less complex than the encoder because most of the decision-making processes are carried out at the
encoder. Also, motion estimation and quantization control need to be implemented
at the encoder end only. This complex encoder, simple decoder scenario is also
appropriate because the decoder can be designed as a mass consumer item.
Evolution of Video Compression Implementations
Various processes such as DCTQ, VLC, motion estimation, etc. will have to keep
pace with each other since they are all concurrent and pipelined processes. These
demand the development of new and faster algorithms. This book presents the
VLSI system design of the core of a video encoder, which involves the development of new and faster algorithm that can be effectively implemented on FPGAs
or ASICs. Very few implementations have been reported for a full-fledged video
encoder, especially, that which is capable of high speed processing. Although high
speed processing is the major thrust of the present book, the design methodology
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adopted is also in conformity with that for low power design. This scheme can be
easily adapted for a low power design by trading-off power with picture size and
system clock frequency.
In the next section, we will present the basic steps involved in the design of
VLSI systems using FPGAs. We will also present details of some of the leading
FPGAs of a couple of vendors.

1.6 Digital System Design Using FPGAs
An FPGA may be viewed as ‘sea-of-gates’ which can be quickly configured to the
desired application right on-the-field. It may also be re-configured at any point of
time to another application, provided the external hardware interface circuitry
doesn’t need any change to suit the new application. Some FPGAs such as Virtex
series FPGAs of Xilinx permit even partial reconfiguration, thereby eminently
suited for real-time applications needing reconfiguration on-the-fly. Like ASICs,
FPGAs can exploit high pipelining and massively parallel circuits, thus outperforming processors, microcontrollers and DSPs, yet remaining competitive. For
R&D environment and low volume applications, FPGAs are the right choice.
They are far cheaper and development cycle times are lower than that of ASICs.
Most companies bring out their systems based on FPGAs first and later on switch
to ASICs if the market demands are high. FPGA chip densities range from a few
thousand gates (costing under $5 each piece) to over 10 million gates, accommodating right from small designs to very large designs. FPGAs come with different
flavors in terms of gate counts, speed grades, input/output pins, packages, operating voltages, etc. However, designers need to watch out for obsolescence. The
reader may get specification and application details of FPGAs from the websites
of vendors listed in the references.
Development tools are available for FPGA based product designs from the respective vendors: simulator for waveform analysis, synthesis for logic optimization, and mapping the design on an FPGA, place and route for creating bit stream
of the design and Programmer for programming the bit stream in an EPROM. The
FPGA based digital system design may be realized using the following steps:
1.
2.
3.
4.
5.
6.
7.

Formulate the detailed product specification.
Develop the detailed hardware architecture.
Code the architecture in a hardware design language such as Verilog or
VHDL.
Compile and simulate the design and verify the functionality.
Synthesize to map on to a target FPGA device and optimize the logic.
Run the place and route tool for creating bit stream of the design application.
Program the bit stream generated in step 6 in a serial EPROM.
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8.

Design and fabricate the printed circuit board to accommodate the FPGA,
the serial EPROM, and other components required for the end application.
9. Solder the components and test the populated FPGA board using the development system, logic analyzer, pattern generator, etc.
10. Download the application bit stream from the development system or the
on-board serial EPROM and verify the system functionality.
All these design steps are unfolded gradually, chapter by chapter commencing
from Chapter 3. In the next few sub-sections, details of various types of FPGAs
from some of the leading vendors are presented, partly in the text and partly in the
CD, so that the designer may select the right type of FPGA for his application.

1.6.1 Spartan-3 FPGAs
The Spartan-3 family of field programmable gate arrays of Xilinx is specifically
designed to meet the needs of high-volume, cost-sensitive consumer electronic applications. This series offers FPGA densities ranging from 50,000 gates to 5 million gates, as shown in Table 1.1. Spartan-3 FPGAs deliver more functionality and
bandwidth than was previously possible. Because of their low cost, Spartan-3
FPGAs are ideally suited to a wide range of consumer electronics applications:
broadband access, home networking, display/projection, and digital television
equipments, to mention a few. The following are the salient features of Spartan-3
family of FPGAs:
Table 1.1 Summary of Spartan-3 FPGA Attributes (Courtesy of Xilinx Inc.)

