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Preface

Three-dimensional integrated circuits (3D-ICs) design has become a major driving
force in the modern VLSI design and manufacturing technology. It provides the
best platform for design and manufacturing of high density and high performance
chips and the field is continuing to grow at an amazing pace. The idea to write this
book on 3D FPGAs using 3D technology originated from the research and
experimental work done during my doctoral studies at University of Pierre and
Marie Curie under the guidance of Professor Habib Mehrez. This book was written
as a text that covers the foundations of 3D integrated circuits and high performance
3D reconfigurable FPGA architecture design. It was written for use in a core and
elective course at the graduate level in field of Electrical Engineering, Computer
Engineering, and doctoral research programs. Today, many universities upgrade
their curriculum to include modern VLSI design methodologies and re-configurable
system design. No previous background on 3D integration is required, nevertheless,
fundamental understanding of 2D CMOS VLSI design is required. It is assumed
that the reader has taken the core curriculum in Electrical Engineering or Computer
Engineering, with courses like CMOS VLSI design, Digital System Design and
Microelectronics Circuits being the most important. It is accessible for self-study by
both senior students and professionals alike.

Scope and Coverage

A brief introduction and the concept of 3D integration is presented in Chap. 1. It
begins with brief review of advanced VLSI design and technology scaling; Chap. 1
continues to establish the basic and fundamental needs of introducing three-
dimensional integrated circuits design into the modern VLSI technology. It also
stress the needs for new and augmented 3D CAD tools to support designs such as,
the design for 3D, to manufacture high performance 3D integrated systems and
reconfigurable architecture. Three-dimensional (3D) integration is an emerging
technology that is expected to lead to an industry paradigm shift due to its
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tremendous advantages over 2D integration in terms of density and performance.
Academic and industrial research institutes around the world currently focus on
technology innovations, simulation and design and product prototypes. Anticipated
applications start with memory, portable device and high-performance computers,
reconfigurable system design and extend to high-density multifunctional hetero-
geneous integration of infotech-nanotech-biotech systems. Chapter 2 focuss on the
fundamentals and in-depth analysis of different 3D integration methodologies and
design. This chapter also talks about potential benefits of 3D integration that can
vary depending on approach; they include multi-functionality, increased perfor-
mance, reduced power, small form factor, reduced packaging, increased yield and
reliability, flexible heterogeneous integration and reduced overall costs.

Today, FPGAs (Field Programmable Gate Arrays) have become important actors
in the computational devices domain that was originally dominated by micropro-
cessors and ASICs. The main challenge in 2D FPGA design is to find a good trade-
off between flexibility and performances. Three factors combine to determine the
characteristics of an FPGA: quality of its architecture, quality of the CAD tools
used to map circuits into the FPGA and its electrical technology design. A first look
at the FPGA hardware is provided in Chap. 3. The chapter provides in-depth
analysis of programmable logic components and interconnection blocks in FPGA
design and how they are interconnected to function as a generic reconfigurable
system. This chapter establishes the basic understanding that FPGAs are semi-
conductor devices and contain programmable logic components connected by a
regular, hierarchical programmable interconnect system. The distinguishing char-
acteristic of FPGAs is their on-field programmability, which allows the logic
functionality of an FPGA to be re-programmed even after the manufacturing pro-
cess. FPGAs are used for rapid prototyping of digital circuits. The design and test of
digital systems are very time-efficient and cost-effective with FPGAs. It also dis-
cusses about the logic components in the FPGA, mostly consists of memory ele-
ments such as registers or even complete blocks of memory that can be configured
to hold any desired state. As we know, FPGAs were used mostly for prototyping
and emulation systems in the design process of digital system design and ASICs.
However, recently, FPGAs have become popular for a variety of mainstream
products in networking, telecommunication, digital signal processing and in con-
sumer electronics. FPGAs can be classified based on the technology using to
program it.

FPGA architectures have been intensely investigated over the past two decades.
A major aspect of FPGA architecture research is the development of Computer
Aided Design (CAD) tools for design and implementation of fast and high density
FPGAs and mapping applications to it. It is well established that the quality of an
FPGA-based implementation is largely determined by the effectiveness of accom-
panying suite of CAD tools. Benefits of an otherwise well-designed, feature-rich
FPGA architecture might be impaired if the CAD tools cannot take advantage of the
features that the modern FPGA design provides. Thus, CAD algorithm research is
essential to the necessary architectural advancement to narrow the performance
gaps between FPGAs and other computational devices like ASICs.
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Two-dimensional CAD flow of mesh-based and tree-based FPGA architectures are
described and analyzed in Chap. 4. This chapter provides a perfect starting point for
FPGA designs to evaluate and understand the algorithms and data-structures used in
designing the software for FPGA placement and routing.

Chapter 5 provides the study of the existing variants of 2D tree-based FPGA
architecture and the impact of 3D migration on its topology. We have seen
numerous studies showing the characteristics of tree-based interconnect networks,
how they scale in terms of area and performance and empirically how they relate to
particular designs. Nevertheless, we have not had any breakthrough in optimizing
these network topologies to exploit the advantages in area and power consumption
and neither know how to deal with the larger wire-length issues that impede per-
formance of tree-based FPGA architecture. Through the course of this book, we try
to make the readers understand that, it is nearly impossible to optimize the area and
speed, unless we break the very backbone of the tree-based interconnect network
and resurrect again by using 3D technology. The 3D-ICs can alleviate interconnect
delay issues by offering flexibility in system design, placement and routing. A new
set of 3D FPGA architecture exploration tools and technologies developed to
validate the advance in performance and area. Modern FPGAs have become a
viable alternative to cell-based design technology by providing reconfigurable
computing platforms with improved performance and higher density. While the
reconfigurability provides flexibility, two-dimensional FPGAs also lead to area and
performance overhead in comparison to cell-based custom integrated circuits (ICs).
Thus, to combine the advantages of both FPGAs and custom ICs, modern FPGAs
have emerged as an attractive solution for system-on-chip implementations.
Modern FPGAs include design components such as digital signal processors, on
chip memory blocks, multipliers, adders and entire processors. In Chap. 6 our
primary focus is on validation of architecture exploration and optimization meth-
odologies of 3D homogeneous and heterogeneous tree-based and mesh-based
FPGAs.

A 3D-IC system consists of disparate materials with considerably different
thermal properties including semiconductor, metal, dielectric and possibly polymer
layers used for inter-plane bonding. Although the power consumption of these
circuits is expected to decrease due to the considerably shorter interconnects, the
power density increases since there is a greater number of devices per unit volume
compared to a 2D circuit. As the power density increases, the temperature of the
planes non-adjacent to the heat sink of the package can rise, resulting in degraded
performance or thermal gradients that can accelerate wear out mechanisms. Design
methodologies at various stages of the IC design flow, such as synthesis, floor-
planning, placement and routing, which maintain the temperature of a circuit within
specified limits or alleviate thermal gradients among the planes of the 3D circuit,
are therefore necessary. Two key elements are required to establish a successful 3D
thermal management strategy: a 3D thermal model, to characterize the thermal
behaviour of a circuit and design techniques that alleviate thermal gradients among
the physical planes of a 3D-IC system, while maintaining the operating temperature
within acceptable levels. The primary requirements of a thermal model are high
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accuracy, low complexity and reasonably fast, while thermal design techniques
should produce high-quality circuits without incurring long computational design
time. To reduce the complexity of the modelling process, standard methods to
analyse heat transfer, such as finite difference, finite element and boundary element
methods, have been adopted to evaluate the temperature of a 3D circuit. Simpler
analytic expressions have also been developed to characterize the temperature
within a 3D system. The discussion culminates in Chap. 7 where design and
implementation three-dimensional thermal model and thermal design techniques to
improve the thermal profile and 3D-IC system and Chap. 7 focus its attention more
on thermal analysis of 3D FPGAs.

Design techniques for three-dimensional (3D) ICs considerably lag the signifi-
cant strides achieved in 3D manufacturing technologies. Advanced design meth-
odologies for two-dimensional (2D) circuits are not sufficient to manage the added
complexity caused by the third dimension. Consequently, design methodologies
that efficiently handle the added complexity and inherent heterogeneity of 3D cir-
cuits are necessary. These 3D design methodologies should support robust and
reliable 3D circuits while considering different forms of vertical integration, such as
system-in-package and 3D-ICs with fine grain vertical interconnections. Global
signalling issues, such as clock and power distribution networks, are further
exacerbated in vertical integration due to the limited number of package pins, the
distance of these pins from other planes within the 3D system and the impedance
characteristics of the through silicon vias (TSVs). In addition to these dedicated
networks, global signalling techniques that incorporate the diverse traits of complex
3D systems are required. One possible approach, potentially significantly reducing
the complexity of interconnect issues in 3D circuits, is by optimizing the number of
vertical interconnects (TSVs). Design methodologies that exploit the diversity of
3D structures to further enhance the performance of multi-plane integrated systems
are necessary. Chapter 8 introduce new 3D physical design methodology and
verification tools developed. This chapter also discuss the development of 3D
physical design methodology and tools using existing 2D CAD tools for the
implementation of 3D tree-based FPGA demonstrator. During the course of design
process, we addressed many specific issues that 3D designers will encounter
dealing with tools that are not specifically designed to meet their needs. In contrast,
the thermal performance is expected to worsen with the use of 3D integration. In
this Chapter, we examined precisely how thermal behaviour scales in 3D integra-
tion and determine how the temperature can be controlled using thermal design
techniques.

A concreted effort has been made to present three-dimensional integration and
high performance tree-based FPGA design using newly developed 3D physical
design tools and VLSI design methodologies. Three-dimensional integration is an
interdisciplinary field that relies on many experts working together at every design
level. Emphasis is placed on illustrating the interaction among the different field.
For example, 3D thermalware physical design described in Chap. 7 is a classic case
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of thermal, mechanical and electrical engineers working together to develop high
performance three-dimensional integrated circuits. Few emerging research areas and
possible future lines of research and applications of 3D-IC described in Chap. 9.

Dubai, United Arab Emirates Vinod Pangracious
March 2015
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Chapter 1
An Overview of Three-Dimensional
Integration and FPGAs

Abstract The capabilities of many digital electronic devices are strongly linked to
Moore’s law: processing speed, memory and functional capacity and even the number
and size of pixels in digital cameras. All of these are improving at roughly exponential
rates as well. This exponential improvement has dramatically enhanced the impact
of digital electronics in nearly every segment of the semiconductor industry, and is
a driving force of technological and social change in the late 20th and early 21st
centuries. This chapter discusses the historical evolution of semiconductor industry
from 2D CMOS based technologies to today’s three-dimensional (3D) integrated
circuits using 3D vertical interconnects. Our main focus in this book is to explain
the need and the development of tools and technologies that supports the utilization
this emerging technology to improve the performance and manufacturability of high
density Field Programmable Gate Arrays (FPGAs).

1.1 Introduction

The capabilities of many digital electronic devices are strongly linked to Moore’s
law: processing speed, memory and functional capacity and even the number and size
of pixels in digital cameras. All of these are improving at roughly exponential rates as
well. This exponential improvement has dramatically enhanced the impact of digital
electronics in nearly every segment of the semiconductor industry, and is a driving
force of technological and social change in the late 20th and early 21st centuries.
Moore’s Law is named after Intel co-founder Gordon E. Moore, who described
the trend in his 1965 paper [1]. In it, Moore noted that the number of transistors
in integrated circuits had doubled every year from the invention of the integrated
circuit in 1958 until 1965 and predicted that the trend would continue for at least 10
years. Moore’s prediction has proven to be uncannily accurate, in part because the
law is now used in the semiconductor industry to guide long-term planning and to
set targets for research and development. Historically, CMOS scaling has provided
the means to realize higher performance with every technology node, as predicted
by Moore’s law. Ever since the 90 nm node, the gate length of MOSFETs (Metal-
Oxide-Semiconductor-Field-Effect-Transistors) has entered the nano regime. The
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45nm technology has become the mainstream since 2008, and 22nm technology
with Tri-gate (FinFET) transistors in 2012 and 14 and 10 nm with similar transistor
technology expected in 2015 and 2016 respectively.

In 1998, the SIA (Semiconductor Industries Association) was joined by corre-
sponding industry associations in Europe, Japan, Korea, and Taiwan to participate
in a 1998 update of the Roadmap and to begin work toward the first International
Technology Roadmap for Semiconductors (ITRS), published in 1999. The overall
objective of the ITRS is to present industry-wide consensus on the best current esti-
mate of the industry’s research and development needs out to a 15-year horizon. For
more than half a century these scaling trends continued, and expected it to continue
until at least 2020. However, the 2010 update to the ITRS has growth slowing at the
end of 2015, after which time transistor counts and densities are to double only every
3 years. Accordingly, since 2007 the ITRS has addressed the concept of functional
diversification under the title More than Moore (MtM). This concept addresses an
emerging category of devices that incorporate functionalities that do not necessarily
scale according to Moore’s Law, but provide additional value to the end customer in
different ways. The MtM approach typically allows for the non-digital functionalities
e.g., RF communication, power control, passive components, sensors, actuators to
migrate from the system board-level into a particular package-level SiP or chip-level
SoC system solution. It is also hoped that by the end of this decade, it will be possible
to augment the technology of constructing integrated circuits (CMOS) by introduc-
ing new devices that will realize some beyond CMOS capabilities. However, since
these new devices may not totally replace CMOS functionality, it is anticipated that
either chip-level or package-level integration with CMOS may be implemented.

1.1.1 More Moore (MM)

The International Technology Roadmap for Semiconductors has emphasized in its
early editions the miniaturization and its associated benefits in terms of performances
and the traditional parameters in Moores Law. This trend for increased performances
will continue, while performance can always be traded against power depending
on the individual application, sustained by the incorporation into devices of new
materials, and the application of new transistor concepts. This direction for further
progress is labeled More Moore or MM. The multitude of new integration technolo-
gies opens many new possibilities for building an integrated electronic systems in
a confined space and with high efficiency in terms of power dissipation and perfor-
mance. In particular, the use of the third dimension in the backend/package allows
combining products from different semiconductor as well as MEMS technologies.
Thus, these advanced integration technologies link the requirements for high per-
formance (More-Moore technologies or MM) with the demand for functional and
technological diversity (More-than-Moore technologies or MtM). As we look at the
years 2020-2025, we can see that the physical dimensions of CMOS manufacture are
expected to be crossing below the 10 nm threshold. It is expected that as CMOS device
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dimensions approach the 5—7nm range it will be difficult to operate any transistor
structure that is utilizing the metal-oxide semiconductor (MOS) physics as the basic
principle of operation. Of course, we expect that new devices, like the very promising
semiconductor tunnel transistors, will allow a smooth transition from traditional
CMOS to this new class of devices to reach these new levels of high performance
ultra scale device integration. However, it is becoming clear that fundamental geo-
metrical limits will be reached in the above timeframe. By fully utilizing the vertical
dimension, it will be possible to stack layers of transistors on top of each other, and
this 3-Dimensional (3D) approach will continue to increase the number of compo-
nents per square millimeter even when horizontal physical dimensions will no longer
be amenable to any further reduction. It seems important, then, that we ask ourselves
a fundamental question: How will we be able to increase the computation and mem-
ory capacity when the device physical limits will be reached? It becomes necessary
to re-examine how we can get more information in a finite amount of space.

