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Preface

I

n the design-consulting business, I have been exposed to countless FPGA
(Field Programmable Gate Array) designs, methodologies, and design techniques. Whether my client is on the Fortune 100 list or is just a start-up
company, they will inevitably do some things right and many things wrong.
After having been exposed to a wide variety of designs in a wide range of
industries, I began developing my own arsenal of techniques and heuristics
from the combined knowledge of these experiences. When mentoring new
FPGA design engineers, I draw my suggestions and recommendations from
this experience. Up until now, many of these recommendations have referenced speciﬁc white papers and application notes (appnotes) that discuss
speciﬁc practical aspects of FPGA design. The purpose of this book is to condense years of experience spread across numerous companies and teams of
engineers, as well as much of the wisdom gathered from technology-speciﬁc
white papers and appnotes, into a single book that can be used to reﬁne a
designer’s knowledge and aid in becoming an advanced FPGA designer.
There are a number of books on FPGA design, but few of these truly address
advanced real-world topics in detail. This book attempts to cut out the fat of
unnecessary theory, speculation on future technologies, and the details of outdated
technologies. It is written in a terse, concise format that addresses the various
topics without wasting the reader’s time. Many sections in this book assume that
certain fundamentals are understood, and for the sake of brevity, background
information and/or theoretical frameworks are not always covered in detail.
Instead, this book covers in-depth topics that have been encountered in real-world
designs. In some ways, this book replaces a limited amount of industry experience
and access to an experienced mentor and will hopefully prevent the reader from
learning a few things the hard way. It is the advanced, practical approach that
makes this book unique.
One thing to note about this book is that it will not ﬂow from cover to cover
like a novel. For a set of advanced topics that are not intrinsically tied to one
another, this type of ﬂow is impossible without blatantly ﬁlling it with ﬂuff.
Instead, to organize this book, I have ordered the chapters in such a way that they
follow a typical design ﬂow. The ﬁrst chapters discuss architecture, then simulation, then synthesis, then ﬂoorplanning, and so on. This is illustrated in the
Flowchart of Contents provided at the beginning of the book. To provide

xiii

xiv

Preface

accessibility for future reference, the chapters are listed side-by-side with the
relevant block in the ﬂow diagram.
The remaining chapters in this book are heavy with examples. For brevity, I
have selected Verilog as the default HDL (Hardware Description Language).
Xilinx as the default FPGA vendor, and Synplicity as the default synthesis and
ﬂoorplanning tool. Most of the topics covered in this book can easily be mapped
to VHDL, Altera, Mentor Graphics, and so forth, but to include all of these
for completeness would only serve to cloud the important points. Even if the
reader of this book uses these other technologies, this book will still deliver its
value. If you have any feedback, good or bad, feel free to email me at
steve.kilts@spectrumdsi.com
STEVE KILTS
Minneapolis, Minnesota
March 2007
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Chapter

1

Architecting Speed
Sophisticated tool optimizations are often not good enough to meet most design
constraints if an arbitrary coding style is used. This chapter discusses the ﬁrst of
three primary physical characteristics of a digital design: speed. This chapter also
discusses methods for architectural optimization in an FPGA.
There are three primary deﬁnitions of speed depending on the context of the
problem: throughput, latency, and timing. In the context of processing data in an
FPGA, throughput refers to the amount of data that is processed per clock cycle.
A common metric for throughput is bits per second. Latency refers to the time
between data input and processed data output. The typical metric for latency will
be time or clock cycles. Timing refers to the logic delays between sequential
elements. When we say a design does not “meet timing,” we mean that the delay
of the critical path, that is, the largest delay between ﬂip-ﬂops (composed of
combinatorial delay, clk-to-out delay, routing delay, setup timing, clock skew,
and so on) is greater than the target clock period. The standard metrics for timing
are clock period and frequency.
During the course of this chapter, we will discuss the following topics in detail:
.

.

.

High-throughput architectures for maximizing the number of bits per
second that can be processed by the design.
Low-latency architectures for minimizing the delay from the input of a
module to the output.
Timing optimizations to reduce the combinatorial delay of the critical path.
Adding register layers to divide combinatorial logic structures.
Parallel structures for separating sequentially executed operations into
parallel operations.
Flattening logic structures speciﬁc to priority encoded signals.
Register balancing to redistribute combinatorial logic around pipelined
registers.
Reordering paths to divert operations in a critical path to a noncritical path.
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Chapter 1 Architecting Speed

1.1

HIGH THROUGHPUT

A high-throughput design is one that is concerned with the steady-state data rate
but less concerned about the time any speciﬁc piece of data requires to propagate
through the design (latency). The idea with a high-throughput design is the same
idea Ford came up with to manufacture automobiles in great quantities: an assembly line. In the world of digital design where data is processed, we refer to this
under a more abstract term: pipeline.
A pipelined design conceptually works very similar to an assembly line in
that the raw material or data input enters the front end, is passed through various
stages of manipulation and processing, and then exits as a ﬁnished product or data
output. The beauty of a pipelined design is that new data can begin processing
before the prior data has ﬁnished, much like cars are processed on an assembly
line. Pipelines are used in nearly all very-high-performance devices, and the
variety of speciﬁc architectures is unlimited. Examples include CPU instruction
sets, network protocol stacks, encryption engines, and so on.
From an algorithmic perspective, an important concept in a pipelined design
is that of “unrolling the loop.” As an example, consider the following piece of
code that would most likely be used in a software implementation for ﬁnding the
third power of X. Note that the term “software” here refers to code that is targeted
at a set of procedural instructions that will be executed on a microprocessor.
XPower = 1;
for (i=0;i < 3; i++)
XPower = X * XPower;