Notes:
1. Logic Cell = 4-input Look-Up Table (LUT) plus a “D” flip-flop. “Equivalent Logic Cells” equals “Total CLBs” × 8 Logic Cells/CLB × 1.125 effectiveness.
2. These devices are available in Xilinx automotive versions as described in
DS314: Spartan-3 Automotive XA FPGA Family.
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3. These devices are available in lower static power versions as described in
DS313: Spartan-3L Low Power FPGA Family.
Features
• Low-cost, high-performance logic solution for high-volume, consumer-oriented
applications
- Densities up to 74,880 logic cells (5 million gates)
• Select IO signaling
- Up to 784 I/O pins
- 622 Mb/s data transfer rate per I/O
- 18 single-ended signal standards
- 8 differential I/O standards
- Signal swing ranging from 1.14 V to 3.45 V
- Double Data Rate (DDR) support
- DDR, SDRAM support up to 333 Mbps
• Logic resources
- Abundant logic cells with shift register capability
- Wide, fast multiplexers
- Fast look-ahead carry logic
- Dedicated 18 × 18 multipliers
- JTAG logic compatible with IEEE 1149.1/1532
• Select RAM hierarchical memory
- Up to 1,872 Kbits of total block RAM
- Up to 520 Kbits of total distributed RAM
• Digital Clock Manager (up to four DCMs)
- Clock skew elimination
- Frequency synthesis
- High resolution phase shifting
• Eight global clock lines and abundant routing
• Fully supported by Xilinx ISE development system
- Synthesis, mapping, placement, and routing
• Low-power Spartan-3L Family and Automotive Spartan-3 XA Family variants
Table 1.2 shows the number of RAM blocks, the data storage capacity, and the
number of columns for each device.
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Table 1.2 Number of Block RAMs by Device (Courtesy of Xilinx Inc.)

Spartan-3 FPGA Architectural Overview
The Spartan-3 family architecture consists of fundamental programmable functional elements, CLBs, IOBs, block RAMs. They are as follows:
1. CLBs contain RAM-based LUTs to implement logic and storage elements
that can be used as flip-flops or latches. CLBs can be programmed to perform a wide variety of logical functions as well as to store data.
2. IOBs control the flow of data between the I/O pins and the internal logic of
the device. Each IOB supports bidirectional data flow and tri-state operation.
3. Block RAM provides data storage in the form of 18-Kbit dual-port blocks.
Multiplier blocks accept two 18-bit binary numbers as inputs and calculate
the product. Digital Clock Manager (DCM) blocks provide self-calibrating,
fully digital solutions for distributing, delaying, multiplying, dividing, and
phase shifting clock signals.
These functional elements are organized as shown in Figure 1.1. A ring of
IOBs surrounds a regular array of CLBs. The XC3S50 has a single column of
block RAM embedded in the array. Those devices ranging from the XC3S200 to
the XC3S2000 have two columns and XC3S4000/5000 devices have four RAM
columns. Each column is made up of several 18-Kbit RAM blocks. The DCMs are
positioned at the ends of the outer block RAM columns. The Spartan-3 family features a rich network of traces and switches that interconnect all the functional
elements, transmitting signals among them. Each functional element has an associated switch matrix that permits multiple connections to the routing.
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Note:
The two additional block RAM columns of the XC3S4000 and XC3S5000 devices are
shown with dashed lines. The XC3S50 has only the block RAM column on the far left.
Fig. 1.1 Spartan-3 family architecture (Courtesy of Xilinx Inc.)
Configuration
Spartan-3 FPGAs are programmed by loading configuration data into static memory
cells that collectively control all functional elements and routing resources. Before
powering on the FPGA, configuration data is stored externally in a nonvolatile
memory such as EPROM and Flash PROM. After applying power, the configuration
data is written to the FPGA using any of five different modes: Master Parallel, Slave
Parallel, Master Serial, Slave Serial, and Boundary Scan (JTAG).