1.1.2 More Than Moore (MtM)

During the blazing progress propelled by Moore’s Law of semiconductor logic
and memory products, many complementary technologies have progressed as well,
although not necessarily scaling to Moore’s Law. Heterogeneous integration of mul-
tiple technologies has generated added value to devices with multiple applications,
beyond the traditional semiconductor logic and memory products that had lead the
semiconductor industry from the mid 60s to the 90s. A variety of wireless devices
contain typical examples of this confluence of technologies, e.g. logic and mem-
ory devices, display technology, micro-electrico-mechanical systems (MEMS), RF
and Analog/Mixed-signal technologies (RE/AMS), etc. It should be emphasized that
More-than-Moore or MtM technologies do not constitute an alternative or even a
competitor to the digital trend as described by Moores Law. In fact, it is the hetero-
geneous integration of digital and non-digital functionalities into compact systems
that will be the key driver for a wide variety of application fields. Whereas MM may
be viewed as the brain of an intelligent compact system, MtM refers to its capabilities
to interact with the outside world and the users as illustrated in Fig. 1.1.

In recent years, however, several bottlenecks have appeared as we have continued
to scale down to sub-nm technology nodes and the question is, if the traditional
technology scaling method alone will be able to overcome the performance and
cost issues of the future IC manufacturing caused by interconnect delay and latency
issues. The ITRS roadmap predicts 3D integration as a key technology to solve
this so-called wiring crisis [2]. Several semiconductor industries and research insti-
tutes have demonstrated 3D integration process [3, 4]. Even though there are still
no commercial true 3D-IC application in the market, it has become apparent that
there is a strong demand for such future application such as memories, processors
and logic devices. In addition to enabling of the further improvement of transistor
integration densities (More-Moore), 3D integration is a well accepted platform for
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Fig. 1.1 The need for integrating digital and non-digital functionalities in an integrated system is
translated as a dual trend in the International Technology Roadmap for Semiconductors: miniatur-
ization of the digital functions (More Moore) and functional diversification (More-than-Moore),
3D integration represent a convergence of SoC and SiP disciplines [2]

More than Moore applications with their essential need for integration of heteroge-
neous technologies. Three-dimensional integration technology increases the number
of active layers and optimizes the interconnect network vertically. The main advan-
tage of 3D-IC technology is that it significantly enhances interconnect resources and
increases logic density. If used correctly, 3D-ICs provides improved bandwidth and
throughput, as well as reduced wire length. For Nj,y.,s stacking, in the best scenario,
if the inter-layer vias are ignored, average wire length would be expected to drop
by a factor of (Nlayers)l/ 2. Both wire resistance and wire (RC) delay would drop
by a factor of (Njayers). It also allow integration of dissimilar materials, process
technologies, and functions onto one platform.

Our main focus in this book is to explain the development of tools and technologies
that supports the utilization this emerging technology to improve the performance
and manufacturability of high density Field Programmable Gate Arrays (FPGAs).
FPGA chips offer an attractive solution for improving the design productivity through
re-use of the same silicon implementation for a wide rage of applications. FPGA is
programmable and can be reconfigured for yield improvement and defect tolerance.
These features become absolutely necessary when CMOS technology scales down to
nanometer scale, because the yield of the fabrication of semiconductor components
hardly ever reach 100 %. FPGA consist of configurable logic blocks and I/O blocks
that are interconnected by a configurable routing network. FPGA is configured to
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implement circuits by writing into the configuration memory that are embedded
throughout the FPGA and defines the logical function of each block and connections
within the configurable routing resources. Reconfigurability of FPGAs is fundamen-
tally different from traditional general-purpose microprocessors. Microprocessors
are attractive for their flexibility. An Application Specific Integrated Circuit (ASIC)
is a device that is customized to a specific application. Since the exact nature of the
application is known beforehand, ASIC hardware resources are designed to provide
the highest performance implementation for the application. The price paid by ASICs
because of their superlative performance characteristics is flexibility. Once an ASIC
has been manufactured, it is impossible to modify it to implement another applica-
tion, different from the one it was intended for. Further, since the Non-Recurring
Engineering (NRE) costs involved in designing and manufacturing an ASIC are
comparatively high, it is generally not feasible to design and fabricate ASICs in
low volumes. Since their introduction in the mid eighties, FPGAs evolved from a
simple, low-capacity gate array technology to devices [5, 6] that provide a mix of
coarse-grained data path units, microprocessor cores, on chip A/D conversion, and
gate counts by millions. Today, FPGAs become important actors in the computa-
tional devices domain that was originally dominated by microprocessors and ASICs.
Just like microprocessors, FPGA-based systems can be reprogrammed on a per-
application basis. At the same time, FPGAs offer significant performance benefits
over microprocessor implementations for a number of applications. Although these
benefits are still generally an order of magnitude less than equivalent ASIC imple-
mentations, the low NRE costs, fast time-to-market, and flexibility of FPGAs make
them an attractive choice for low-to-medium volume applications.

1.2 Technological Initiatives and Contribution

FPGAs are consistently improving in capacity and performance, and are now among
the most popular devices in the market. With their regular structure, they also scale
easily to future technologies. However, FPGAs are still facing serious challenges in
terms of delay, power consumption, and logic density compared to ASICs. FPGA is
estimated to be over ten times less efficient in logic density, over three times worse in
delay, and over three times higher in power consumption compared to a functionally
equivalent ASIC [7-11]. Despite of their design cost advantage, FPGAs impose
large area overhead when compared custom integrated silicon alternatives (ASICs).
To illustrate the magnitude of this problem, we refer to the work presented in [11]
where authors measure the gap between FPGAs and ASICs in terms of logic density,
circuit speed and power consumption. The major performance and power bottleneck
of the FPGA is the programmable interconnects and routing elements inside FPGA,
which have been found to account for up to 80 % [9] of the total delay and up to 85 %
[12] of the total power consumption and consume almost 90 % [13] of total silicon
area, when both local and global interconnects are considered.
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There is considerable demand for high performance FPGAs with low power con-
sumption and area. One promising way to improve FPGA performance, logic density
and power consumption is to incorporate three-dimensional (3D) integration, which
increases the number of active layers and optimizes the interconnect network delay
using vertical interconnects. There are few research initiatives for the design and
implementation of 3D Mesh-based FPGAs [14—-16]. For Mesh-based 3D FPGA,
every layer in a 3D chip implements a normal 2D FPGA and this type of stack-
ing reduces the average Manhattan distance between logic blocks, which leads to
shorter interconnect resources. Consequently, 3D integration method is an attractive
technology to improve the performance and density of FPGAs. Other gains, such as
reduced design footprint and the ability to integrate different technologies, further
favor 3D FPGAs. Used correctly, 3D integrated circuits provides improved bandwidth
and throughput by reducing interconnect wire-length. However Mesh-based FPGA
has a planer island style architecture which suites very well for a two-dimensional
(2D) FPGA implementation. The major gains reported from the research and exper-
imental demonstrations of 3D Mesh-based FPGA are not yet reached the scale of
advantages and improvements expected according to ITRS roadmap [2], since the
overall FPGA area and power consumption increases in 3D architecture, nevertheless
the delay is reported to have reduced by 38 % [16]. Figure 1.2 presents the complex-
ities involved in design and manufacturing of high density 3D chips. The true 3D
implementation should bring holistic improvement in all areas of chip development
starting from design to manufacturing. Many of the early designs and demonstrators
of 3D FPGAs did not show much improvement in area and power consumption. In
this book we try to revisit the traditional Tree-based FPGA architecture and main
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stream industrial FPGA architectures to conduct a feasibility study using 3D technol-
ogy to improve logic density, area, speed and power consumption. The Tree-based
multilevel interconnect architecture is one of traditional routing architecture of FPGA
and multiprocessor system on chip (MPSoC) based systems. However it is not imple-
mented in any of the industrial FPGA or MPSoC systems due to the large wire delays
associated with the interconnect impede the performance of the system.

1.2.1 Modified Tree-Based Interconnect

The aim of this book is to revisit the traditional and industrial FPGA architectures
to propose a suitable interconnect architecture model to design and manufacture 3D
FPGAs with improved logic density and speed. An efficient butterfly-fat-tree inter-
connection network structure is proposed in [17-20] to design and implement high
density FPGAs. A detailed analysis of area and switch requirements of Mesh- and
Tree-based FPGA architectures presented in [19, 20]. The reported results shows
that the 2D Tree-based architecture improve total area by 56 % and reduce the total
switch requirement by 59 % compared to 2D Mesh-based FPGA architecture. Never-
theless the wire delay increases logarithmically as the Tree grows to higher level and
this makes the 2D physical design implementation of Tree-based FPGA architecture
a daunting task. The complexities associated with the development 2D Tree-based
architecture layout is presented in [ 18]. In this book, we propose new design solutions
and exploration methods using 3D technology to improve logic density, area, and
power consumption of 3D FPGAs using Tree-based multilevel interconnect archi-
tecture. The main sections of 3D FPGA design presented in this book as follows.

1.2.2 Tree-Based Interconnect Partitioning

Interconnect network partitioning is the best way to reduce the length of interconnects
and theirby improveing speed and power consumption. Two independent network
partitioning methodologies are proposed to design and implement 3D Tree-based
FPGA.

e Vertical partitioning: the programmable interconnect network is partitioned verti-
cally by placing the break-point at the highest level ¢,, of the Tree-based program-
mable interconnect network to balance the silicon area and power consumption
across multiple tiers of the 3D chip

e Horizontal partitioning: the main objective is to optimize the critical path delay
and improve logic density. The horizontal break-point is placed at a particular tree
level £; based on the design and manufacturing constraints to achieve interconnect
delay optimization using TSVs.
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The location of the level ¢, is always fixed at highest tree level, however the location
of level ¢, is decided based on the architecture and wire delay requirements.

1.2.3 3D FPGA Design and Implementation Methodology

To design and implement 3D multi-tier Tree-based FPGA, we developed a set of 3D
physical design methodology and tools using Global Foundries 130 nm technology
node modified to use Tezzaron’s TSV technology [21, 22]. The design flow covers
all areas of 3D design, including the design partitioning, merging multiple tiers (gds
files) and design sign-off analysis. In addition, we also address the specific issues that
3D designers will encounter dealing with tools that are not specifically developed
to meet their needs. We developed additional design support programs to enable the
designer to perform 3D DRC/LVS and TSV implementation using six metal back-end
offline (BEOL) technology.

1.2.3.1 3D FPGA Physical Design Tools

This book describe the development of an automated 3D physical design method-
ology including a VHDL code generator based on Tree-based FPGA architecture
description and design constraints. The VHDL code generator is based on a hierar-
chical design approach that partitions the design into smaller sections, which imple-
ment clusters separately and assemble them together at the final design phase. The
physical design is performed using Global Foundries 130 nm technology node (Tez-
zaron 3D Design platform). A timing evaluation system based on Mentor’s circuit
simulator Eldo is attached to design module to accurately estate the networks delays.

1.2.3.2 3D FPGA Architecture Exploration Tools and Methodologies

Our goal through the development of this book is to develop an efficient placement
and detailed routing tool for 3D Tree-based FPGAs. Using this tool, we investigate
the impact of 3D integration on delay, area and power consumption, in addition to
wire-length reduction because wire-length alone cannot be relied on as a metric for
3D integration benefits. The main features of the architecture exploration tool is
mentioned below.

e Feasibility study of different network partitioning methods to find suitable inter-
connect architecture for 3D staking.

e 3D Tree-based FPGA architecture optimization tool: This tool is developed as an
add-on facility to 3D place and rout tool to find minimum interconnect and TSV
requirements for the implementation of 3D FPGA. A Rent’s Rule [23, 24] based
wire-length distribution model is used to design the architecture optimization tool.
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e FPGAs are not really FPGAs any more instead, they are arrays of programmable
gates plus DSPslices, ALUs and transceivers etc. The 3D Tree-based exploration is
augmented to study 3D Heterogeneous Tree-based FPGAs as well. The tools have
capabilities to analyze the the placement and location of hard-blocks to optimize
the speed and area of the 3D FPGA chip.

1.2.4 Unified Mesh of Tree Architecture

Recently we have witnessed 2.5D and 3D FPGA product demonstrations from lead-
ing FPGA research institutions and manufacturing industries. These new FPGA
architecture also introduces many opportunities and challenges to meet with the
expectations of increasing functionality of modern FPGA chip designs. In this book
we propose a variant of Tree-based FPGA architecture with qualities of both Mesh
and Tree-based interconnect architectures. Our previous studies [19, 20] shows Tree-
based FPGA has better logic density and area advantage compared to Mesh-based
FPGAs. In this study, we examine the possibility of unifying the advantages of mod-
ified Tree- and Mesh-based interconnect architecture into one platform to improve
density, area, and speed of 3D FPGAs.

1.2.4.1 Architecture Improvement, Tools and Methodologies

In this book we propose a 3D interconnect network implementation based on a modi-
fied Mesh-of-Trees (MoT) topology for FPGA architecture design as an extension of
Tree-based FPGA architrecture. We further optimized the MoT-based interconnect
architecture using long wire segments with adjustable span to transform it into a
viable architecture for the design and implementation of high density 2.5D multi-
FPGA and 3D stacked multi-tier FPGA based systems. Exploration and physical
design tool flows developed to demonstrate the performance improvement and area
advantage of 2.5D and 3D MoT-based FPGA architecture. The two possible variants
of MoT-based FPGA architecture implemented are as follows.

e 2.5D Multi-FPGA using Mesh of Tree Architecture: We developed exploration
and validation tools to explore the impact of % of wires cut and no of cuts on per-
formance and area of 2.5D multi-FPGA based systems.based of MoT-based FPGA
architecture. Using the 2.5D tools flow, we can demonstrate the improvement in
area and performance of 2.5D multi-FPGA with 1-3 cuts and different variants of
interposer-based inter-FPGA connections.

e 3D Multi-tier FPGA using Mesh of Tree Architecture: A 3D architecture explo-
ration tool (place and route) developed to estimate the area and delay reduction in
3D stacked MoT-based FPGA architecture. We also implemented an MoT-based
architecture optimization tool using Rent’s Rule to find the optimal architecture
to estimate the impact of % of long wires on channel width W of the 3D MoT-
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based FPGA architecture. Unlike the other 3D Mesh-based FPGA architectures,
in 3D MoT-based FPGA architecture, we have a direct relation between vertical
interconnects and channel width. This relationship is established to optimize the
horizontal and verticals routing resource requirements. This book will not dis-
cuss the deatils of the MoT-Based FPGAs, since the focus of this book is on 3D
implementation of Tree-based FPGA architectures.

1.3 Book Organization

A brief overview of the contents of the book as follows. This Chapter provides a
brief introduction about the main fcous theme, thrust area and contributions made
to it for the development of high density 3D FPGAs. Chapter 2 starts with brief
introduction to 3D integration and discusses the main challenges and opportunities
of 3D technology in areas like process integration and CAD tools development. This
chapter also discusses few new practical solutions to solve technological and CAD
level issues in 3D physical designs process. The main purpose of this work is evalu-
ate the interconnect architecture of traditional and mainstream FPGA architectures
and to propose an alternative 3D interconnect architecture or suggest the required
modification to design and manufacture high density FPGAs using 3D Technology.
Chapter 3 discusses the pros and cons of different FPGA architectures and propose
new architectural changes to the existing FPGA architectures. An interesting state of
the art of CAD tools for the exploration of 2D Mesh- and Tree-based FPGA architec-
tures presented in Chap. 4. This chapter also report the importance of research and
development of CAD algorithms for high density FPGA development. Chapter 5
presents the state of the art 3D FPGA. Many new ideas and implementations regard-
ing 3D-ICs and FPGAs shows positive developments across the world to migrate
the present day technology to the third dimension. This chapter also present the 3D
design and architecture exploration methodology developed for the implementation
of 3D Tree-based FPGAs.

