Routing Algorithm s and Architectures for Field-Program mable Gate Arrays

Stephen Dean Brown

January 1992

Routing Algorithms and Architectures for Field-Programmable Gate Arrays

by

StephenDean Brown

A thesis submitted in conformity with the requirements for the degree of Doctor of Philosophy

January 1992

Department of Electrical Engineering University of Toronto Toronto, Ontario CANADA

Copyright � Stephen Dean Brown

"This is indeed a mystery,[remarked Watson] what do you imagine that it means?" "I have no data yet. It is a capital mistake to theorize before one has data. Insensibly one begins to twist facts to suit theories, instead oftheories to suit facts." - "Sherlock Holmes,"A.Conan Doyle

Abstract Field-Programmable Gate Arrays (FPGAs) are a new type of user-programmable integrated circuits that supply designers with inexpensive, fast access to customized VLSI. A key component in the design of an FPGA is its routing architecture, which comprises the wiring segments and routing switches that interconnect the FPGA’s logic cells. Each of the user-programmable switches in an FPGA consumes significant chip area and has appreciable capacitance and resistance, leading to a tradeoff in the design of a good routing architecture. Providing a large number of switches will yield a flexible architecture in which the logic cells are easily interconnected, but too many switches wastes area and degrades speed performance. On the other hand, fewer switches allows better speed performance and uses less area, but if there are too few switches then it may not be possible to implement the desired circuits. This thesis studies FPGA routing architectures with regard to this tradeoff, yielding three main contributions.

A novel detailed routing algorithm that can account for the limited connectivity in FPGA routing architectures has been developed. It can be used over a wide range of FPGA routing architectures, and represents the first published algorithm that approaches detailed routing in FPGAs in a general way. The algorithm addresses the unique issues in FPGA routing by accounting for the side-effects that the routing of one connection may have on others, allowing it to resolve contention for the routing resources. It is shown that the router yields excellent results for a set of relatively large industrial circuits implemented as FPGAs. The router is the principal tool that is used for the experimental study of FPGA routing architectures done in this thesis.

Experiments have been conducted to study the effects of the flexibility of FPGA routing architectures on the routability, which is the percentage of connections that can be successfully completed, of circuits. Flexibility is a measure of the total number of routing switches and wiring segments in a routing architectures. The experiments show that a high flexibility is required in the connection blocks that join the logic cells to the routing channels, but a relatively low flexibility is sufficient in the switch blocks at the intersections of horizontal and vertical channels. It is also shown that a surprisingly small number of tracks per routing channel is sufficient to allow circuits to be configured, even when the flexibility is low.

Finally, a stochastic model has been developed that allows the study of FPGA routing architectures using a theoretical approach. In the model, both an FPGA and a circuit to be configured are represented as simple parameters, and probability theory is used to predict the effect of routing the circuit in the FPGA. The model corroborates the experimental results with the same circuits. It provides the foundation of a theoretical approach that can be used in future studies of FPGA routing architectures, without time-consuming experiments.

Acknowledgem ents

I would like to take this opportunity to express my sincere thanks and appreciation to my academic supervisors. Professor Zvonko G. Vranesic has provided a continual source of guidance, advice, encouragement, and friendship throughout my graduate studies. It has been my privilege to work with him. Professor Jonathan S. Rose has provided a great source of inspiration throughout my doctoral studies. Without his technical advice and friendship, this thesis could not have transpired.

Susan Lo, my fiancee, has been a constant source of support, providing a stable, happy personal life. I would also like to thank Tony for the endless hours of play.

My father and mother have always supported my studies and deserve much credit for enabling me to reach this milestone.

I would like to thank my academic supervisors, the Natural Sciences and Engineering Research Council, the Information Technology Research Centre, and Micronet for their financial support.

TABLE OF CONTENTS

1 Introduction

1.1 Introduction to Field-Programmable Gate Arrays ............................................. 1-1 1.2 Thesis Motivation .............................................................................................. 1-2 1.3 Research Approach ............................................................................................ 1-3 1.4 Dissertation Organization .................................................................................. 1-4