Overview of Configurable Logic Blocks
The CLB, the main logic resource for implementing digital circuits, comprises
four interconnected slices, as shown in Figure 1.2. These slices are grouped in
pairs with each pair organized as a column with an independent carry chain. Slices
X0Y0 and X0Y1 make up the column-pair on the left, whereas slices X1Y0 and
X1Y1 make up the column-pair on the right. For each CLB, the term “left-hand”
(or SLICEM) indicates the pair of slices labeled with an even “X” number, such as
X0, and the term “right-hand” (or SLICEL) designates the pair of slices with an
odd “X” number, e.g., X1.
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Elements within a Slice
All the four slices have the following elements in common: two logic function generators, two storage elements, wide-function multiplexers, carry logic, and arithmetic
gates, as shown in Figure 1.3. Both the left-hand and right-hand slice pairs use these
elements to provide logic, arithmetic, and ROM functions. Besides these, the left-hand
pair supports two additional functions: storing data using distributed RAM and shifting
data with 16-bit registers. Figure 1.3 is a diagram of the left-hand slice.
The LUT is the main resource for implementing logic functions. Furthermore,
the LUTs in each left-hand slice pair can be configured as distributed RAM or a
16-bit shift register. The function generators located in the upper and lower portions of the slice are referred to as the “G” and “F” respectively. The storage element, which is programmable as either a D-type flip-flop or a level-sensitive latch,
provides a means for synchronizing data to a clock signal. The storage elements in
the upper and lower portions of the slice are called FFY and FFX respectively.
Wide-function multiplexers effectively combine LUTs in order to permit more
complex logic operations. Each slice has two of these multiplexers with F5MUX
in the lower portion of the slice and FiMUX in the upper portion. Depending on
the slice, FiMUX takes on the name F6MUX, F7MUX, or F8MUX.
Function Generator
Each of the two LUTs (F and G) in a slice has four logic inputs (A1–A4) and a
single output (D). This permits any four-variable Boolean logic operation to be