The Chap. 6 provides a detailed analysis of the improvement in speed, area and
optimization of 3D Tree-based FPGA architecture. Once an architecture is verified
for its performance, its also curious to know how this architecture is going to behave
when the few architectural parameters changes. This chapter also provides answers
to those questions about the impact of LUT size and cluster size on performance of
3D FPGA chip. FPGAs have evolved dramatically over the past 10 years, as they
have taken advantages of new process technologies and architectural innovations.
One particular issues has arisen due to the lack of a robust architectural exploration
tool that can model heterogeneous hard-blocks such us memories and multipliers.
Chapter 6 describes a detailed description of validation exploration tools developed
of 3D Tree-based heterogeneous FPGA architectures and also provides the result
analysis of critical path delay and architecture optimization.

The power consumption of 3D-ICs is expected to decrease due to the interconnect
length reduction. However the power density increases since the distance between
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the devices decreases per unit volume as compared to a 2D layout. Consequently,
the temperature also rises. Thermal aware design or hardware design techniques
should be implements at various stages of the 3D-IC design flow, such as synthesis,
floorplanning, placement and routing to maintain the temperature of the chip with
acceptable limits. The Chap. 7 provides detailed description and analysis of different
thermal aware design techniques and hardware-based methods developed to improve
thermal profile of 3D Tree-based FPGAs. The development of 2D physical design
for Tree-based FPGA interconnect is a daunting task. Chapter 8 sheds light into those
issues designers face and also describe how to resolve them using 3D technology. This
chapter provides two interesting network partitioning methodologies for Tree-based
interconnect to mitigate the traditional long wire-length issues associated Tree-based
interconnect architectures. Three-dimensional design and technology is famous for it
ability to improve speed, power consumption and silicon footprint of semiconductor
chips. This chapter introduce new 3D design and varification tools and methodologies
of 3D FPGA design and implementation. The Chap.9 narrates the summary of the
thesis and provides future lines of research work.
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Chapter 2
Three-Dimensional Integration:
A More Than Moore Technology

Abstract Three-dimensional integrated circuits (3D-ICs), which contain multiple
layers of active devices, have the potential to dramatically enhance chip performance,
functionality, and device packing density. They also provide for microchip archi-
tecture and may facilitate the integration of heterogeneous materials, devices, and
signals and offer a promising solution for reducing both silicon footprint and inter-
connect length without shrinking the transistors. However, before these advantages
can be realized, key technology and CAD challenges of 3D-ICs must be addressed.
More specifically, the process required to build circuits with multiple layers of active
devices and CAD tools used for design and validation of such circuits. Several such
methodologies and CAD tools associated with the design fabrication of 3-D ICs are
discussed in this chapter. Few successful 3D-IC design methods and CAD tools and
benefits of applying 3D design to the future reconfigurable systems are also discussed
in this chapter.

2.1 Introduction

The ongoing demand for greater functionality resulting in multiple IC products,
longer off-chip interconnects ravage the performance of microelectronic systems.
The advent of System-on-Chip (SoC) in the mid 1990s primarily addressed the
increasing delay of the off-chip interconnects. Integrating all of the components on a
monolithic substrate enhances the overall speed of the system, while decreasing the
power consumption. To assimilate disparate technologies, however several difficul-
ties must be surmounted to achieve high yield for the entire system. Additional system
requirements for the radio frequency (RF) circuitry, passive elements, and discrete
components, such us decoupling capacitors, which are not easily integrated due to
performance degradation or size limitations. While Moore’s law [1] and the pursuit
of ever increasing transistor counts is well known in IC design and manufacturing cir-
cles, what is seldom brought to light for others, are the escalating cost and technology
challenges associated with this pursuit. Smaller transistors and larger dies have been
reasonable answer to this quest in the past. Stacked dies using wire bond connections
and flip-chips have even been employed to create system-in-package (SiP) solutions
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Fig. 2.1 Interconnects bond wires in typical System-in-package (SiP) and 3D-1C

that meet the needs of some. Looking for alternative solutions for next generation
designs, that meet the performance, integration, form-factor, manufacturability, and
cost requirements, may have begun to look at going up rather than out. With this
trend, the Three-dimensional (3D) integration using through-silicon via (TSV) tech-
nology has gained much attention. Once the domain of specialist applications, more
mainstream users, such as memories, microprocessors ans specialized logic designs
are now being considered as TSV candidates. The advantages of 3D-IC integration
are better electrical performance, low power consumption, lower area and weight
and high performance (Fig.2.1).

2.1.1 Opportunities for Three-Dimensional Integration

Performance requirements such as increased bandwidth, reduced latency, and lower
power consumption are driving the adoptions of 3D-IC designs. A complete 3D-IC
implementation is usually envisioned as a stack of active chips using TSVs to connect
through each chip down to a package substrate. TSV designs represent a convergence
of SoC and SiP disciplines, providing designers the means to significantly increases
the bandwidth between the logic chip and the memory especially with wide memory
interfaces that cannot be achieved with bond wires, as well as the ability to mix and
match dies that not only use different process node, but also different manufacturing
technologies such as SiGe, SOI, CMOS low voltage, CMOS high voltage, Biploar,
GaAs, etc. The ability to combine different dies in a single stack enable to acquire
needed functionality to provide high-quality, proven die. What is new in 3D-ICs is
the ability to place vertical interconnections (TSVs) in a dense array, without the
strict perimeter constraints imposed by an equivalent wire-bonded design. Utilizing
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stacked chips, particularly in memory-intensive designs, allows designers to stay at
today’s reasonable process nodes for each die and derive the benefit or proven volume
manufacturing processes.

Three-dimensional (3D) die stacks and high-bandwidth silicon packaging tech-
nology using emerging through silicon vias (TSVs), thinned silicon, and fine-pitch
silicon-silicon interconnections (SSIs) make use of a wide variety of technology
structures, materials, and processes. Universities, consortia, and industry have driven
research and early demonstrations for a decade. TSV and SSI interconnection den-
sity can scale in excess of six orders of magnitude, making the technology widely
applicable from simple to very complex applications. At academic research institutes
and semiconductor industries, new 3D test-vehicle (i.e., demonstrator) designs fol-
lowed by manufacturing, assembly, and characterization studies continue to provide
technologists with an understanding of structure and process-integration capabil-
ities and limitations. Results from these technology studies provide guidance on
3D design rules, structures, processes, tests, and reliability, which can support the
manufacturing of 3D products and provide data that we may use to determine technol-
ogy directions. Practical technology fabrication and integration approaches need to
consider targeted TSV and SSI interconnection density, silicon thickness, and power
densities. In addition, decisions with respect to options such as TSV conductor mate-
rial, SSI integration material, and use of die-on-die, die-on-wafer, or wafer-to wafer
process approaches need to be made with regard to interconnection redundancy, die
size, yield, cost, and test methodology.

The inherent advantage of 3D integration is the drastic decrease in interconnect
length, particularly the long global interconnects, which directly results in increased
speed [2-6]. We can understand this by simple geometry analysis for 3D-ICs. A
given squre area A has maximum Manhattan wirelength id 2+/A. The same area is
split into two tiers reduces the wirelength to ~/2+/A + I, where I, is the length of
via between tiers. In general, n layers gives a maximum Manhattan wirelength of

2\/§ + (n — 1)I,. Figure 2.2 illustrate the graphical representation of wire-length
reduction which the original 2D chip implemented using 3D technology with 7 tiers.
The interconnect power is also reduced as the capacitance of the wires decreases

rr7

A2 ~Alg
Lmax_2D = 2,\/X Lmax_3D_two-tier =;\/?;\/X +1lv Lmax_3D_n-tier =,\/? An + (n-1Dlv

Fig. 2.2 Tllustration of wire-length reduction where the original 2D chip implemented using 3D
technology
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[7, 8]. Additionally, the total power dissipated by an interconnect system is further
decreased as the number of repeaters inserted along the interconnect is reduced [9].
Finally, coupling among intraplane adjacent interconnects is lower due to decreased
length, improving signal integrity. The 3D-IC based systems provides the capability
to include disparate technologies [10], greatly extending the capabilities of modern
systems-on-chip (SoC). This defining feature of 3D-ICs offers unique opportunities
for highly heterogeneous and sophisticated systems [11, 12]. A vast pool of appli-
cations such as medical, wireless communications, military, and low-cost consumer
products, exists for vertical integration, as the proximity of the system components
caused by the third dimension is suitable for either the high performance or low power
ends of the SoC application space [13]. This heterogeneity, however, greatly compli-
cates the interconnect design process within a multi-tier system, as potential design
methodologies need to manage the diverse interconnect impedance characteristics
and process variations caused by the different fabrication processes and technologies
employed in the different physical tiers.

Three-dimensional circuits can be conceptualized as the bonding of multiple
wafers or bare dice. The distinctive difference between an SiP and a 3D IC is the
granularity of the vertical interconnects. Different bonding styles between the planes
within a 3D system are also possible Face-to-Face (F2F), Face-to-Back (F2B), and
Back-to-Back (B2B) [14, 15]. Examples of SiP structures and various bonding styles
for 3D circuits are illustrated in Fig.2.1. Each of these bonding styles is likely to
include through silicon vias (or interplane vias) with different physical dimensions.
Consequently, the density of the vertical interconnects can vary not only among
different 3D circuits but also among the physical planes within a 3D circuit.

2.2 Historical Evolution of 3D System Integration

The proposal of doubling the number of transistors on an IC chip every 24 months
by Gordon Moore in 1965 (Moores law) [1] has been the most powerful driver
for the development of the microelectronics industry in the past 45 years. This law
emphasizes lithography scaling and 2D integration of all functions on a single chip,
perhaps through system-on-chip (SoC) as schematically shown in the left-hand side
of Fig.2.3. On the other hand, the integration all these functions can be achieved
through 3D-IC integration [13, 16—18] as illustrated in Fig.2.4.

Through Silicon Via (TSV) is the heart 3D-IC integration [19]. Though the 1956
Nobel Laureate in Physics, William Shockley invented TSVs more than 50 years ago
in U.S. Patent #3,044,909, filed in 1958 and issued in 1962, but it was not intended
for 3D-IC integration and it took half a century for the production technology to
reach the level of expertise that would actually permit making TSVs. From a die
with hundreds of transistors in the 1960s to dies approaching billions of circuits
in 2014, on-chip integration has continued to require lithographic advancements
for circuit and increase in wire density has led to increasing the number of wiring
levels on the chip. Over decades of semiconductor scaling, on-chip integration has far
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A and C in 2D SoC and 3D SoC

out-stripped off-chip 3D integration and growth in I/O interconnections. For off-chip
interconnections over the last five decades, I/O interconnections grew from tens of
I/0O interconnections to about several thousands of I/O interconnections for the most
complex die manufactured today [20-22]. Figure2.5 shows the evolution of 3D-IC
technology along with the resulting relative I/O interconnection density for 3D design
and implementation. The emerging 3D integration approaches can be implemented
different packaging form factors to combine TSVs, thinned silicon and interposer
technology as required to achieve higher interconnection density. High bandwidths
may be achieved using 3D chip integration, 3D die stacking, or 3D silicon packaging
in which each form factor offers high interconnection density (10*/cm? to 108/cm?).
Therefore, trade-offs between best system form factors will be dependent on factors
such as system architecture, manufacturing costs, and test and assembly integration
yields.

Looking toward the future, industry and academic researchers are developing
wafer-to-wafer and die-to wafer stacking techniques for the fabrication of devices
that leverage the z-direction but eliminate the need for multiple packages [23].
Additionally, these techniques reduce interconnect delays, form factors, and power
consumption while allowing integration of numerous heterogeneous devices. In the
wafer-to-wafer approach, circuitry is divided into sections that are built onto separate
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Fig. 2.5 Evolution of 3D integration and vertical interconnect technology

wafers using standard processing methods. The wafers are then post-processed for
through-silicon interconnections (TSVs), creating the vertical connectors. The wafers
are aligned, bonded, thinned, and diced into individual devices. In October 2006, sev-
eral equipment manufacturers, led by Alcatel, EV Group, Semitool, and XSil, formed
a consortium, dubbed EMC-3D, to address the technical and cost issues associated
with the creation of TSV interconnect technology for die stacking and wafer-to-wafer
attach. In the die-to-wafer variation, a known good die (KGD) is bonded to a wafer.
This approach is preferred in configurations that require three or more dies in a stack.
Privately held Ziptronix Inc, a spin-out business of the Research Triangle Institute,
advanced the state of the art in the die-to-wafer methodology when it introduced, late
in 2005, a direct bond interconnect technology (a covalent room-temperature bond)
that replaces through-die vias (TSVs), increases electrical connection density, and
reduces interconnect delays.

Research investigations have explored a wide variety of structures, processes, and
bonding approaches. Researchers recognize the importance of

e developing fine-pitch vertical interconnections using TSVs,

e developing thinning technology for silicon and interconnection technology that
joins thinned silicon dies into die stacks and that joins dies to silicon packages,

e developing wafer-to-wafer bonding technologies.

In addition to power delivery and signal interconnections, investigators have also
included approaches for thermal cooling and modeling of heat removal from thinned
silicon structures and fine-pitch interconnections. Vertical interconnect (TSV) tech-
nology is a key focus area and an enabler for the evolution of 3D-IC design and
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packaging. As already indicated, TSV technology is one of the key interconnect
solutions enabling a vertical method of electrical connectivity for various 3D-IC
configurations such as stacked die and wafer-level packaging. In TSV investigations,
technical reports have included studies in which researchers sought submicron TSV
diameters for compatibility with wafer front-end-of-line (FEOL) and back-end-of-
line (BEOL) wafer fabrication or alternatively for silicon-based package solutions.
TSV diameters and pitches have ranged from large sizes, such as about 10-100 pm
via diameter and silicon thickness of about 50-300 wm, down to via diameters of
less than 1-10 wm with corresponding silicon thicknesses ranging from about 50 um
down to about 6 um silicon thicknesses. Reported TSV conductors have included
tungsten, copper, composite, paste, doped polysilicon, as well as other electrical
conductors. For example, [24] gave a TSV technical presentation on 10 wm copper
conductors utilizing TSVs for electrical interconnection ata 20 pum pitch.

Fine-pitch interconnection, also at a 20 wm pitch for silicon-on-silicon connec-
tions with TSVs, has also been reported by [25] and also variety of bonding and
electrical interconnection approaches between silicon die in thinned silicon die, die
stacks, or packages using silicon reported in [26, 27]. In these interconnection exam-
ples, anisotropic conductive polymers were used to bond 25 pum thinned dies with
50 pm pitch AuSn bumps. Technical publications have also reported fine-pitch solder
connections to copper as a means either to stack thinned silicon chips to other silicon
dies or to join dies to silicon packages [25-28]. An application that leverages TSVs
and fine-pitch interconnections with demonstration of functioning memory die stacks
has also been presented [29]. The main future challenge for TSV technology relates
to its ability to maintain performance parameters, such as signal integrity or heat
management, as data rates climb. However, a number of companies have been able
to demonstrate efficient TSV electrical interconnect solutions that meet data rates
on the order of 10 Gb/s. Many technology suppliers as ZyCube, Intel, Samsung and
IBM are currently optimizing the manufacturability and reliability of their 3D-IC
fabrication process. Tezzaron’s Super-Via technology, initially a post backend-off-
line process with Cu—Cu bonding [16] was abandoned due to failures of the used
copper TSVs (5um diameter). In consequence they changed their process now to
tungsten filled Super-Contacts with 1.2 um diameter [30, 31].

2.3 Vertical Interconnect Technology Development (TSV)

Through Silicon Via or TSVs are a critical enabler for both wafer-to-wafer and die-
to-die stacking for which low-inductance, high bandwidth vertical interconnects are
needed in silicon. Applications may require only a few, thousands, or millions of
vertical interconnections, a number that is very product dependent and is affected by
architecture, desired product specifications, silicon thickness, materials, structures,
and processes. the range in size includes diameters from less than 1.2-90 wm. The
silicon thickness ranges from less than 6 pum to a full wafer thickness of 730 pm, with
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Fig. 2.6 Representation of Through Silicon Via (TSV)

most studies having been performed with 150 wm thicknesses or less. Material eval-
uations have included copper, tungsten, and composite materials. Figure 2.6 shows
examples of TSV cross-sections.