2 Background Information

2.1 Introduction ....................................................................................................... 2-1 2.2 Routing Algorithms ........................................................................................... 2-1 2.2.1 Routing Terminology .................................................................................. 2-2 2.2.2 General Approach to Routing ...................................................................... 2-3 2.2.3 Introduction to Global Routing ................................................................... 2-4 2.2.3.1 The LocusRoute Global Routing Algorithm ......................................... 2-5 2.2.4 Introduction to Detailed Routing ................................................................. 2-6 2.2.4.1 The Lee Maze Router ............................................................................ 2-6 2.3 Commercially Available FPGAs ....................................................................... 2-8 2.3.1 Xilinx FPGAs .............................................................................................. 2-8 2.3.1.1 Xilinx XC2000 ...................................................................................... 2-9 2.3.1.2 Xilinx XC3000 ...................................................................................... 2-11 2.3.1.3 Xilinx XC4000 ...................................................................................... 2-13 2.3.1.4 Xilinx CAD Routing Tools ................................................................... 2-16 2.3.2 Actel FPGAs ................................................................................................ 2-16 2.3.2.1 Actel Act1 .............................................................................................. 2-17 2.3.2.2 Actel Act2 .............................................................................................. 2-19 2.3.2.3 Actel CAD Routing Tools ..................................................................... 2-19 2.3.3 Altera FPGAs .............................................................................................. 2-20 2.3.4 Other FPGAs ............................................................................................... 2-23 2.3.4.1 Plessey FPGAs ...................................................................................... 2-23 2.3.4.2 Plus Logic FPGAs ................................................................................. 2-24 2.3.4.3 Advanced Micro Devices (AMD) FPGAs ............................................. 2-25 2.3.4.4 Quicklogic FPGAs ................................................................................. 2-25

3 A Detailed Router for Field-Programmable Gate Arrays 3.1 Introduction ....................................................................................................... 3-1 3.2 Motivation ......................................................................................................... 3-2 3.3 The FPGA Model .............................................................................................. 3-3 3.4 General Approach and Problem Definition ....................................................... 3-5 3.5 The CGE Detailed Router Algorithm ................................................................ 3-6 3.5.1 Phase 1: The Expansion of the Coarse Graphs ............................................ 3-7 3.5.2 Phase 2: Connection Formation ................................................................... 3-8 3.5.2.1 Cost Function Design ......................................................................... 3-9 3.5.3 Controlling Complexity ............................................................................... 3-11 3.5.3.1 Iterations ................................................................................................ 3-13 3.5.4 Independence of CGE from FPGA Routing Architectures ......................... 3-15 3.6 Results ............................................................................................................... 3-16

3.6.1 FPGA Routing Structures ............................................................................ 3-16 3.6.2 Routing Results ........................................................................................... 3-17 3.6.3 Routing Delay Optimization for Critical Nets ............................................ 3-19 3.6.4 Memory Requirements and Speed of CGE ................................................. 3-20 3.7 Conclusions and Future Work ........................................................................... 3-21

4 The Flexibility of Field-Programmable Gate Array Routing Structures 4.1 Introduction ....................................................................................................... 4-1 4.2 FPGA Architectural Assumptions ..................................................................... 4-3 4.2.1 The Logic Cell ............................................................................................. 4-3 4.2.2 The Connection Block ................................................................................. 4-6 4.2.2.1 Connection Block Topology .................................................................. 4-6 4.2.3 The Switch Block ........................................................................................ 4-8 4.2.3.1 Switch Block Topology ......................................................................... 4-9 4.3 Experimental Procedure .................................................................................... 4-10 4.4 Limitations of this Work ................................................................................... 4-11 4.5 Experimental Results ......................................................................................... 4-12 4.5.1 Effect of Connection Block Flexibility on Routability ............................... 4-12 4.5.2 Effect of Switch Block Flexibility on Routability ...................................... 4-17 4.5.3 Tradeoffs in the Flexibilities of the S and C Blocks ................................... 4-19 4.5.4 Track Count Requirements .......................................................................... 4-19 4.5.5 Architectural Choices .................................................................................. 4-22 4.6 Conclusions ....................................................................................................... 4-24

5 A Stochastic Model to Predict the Routability of FPGAs 5.1 Introduction ....................................................................................................... 5-1 5.2 Overview of the Stochastic Model .................................................................... 5-3 5.2.1 Model of Global Routing and Detailed Routing ......................................... 5-4 5.3 Previous Research for Predicting Channel Densities ........................................ 5-5 5.3.1 Predicting Channel Densities in FPGAs ...................................................... 5-6 5.4 Calculating the Probability of Successfully Routing a Connection .................. 5-7 5.4.1 The Logic Cell to C Block Event ................................................................ 5-9 5.4.2 The S Block Events ..................................................................................... 5-13 5.4.2.1 The First S Block Event, for F_s =3 ....................................................... 5-13 5.4.2.2 The First S Block Event, for Any Value of F_s ...................................... 5-16 5.4.2.3 The Remaining S Block Events ............................................................. 5-18 5.4.3 The C Block to Logic Cell Event ................................................................ 5-18 5.4.4 The Probability of R_{Ci} ................................................................................. 5-20 5.5 Using the Stochastic Model to Predict Routability ........................................... 5-21 5.5.1 Routability Predictions ................................................................................ 5-23 5.6 Conclusions ....................................................................................................... 5-27

6 Conclusions

6.1 Thesis Summary ................................................................................................ 6-1 6.2 Thesis Contributions .......................................................................................... 6-1 6.3 Suggestions for Future Work ............................................................................. 6-2