Fig. 1.2 Arrangement of slices within the CLB (Courtesy of Xilinx Inc.)
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Notes:
1. Options to invert signal polarity as well as other options that enable lines
for various functions are not shown.
2. The index i can be 6, 7, or 8 depending on the slice. In this position, the upper right-hand slice has an F8MUX, and the upper left-hand slice has an
F7MUX. The lower right-hand and left-hand slice has an F6MUX.
Fig. 1.3 Simplified diagram of the left-hand side SLICEM (Courtesy of Xilinx
Inc.)
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Note:
All IOB signals communicating with the FPGA’s internal logic have the option of
inverting polarity.
Fig. 1.4 Simplified IOB diagram (Courtesy of Xilinx Inc.)
programmed into them. In addition, wide-function multiplexers can be used to effectively combine LUTs making logic functions with still more input variables.
The LUTs also can function as ROM that is initialized with data at the time of
configuration. The LUTs can be programmed as distributed RAM, which offers
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moderate amounts of data buffering anywhere along a data path. One LUT stores
16 bits. A dual-port option combines two LUTs so that memory access is possible
from two independent data lines. A distributed ROM option permits pre-loading
the memory with data during FPGA configuration. It is possible to program each
LUT as a 16-bit shift register, which can be used to delay serial data anywhere
from 1 to 16 clock cycles. The four LUTs of a single CLB can be combined to
produce delays up to 64 clock cycles. The SHIFTIN and SHIFTOUT lines cascade
LUTs to form larger shift registers. It is also possible to combine shift registers
across more than one CLB. The resulting programmable delays can be used to
balance the timing of data pipelines.
Block RAM Overview
Spartan-3 FPGA devices support block RAM, which is organized as configurable,
synchronous 18-Kbit blocks. Block RAM stores relatively large amounts of data
more efficiently than the distributed RAM.
IOB Overview
The input/output block provides a programmable, bidirectional interface between
an I/O pin and the FPGA’s internal logic. A simplified diagram of the IOB’s internal structure is shown in Figure 1.4. There are three main signal paths within
the IOB: the output path, input path, and tri-state path. Each path has its own pair
of storage elements that can act as either registers or latches.
Storage Element Functions
As shown in Figure 1.4, there are three pairs of storage elements in each IOB, one
pair for each of the three paths. It is possible to configure each of these storage
elements as an edge-triggered D-type flip-flop (FD) or a level-sensitive latch
(LD). The storage-element-pair on either the output path or the three-state path
can be used together with a special multiplexer to produce Double-Data-Rate
(DDR) transmission. This is accomplished by taking data synchronized to the
clock signal’s rising edge and converting them to bits synchronized on both the
rising and the falling edge. The combination of two registers and a multiplexer is
referred to as a Double-Data-Rate D-type flip-flop (FDDR).
The clock line OTCLK1 connects the CK inputs of the upper registers on the
output and three-state paths. Similarly, OTCLK2 connects the CK inputs for the
lower registers on the output and three-state paths. The upper and lower registers
on the input path have independent clock lines: ICLK1 and ICLK2. The enable
line OCE connects the CE inputs of the upper and lower registers on the output
path. Similarly, TCE connects the CE inputs for the register pair on the three-state
path and ICE does the same for the register pair on the input path. The Set/Reset
(SR) line entering the IOB is common to all six registers, as is the Reverse (REV)
line.
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Within the Spartan-3 family, all devices are pin-compatible by package and are
not pin-compatible with any previous Xilinx FPGA family. When the need for future logic resources outgrows the capacity of the Spartan-3 device in current use, a
larger device in the same package can serve as a direct replacement. It is, therefore, important to plan for future upgrades at the time of the board’s initial design.
Table 1.3 Xilinx FPGA Product Selector (Continued) (Courtesy of Xilinx Inc.)
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Table 1.3 Xilinx FPGA Product Selector (Courtesy of Xilinx Inc.)

Table 1.3 provides the FPGA product selection for the Virtex-4 and Spartan-3
series arranged according to logic cells. In Virtex-4 series, the device number
gives the number of logic cells in thousands available in the device and in Spartan3, the device number gives the number of gate count in millions. For examples,
Virtex-4 FX140 device has 142,128 numbers of logic cells and Spartan-3 5000 has
5 M gates available in the device. The package number directly gives the number
of pins available in the device. The table also provides other resources such as
I/Os, the number of block RAMs, the number of clocks, the number of multipliers
and so on. For details of XC4000 series and Virtex II Pro series FPGAs, the reader
may refer to Appendix 1 and 2 respectively of the CD.
The Stratix II FPGA family of Altera offers high density and high speed devices. Reader may refer Appendix 3 for a brief write-up of this family of FPGAs.
For one of Actel’s devices, please refer Appendix 4 of the CD.
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1.7 Reconfigurable Systems Using FPGAs
FPGAs may be reconfigured many times during the normal operation of an application, should the need arise. Reconfigurable systems may be classified as having
either static or dynamic reconfigurability. A static reconfiguration refers to having
the ability to reconfigure a system only once before execution, but once programmed, its configuration remains on the FPGA for the duration of the application.
In contrast to this, the dynamic reconfiguration is defined as the selective updating
of a sub-section of an FPGA’s programmable logic and routing resources, while
the remainder of the device’s programmable resources continues to function without interruption. There are two basic approaches to implement dynamically reconfigurable applications: full reconfiguration and partial reconfiguration. Systems
designed for full reconfiguration are allocated all FPGA resources in each configuration step, application being partitioned into distinct temporal modules of approximately equal size. In other words, for one application, entire execution code
will have to be downloaded at one go. This is generally referred to as a coarse
grain configuration. In contrast to this, in the partial reconfiguration, only a small
amount of code known as fine grain configuration needs to be downloaded.
JPEG
MPEG1/2
H.263
Picture Size
Speed

