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Abstract

As integrated circuit (IC) technologies scale to 100nm and below, IC implementation
methodologies have to evolve to provide affordable application-specific design solutions. Due to the
increasing cost of design and manufacturing, field Programmable Gate Arrays (FPGAs), by virtue of
low design costs and short time-to-market, have captured a portion of the IC market from Application
Specific Integrated Circuits (ASICs). This trend is primarily due to the increasing costs of ASIC design;
however, FPGAs are not without their own problems. Compared to ASICs, FPGAs have lower
performance, higher power consumption, and higher manufacturing costs. This project explores the
creation of a new technology that represents a sweet spot in the IC implementation spectrum between
ASICs and FPGAs. By making various tradeoffs, this new technology provides an implementation
platform that leverages the regularity of FPGAs while maintaining performance comparable to ASICs.
One attempt at such a platform is a Via Patterned Gate Array (VPGA) whereby the logic cells/blocks
and metal interconnection directions are configured exclusively by vias [1]. This provides for a high
performance and predictable IC that is as simple to design as an FPGA is to program.

This thesis studies the different types of metal routing interconnect structures that are regular
and via patternable to achieve good routability, require less area and adhere to manufacturability. This
work also involves the issue of buffering and different segment length and staggered routing
architectures to achieve all the above goals keeping regularity in mind. To achieve this, VPR (Versatile
Placement and Route), from Rose et.al., Univ. of Toronto, Canada was modified and experimented with.

Using a commercial 0.13 micron technology an experimental VPGA was designed.
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Chapter 1

Motivation

At a time when we are witnessing the need for faster time-to-market, lower nonrecurring
engineering (NRE) costs, and easier debugging, the search for SIP (Silicon Implementation
Platforms) exploration has gained more momentum. While FPGAs have these compelling
advantages they come with a price — FPGAs are at least three times slower and require at least ten
times the area of ASICs.. This loss in speed is due to the fact that logic in FPGAs is connected via
programmable switches that take up valuable silicon area while logic connectivity in Standard Cells
is achieved using metal wiring. The programmable switches in FPGAs have high resistance and
capacitance compared to the metal wiring in standard cells and thus reduces circuit speed.
Interconnect delay is more significant (almost 50 % of the total circuit delay) in FPGA’s than it is
in Standard Cells, and consequently it is more important to minimize the interconnect delay in
FPGAs. As process geometries shrink to the deep-submicron region, interconnect resistance and
capacitance become increasingly significant —smaller processes that resuit in improvements in logic
speed do not result in similar improvements in interconnect speed. Thus, with decreasing

geometries interconnect delay accounts for an increasing proportion of the circuit deiay.



The key success of FPGAs, that have made them the most popular implementation
methods, lies in their programmability, which allows any circuit to be instantly realized by
appropriately programming an FPGA. However, the downside being that they do not match up with
their counterparts (ASICs) while considering area, power and performance. ASICs on the other
hand, while providing these benefits are not reconfigurable and have a more expensive design
schedule. However, between these two extreme implementation techniques there lies a huge range
and gamut of Silicon Implementation techniques that vary based on parameters such as degree of
configurability, regularity, predictability, built-in testability, manufacturability, design reuse,
performance, power and programmability. One such technique is a gate array based design that is
one time configurable. But unlike FPGAs where writing into on-chip static memory does the
programmability, the circuit is configured for a single application by selecting a subset of potential
via locations. This thesis is an introduction to this new style of silicon design implementation,
suggesting new design styles and hoping to encourage further architecture exploration.

This thesis studies and explores the different routing architectures that are possible with
this via configuration technique by building on the regular gate array design inspired from FPGAs
but eliminating the expensive routing overhead of switches and SRAM cells. This is a study of
different routing structures, with their comparisons based on routability and layout density. Also,
presented are some interconnect segmentation and buffering experiments for one of the routing
structures (the crossbar), comparing their area and performance with constraints set by the
underlying logic cell. Three different logic cells [14] have been considered for these experiments.
While only routing architectures have been explored in this report, another key component of this

research is about the exploration for logic cells and is described in reference [14].



Chapter 2

Introduction

This chapter explains the island style FPGA architecture, followed by a contrasting look at via-

patternable configuration versus the traditional SRAM-based reconfigurability:

2.1 FPGA Architectures and their limitations

Field-Programmable gate arrays (FPGA’s) have become one of the most popular
implementation platforms for digital circuits. The key success lying in their programmability, which
allows any circuit to be instantly realized by appropriately programming an FPGA. However, the
downside is that they do not match up with their counterparts (ASICs) when considering area, power
and performance. The ASICs, on the other hand, do not have the reconfigurability option and also has an
expensive design schedule with huge NRE costs that grows with every new.

Programmability is at the cost of silicon area utilization, which can be extremely high for an
FPGA, and orders of magnitude less efficient than a customized silicon system. Moreover, the
programmable logic blocks provide only limited configurability, which is particularly problematic when

we consider heterogeneous components and complete SOC implementation. The FPGA switch boxes



that define the programmable interconnect paths using large pass transistors and SRAM storage, also
result in lower performance (both timing and power) circuit operation due to their performance
limitations and the increased silicon area utilization.

Figure 2.1.1 shows a schematic island style FPGA design with Logic Blocks (CLB)

interconnected with Connection Boxes and Switch Boxes to transmit the signals.
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Figure 2.1.1 : FPGA Island Style Architecture

Prefabricated wiring tracks surround logic blocks on all four sides. A logic block input
or output can connect to some or all of the wiring segments in the channel adjacent to it via a
connection block [13] of programmable switches. At every intersection of a horizontal channel
and a vertical channel there is a switch block (13]. Switch block is a set of programmable
switches that allow some of the wire segments incident to it to be connected to other wire

segments. By turning on the appropriate switches, short wire segments can be connected to



form longer connections. In figure 2.1.1, some wire segments continue unbroken through a
switch block [9]. These longer wires span multiple logic blocks, and are crucial to the
performance on the FPGA.