As illustrated in Fig.2.6, a through-silicon via (TSV) is a vertical via that com-
pletely passes through a silicon die. Its main purpose is to establish electrical con-
nectivity between devices in two different dies in a 3D-IC stack. There is presently
no consensus on the most efficient bonding technique which largely depends on the
application requirements [30, 32, 33]. There are various bonding techniques [34]
which range from direct oxide bonding, metal to metal (Cu—Cu) bonding, with
different variants and adhesives. Still, the most prevalent technique to stack TSV
based dies is a micro-ball based bonding. Micro-balls or micro-bumps are the most
appropriate for present 3D applications since the density of TSVs is not very high
(IK-10K/chip), their locations are predetermined and micro-bump based stacking is
presently more reliable that alternative techniques. Depending on when the TSVs
are fabricated, two major types of TSV exist: via-first and via-last, as illustrated in
Fig.2.7.

Metal layers

devive

Fig. 2.7 An illustration of Via-first, via-mid and via-last TSV technology process
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e Via-first: TSV’s are fabricated before CMOS or Si frontend (FEOL, Front-End-
Of-Line) device fabrication processing.

e Via-middle: TSV’s are fabricated after the Si frontend (FEOL) device fabrication
processing but before the backend (BEOL-back-end-of-line), interconnect process.

e Via-last: TSVs, are fabricated after or in the middle of the Si Backend (BEOL) or
bonding, essentially when the wafer is finished.

The dimensions of via-first TSVs are typically smaller (1-10 wm diameter), with
aspect ratios (=height:diameter) of 3:1-10:1. A key benefit to the via first approach
is that companies using it don’t need to worry about spoiling expensive wafers at
the R&D stage because they can use bare Si or SOI wafers. For Si interposer wafer
development related to heterogeneous stacking, via-first is still being developed and
used. In this case of via-last TSVs, the processing can be done at the foundry or
packaging house and there is the possibility to start TSV processing from the top
surface of the wafer (Front-side processing) where the active transistor layouts are
placed. The via-last TSV diameter is wider (10-50 um), with aspect ratios of 3:1—
15:1. There are two main technologies for drilling TSVs: dry etching or Bosch
etching, and laser drilling. Polysilicon, copper, and tungsten are the most popular
materials for TSV fill. Silicon dioxide is a popular material for the liner that sits
between the TSV and silicon substrate for insulation purpose. From the perspective
of physical design, via-first TSVs are less intrusive because they interfere only with
the device, M1, and top layers, whereas via-last TSVs interfere with all layers in the
die as illustrated in Fig.2.7. Via-first TSVs have their landing pads on M1 and the
top metal layers, whereas via-last TSVs have their landing pads only on the top metal
layers. These landing pads include keep-out-zone uniformly located around them to
reduce coupling effects. The connection between via-first TSVs are made using local
interconnect and vias in between adjacent dies, whereas via-last TSVs are stacked
on top of each other as illustrated in Fig.2.7. Therefore, via-first TSVs are usually
used for signal and clock delivery, whereas power delivery network utilize via-last
TSVs in general.

2.4 3D Integration: Manufacturing Methods

Various 3D integration technologies currently pursued by semiconductor industry
and research institutions. There are many different integration and manufactur-
ing schemes for 3D interconnects. One way to categorize the different integra-
tion schemes is by the orientation of the individual dies to each other. Figure 2.8
shows face-to-back (F2B) and face-to-face (F2F) integration. F2F integration does
not require TSVs in general, however TSV can be used for I/O connections, whereas
TSVs are required for F2B integration. For two-layer chip stacks, both integration
schemes have some advantages and disadvantages. F2B configuration uses stan-
dard process for test, assembly and packaging, however F2F do not have a standard
process. For multi-layer stacks, F2B has the advantage that after each bonding step
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the top device layer is face up so that the stacking unit process can be repeated
multiple times. However, for F2B integration, the die/wafer has to have the final
thickness already during stacking, as subsequent thinning is not possible. In F2F
stacking configuration wafer thinning is not a requirement.

Another more popular way to categorize 3D integration schemes is based on the
point at which the TSV is created during the manufacturing process. In the past,
the only distinction was whether the via was manufactured before or after wafer
thinning: via-first or via-last. Today, it is common to further distinguish whether
the via was created prior to front-end processing, i.e., via first, or after front-end
processing (but before wafer thinning), i.e., via-middle. Figure 2.9 shows a typical
process flow for via-middle manufacturing. Another important distinction within
the various integration schemes is based on wafer or die level processing: chip-
to-chip (C2C), chip-to-wafer (C2W) and wafer-to-wafer (W2W). C2C has mainly
been used for high performance, high margin devices. For lower margin devices
like consumer electronics, C2C is not very suitable due to single die processing.
Of course, W2W integration allows wafer-level processing after stacking. W2W
integration gives the highest throughput and the highest alignment accuracy. But
W2W integration requires that the dies have the exact same size, and it has the inherent
risk that a defective die is bonded to a good die, thereby destroying the whole stack.
C2W is a hybrid process and combines the single die placement with the feasibility
of wafer-level processing after die placement. With C2W integration, it is possible to
stack dies of different sizes. With a modular design and chip architecture, it must be
assumed that dies typically will have different sizes. For heterogeneous integration
in particular, C2W is the method of choice as currently only silicon devices are
manufactured on 300 mm wafers, while all other semiconductor materials are being
manufactured on smaller wafer sizes. In addition C2W enables testing of every die
prior to stacking, which allows true known good die manufacturing. Figure2.10
shows the difference between C2W and W2W integration. A fourth stacking method
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and well advanced in today’s FPGA industry is silicon interposer-based integration
(called horizontal or 2.5D integration), vertical die to die stacking (also called 3D
stacking), and a range of mixed configurations. An interposer-based stacking gained
popularity last year because of several attractive applications [35] as well as its
technological feasibility. It might not be sufficiently effective for other applications,
however, such as the memory on logic [36] or the logic splitting application, where
the logic is split between two or more dies that are then put on top of each other
for shorter interconnections. Also memory can be split in such a way that read-write
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logic is on one chip while the cells are on the other. A true 3D stacking is needed for
maximum performance in those applications.

2.5 Challenges in 3D Physical Design

The introduction of the third dimension has significantly increased the complexity
of the integrated circuit design process. The 3D design and integration faces enor-
mous challenges in both manufacturing technology and physical design. The major
challenge is to define the characteristics of the verticals interconnects and the con-
straints that this type of interconnects poses on physical design process and other
typical problems are reuse of existing 2D-IP blocks, testability, CAD tools and ther-
mal issues. While thermal integrity is a critical issue in all high performance chip
design, since the system reliability is strongly dependent on the temperature and
this problem is even more significant for 3D designs due to the high power density
in the stacked arrangement. Increasing the number of tiers that can be integrated
into a single 3D system is a primary objective of 3D integration. A 3D system with
high-density vertical interconnects is therefore indispensable. Vertical interconnects
implemented as TSVs produce the highest interconnect bandwidth within a 3D sys-
tem, as compared to wire bonding, peripheral vertical interconnects, and solder-ball
arrays. Alternatively, the density of this type of interconnect dictates the granularity
of the interconnected layers of the system, directly affecting the inter-tier commu-
nication bandwidth. Other important criteria should also be satisfied by the TSV
fabrication process. A fabrication process for vertical interconnects should produce
reliable and inexpensive TSVs. A high TSV aspect ratio, the ratio of the diameter
of the top edge to the length of the via, may also be required for certain types of
3D circuits. The effect of forming the TSVs on the performance and reliability of
neighboring active devices should also be negligible.

The electrical characteristics of the TSVs are of primary importance in 3D-ICs
and are considerably different from the horizontal interconnect segments [37], as
described by recent electrical models [38]. This situation is due to the structure of
these interconnects and the diverse technologies, such as CMOS and SOI, that can
existina 3D system. Producing low resistance and capacitance TSVsis a fundamental
objective of manufacturing technologies. Finally, not properly characterizing the
contribution of the TSVs to the delay of the critical inter-tier interconnect can result
in significant inaccuracy in the performance of a 3D system [39]. Consequently, these
structures must be carefully considered during the 3D physical design process. The
thermal traits of the TSVs are also significant, as these vias can affect the thermal
behavior of a 3D-IC. TSVs can be used to provide high thermal conductivity paths
to facilitate the flow of heat from the upper tiers to the tiers attached to the heat sink,
maintaining the temperature of a 3D circuit within acceptable levels. Materials with
low thermal resistance, such as copper, are therefore preferred.
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2.5.1 Complexity of 3D Physical Design Tools and Their
Limitations

The solution space for classical physical design methodologies increases significantly
in 3D systems, as the physical distance of two circuit cells is reduced not only by
placing these cells near each other on the same tier but also by placing the cells
in vertically adjacent locations. This situation results in a formidable increase in
the number of solutions that can be explored, resulting in an exponential growth in
the computational time. The increase in the number of metal layers yields similar
computational issues for the routing task [40]. Computationally efficient heuristic
algorithms are the primary tool to manage the dramatic increase in the solution space
for 3D circuits. Methods such as simulated annealing (SA) and genetic algorithms
complete the mosaic of the 3D physical design process [35, 41]. The main challenge
is 3D physical design is dealing with tools that are not specifically designed to meet
their needs. There are several works presented in the literature that describe various
3D system design options and physical design algorithms for 3D-ICs, but very few
in the area of 3D design demonstration and methodology.

One quick solution to the lack of physical design tools for 3D-ICs is to build
so-called pseudo 3D tools, which are based on straightforward extension of existing
tools for 2D-ICs [30]. These pseudo 3D tools are able to handle simple 3D designs,
wherein existing 2D designs are simply stacked and connected without any major
design change. A good example of this is 3D stacking of processor and memory
dice, where the only change required is to add TSVs in the layouts to deliver signal,
power, and clock in vertical directions. This can be done by adding TSVs in the lay-
out whitepace or by slightly modifying the layout to leave space for TSVs and wires.
These TSVs are then treated as pseudo IO pads in the layout. In addition, traditional
objectives, such as wire length and area, are insufficient for 3D circuits, particularly
heterogeneous multi-tier integrated systems. Since these systems can combine dis-
parate technologies, such as radio frequency (RF), analog, and digital circuits, other
objectives, such as noise and signal integrity, need to be simultaneously considered
in addition to conventional objectives. These objectives require the synergistic devel-
opment of design methodologies, which previously were individually developed for
each type of circuit. However, future trends in 3D-IC design calls for finer-grained
3D optimizations, such as 3D module floorplanning or 3D gate placement across the
tiers for performance and power consumption improvement. In addition the number
of tiers in the stack is expected to increase in order to meet the demand for higher-
level system integration. These trend requires more powerful native 3D physical
design tools that are built from ground up and are capable of handling many tiers
and many TSVs simultaneously while addressing the current and emerging issues
like cost, reliability, and manufacturability. In addition TSV and thermal-aware 3D
design, verification, and analysis tools including 3D DRC/LVS, timing, power, sig-
nal integrity, power integrity and clock integrity analysis tools need to be seamlessly
integrated and efficiently managed.
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Fig. 2.11 TSV placement styles for 3D Stacked chips: Regular and non-regular placement for
improving design quality and thermal profile of the chip

2.5.2 TSV and Thermal Management

TSV management is at the heart of physical design for 3D-ICs. Especially, the count
and location of TSVs have significant impact on the quality and reliability of 3D-IC
layouts. A recent study [42] shows that the overall wire length-up to a certain point
reduces as more TSVs are used in the 3D layout. The number of TSVs used in 3D-IC
layout entirely depends on how the design is partitioned into multiple dies. Research
is needed to determine the optimal partitioning styles for given applications. Possible
solutions include tradeoff studies among core-level, block-level, and gate-level par-
titioning across the dies in the 3D stack. Research is also required to investigate the
impact of TSV location on 3D-IC design quality and reliability [43]. Possible solu-
tions include trade-off studies between regular and non-regular TSV placement [43]
with respect to these metrics, as illustrated in Fig. 2.11. TSV cost is another important
factor that needs to be addressed during physical design. The cost of TSV depends
on geometry-related data such as the pitch, diameter, and aspect ratio as well as the
materials used for the TSV fill and liner. Moreover, the total number of TSVs used in
the layout significantly affects the overall cost of the 3D-ICs. It is important to model
and balance the trade-offs between the cost and other metrics such as performance,
power, reliability, and manufacturability during physical design with TSVs.

A 3D system consists of disparate materials with considerably different thermal
properties including semiconductor, metal, dielectric, and possibly polymer layers
used for plane bonding. Although the power consumption of these circuits is expected
to decrease due to the considerably shorter interconnects, the power density increases
since there is a greater number of devices per unit volume as compared to a 2D cir-
cuit. As the power density increases, the temperature of the planes nonadjacent to
the heat sink of the package can rise, resulting in degraded performance or thermal
gradients that can accelerate wear out mechanisms [44, 45]. Design methodologies at
various stages of the IC design flow, such as synthesis, floorplanning, and placement
and routing, which maintain the temperature of a circuit within specified limits or
alleviate thermal gradients among the tiers of the 3D circuit, are therefore necessary.
Two key elements are required to establish a successful thermal management strat-
egy: a thermal model, to characterize the thermal behavior of a circuit, and design
techniques that alleviate thermal gradients among the physical layers of a 3D stack
while maintaining the operating temperature within acceptable levels. The primary
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requirements of a thermal model are high accuracy and low complexity [46—48],
while thermal design techniques should produce high-quality circuits without incur-
ring long computational design time [49]. To reduce the complexity of the modeling
process, standard methods to analyze heat transfer, such as finite difference, finite
element, and boundary element methods, have been adopted to evaluate the tem-
perature of a 3D circuit. Simpler analytic expressions have also been developed to
characterize the temperature within a 3D system.

Thermal design techniques can be classified into two categories: thermal strate-
gies that improve the thermal profile of a 3D circuit without requiring any redundant
interconnect resources for thermal management and those methodologies that are an
integral part of a more aggressive thermal policy that utilize thermal TSVs, sacrific-
ing other design objective(s). The thermal aware design techniques uses the location
and spatial distribution of TSV to accurately estimate the temperature profile of the
3D chip. As discussed earlier, TSVs are made of copper or tungsten and they are good
thermal conductors. By carefully arranging the TS Vs, it is possible to transfer the heat
efficiently from the tiers far from heatsink towards the tiers placed near to heatsink.
To do this, we need to include 3D thermal analysis tool to the physical design flows
to create thermal aware design tools. As described in Fig.2.11, depending of the type
of design, a uniform or a non-uniform TSV distribution can be used to effectively
transfer heat from one layer to another. There are also more aggressive thermal man-
agement methods using redundant interconnect resources. These TSVs are typically
called thermal or dummy vias [10] to emphasize the objective of conveying heat
rather than providing signal communication for circuits located on different physical
layers. Thermal wires can also be employed to transfer heat [50]. Thermal wires
correspond to those horizontal wires that connect regions with different thermal via
densities through thermal inter-tier vias.