Video Sequence/Image
User Interface
Logic

DCTQ

VLC
and
Serializer

FIFO

FPGA

BIT
STREAM
OUTPUT

CONFIGURE
NV RAMs

Fig. 1.5 The basic architecture of dynamically reconfigurable video encoder
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As an example, a dynamically reconfigurable video encoder may be designed
with the following features.
 It can be configured for JPEG, MPEG-1, MPEG-2, or H.263 as per user request.
 The user can select the picture size and processing speed, namely, frame
rate.
 It can switch from one application to another dynamically and seamlessly
based on user request without missing a single frame.
A scheme of full or partial reconfiguration for different applications like JPEG,
MPEG 1 / MPEG 2, and H.263 for an encoder is shown in Figure 1.5. At the encoder, DCTQ and VLC are used, whereas at the decoder end (not shown in figure), VLD and IQIDCT modules are used as described in Section 1.5.1. The reconfiguration can be done by downloading the code stream from nonvolatile RAM
at 50 MHz or less using a parallel port at 1 byte per clock cycle. A typical configuration stream size of an FPGA of capacity 300,000 gates is 220,000 bytes. As an
example of reconfiguration, let the user who is currently in video conference mode
in H.263 format request that a particular MPEG 2 video stream be sent over the
serial channel. This can be accomplished dynamically by loading partial MPEG 2
configuration data without disturbing other working circuit and without missing a
single frame of video. Once the MPEG 2 stream is complete, one reverts back to
video conferencing automatically.
Before we windup this chapter, we will see how the rest of this book is organized.

1.8 Scope of the Book
The main objectives of this book are to present novel algorithms for various projects
such as video compression system, etc. and develop new architectures as examples.
We will code some of the projects in Verilog and finally simulate, synthesize, place
and route using industry-standard tools and implement them on FPGAs to demonstrate the working of the schemes. The algorithms and functional modules are efficiently partitioned such that they are suitable for high speed implementation on
FPGAs as well as on ASICs.

1.8.1 Approach
The reader is taken step by step through the complete design of digital VLSI systems using Verilog. The design methodology, however, can be applied to any
other hardware design languages such as VHDL. The design starts right from implementing a single digital gate to a massive design consuming well over 100,000
gates. Following a review of basic concepts of digital systems design in the next
chapter, a number of design examples are illustrated using conventional digital
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components such as flip-flops, multiplexers, de-multiplexers, decoders, ROM,
programmable array logic, etc. These designs are still being used in small-end applications despite being overshadowed by FPGA based designs. With these foundations, the reader is introduced to Verilog coding of the components mentioned
earlier as well as designing systems for small-end applications to start with. These
designs are tested using Test Benches, also written in Verilog. All HDL codes the
reader wishes to develop for various applications must conform to Register Transfer Level (RTL) Coding Guidelines, without which no chip can work satisfactorily. Separate chapters are dedicated to these aspects.
The sequel to the design is to simulate, synthesize and place and route. Since
our sincere interest lies in making the reader a full-fledged engineer, we use the
same popular development tools used in the Industries and Research Laboratories,
such as Modelsim (a simulation tool of Mentor Graphics), Synplify (a synthesis
tool of Synplicity Inc.) and Place and Route and Back Annotation of Xilinx Inc.
Equipped with these powerful tools, the elucidation progresses into more and
more complex designs such as Memories and Arithmetic Circuits extending into
VLSI realms. The concepts, methodologies, etc. delineated in this book may be
applied to other tools as well.
Complex Project Designs usually need the development of new Algorithms
and Architectures for optimum realization. These issues, which stimulate creative
thinking –indispensable for researchers – are thoroughly analyzed and solved in
this book. Armed with all the features mentioned earlier, complete Project Designs
are presented. This is followed by hands on experience in designing systems using
FPGA and input/output boards. Once the path is shown for designing VLSI Systems systematically, numerous Project Designs are suggested for FPGA/ASIC Implementations.
This book gives complete RTL Compliant Verilog codes for several projects
which are synthesizable and work on the hardware based on FPGA or ASIC. Most
of the Verilog codes developed in this book can be readily used in new projects
the reader may undertake in his study or career. The advantages accruing out of
this strategy are two-fold: One, the students are trained to suit industries/R&D
Laboratories and therefore, industries and other employers need not spend time
and money to train them when they are hired. The other advantage is to provide
in-plant training in industries, etc. based on this book to retrain old (as well as
new) personnel in the new technologies.
__________________________________________________________________

