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Abstract

Field-Programmable Gate Arrays (FPGAs) have become one of the key
digital circuit implementation media over the last decade. A crucial part
of their creation lies in their architecture, which governs the nature of
their programmable logic functionality and their programmable inter-
connect. FPGA architecture has a dramatic effect on the quality of the
final device’s speed performance, area efficiency, and power consump-
tion. This survey reviews the historical development of programmable
logic devices, the fundamental programming technologies that the pro-
grammability is built on, and then describes the basic understandings
gleaned from research on architectures. We include a survey of the key
elements of modern commercial FPGA architecture, and look toward
future trends in the field.
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1

Introduction

Field-Programmable Gate Arrays (FPGAs) are pre-fabricated silicon
devices that can be electrically programmed to become almost any
kind of digital circuit or system. They provide a number of compelling
advantages over fixed-function Application Specific Integrated Circuit
(ASIC) technologies such as standard cells [62]: ASICs typically take
months to fabricate and cost hundreds of thousands to millions of dol-
lars to obtain the first device; FPGAs are configured in less than a
second (and can often be reconfigured if a mistake is made) and cost
anywhere from a few dollars to a few thousand dollars.

The flexible nature of an FPGA comes at a significant cost in area,
delay, and power consumption: an FPGA requires approximately 20 to
35 times more area than a standard cell ASIC, has a speed performance
roughly 3 to 4 times slower than an ASIC and consumes roughly 10
times as much dynamic power [120]. These disadvantages arise largely
from an FPGA’s programmable routing fabric which trades area, speed,
and power in return for “instant” fabrication.

Despite these disadvantages, FPGAs present a compelling alterna-
tive for digital system implementation based on their fast-turnaround
and low volume cost. For small enterprises or small entities within large
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corporations, FPGAs provide the only economical access to the scala-
bility and performance provided by Moore’s law. As Moore’s law pro-
gresses, the ensuing difficulties brought about by state-of-the-art deep
submicron processes make ASIC design more difficult and expensive.
The investment required to produce a useful ASIC consists of several
very large items in terms of time and money:

(1) State-of-the-art ASIC CAD tools for synthesis, placement,
routing, extraction, simulation, timing analysis, and power
analysis are extremely costly.

(2) The mask costs of a fully-fabricated device can be millions
of dollars. This cost can be reduced if prototyping costs are
shared among different, smaller ASICs, or if a “structured
ASIC” approach, which requires fewer masks, is used.

(3) The loaded cost of an engineering team required to develop
a large ASIC over multiple years is huge. (This cost would
be related, but smaller for an FPGA design team.)

These high costs, and the need for a proportionally higher return
on investment, drive most digital design starts toward FPGA
implementation.

The two essential technologies which distinguish FPGAs are archi-
tecture and the computer-aided design (CAD) tools that a user must
employ to create FPGA designs. The goal of this survey is to examine
the existing state of the art in FPGA architecture and to project future
trends; a companion paper on CAD for FPGAs appeared in a previous
edition of this journal [54].

The survey is organized as follows: we first give a brief overview
of programmable logic to provide a context for the subsequent sec-
tions which review the history of programmable logic, and the underly-
ing programming technologies. The following sections define the termi-
nology of FPGA architecture, and then describe the foundations and
trends in logic block architecture and routing architecture including a
discussion of power management techniques and related circuit design
issues. A brief overview of the input/output structures and architec-
tural questions is then presented followed by an explicit comparison
between FPGAs and competing ASIC standard cell technology. Finally,
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the survey concludes with a review of some of the design challenges fac-
ing FPGAs and a look at emerging architectures for FPGAs.

1.1 Overview

FPGAs, as illustrated in Figure consist of an array of pro-
grammable logic blocks of potentially different types, including general
logic, memory and multiplier blocks, surrounded by a programmable
routing fabric that allows blocks to be programmably interconnected.
The array is surrounded by programmable input /output blocks, labeled
I/0O in the figure, that connect the chip to the outside world.

The “programmable” term in FPGA indicates an ability to program
a function into the chip after silicon fabrication is complete. This cus-
tomization is made possible by the programming technology, which is
a method that can cause a change in the behavior of the pre-fabricated
chip after fabrication, in the “field,” where system users create designs.

1o ) o “

1o ) o “

Fig. 1.1 Basic FPGA structure.
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The first programmable logic devices used very small fuses as the pro-
gramming technology. These devices are described briefly in the fol-
lowing section on the history of programmable logic. Section [3| goes
into more detail on the three principal programming technologies in
use today in modern FPGAs.
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