2.5.3 Power and Clock Delivery in 3D-ICs

On-chip power delivery is a major challenge in 3D-IC design. In 3D ICs, the on-
chip power-ground (P/G) networks in several tiers are vertically connected with P/G
TS Vs, leading to much higher current demand per TSV. The number of TSVs used in
the 3D P/G network is also limited so as to prevent placement and routing congestion.
In addition, signal routing must be done carefully to prevent coupling noise between
P/G TSVs and signal wires. This complex optimization problem usually results in
larger area, more power consumption, and more noise, which leads to less perfor-
mance and diminishing benefit of TSV-based 3D-IC technology. Research needed
on P/G network synthesis, optimization, and analysis to addresses these issues while
minimizing on-chip resource usage such as P/G wires, P/G TSVs. The sequential
elements in 3D ICs (i.e., flip-flops and latches) are potentially located in all of the
dies in the 3D stack. This poses a major challenge in delivering clock signal to all of
them while reducing power consumption, skew, slew, and jitters. A recent study [51]
shows that more clock TSV usage up to a certain point translates to more wire length
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reduction and thus power saving. However, clock TSVs, as in the case with signal
and P/G (Power and Ground) TSVs, occupy layout space and causes coupling. Thus,
clock TSV management becomes an important issue in 3D clock tree synthesis.
In addition, the high thermal variations in 3D ICs induce a substantial amount of
skew variation in the clock tree, which has adverse implications for the performance
and reliability of 3D-ICs. The 3D clock tree itself is the longest wire in the circuit
and contains many buffers to control skew and slew. Since the delay characteristics
of clock wires, buffers, and TSVs are significantly affected by the temperature, care
must be taken to ensure that the skew is kept minimum based on a given non-uniform
thermal profile.

2.5.4 TSV-Induced Design for Manufacturability Issues

Primarily due to their large size compared with other layout objects, TSVs in 3D-IC
layouts cause significantly non-uniform layout density distributions on the active,
poly, and M1 layers. This density variation issue is expected to cause trouble during
chemical-mechanical polishing (CMP) steps in the BEOL processing of the individ-
ual die, and requires new TSV-aware solutions. In addition, the printability of the
devices and wires nearby TSVs will be affected in a non-negligible way. The CTE
(coefficient of thermal expansion) mismatch between TSV copper and silicon causes
significant stress to the devices nearby during manufacturing and operation of the 3D
ICs. This in turn affects the timing characteristics of the devices and thus the overall
circuit performance. The reliability of substrate and devices nearby TSVs is also
affected because the thermal hotspots created in the regions cause repeated thermal
expansion and contraction during 3D IC operation. This transient thermal behavior,
together with the residual stress from TSV fabrication, may cause cracking and other
physical damage in the substrate and devices. Research efforts required to address
these issues during physical design. Possible solutions include TSV-aware CMP fill
synthesis for the top and bottom metal layers, TSV stress-aware timing analysis and
physical design [52], and TSV-aware substrate and device reliability modeling and
optimization. TSVs are significantly larger than devices and local interconnects
and thus complicates physical design and optimization for 3D layouts. Accurate elec-
trical, mechanical, and thermal modeling of TSVs is essential in successful physical
design of TSV-based 3D-ICs. In addition, full-chip layout construction and analysis
for 3D-ICs should consider the impact of TSVs on performance, power, reliability,
manufacturability, and cost.

2.5.5 Floorplanning for 3D Circuits

The predominant design objective for floorplanning a circuit has traditionally been
to achieve the minimum area or, alternatively, the maximum packing density while
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interconnecting these blocks with minimum length wires. Most floorplanning algo-
rithms can be classified as either slicing [53] or nonslicing [54, 55]. Floorplan-
ning techniques belonging to both of these categories have been proposed for 3-D
circuits [56-59]. An efficient floorplanning technique for 3-D circuits should ade-
quately handle two important issues: representation of the third dimension and the
related increase in the solution space. Conventional floorplanning assumes a single
2D layer on which several modules must be arranged. A wide verity of different
algorithmic approaches have been used in order to solve the floorplanning problem.
3D floorplanning includes new 3D-specific characteristics that must be represented
in the underlying data structures. For example, high output power modules need
comprehensive consideration, such as thermal-driven floorplanning [60] and vertical
dependencies arise in addition to horizontal ones.

There are two ways to represent the vertical dependencies. The first possibility is
the multiple usage of classical data structures, so-called 2.5D methods. Here, addi-
tional mechanisms have to be implemented to consider vertical relations between
module placed in different tiers, such as vertical alignments as well as overlapping
and non-overlapping constraints. The representations include a discrete z-direction,
such as the combined bucket and 2D array approach (CBA) in [61]. Vertical depen-
dencies must incorporated directly into the data structure to prevents invalid solutions
without time-consuming evaluations as well as to minimize the solution space. More
recent data structures for floorplanning represent multilayer modules in the three
dimensions. An example of such a data structure is 3D Slicing Tree described in [53,
62]. As illustrated in Fig.2.12, different operations, such as module rotation and
swapping, can be carried out efficiently to modify the given tree. A concatenation
of these operations allows obtaining any possible slicing tree from any given slicing
tree. However solutions from a 3D-Slicing Tree are limited to slicing floorplans.

2.5.6 Placement for 3D Circuits

Placement algorithms have traditionally targeted minimizing the area of a circuit
and the interconnect length among the cells, while reserving space for routing the
interconnect. In vertical 3D-IC integration, a placement dilemma arises in deciding
whether two circuit cells sharing a large number of interconnects can be more closely
placed within the same tier or placed on adjacent physical tiers, decreasing the inter-
connection length. Placing the circuit blocks on adjacent tiers can often produce a
line with the shortest wire-length to connect these blocks. An exception is the case
of small blocks within an SiP where the length of the inter-tier vias is greater than
100 wm [63, 64]. Placement methodologies have also been discussed where other
objectives, such as thermal gradients among the physical tiers and the temperature
of the tiers [65], are considered. Several approaches have been adopted for placing
circuit cells within a volume [66—70]. Different types of circuit cells for various 3D
technologies have been investigated in [36]. Layout algorithms for these cells have
also been devised, demonstrating the benefits of 3D integration. Since TSVs consume
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Fig. 2.12 Illustration of 3D Slicing Tree operation to permute a given 3 F floorplan: A rotation
alters an inner node (representing a cut through the normal plain) resulting in a physical rotation
of modules contained in the sub-trees of that node. An exchange swaps two sub-trees resulting in
a physical exchange of modules contained in these sub-trees

silicon area, possibly increasing the length of some interconnects, an upper bound on
this type of interconnect resource is necessary. Alternatively, sparse utilization of the
vertical interconnects can result in insignificant savings in wire length. To consider
the effect of the vertical interconnects, a weighting factor has been used to increase
the distance in the vertical direction, controlling the decision as to where to insert the
inter-tier vias [69]. This weight essentially behaves as a controlling parameter that
favors the placement of highly interconnected cells within the same or adjacent phys-
ical tiers. Alternatively, TSVs are treated as circuit cells since these interconnects
occupy silicon area [71] and are included in the individual cell placement process
within each tier. Since this approach can result in two different locations for placing
a TSV, as illustrated in Fig.2.13, a weighted average distance between these two
locations can be utilized to place a TSV [71]. Although these approaches consider
the location of the TSV, the fundamental objective is to decrease the interconnect
length. The maximum achievable reduction in the interconnect length for the longest
on-chip interconnect is proportional to /7, where n is the number of tiers constitut-
ing a 3D circuit [8]. Any further improvement in the performance of the inter-tier
interconnects can be obtained by considering the electrical characteristics of the TSV.

Multi-objective placement techniques for 3D circuits are necessary to generate
efficient 3D floorplans. Additional objectives that affect both the cell placement and
wire length are simultaneously considered. The force directed method is a well-
known technique used for cell placement [72], where repulsive or attractive forces
are placed on the cells as if these cells are connected through a system of springs.
The force directed method has been extended to incorporate the thermal objective
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Fig. 2.13 Treating the TSVs as circuit cells on different planes can result in two different locations
for placing a TSV. These locations define a region in which the TSV can be placed to satisfy different
design objectives

during the placement process [73]. In this approach, repulsive forces are applied to
those blocks that exhibit high temperatures (i.e., hot blocks) to ensure that the high-
temperature blocks are placed at a greater distance from each other. The efficiency
of this force directed placement technique has been evaluated on the MCNC [74]
and IBM-PLACE benchmarks [75], demonstrating a 1.3 % decrease in the average
temperature, a 12 % reduction in the maximum temperature, and a 17 % reduction
in the average thermal gradient. The total wire length, however, increases by 5.5 %.
As demonstrated by these results, this technique primarily achieves a uniform tem-
perature distribution across each plane, resulting in a significant decrease in thermal
gradients as well as the maximum temperature. The average temperature through-
out a 3D-IC, however, is only slightly decreased. As a more practical example that
demonstrates the need to include the thermal objective in 3D physical design tech-
niques, consider an Intel Pentium 4 processor, which has been redesigned in two
planes [76]. The increased power density due to stacking can increase the peak tem-
perature within the 3D processor by approximately 26 °C, as compared to the original
2D system if thermal issues are ignored [76]. This increase can significantly degrade
the performance and reliability of the processor. If the thermal objective is incor-
porated during the placement process, a negligible 2 °C increase is observed [76].
Alternatively, additional TSVs that do not function as a signal path can be utilized
to further enhance the heat transfer process. The design objective is to identify those
regions where thermal vias are most needed (hot-spots) and place thermal vias within
those regions at the appropriate density. Such an assignment, however, is mainly
restricted by two factors; the routing blockage caused by these vias and the size of the
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unoccupied regions or white space that exist within each tier. Although thermal via
insertion can be applied as a post-placement step, integrated techniques produce
a more efficient distribution of the thermal TSVs for the same temperature con-
straint [77, 78]. One advantage of this approach is the large granularity with which
the thermal analysis method could work. The thermal conductivity of each region
can be treated as a design variable that is only subsequently translated into a precise
number of thermal vias placed inside this region. The integrated technique requires
16 % fewer thermal vias for the same temperature constraint, with a 21 % increase
in computational time and an almost 3 % reduction in total area.

2.5.7 Routing for 3D Circuits

Routing is the most complex and least developed of the physical design techniques
used in 3D circuits. During the routing stage, all terminals of the nets in the circuits
netlist must be properly connected while respecting the constraints, such as design
rules, routing resources capacities and optimizing routing objectives like minimize
total wire-length, maximum timing slack etc. The multiple metal layers available for
routing on each physical layers exacerbate the difficulty in routing a net connecting
several circuit cells located on different layers. As these interconnects also compete
with the transistors for silicon area, routing is a formidable task for 3D circuits. An
early paper on routing 3D circuits demonstrated several issues related to this physical
design task [79]. Consequently, several heuristics have been developed that address
routing in the third dimension [80, 81]. The main difference between the 2D and 3D
routing is caused by the multi-tier position of the net terminals that lead to net topolo-
gies which span more than one tier as illustrated in Fig. 2.14. This requires expensive
inter-tier vias to be used in addition to regular signal vias which connect metal layers
within the same tier. An effective approach for routing 3D circuits is to convert the
routing inter-tier interconnect problem into a 2D channel routing task, as the 2D
channel routing problem has been efficiently solved [82, 83]. A number of methods
can be applied to transform the problem of routing the inter-tier vias into a 2D routing
task, which requires utilizing a portion of the available routing resources for inter-tier
routing (usually the top metal layers). Inter-tier interconnect routing can be imple-
mented in five major stages including inter-tier channel definition, pseudoterminal
allocation, inter-tier channel creation (channel alignment), detailed routing, and final
channel alignment [80]. Additional stages route the 2D channels, both the inter-tier
and intra-tier vias, and perform channel ordering to determine the wire routing order
for the 2D channels.

Alternatively, multilevel algorithmic techniques [84] have been applied to route
3D circuits. The advantages of multilevel routing are the lower computational time
and higher completion rates as compared to flat and hierarchical routers. Multilevel
routing can be treated as a three stage process: a coarsening phase, an initial solution
generation at the coarsest level (level p) of the grid, and a subsequent refinement
process until the finest level of the grid is reached. Before the coarsening phase
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Fig. 2.14 Example route for a net in a three-tier 3D design

is initiated, the routing resources in each unit block of the grid are determined by a
weighted area sum model. The routing resources are allocated during each coarsening
step. The resources for the local nets within a block are transferred at each coarsening
step. At the coarsest level, an initial routing tree is generated. This initial routing task
commences with a minimum spanning tree for each multi-terminal net. A Steiner
tree heuristic and a maze searching algorithm generate a 3D Steiner tree for each
of these interconnects. Additionally, the TSVs are estimated for each block. During
the last phase, the initial routing tree is refined until the finest level is reached. In
this refinement phase, the signal (and thermal) TSVs are successively assigned and
distributed within each block. The routing of the wires follows the refinement of the
TSVs. At the finest level, a detailed router completes the routing of the circuit [84].

Multilevel routing for 3D-ICs has been extended to include the thermal objec-
tive [85, 86]. A thermal-driven 3D router using a multilevel routing approach com-
posed of a recursive coarsening, an initial routing, and recursive refinement process
presented in [85]. The major milestone of this model is the thermal-driven via plan-
ning algorithm. Based on this global view and capabilities of a multilevel planning
scheme, the via planing step effectively optimize the temperature distribution and
wire-length using direct planning of the inter-tier vias instead of indirect planning
through a routing path search. This approach allows to control the chip tempera-
ture effectively. It also should be noted that any inter-tier via is also considered as a
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Fig. 2.15 An illustration of 3D thermal net designed to transfer heat vertically and horizontally
from one location to the other

thermal via. The approach provides flexibility to add dummy inter-tier vias when the
signal inter-tier vias number is not sufficient to bring down the chip temperature to
an acceptable level. An initial routing solution is built using a 3D minimum spanning
tree (MST) for each multi-pin net. Obstacles, such as thermal via regions, are avoided
by using a simple maze routing algorithm. Then, the number of dummy inter-tier vias
to be inserted is estimated using binary search. The upper bound of dummy inter-tier
via numbers that can be inserted into each device layer is estimated by the amount of
whitespace between the blocks. During each refinement stage, the inter-tier vias are
refined first to minimize wire-length and temperature. This via-refinement process
includes two steps, inter-tier via number distribution and signal inter-tier via assign-
ment. These steps try to optimize temperature and wire-length, respectively. After
inter-tier via refinement, wires are also adjusted according to the updated via posi-
tions Another approach is presented in [50]. It tackles the temperature-aware 3D
routing problem not only by using thermal vias but also by introducing the concept
of thermal wires. Thermal wires are objects with the function of spreading thermal
energy in the lateral direction. Thermal vias perform the bulk of the conduction to
the heat sink, while thermal wires help distributing the heat paths among multiple
thermal vias. This strategy not only limits the temperature impact on the delay of
signal nets, but also reduces congestion in hot regions. This is beneficial since more
thermal vias may be inserted later into these regions to reduce the chip temperature.
Figure?2.15 illustrate a model thermal net that is used in modern 3D chip design
to transfer heat vertically and horizontally. The thermal nets are constructed using
TTSVs and horizontal metal wires specially designed for heat transfer. The width
and length of horizontal thermal wires can be bigger than horizontal signal wires.
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2.6 3D-IC Design Verification

Many of the capabilities required for successful TSV design verification exist today
in some EDA tools that are commercially available. There are, however a num-
ber of significant omissions and obstacles to avoid in standard physical verification
methodologies. Some re-factoring of the tired and true design methodologies that
are in place today is needed to accommodate TSV design structures as part of the
verification landscape. The progress that take place EDA industry are evolutionary,
rather than a revolutionary, approach in developing the 3D IC design tools. This
appears to be a good decision because the technology, the rules and the standards
are still evolving. The main EDA challenges are expected in the design space explo-
ration [87], automatic across-die design partitioning, placement and routing, thermal
and stress management, and 3D stack testing.