Note that the above code is an iterative algorithm. The same variables and
addresses are accessed until the computation is complete. There is no use for parallelism because a microprocessor only executes one instruction at a time (for the
purpose of argument, just consider a single core processor). A similar implementation can be created in hardware. Consider the following Verilog implementation
of the same algorithm (output scaling not considered):
module power3(
output [7:0]
output
input [7:0]
input
reg
reg

XPower,
finished,
X,
clk, start); // the duration of start is a
single clock
[7:0] ncount;
[7:0] XPower;

assign finished = (ncount == 0);
always@(posedge clk)
if(start) begin
XPower <= X;
ncount <= 2;
end

1.1 High Throughput
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else if(!finished) begin
ncount <= ncount - 1;
XPower <= XPower * X;
end
endmodule

In the above example, the same register and computational resources are reused
until the computation is ﬁnished as shown in Figure 1.1.
With this type of iterative implementation, no new computations can begin
until the previous computation has completed. This iterative scheme is very
similar to a software implementation. Also note that certain handshaking signals
are required to indicate the beginning and completion of a computation. An
external module must also use the handshaking to pass new data to the module
and receive a completed calculation. The performance of this implementation is
Throughput ¼ 8/3, or 2.7 bits/clock
Latency ¼ 3 clocks
Timing ¼ One multiplier delay in the critical path
Contrast this with a pipelined version of the same algorithm:
module power3(
output reg [7:0] XPower,
input
clk,
input
[7:0] X
);
reg
[7:0] XPower1, XPower2;
reg
[7:0] X1, X2;
always @(posedge clk) begin
// Pipeline stage 1
X1
<= X;
XPower1 <= X;
// Pipeline stage 2
X2
<= X1;
XPower2 <= XPower1 * X1;
// Pipeline stage 3
XPower <= XPower2 * X2;
end
endmodule

Figure 1.1 Iterative implementation.
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Figure 1.2 Pipelined implementation.

In the above implementation, the value of X is passed to both pipeline stages
where independent resources compute the corresponding multiply operation. Note
that while X is being used to calculate the ﬁnal power of 3 in the second pipeline
stage, the next value of X can be sent to the ﬁrst pipeline stage as shown in
Figure 1.2.
Both the ﬁnal calculation of X3 (XPower3 resources) and the ﬁrst calculation
of the next value of X (XPower2 resources) occur simultaneously. The performance of this design is
Throughput ¼ 8/1, or 8 bits/clock
Latency ¼ 3 clocks
Timing ¼ One multiplier delay in the critical path
The throughput performance increased by a factor of 3 over the iterative
implementation. In general, if an algorithm requiring n iterative loops is
“unrolled,” the pipelined implementation will exhibit a throughput performance
increase of a factor of n. There was no penalty in terms of latency as the pipelined
implementation still required 3 clocks to propagate the ﬁnal computation. Likewise, there was no timing penalty as the critical path still contained only one
multiplier.
Unrolling an iterative loop increases throughput.

The penalty to pay for unrolling loops such as this is an increase in area. The
iterative implementation required a single register and multiplier (along with some
control logic not shown in the diagram), whereas the pipelined implementation
required a separate register for both X and XPower and a separate multiplier for
every pipeline stage. Optimizations for area are discussed in the Chapter 2.
The penalty for unrolling an iterative loop is a proportional increase in area.

1.2

LOW LATENCY

A low-latency design is one that passes the data from the input to the output as
quickly as possible by minimizing the intermediate processing delays. Oftentimes,
a low-latency design will require parallelisms, removal of pipelining, and logical
short cuts that may reduce the throughput or the max clock speed in a design.

1.2 Low Latency
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Referring back to our power-of-3 example, there is no obvious latency optimization to be made to the iterative implementation as each successive multiply
operation must be registered for the next operation. The pipelined implementation, however, has a clear path to reducing latency. Note that at each pipeline
stage, the product of each multiply must wait until the next clock edge before it is
propagated to the next stage. By removing the pipeline registers, we can minimize
the input to output timing:
module power3(
output [7:0]
input [7:0]
);
reg
[7:0]
reg
[7:0]

XPower,
X
XPower1, XPower2;
X1, X2;

assign XPower = XPower2 * X2;
always @* begin
X1
= X;
XPower1 = X;
end
always @* begin
X2
= X1;
XPower2 = XPower1*X1;
end
endmodule

In the above example, the registers were stripped out of the pipeline. Each stage
is a combinatorial expression of the previous as shown in Figure 1.3.
The performance of this design is
Throughput ¼ 8 bits/clock (assuming one new input per clock)
Latency ¼ Between one and two multiplier delays, 0 clocks
Timing ¼ Two multiplier delays in the critical path
By removing the pipeline registers, we have reduced the latency of this design
below a single clock cycle.
Latency can be reduced by removing pipeline registers.

The penalty is clearly in the timing. Previous implementations could theoretically run the system clock period close to the delay of a single multiplier, but in the

Figure 1.3 Low-latency implementation.
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