Summary
A brief introduction to the evolution of VLSI systems and applications were presented. The merits and limitations of processor based systems and controller based
embedded systems were discussed. This was followed by a presentation of FPGA
based designs and their advantages over processor and embedded controller based
designs. The chapter also discussed in detail various issues involved in one of the
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latest applications, namely, video compression. An overview of various implementation schemes for video compression was also discussed.
An introduction to digital system design using FPGAs was presented. Following this, detailed descriptions of features and architectures of various types of
popular FPGAs manufactured by leading vendors were presented so that the readers may select the right type of FPGAs for their applications. Before commencing
the design using Verilog in Chapter 3, the reader is urged to brush-up his digital
knowledge, a review of which is presented in the next chapter.
__________________________________________________________________

Assignments
1.1
1.2

1.3
1.4
1.5

1.6
1.7

A digital camera can store JPEG images of resolution 1600 × 1200 pixels.
Assuming 24 bit true color and an average compression of 10, estimate the
memory requirements for storing a maximum of 200 images in the camera.
An MPEG 2 video encoder is required to be designed for compressing color
video sequences in XGA format (resolution: 1024 × 768 pixels). The inputs
are applied as luminance (Y) and color (Cb and Cr) components, each of
size 8 bits in 4:2:0 format. In this format, for every four blocks of Y, one
block of Cb and one block of Cr components are processed, 1 pixel component after another. A block is of size 8 × 8 pixels. One pixel (abbreviation
for a picture element) consists of 24 bits in true color. In another format,
4:4:4, components Y, Cb, and Cr are four blocks each. Assuming the processing rate of video as 30 frames per second with a compression of 20, estimate the buffer memory (FIFO) required for storing 1 s of the compressed
bit stream in 4:2:0 format, before it is transmitted over a serial channel. The
FIFO is of single bit width.
Estimate the FIFO size required in assignment 1.2 for storing 1 s of the
compressed bit stream in 4:4:4 format if compression effected is 10.
Estimate the FIFO size in assignment 1.2 if the video is changed to SVGA
format, whose picture size is 800 × 600 pixels.
Assuming that each luminance/color component of a pixel is processed
every clock cycle, compute the minimum clock frequency required in an
FPGA implementation to satisfy 30 frames per second in the assignment
1.2. State your assumptions clearly.
Repeat assignment 1.5 for the SVGA format.
A digital cable TV transmitter is required to process up to 50 channels at a
picture resolution of 720 × 525 pixels. Each of these channels is timemultiplexed. The picture is non-interlaced and the frame rate is 30 per second. Assuming 4:2:0 format and an average compression of 20, determine
the frequency of operation of the video encoder, which transmits compressed video sequence over the cable. Also estimate the transmission rate
over a serial channel. Make reasonable assumptions.
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1.8

If you were to design the video encoder in assignment 1.7, which of the
hardware, processors to ASIC, will you select for implementation? Justify
your answer. In case compromises can be made in performance, what other
hardware will you choose? Explain.
A company designed a data acquisition system based on a bought-out
FPGA board few years back and marketed the same successfully. All of a
sudden, the FPGA board vendor discontinued the product and, instead, offered to supply another type of FPGA board. Discuss how you will assess
the suitability of the new board for the application. The company used 64
analog input channels in the data acquisition system spread over a number
of boards, which was self fabricated.
In the assignment 1.9, the FPGA alone changed to a higher capacity with
the FPGA board and other resources on the board remaining the same.
What will be the repercussions?
A competitor to the company in the assignment 1.9 made the same product
except that they used FPGA from another vendor. All boards including the
FPGA board were self-fabricated. In this case, the FPGA became obsolete
and another FPGA with a higher chip density and processing speed was
available. How will this competitor fare in comparison to the first manufacturer?
What will be the scenario for both the competitors in assignments 1.9 and
1.11 if they had used an ASIC instead of FPGA?
An MPEG 1 / MPEG 2 video encoder architecture, which compresses 10fold an SVGA motion picture in 4:2:0 format is shown in Figure A1. A
video sequence is applied to a dual redundant RAM 1 block by block. To start
with, one block of Y component of a video frame is completely written into
one of the two 64 × 8 bits RAM in 8 clock cycles. When the second block of