In the design space today, the location of each TSV is carefully orchestrated
and tracked. A precise connection is made to each specific micro-bump on another
die designed for the match, or other commodity chip with pre-defined locations. A
commodity chip might be a memory, for example that is available from multiple
sources, with same TSV pin-out and compatible characteristics. In such scenarios,
TSV locations are deliberate and precise, acting more like an embedded connector
than a traditional via. Regardless of the design complexities and the perceived need
for new design methodologies for TSV design, there is still a fundamental need for a
separate physical verification flow. An increase in complexity is the design domain
does not necessarily have to follow into verification complexity increase of the same
magnitude. Regardless of design style and methodology, physical verification is a
necessary step to accurately verify design rule compliance, 3D stack LVS checking
across the die parasitic extraction and simulation. Existing verification flows include
the use of DRC, LVS and extraction to verify the connectivity of multiple stacked
dies [88]. 3D-IC designs that utilize TSVs are essentially a double sided die. The
TSV connects the regular front metal stack and back metal stack as illustrated in
Fig.2.16. The back metal stack provides for routing flexibility and consists of one
or two layers. TSVs typically connect the first metals in the front (M1) and back
metal (M6 or higher) stacks are manufactured using via-first process sequence and
the TSVs go through the entire metal stacks are manufactured using via-last process
sequence and result in smaller TSV densities since they require significant area to
pass through the metal stacks. Various TSV models have been proposed ranging from
piratically ignoring the TSVs altogether in verification (i.e. modeling them as single
small resistance), to the complex models based of fitting S-parameter measurements
with the parameter of TSV model [32]. Electrical characteristics of the TSV depend
on its physical dimensions, size and thickness of its liner as well as on the material
characteristics of silicon substrate. At the present stage of technology development
and 3D-IC applications, it is assumed that there are no interactions between the
TSVs, and a model for a single TSV is provided by the foundries. For verification
purposes, TS Vs are treated as an LVS device (GDS based flow) or as a Via (LEF/DEF
based flow), and the provided spice TSV model of arbitrary complexity to be used for
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downstream simulation. This assumption, however, may not hold true as the technol-
ogy advances and the TSV densities and frequencies become high, requiring accurate
modeling and extraction of the interactions. Significant research effort has been put
into this area recently [89-92] and it is expected to intensify in the coming years.
This new methodology would require more accurate process description, accurate
frequency dependent modeling and appropriate flow development to take advantage
of the modeling accuracy.

2.7 Summary

Developing a design flow for 3D-ICs is a complicated task with many ramifications.
Design methodologies at the frontend and mature manufacturing processes at the
backend are required to effectively provide large scale 3D systems. Physical design
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techniques at different stages of a developmental design flow for 3D circuits have
been discussed in this chapter, emphasizing the effect of the 3D nature on each design
stage. A variety of floorplanning, placement, and routing techniques and algorithms
for 3D circuits have been described that consider the unique characteristics of 3D
circuits. In these techniques, the discrete nature of the third dimension is exploited to
decrease the number of candidate solutions and, consequently, the computational time
required to design a 3D circuit. Due to increased power densities and greater distances
between the circuits on the upper planes and the heat sink, physical design techniques
that embody a thermal objective can be a useful mechanism to manage thermal issues
in 3D-ICs. Design techniques can reduce thermal gradients and temperatures in 3D
circuits by redistributing the blocks among and within the planes of a 3D circuit.
Alternatively, thermal vias can be utilized in 3D circuits to transfer heat to the heat
sink. Thermal wires in the horizontal direction are similar in function to thermal vias
and can also be utilized to lower thermal gradients within 3D circuits.

Another requirement for maximizing the speed of 3D circuits is to reliably distrib-
ute the clock signal within these circuits. A 3D clock distribution network, however,
cannot be directly extended from a 2D circuit due to the asymmetry of a multi-tier
3D circuit and the effect of the inter-tier via impedance. Several clock distribution
networks have been developed to investigate synchronization issues in 3D systems.
In addition to higher performance, 3D integration offers significant opportunities for
designing highly diverse and complex systems. Research on the design of 3D-ICs
has only recently begun to emerge. Many challenges remain unsolved and signif-
icant effort is required to provide effective solutions to the problems encountered
in the design of 3D-ICs. Furthermore, distributing power to the tiers of the stack
located far from the power/ground pads is another fundamental issue in 3D-ICs. As
the power/ground pads are typically located along the edges of the plane, providing
sufficient current while satisfying target voltage levels for every transistor within
a 3D-IC requires innovative power distribution networks. Addressing these impor-
tant design issues will considerably accelerate the development of commercial 3D
integrated systems.
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Chapter 3
Field Programmable Gate Arrays:
An Overview

Abstract Field Programmable Gate Arrays (FPGAs) are semiconductor devices
that contain logic components connected by a regular, hierarchical programmable
interconnect system. The distinguishing characteristic of FPGAs is their on-filed pro-
grammability which allows the logic functionality of an FPGA to be re-programmed
even after the manufacturing process. FPGAs are used for rapid prototyping of digital
circuits. The design and test of digital systems are time efficient and cost-effective
with FPGAs. The logic components in the FPGA mostly consists of memory ele-
ments such as registers or even complete blocks of memory that can be configured
to hold any desired state. The hierarchical interconnect system is also programmable
which allows the logic components to be connected in a variety of network configura-
tions. Therefore the re-programmability of FPGAs is achieved by a fixed underlying
architecture, which does not cater to any particular logic circuit. This lets FPGAs
have a lower non-recurring cost, shorter design cycle and enables them to be re-
programmed in the field to circumvent manufacturing defects. This chapter discuses
about the FPGA building blocks and how they are interconnected to form a flexible
digital prototyping and design platform.

3.1 Introduction

Field Programmable Gate Arrays (FPGAs) [1-6] are semiconductor devices that
contain logic components connected by a regular, hierarchical programmable inter-
connect system. The distinguishing characteristic of FPGAs is their on-filed program-
mability which allows the logic functionality of an FPGA to be re-programmed even
after the manufacturing process. FPGAs are used for rapid prototyping of digital cir-
cuits. The design and test of digital systems are very time-efficient and cost-effective
with FPGAs. The logic components in the FPGA mostly consists of memory elements
such as registers or even complete blocks of memory that can be configured to hold
any desired state. The hierarchical interconnect system is also programmable which
allows the logic components to be connected in a variety of network configurations.
Therefore the re-programmability of FPGAs is achieved by a fixed underlying archi-
tecture, which does not cater to any particular logic circuit. This lets FPGAs have a
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lower non-recurring cost, shorter design cycle and enables them to be re-programmed
in the field to circumvent manufacturing defects. FPGS were used mostly for proto-
typing and emulation systems in the design process for ASICs. However, recently,
FPGAs have become popular for a variety of mainstream products in networking,
telecommunication, digital signal processing and in consumer electronics. FPGAs
can be classified based on the technology using to program it.

o Antifuse FPGAs—The devices are configured by burning a set of fuses. Once the
chip is configured, it cannot be reprogrammed any more.

e Flash FPGAs—These devices can be reprogrammed several thousands of times
and retain their configuration even when the power is switched off. However, these
devices take several seconds for reconfiguration.

e SRAM based FPGAs—These devices are most popular kind of devices as they
offer unlimited re-programming using Static Random Access Memory (SRAM)
cells to hold the circuit configuration that is loaded into the FPGA. They offer
very fast reconfiguration, with some devices such as the Xilinx [7] allowing even
partial reconfiguration.

3.2 Introduction to FPGA Architectures

FPGAs consists of an array of configurable logic blocks (LBs) that are connected
by a 2D grid of metal channels, as illustrated in Fig.3.1. Each LBs contains a small
amount of digital logic to form a Look-Up-Table (LUT) which implement the boolean
logic functions using SRAM bit cells. A n bit SRAM can be used to implement any
one of the 22" boolean functions that have n inputs and a single output. The output
of the LUTs are also connected to registers whose outs can be chosen instead of the
direct LUT output. Thus a LB can be programmed by a small amount of memory to
implement sequential logic as well as combinational logic. The mesh-based channels
connecting these LBs together contains switch boxes (SBs) at the grid-points, which
can connect the intersecting channels to each other using programmable switches.
The programmable memory in the LBs as well as the memory controlling switches
in the SBs, together form the configuration memory of FPGA. FPGA is a prefab-
ricated silicon device that can be re-configured to implement various applications.
Re-configurability is derived from re-programmable SRAMs. By programming the
SRAM cells, the functionality of FPGA logic blocks can be tailored to implement
a particular logic circuit. LBs and interconnects are established by programming
SRAM cells to connect prefabricated routing resources. Thus, any given logic cir-
cuits can be mapped into the FPGA by programming functionality and connectivity
of logic blocks based on the specific characteristics of the application. Therefore any
logic circuit is functionally equivalent to a particular state of the configuration mem-
ory of the FPGA. For this particular state of the configuration memory, The FPGA
behaves exactly like the mapped circuit for all possible inputs of the circuit. The
major challenge in FPGA design is to provide the maximum placement and routing
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Fig. 3.1 A Mesh-based homogeneous FPGA architecture

flexibility with minimum area cost. FPGA designers propose different architecture
and interconnection topologies to achieve this trade-off.

3.2.1 Configurable Logic Blocks

The Configurable Logic Block (CLB) as shown in Fig.3.2 is a basic component
of FPGA, contains the boolean logic that are the equivalent of gates in an ASIC
circuit. A CLB comprise of a single basic logic element (BLE), or a cluster of locally
interconnected BLEs. The BLE consists of Look-Up-Table (LUT) and Flip-Flop as
illustrated in Fig.3.3. A LUT with k inputs (LUT-k) contains 2¥ configuration bits,
capable of implementing any k-input boolean function. Figure 3.3 shows the BLE
comprising of a four input Look-Up-Table (LUT-4) and D-type Flip-Flop. The LUT-
4 uses 16-bit SRAM accesses by a 4-to-1 MUX tree to implement any four-inputs
boolean function. The output of BLE is also connected to a Flip-Flop and a 2-to-1
multiplexer is used to choose between the direct BLE output and the latched output.
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The latched output is used to implement sequential circuits in the FPGA. A BLE with
more number of number of inputs reduces the total number of BLEs required to map
a hardware circuit. This eventually reduces the intercommunication between BLEs
and thus the speed of the hardware circuit improves. However the area increases
exponentially as the number of inputs increases [8].

A CLB can contain a cluster of BLEs connected through the logically equivalent
local routing network. Figure 3.2 shows a cluster of four BLEs and each BLE contains
a LUT-4 and a Flip-Flop. The BLE also has internal routing between the logic block
outputs and the inputs, which allows the BLE outputs to be mixed along with inputs.
This feature is later exploited in the packing stage, where a chain of LUTs in a
boolean network can be packed together into a logic block. This internal routing
circuitry allows such BLEs to aviod routing through switch boxes, reducing the
delay between BLEs. The number of outputs pins of a cluster are equal to the total
number of BLE:s in a cluster, whereas the number of inputs pins of a cluster can be
less than or equal to the sum of input pins required by all the BLEs in the cluster.
Modern FPGAs contain typically 4 to 10 BLEs in a single cluster. A cluster of
BLEs is an alternative way to improve the granularity of an FPGA logic block. This
approach is now commonly used in most industrial FPGAs. Here, several BLEs
are grouped into cluster size N. By increasing the CLB granularity in this manner
as opposed to growing it by making the BLE size larger, the size of the logic and
internal routing to supply the complete crossbar connectivity within the cluster only
grows quadratically versus exponential growth in area as BLE size increases [8]. In
general, there are fewer inputs to the cluster from the external inter-cluster routing
than the total number of inputs to the BLEs inside the cluster. This reduction is
possible because the cluster input signals are often used as inputs to multiple BLEs
in cluster with sufficient number of BLEs. This observation is first captured in an
equation for clusters of N 4-input LUTs by [5] /, the number of pins needed to fully
occupy a cluster of N 4-input LUTs is 2N + 2, as opposed to the total number of
inputs pins on all basic logic elements, 4N. This relationship is generalized in [8]
for N-sized clusters of k-inputs LUTs is shown in Eq. 3.1, which is significantly less
than the maximum of KN

K
I==(N+1) 3.1)

Typically, intra-cluster routing in contemporary BLE-based FPGAs does not
exhibit full crossbar connectivity. The FPGA optimization study presented in [9]
concluded that at least half of the connections between cluster inputs and logic ele-
ments inputs can be removed and between 50 and 75 % of the feedback connections
from logic elements inputs can be removed with no impact on critical path delay
or the number of logic clusters required. This switch and interconnect depopulation
results in about a 10 % area reduction of FPGAs with cluster size similar to com-
mercial FPGAs. The reduction in intra-cluster routing flexibility requires an FPGA
router to extend the search for wiring paths into logic clusters. This extended search
can increase routing time by up to factor of four [9].
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3.3 FPGA Interconnect Topologies

In the design and development of FPGAs, we have studied Mesh-based [1-6], Tree-
based [10-14] and unified Mesh of Tree interconnection network [15—17]. We have
seen numerous research and studies showing the characteristics of these networks,
how they scale, and empirically how they relate on particular designs [10, 12, 18].
We decided to revisit all tree-based architectures and interconnect network to study
and understand their capabilities, which will help us to determine the changes and
modifications required to make them suitable for sub-nanometer designs.

3.3.1 Mesh-Based Interconnect Network

The CLBs of an island styled Mesh-based FPGA are arranged in a two dimensional
mesh with routing resources evenly distributed throughout the mesh as illustrated in
Fig.3.4. A planar global routing architecture typically has routing channels on all
four sides of the CLBs. The number of wires contained in the channel, W, is pre-set
during fabrication, and is one of the key choices made by the FPGA architect. The
Mesh-based routing resources generally use wire segments of different lengths in
each channel in an attempt to provide the most appropriate length for each given
connection. Currently most commercial SRAM-based FPGA architectures [7] use
Mesh-based FPGA architectures. The routing architecture of Mesh-based FPGA
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Fig. 3.5 Two types of programmable switches used in SRAM-based FPGAs

defines the logical structure of programmable interconnection between wire segments
in routing channels and between logic block I/O and routing channel wire segments
organized in rows and columns. The set of switches used to connect a logic block
to an adjacent routing channel is called a connection block C. Similarly, the set
of switches used to connect intersecting routing channels is called a switch block
S. Each routing channel contains W parallel wires tracks, where W is called the
channel width. The same width is used for all channels. Figure 3.5 illustrates these
various routing structures. The structure of these individual routing components can
be parameterized by routing channel width, segment distribution, connection block
topology, and switch block topology. Segment distribution describes the lengths of
the wire segments in the routing channels. Longer wire segments span multiple blocks
and require fewer switches, thereby reducing routing area and delay. However, they
also decrease routing flexibility, which reduces the probability that a user circuit can
be routed successfully.

3.3.2 FPGA Switch Block

Modern FPGAs commonly use a combination of long and short wires in order to
balance the routing area and delay tradeoff. Connection and switch block topologies
describe the interconnection pattern within these blocks. In terms of routability,
fully populated blocks as illustrated in Fig. 3.4 (that is, blocks for which any incident
pin can be connected to any other incident pin) would be optimal. However, in
terms of area, the cost would be prohibitive. Previous work [9, 19] has shown that
connection and switch blocks still provide good routability even when only sparsely
populated. Connection block population is defined by F, and F, parameters,
where F¢, isrouting channel to cluster input switch density and F,,,, is cluster output
to the routing channel density. The regular grid of routing channels is connect at the
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Fig. 3.6 Disjoint and universal 2D switch boxes, X, X1, Yo, Y1 mark their sides

grid-points by a collection of switches know as a switch matrix or switch block (SB).
A switch block is a set of programmable switches between the metal channels that
can be configured to create any desired routing pattern. A switch block from the
Mesh-based FPGA grid connect four metal channels, an X0 channel that connects
from the left of the switch box, an X1 channel that connects from the right, a Y0
channel that connects from above and a Y'1 channel that connect to the bottom of the
switch block as illustrated in Fig. 3.6. Each of these channels usually has the same
number of tracks W, which is know as channel width of the FPGA. Therefore each
side of the switch block has W pins that have to be connected to each other is some
routing pattern. The switch flexibility Fy of a pin on some side of a switch block
is the number its connections to pins on the remaining sides of the switch block.
Figure 3.6 shows two different switch routing pattern with Fy = 3.