FPGAs tend to be at least three times slower and require at least ten times the area of
ASICs.[3]. This loss in speed is due to the fact that logic connection is brought about through
programmable switches, which take up valuable silicon area while logic connectivity in
Standard Cells is achieved using metal wiring. The programmable switches in FPGAs have
high resistance and capacitance compared to the metal wiring in standard cells and thus reduces
circuit speed. Interconnect delay is more significant (almost 60 % of the total circuit delay) in
FPGA’s than it is in Standard Cells, and consequently it is more important to minimize the
interconnect delay in FPGAs.

Therefore, the economic realities of design and manufacture of complex system-on-
chip ICs clearly tend to improve the market for FPGAs and shrink the market for ASICs as we
know of them today. However, the manufacturing costs as well as the power and performance

overhead of FPGAs will be prohibitive for many products and applications.

2.2 FPGA Programming topology and via patternability

There are three different topologies for programmable FPGAs[12]. The SRAM based
technologies use pass transistors, multiplexers and tri-state buffers in order to configure the

logic blocks and the programmable routing. Figure 2.2.1 shows these SRAM based switches.
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Figure 2.2.1 FPGA SRAM based switches

The pass gates are implemented with NMOS pass transistor, rather than complementary
transmission gates. Pass transistors and tri-state buffers are used in switchblocks, whereas
multiplexer based switches are used in the connection block.

When compared to an FPGA, via patterning as in VPGA[1], gets rid of the SRAM cells and
transmission gates. This improves area numbers drastically since in a traditional island style FPGA this
takes up 60-70 % of the total chip area. The performance improves double fold as well. Instead of
traveling down to silicon, then through transmission gates and back up the signals, we now only need to
jump alternate metal layers for routing. This makes the routing structures more efficient than the SRAM

programmed interconnects, not to mention the additional power savings.
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Figure 2.2.2 Via Patterning to substitute pass transistors and multiplexers
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Figure 2.2.3 Via Patternable realization of Fig. 2.2.2
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2.3 VPGA - Via Patternable Gate Array

A VPGA(l] shares the same regular structure as an FPGA, but the “programming,” or
patterning, of the VPGA. is determined exclusively by the placement or omission of metal-to-metal vias
in the design. Because in a VPGA only a couple of masks are customized for each individual design, the
total mask costs are significantly reduced. The power, performance and part-cost of a VPGA are more
like those of an ASIC, because all of the slow programmable interconnect components have been
replaced by metal routing.

An example comparison of the interconnect structure for an FPGA and VPGA is illustrated in
Figure 2.3.1. This figure show logic elements, connected to a set of connection blocks and switch
blocks. The programmable interconnect points, where under user control two terminals can be connected
or left disconnected, are implemented in a VPGA using a metal-to-metal via. In an FPGA, this
connection is implemented using either a pass transistor or a bidirectional tri-state driver, with an SRAM
cell to store the configuration bit. Compared to a via, each of the FPGA solutions requires more
capacitance to switch for every signal transition, which means more delay and more power

consumption.
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Figure 2.3.1 FPGA and VPGA examples: a simple FPGA implementation with logic cell and interconnect

using the idea of via patterning
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The logic cells of a VPGA and FPGA are compared in Figure 2.3.2. Comparing Figure 2(a) and
2(b), two user-defined vias replace a single SRAM cell, which typically contains six transistors. As a
result, a VPGA cell can provide the same logic capabilities as an FPGA cell in a much smaller area.
Furthermore, because the pull-down strength of a via is stronger than that of an SRAM cell, the VPGA
patterned cell will be somewhat faster than an FPGA cell. With these potential via locations and the
routing structures overlaying the Logic Cell area on the silicon, it becomes more feasible to lay the
Logic cells abutting each other and save on the precious silicon area that would otherwise have been
needed for the routing resources. This also facilitates a designer to leverage the benefits of multiple
metal layers and enhance the routability, which was otherwise constrained by the available active area.
This two step realization, from via patterning, which is substituting the FPGA routing resources with via
configurability and then overlaying the routing structures exactly on top of the CLB, result in a Via

Patterned Gate.

———
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Figure 2.3.2 Simple and equivalent VPGA. Because the interconnect network requires no active devices, it
can be place “on-top” of the logic cell. Since in modern FPGAs, interconnect consumes over 90% of the die,

a VPGA will be significantly smaller.

Assuming a simple Logic Cell structure of a single 4 input LUT, with a MUX and paired up

with a storage device such as a FlipFlop (FF), as shown in Figure 2.3.3, we propose an analysis and
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comparison between the resources required for a FPGA as against that of a via patternable architecture

We limit the comparison here only to this most basic logic block that is commonly found in island-style

FPGAs[12]. The routing architectures will be discussed in the next chapter.
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Figure 2.3.3 A simple FPGA Logic cell building block
The VPGA Logic cell consists of a similar structure but does not need the SRAM configuration
cells for the LUT or the MUX (Figure 2.3.4). In addition the storage device it can be easily configured
to be level triggered or edge triggered or be deigned to serve as a Latch or a FF.
Figure 2.3.5 shows the comparison in terms of transistor count to achieve the same
functionality. The routing resources will be explained later the last column explains the number of

potential vias that would be required to implement the same cell in a VPGA

Lookup tabie (LUT) nputs Lookup table (LUT) inputs
1Q R

)

vDD GND

<H

o I .

(a)

Figure 2.3.4 : LUT implement. in (a)FPGA vs. (b) VPGA. Notice the SRAM cells replaced by potential vias
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