1.9
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Fig. A1 MPEG video encoder
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Y component is written into the other 64 × 8 bits RAM, DCTQ processes
simultaneously producing 64 coefficients, storing the same in one of the
two 64 × 9 bits RAM in “Dual RAM 2”. DCTQ processes one coefficient
every clock cycle. When all the 64 coefficients are stored in the first 64 ×
9 bits RAM, the next module VLC and serializer takes this stored DCTQ
coefficients and generates a compressed single bit stream and stores it in
the 64 K bits First-in-First-Out-Memory (FIFO). The compressed bit
stream is processed by the serializer, one bit every clock cycle in bursts
of 25% duty cycle since VLC processing is usually time consuming. Simultaneously, a second block of DCTQ coefficients are stored in the second RAM in “Dual RAM 2”. Thus, input memory, DCTQ, Dual RAM 2,
and VLC/serializer can function simultaneously. This is referred to as
pipelining. In essence, four blocks of Y, followed by one block of Cb and
one block of Cr, are processed sequentially. This pattern is repeated until
all the blocks of a frame are processed. Compute the frame rate, i.e., the
number of frames per second with the clocks as shown in the figure. State
your assumptions clearly.
Explain how you will provide hand shake signals to co-ordinate various
functional modules of the video encoder in assignment 1.13. What is the
maximum picture size that can be processed if the frame rate is fixed at
30 per second? Describe a scheme to regulate the bit stream transmitted
over the serial channel at 100 mega bits per second.
Hint: Hold processing of individual functional modules or bit stuff 0’s in
the FIFO after every 16 lines of a frame.
A dynamically reconfigurable video encoder is required to be designed
with the following features.
 It can be configured for JPEG, MPEG 1, MPEG 2, or H.263 as per
user request.
 The user can select the picture size and processing speed such as
frame rate.
 It can switch from one application to another dynamically and seamlessly based on user request without missing a single frame.
A scheme of full/partial reconfiguration for different applications like
JPEG, MPEG 1 / MPEG 2, and H.263 was shown in Figure 1.16 in the
text. The full/partial reconfiguration can be done by downloading from
nonvolatile RAM at 50 MHz or less using a parallel port at 1 byte per
clock cycle. A typical configuration stream size of an FPGA of capacity
300,000 gates is 220,000 bytes as described in Section 1.7. As an example of reconfiguration, let the user who is currently receiving SVGA format MPEG 2 video stream for surveillance application request that the
present transmission be switched to higher resolution of 1600 × 1200 pixels in JPEG format in a seamless manner. This can be accomplished dynamically by loading partial JPEG configuration data, which is in the
User Interface Logic and the VLC without disturbing other working circuits. The switching shall not loose any data. For JPEG/MPEG 1/MPEG
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2 and H. 263, the User Interface Logic are of size 3000 and 2000 gates
respectively, while for VLC they are 12,000 gates and 10,000 gates respectively. DCTQ occupies 120,000 gates, while 64 Kbit output FIFO
occupies 400,000 gates. Compute the full configuration times for each of
the standards as well as time for reconfiguration from SVGA format,
MPEG 2 video to 1600 × 1200 pixels, JPEG format. State your assumptions clearly. What are the specific advantages of dynamic reconfiguration when compared to the conventional method of housing all the
functions conforming to the above standards? Justify your answer. Name
a few more applications where the dynamic reconfiguration can be applied.