A popular switch block architecture is the disjoint switch architecture which is
shown in Fig.3.6. In Fig.3.6, it can be seen that when the pins of any side of the
switch block are numbered from 1 to 4, since in this example the W is set to 4,
in general a pin numbered i on one side of the switch block connect only to pins
number i on the other three sides of the switch block. Hence the constraint on the
routing pattern is that no pin i on one side can connect to a pin j on another side
for i # j. Another example of a switch block architecture is the universal switch
block where every set of nets satisfying the dimensional constraint, which is the
maximum number of W tracks in each channel, is simultaneously routable through
the switch block. The choice of the switch block architecture can have a significant
impact on the routability of the FPGA and consequently the performance of the
FPGA. the connections between the pins of the switch blocks can be made through a
pair of tristate buffers or through a bidirectional pass transistor as shown in Fig. 3.5.
Programmable SRAM-based switches within connection blocks and switch blocks
can be implemented using either pass-transistors or tri-state buffers, as illustrated
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in Fig.3.5. Pass-transistor switches require less area and dissipate less power than
tri-state buffer switches. However, tri-state buffer switches are faster for connections
that span many segments. It is well known by VLSI designers that propagation
delay through one pass transistor is smaller than corresponding delay through one
buffer [20]. However, it is also known that placing many pass transistors in series
is much slower than a similar chain of buffers because delay grows quadratically
with the former, but linearly with the latter. Routing architectures commonly use
a combination of tri-state buffer and pass-transistor switches to reduce area and
delay. Global networks, such as clock and reset networks, are implemented with
dedicated routing tracks which are separated from the configurable routing. Like
other integrated circuits, FPGA clock distribution networks are designed to minimize
skew in order to maximize system performance.

Any pin in the switch block can be driven by at most one out of the 3 switches
that connect to it. The parasitic capacitance seen by this driving switch depends
on the type of the switches that connect to this pin. When the connects are made
through tristate buffers, the contribution made by each bidirectional connection to
the capacitance seen by the driving pin is the sum of the input capacitance C;, and
output capacitance C,,; of the tristate buffer. Therefor capacitance encountered by
a net driver at a switch block pin due the bidirectional switches alone, is given by
Eq.3.2.

Cpin =3 x (Cip + Cour) (3.2)

The capacitance values is seen by the driving switch regardless of whether the other
tristate buffer connections are open or closed. When pass transistor are used to make
the connections, the state of the other connections, either open or closed, determines
the capacitance seen be the driving switch. In other words, in the case of pass transistor
connection, the fanout at a pin determines the parasitic capacitance seen by the switch
driving the pin. The contribution of an open pass transistor switch is only the overlap
capacitance value of the transistor. On the other hand, a closed transistor switch, apart
from the closed transistor capacitance, exposes the entire capacitance tree behind this
switch, up to the points where buffers are encountered.

3.3.3 FPGA Routing Channels

The metal channels that form the interconnect of the Mesh-based 2D FPGA consist
of two type of channels, namely the X and Y channels. Each channels contains wire
tracks that can be individually driven by a source. The wire in each track is broken
up into a multiple wire segments that the same characteristics. It is found to be more
beneficial to use segments of different lengths rather than a single uniform length
through the FPGA [6]. This allows the router connecting two LBs in the FPGA, to
choose the type of segment depending on the physical distance between the two LBs.
Long wire segments that can span multiple switch blocks, bypassing intermediates
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the switch blocks, are ideal for connecting LBs that are far apart in the FPGA. On the
other hand, to connect LBs that are very close to each other, long wire segments with
higher wire capacitance, result in greater delay compared to shorter wire segments.
A wire segment is characterized by the following properties.

1. Length—The wirelength of the segment is measured in unites of the distance
between two adjacent switch blocks. For example a wire segment of span 2
connects two switch blocks that are separated by a single switch block. A segment
of span 4, connects two switch blocks in arow or column, separated by three switch
blocks.

2. LB population—When a wire segments span across M switch blocks and is
connected to the corresponding LBs in only M out of the N switch blocks, the
LB population is given by %

3. Switch population—For a wire segment span across N switch blocks and connects
through the switches to only M out of them, the switch population is given by %

The different types of wire segments used in the Mesh-based 2D FPGA are sum-
marized in Table3.1. Thus a metal channel can be summarized by the following
properties

1. Channel width W, which is the number of wire tracks within the channel.

2. Segment types—The different types of metal wire segments that form the channel.

3. Segment distribution—The proportion of each of these segments types in the
channel and how these segments are interleaved.

4. Segment staggering—The optimal orientation of the start point of each of these
segments types for maximum routability.

FPGA vendors do not offer FPGAs with different amounts of interconnects, for
a given logic capacity. This is surprising since interconnect consumes nearly 90 %
of the chip area. Some reasons for not offering a variety of interconnect sizes are
inventory control, the impact of marketing and sales of inferior or unroutable devices,
and the large amount of engineering effort required to develop a single device. The
LUT size, the number of LBs in each cluster and the number of inputs per cluster
vary with each vendor. For all experiments performed in this work, those parameters
are chosen to be consistent with previous work [8]. Note that the channel width of the
FPGA is left as a variable. The CAD tools developed for this work attempt to find the

Table 3.1 Mesh-based 2D FPGA segments types

Length Number of LB population | Number of SB population | Number of
spanned SBs connected connected SBs
LBs
1.0 2 1.0 2
2 3 1.0 3 0.66 2
4 5 0.6 3 0.4 2
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minimum possible channel width required to route a specific circuit. The interconnect
requirement is tailored for the circuit to be implemented. This technique allows us to
compare different interconnect topologies in terms of routability targeting different
applications domains.

3.3.4 Multilevel Hierarchical Interconnect

Majority of the logic designs exhibit locality of connections implying a hierarchy in
placement and routing of connections between logic blocks. The Hierarchical FPGA
architecture attempts to exploit this feature to provide smaller routing delays and
more predictable timing behavior. The speed of a net is determined by the number of
routing switches it has to pass through. In a Mesh structure, the number of segments
in series increases linearly with manhattan distance d, between the logic blocks to be
connected. However in the case of Tree connectivity is that the number of switches in
series in a route connecting two logic blocks increases as a logarithmic function of the
manhattan distance. This is illustrated in Fig. 3.7. Multilevel hierarchical Intercon-
nect regroups the interconnect architectures with more than 2 levels of hierarchy and
Tree-based ones. For example VPR and APEX architectures are not included in this
category since they have only 2 levels of hierarchy. Multilevel hierarchical architec-
ture is created by connecting logic blocks into clusters. These clusters are recursively
connected to form a hierarchical structure. In the hierarchical FPGA called HFPGA,
LBs are grouped into clusters. Clusters are then grouped recursively together as
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Fig. 3.7 Mesh vs Tree interconnect structure, number of series switched in Tree-based and Mesh-
based interconnect
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illustrated in Fig. 3.8. The clustered VPR mesh architecture has a Hierarchical topol-
ogy with only two levels. Here we consider multilevel hierarchical architectures with
more than 2 levels. In [10, 12] various hierarchical structures were discussed. The
HFPGA routability depends on switch boxes topologies. HFPGAs comprising fully
populated switch boxes ensure 100 % routability but are very penalizing in terms of
area. In [12] authors explored the HFPGA architecture, investigating how the switch
pattern can be partly depopulated while maintaining a good routability.

A well-known academic hierarchical FPGA is the Hierarchical Synchronous
Reconfigurable Array (HSRA) [13]. HSRA has a strictly hierarchical Tree-based
interconnect structure. Consequently, HSRA’s logic and interconnect structures are
not as closely coupled as the logic and interconnect structures of island-style FPGAs.
In HSRA, the only wire-segments that directly connect to the logic units are located
at the leaves of the interconnect tree. All other wire-segments are decoupled from
the logic structure. A HSRA logic unit consists of a single 4-LUT/D-FF pair. The
input-pin connectivity is based on a choose-k strategy [13], and the output pins are
fully connected. The richness of HSRA interconnect structure is defined by its base
channel width and interconnect growth rate. The base channel width c is the number
of tracks at the leaves of the interconnect Tree as illustrated in Fig. 3.9 with ¢ = 3.
Growth rate p is the rate at which the interconnect grows towards the root (in Fig. 3.9,
p = 0.5). The growth rate is realized using the following types of switch-blocks:

e Non-compressing (2:1) switch blocks—The number of root-going tracks is equal
to the sum of the number of root-going tracks of the two children.

e Compressing (1:1) switch blocks—The number of root-going tracks is equal to
the number of root-going tracks of either child.

A repeating combination of non-compressing and compressing switch blocks can
be used to realize any value of p less than one. For example, a repeating pattern of
(2:1 1:1) switch blocks realizes p = 0.5, while the pattern (2:1 2:1 1:1) realizes p =
0.67. A HSRA that has only 2:1 switch blocks provides maximum interconnection
bandwidth (i.e. a value of p = 1). AP E X architecture is a commercial product from
Altera Corporation which includes 3 levels of interconnect hierarchy. Figure3.10
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Fig. 3.9 HSRA interconnect structure
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Fig. 3.10 The APEX programmable logic devices [21]
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shows a diagram of the APEX 20K400 programmable logic device. The basic logic-
element (LE) is a 4-input LUT and DFF pair. Groups of 10 LEs are grouped into a
logic-array-block or LAB. Interconnect within a LAB is complete, meaning that a
connection from the output of any LE to the input of another LE in its LAB always
exists, and any signal entering the input region can reach every LAB. Groups of
16 LABs form a MegalLAB. Interconnect within a MegalLAB requires an LE to
drive a global horizontal line or G H (MegaLAB global H) line, which switches into
the input region of any other LAB in the same MegalLAB. Adjacent LABs have the
ability to interleave their input regions, so any LE in L A B; can usually drive LAB; 1
without using a GH line. A 20K400 MegalLAB contains 279 G H lines. The top-level
architecture is a 4 by 26 array of MegalLABs. Communication between MegalLABs
is accomplished by global H (horizontal) and V (vertical) wires, that switch at their
intersection points. The H and V lines are segmented by a bidirectional segmentation
buffer at the horizontal and vertical centers of the chip. In Fig.3.10, We denote the
use of a single (half-chip) H or V line as H or V and a double or full-chip line
through the segmentation buffer as H H or VV. The 20K400 contains 100 H lines
per MegalLAB row, and 80 V lines per LAB-column.

3.4 Proposed FPGA Interconnect Architectures

Design of large devices implies fundamental and efficient innovation in architecture
to improve speed, density and software mapping time. Relying on industry expe-
rience with standard ASICs, we believe that partitioning and hierarchy becomes
unavoidable for hardware and software developments. In fact most logic designs
exhibit local connections, which implies a hierarchy in placement and routing of
connections between logic blocks. The Tree-based interconnect architecture which
takes advantage of this feature to provide smaller routing areas and more predictable
timing behavior. Routability and interconnect area depend on switch boxes topol-
ogy and signals bandwidth (in/out signals per cluster). In Tree-based interconnect
topology, we use full cross bar switch boxes and we aim to exploit the flexibility to
reduce signals bandwidth based on suitable partitioning approaches. In this section
we describe a Tree-based interconnect model to improve logic density and speed of
FPGAs.

3.4.1 Evolution of Tree-Based Interconnect Architecture

As illustrated in Fig.3.11, in Tree-based interconnect architecture, Logic blocks and
routing resources are partitioned into a multilevel clustered structure. Each clus-
ter contains sub-clusters and a switch box allowing to connect external signals
to sub-clusters. The previous studies regarding hierarchical topology described in
Sect.3.3.4, we consider the problem with different stand point. All Tree based net-
works presented in the Sect.3.3.4 use bidirectional switches and wire tracks. This
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introduces considerable complication in both hardware network design and increases
the load on routing tools [22, 23]. In Tree-based FPGA architecture we use only
single-driver unidirectional wires. As proposed in [24], we build a fully hierarchical
interconnect with inter-level signaling bandwidth, growing according to Rent’s Rule.
We consider only unidirectional signal wires. Logic Blocks represent the Tree leaves.
Let N the number of LBs in the architecture. Gates are recursively partitioned into
k equally sized sets at each level of the hierarchy. The principal interconnect occurs
at each node of convergence in the hierarchy as presented in Fig.3.11. At level £ in
the hierarchy, each node has a fan-in from the lower level equal to k % 1, , signals
and a fan-in from the upper level equal to n;,,. Similarly, it has a fan-out of k *n;;,,_,
toward the leaves and n,,; towards the root. At each level £, we have n; g, LBs,
nin, external inputs and 7,,;, external outputs. We are interested to evaluate wiring
and switching growth. According to the architecture hierarchy and the Rent’s rule
growth we have:

14
NLBg =n
£.
Nip, = C,‘n.k p
L.
Nout, = Cour -k P (3.3)

where ¢;,, and c,,; represent the number of leaf inputs and outputs and p is the Rent’s
growth factor.

Fig. 3.11 TFPGA: Tree n
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3.4.2 Wire Growth Model

First we consider how wiring resources grow in this structure. At each level £ of
the hierarchy, each switching node has n;,, inputs and n,,;, outputs. This makes the
bisection width equal to (i, + Cour)k“P. Since V€ € {1, ..., log,(N)} k“P < N,
the bisection width is O(N?). For a 2-dimensional network layout this bisection
width must cross out of the subarray through the perimeter. Thus the perimeter of
each subarray is O(N?). The area of the subarrays will be proportional to the square
of its perimeter, making: Agyparray X N 2P The area required for each Logic block
(LB) based on wiring constraints, then goes as:

Awiring(LB) X sz_l

3.4.3 Switch Growth Model

We have k + 1 distinct output directions from each node of convergence in the
interconnect: k for the k leaves, plus one for the root. Allowing full connectivity within
each Tree node, each of the k leaves picks its n;,, inputs from the (k — 1) xn,,; outputs
from its siblings and from the n;, inputs from the parent node. The n,,; outputs of
this node are selected from the k * n,,; outputs from all k subtrees converging at this
point. Each of the logical switching units is a fully-populated crossbar. At each level
£, the total switch number is:

Nywiten(€) = [k * ((k — l)noutg,l + ning) * ning,l] + [(k * noutg,]) * nautg)] 3.4
= [k (cin + Cour) + (k — 1)Courlkcink*P =D (3.5)

Looking across the number of LBs supported at level £, we can count the number of
switches per LB at each level:

kP (ci k—1 kei k2PE=1
Nywiten () = [kP (cin + cour) + ( YeoutJkCin

Kl
Summing across all levels we obtain:
log (N)
Nswiteh(LB) = [KP (cin + Cour) + (k = Deou] X cin »_ kZP~DED (3.6
(=1
o if p <0.5
Nywiten (LB) = § O (log(N)) ifp=0.5 3.7)

O (N*71) ifp>0.5
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From Eq.3.7 we have switching area per LB grows as O(1), for p < 0.5, and
o (N 2p _1) for p > 0.5. The large area of switches relative to wires is one of the
reasons that we will care about the number of switches required by the network. To
reduce switches requirement we aim to reduce the interconnect Rent’s parameter p.
The architecture Rent’s parameter is the minimum possible Rent’s parameter of the
architecture allowing all routability achievement of a given netlist. In the proposed
architecture, we use fully populated switch boxes (crossbar). There is exactly one
switch associated with each possible input to output connection, so routing is trivial
and guaranteed. The architecture Rent’s parameter corresponds exactly to the par-
titioned netlist Rent’s parameter. In [25], authors showed that the resulting Rent’s
parameter is subject to the algorithm which generates the partitioning Tree. Thus in a
Tree-based architecture switches requirement depends on the partitioning methodol-
ogy. To determine the Rent’s parameter of a netlist design we developed a multilevel
partitioning methodology. In each hierarchical level, we determine the maximum
number of inputs and outputs in all parts. Numbers of inputs and outputs of a cluster
located at level £ of the Tree architecture are given by:

Nin(£) = max N;,(part)
parteP (L)

Nou: (£) = ma?(@) Nous (part)

parte

P (£) is the set of parts in level £.

3.5 Tree-Based Routing Interconnect

The Tree-based interconnect architecture uses Butterfly Fat-Tree (BFT) interconnect
topology, where LBs (Logic Blocks) are grouped into clusters. Each cluster contains
a switch block to connect local LBs. A switch block is divided into MSBs (Mini-
switch Blocks). As illustrated in Fig.3.12 The Tree-based interconnect architecture
unifies two unidirectional programmable interconnect networks.

1. Downward Interconnect Network—The downward network is inspired from
SPIN [26]. It is based on the Butterfly Fat-Tree (BFT) style interconnect [27]
with linear populated and unidirectional switch boxes. Tree leaves correspond to
logic blocks.

2. Upward Interconnect Network—The upward network connects the logic blocks
outputs and the input Pads to the different levels of the Tree using hierarchy.

Each logic block contains one Look-Up-Table (with ¢;,, inputs and ¢,,; = 1 output),
followed by a bypass Flip-Flop. The Logic Blocks (LBs) are grouped into k sized
clusters and interconnect are organized into levels. Let nb{¢ denote the number of
levels of a given architecture (nb? = logi(N)). In each level £ we have kﬂ{ clusters;
C is the set of clusters in all levels. A cluster with index ¢ belonging to level £
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Fig. 3.12 Typical
Tree-based interconnect S
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is noted by cluster (£, c). A cluster switch block is divided into separated Mini
Switch Boxes (MSBs). Each MSB corresponds to a full crossbar. Each cluster (€, ¢)
where £ > 1 contains a set of inputs N;,(£), a set of outputs N,,;(£), a set of
MSBs and k sub-clusters. Sub-clusters of cluster (€, ¢) are cluster (£ — 1, k.c + 1)
wherei € {0, 1,2, ..,k —1}. kis called cluster (£, c) arity. Let nbM S B(£) the MSB
number in a clusterinlevel £. MSB with index m belonging to cluster (£, c) is denoted
MSB(£, c, m). Each MSB contains k inputs driven by the upper level and 1 feedback
coming from a leaf output pin. Each cluster in level 0 is denoted cluster (0, ¢) or
leaf cluster(c) and corresponds to the Logic Block (LB) and contains ¢;, inputs,
1 output, no MSBs and no sub-cluster. Each cluster (¢, c¢) where £ < nb{ — 1 has
an owner in level ¢ where ¢/ > ¢ denoted cluster (€', ¢ — k€ =9). We define for
each cluster (£, c¢) a position inside its owner in level £ 4+ 1 (direct owner) by the
following function:

pos : C —{0,1,2, ...k —1}

cluster({,c) —> cmodk

2 clusters belonging to level £ and with the same owner at level £+ 1 have 2 different
positions. To get the cluster owner in level €' of cluster(¢,¢) (£ < £ < nbl — 1)
we define the function:

owner :C xIN — C

(cluster(t, c), €') —> cluster(t',c — k'Y
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3.5.1 Tree-Based FPGA Architecture

As described in Sect. 3.5, in a Tree-based FPGA architecture [16, 17], the LBs are
grouped into clusters and each cluster contains a switch block to connect local LBs.
A switch block is divided into Mini switch Blocks (MSBs). The Tree-based FPGA
architecture unifies two unidirectional upward and downward interconnection net-
works by using a Butterfly-Fat-Tree (BFT) topology to connect the Downward MSBs
(DMSBs) and the Upward MSBs (UMSBs) to LBs inputs and outputs. As illustrated
in Fig.3.13, the UMSBs are used to allow LBs outputs to reach a large number of
DMSBs and to reduce fanout on feedback lines. The UMSBs are organized in a way
allowing LBs belonging to the same owner-cluster to reach exactly the same set of
DMSBs at each level. Thus positions, inside the same cluster, are equivalent, and
LBs can negotiate with their siblings about the use of a larger number of DMSBs
depending on their fanout sizes. For example in Fig. 3.13, an LB ouput can reach all
4 DMSBs of its owner cluster at level 1 and all the 16 DMSBs of its owner cluster
at level 2. Therefore the external I/O pads, clusters or logic-block positions inside
the direct owner cluster become equivalent and there is no need to re-arrange them
anymore. The input and output pads are grouped into specific clusters and are con-
nected to UMSBs and DMSBs, respectively as presented in Fig. 3.13. Thus, all input
and output pads can reach any LBs of the architecture. As presented in Fig.3.13,
the programmable interconnects of a Tree-based FPGA architecture are arranged in
a multilevel network with the switch blocks placed at different tree levels using a
Butterfly-Fat-Tree network topology.

Using UMSBs and DMSBs greatly enhances routability of the Tree-based FPGA
architecture, but it increases the total number of switch requirements. However
this increase can be compensated by depopulating in/out signals bandwidth of
clusters at every level. In fact, netlists implemented on FPGA architecture often
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Fig. 3.13 An illustration of two-level Tree-based FPGA interconnect structure using two unidirec-
tional upward and downward interconnects
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communicate locally (intra-clusters) and this fact can be exploited to reduce the
bandwidth of signals with inter-clusters communication. A good estimation of netlists
communication locality is given by Rent’s Rule [28]. Based on this estimation authors
in [29] showed that most netlist Rent’s parameters range between 0.5 and 0.65. As
shown in Fig.3.13, the number of DMSBs of a cluster located at level ¢ is equal
to the number of inputs of a cluster located at level ¢ — 1. The UMSBs (Upward
MSBs) allow LBs outputs to reach a large number of DMSBs and to reduce fanout
on feedback lines. The number of UMSBs of a cluster located at level £ is equal
to the number of outputs of a cluster located at level ¢ — 1. The Table3.2 shows
the switch growth of Tree-based interconnect architecture with seven tree levels. It

Table 3.2 Switch growth model of Tree-based interconnect

Tree Arity =4, Cluster size =4 Arch=4 x4 x4 x4 x4 x4 x4

Levels =7

Levels LUT3 LUT4 LUTS LUT6 LUT7 LUTS8
0 4 5 6 7 8 9

1 16 20 24 28 32 36

2 64 80 96 112 128 144

3 256 320 384 448 512 576

4 1024 1280 1536 1792 2048 2304
5 4096 5120 6144 7168 8192 9216
6 16,384 20,480 24,576 28,672 32,768 36,864
Tree Arity =4, Cluster size=5Arch=5Xx5x5x5x5x5x%x5

Levels =7

Levels LUT3 LUT4 LUTS LUT6 LUT7 LUT8
0 4 5 6 7 8 9

1 20 25 30 35 40 45

2 100 125 150 175 200 225

3 500 625 750 875 1000 1125
4 2500 3125 3750 4375 5000 5625

5 12,500 15,625 18,750 21,875 25,000 28,125
6 62,500 78,125 93,750 109,375 125,000 140,625
Tree Arity =4, Cluster size =6 Arch=6 x 6 x 6 x 6 x 6 x 6 x 6

Levels =7

Levels LUT3 LUT4 LUTS LUT6 LUT7 LUT8
0 4 5 6 7 8 9

1 24 30 36 42 48 54

2 144 180 216 252 288 324

3 864 900 1296 1512 1728 1944
4 5184 5400 7776 9072 10,368 11,664
5 31,104 32,400 46,656 54,432 62,208 69,984
6 186,624 194,400 279,936 326,592 373,248 419,904
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also shows, the switch growth rate is slower in the initial levels of Tree, however it
increases exponentially as the Tree grows to higher levels and this trend is also same
for the wire length at higher levels.

The Table3.2 the impact of LUT and cluster size on total number of switch
requirements. The UMSBs are organized in a way allowing LBs belonging to the
same owner cluster to reach exactly the same set of DMSBs at each level. Thus
positions, inside the same cluster, are equivalent, and LBs can negotiate with their
siblings the use of a larger number of DMSBs depending on their fanout. As shown in
Fig.3.13, input and output pads are grouped into specific clusters and are connected
to UMSBs and DMSBs, respectively. Thus, input pads can reach all LBs of the
architecture, and can also be reached by different paths. The cluster size and the
level where it is connected can be modified to obtain the best design fit. Similarly
the output pads are connected to all DMSBs of the upper level and they can be reached
from all LBs through different paths. The main focus of this book is to describe the
development of tools and technologies for the implementation 3D Tree-based FPGA
architectures. Nevertheless this book also provide details about the other varients of
Tree-based FPGA architectures. One such varient is described next section.

3.6 Unified Mesh- and Tree-Based Interconnect

The Tree-based architecture is better optimized in terms of switches number than the
island-style Mesh-based architecture. Nevertheless the Butterfly Fat-Tree topology,
in stand alone mode, is very penalizing in terms of physical layout generation. As
illustrated in Fig.3.14, it does not support scalability and does not fit with a planar
chip structure especially for large circuits unless some dramatic changes happen in
the interconnect layout, which is the aim of this work. In the lower levels of the
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Fig. 3.14 Node of Mesh of Tree architecture
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Tree-based interconnect, clusters are small and close by, but as we get higher into
the tree (connecting large clusters), wiring distances increase. Interconnect in the
higher part of the tree may need to be subdivided. Our idea is to use Tree topology
as an intra-cluster interconnect and to use Mesh topology to achieve inter-clusters
interconnection. In this way we can control the tree size and generate a layout with
any size by tiles abutment.

The Mesh-of-Tree interconnect topology (MoT) is built as a matrix of abutted
nodes presented in Fig. 3.15. Each node has a Tree-based intra-cluster interconnect.
The resulting network corresponds to a Mesh of clusters (each one encapsulating
the intra-cluster interconnect and the LBs). Clusters surrounded by Mesh intercon-
nect are called Mesh clusters and clusters included in the different levels of the tree
are called tree clusters. This topology is proposed as an alternative to the common
cluster-based Mesh architectures. As shown in Fig.3.15, there exist different ways
to connect signals to the LUT input muxes. In Xilinx Virtex architectures [30], the
routing tracks are connected directly to the input muxes. In the VPR architecture [6]
and the Altera Stratix architecture [31], the routing tracks are connected to the input
muxes via an intermediate level of muxes called connection block. The VPR-style
interconnect has a sparsely populated connection block and a fully populated intra-
cluster crossbar. The fully populated intra-cluster crossbar is simple but takes no
advantage of the logical equivalence of LUT inputs and induces a significant ineffi-
ciency. An improved Mesh-based island style interconnect presented in [22]. They
proposed an approach to generate highly routable sparse connection block. Further-
more, they showed that the intra-cluster full crossbar can be depopulated to achieve

SB_a ||SB_b SB_c

Same SBox
(SB_d)

Cluster | |Cluster | |Cluster | |Cluster
c d

Fig. 3.15 Mesh of Tree SBOX architecture
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significant area reduction without performance degradation. A practical example is
Stratix, which depopulates this crossbar by 50% [31]. All studies considered the
connection block interconnect level and the intra-cluster crossbar separately. In [32],
authors investigate joint optimization of both crossbars and proposed a new class of
efficient topology. Nevertheless in the intra-cluster crossbar they optimized only the
part connecting external signals to LBs inputs. Using a full crossbar to connect feed-
backs (LBs outputs) to LBs inputs is very penalizing and imposes a very low bound
on the cluster LBs number. For example we assume we have a cluster with 256 LBs
and we use a full crossbar to connect feedbacks to 4-Lut inputs. This means we need
262 x 103 switches to route clusters internal signals only, which is very expensive.
In the proposed Mesh of Tree architecture, our first contribution corresponds to a
joint optimization of connection blocks and inta-cluster interconnect topologies. We
optimize both crossbars: (1) connecting external signals to LBs inputs (2) connecting
feedbacks to LBs inputs. Our second contribution consists in using only single-driver
interconnect based on unidirectional wires. As illustrated in [23, 33], single-driver
interconnect has a good impact on density improvement.

3.6.1 Cluster Local Interconnect

Mesh clusters are composed of Logic Blocks (LBs) which communicate within a
programmable local interconnect. The intra-cluster interconnect is organized as a
Tree and has the topology similar to Tree-based FPGA. Mesh Clusters input and
output pins are connected to LBs as MFPGA input and output pads. Figures3.15
and 3.16 illustrates Mesh cluster Tree-based local networks and its interface with
the Mesh-based interconnect. As illustrated in Figs.3.15 and 3.17, each cluster is
connected to the 4 adjacent channel tracks. The cluster input and output connectors
are equally distributed on the 4 sides. In all sides we have the same number of inputs
and outputs. As shown in Fig. 3.17, input and output signals are grouped into clusters
situated at level € of the Tree:

e Each cluster of input signals contains 4 inputs connected to the 4 adjacent channels.
As shown in Fig. 3.17, each input is connected to all UMSBs located at level £ 4 1
of the Tree. In this way the 4 inputs are logically equivalent and can reach all Tree
LBs.

e Each cluster of output signals contains 4 outputs connected to the 4 adjacent switch
boxes. As shown in Fig.3.17, each output is connected to all DMSBs placed at
level £ 4 1 of the Tree. In this way the 4 outputs are logically equivalent and can
be reached from all the Tree LBs.

This distribution has an important impact on routability and eliminates constraints
in the placement of Logic Blocks inside clusters. All four Mesh cluster sides have
the same number of inputs and outputs. Side inputs and outputs numbers depend on
the number of Tree leaves and on the level of UMSBs and DMSBs where they are
connected.
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Fig. 3.16 Mesh of Tree FPGA cluster architecture
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k is Tree clusters arity. N is the number of Tree leaves. ¢;, and £,,; are respectively
levels where input and output signals are connected

3.6.2 Mesh-Based Routing Interconnect

In the Mesh interconnect we use only single-driver unidirectional wires, in fact
in [23], authors show that single-driver based interconnect leads to a 25 % improve-
ment in area density. Each Mesh cluster is surrounded by 4 channels which are
connected by Switch Boxes (SB). We do not use connection blocks in the Mesh to
connect channel tracks to cluster inputs and outputs. In fact, as presented in [32],
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Fig. 3.17 Island style representation of Mesh-of-Tree (MoT)-based FPGA architecture

interconnect is better optimized when the connection block is combined with the
cluster local interconnect. As described in Fig.3.17, Mesh cluster input signals are
connected to the 4 adjacent channels tracks. Thus, channel width W is given by:

Nb; N
=" = (3.10)

W 4 klintl

Consequently, the channel width depends on the cluster inputs number and it is
very expensive to modify it in terms of routing resources. In fact modifying the
channel width induces modification of the cluster interface and consequently the
Tree interconnect structure. A Mesh Switch Box (SB) allows to connect horizontal
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and vertical channel tracks together and also to clusters outputs. SB inputs come from
the 4 channel tracks and the 4 adjacent clusters outputs. Since we use a single-driver
based interconnect, each SB output is driven by a multiplexer. SB has a disjoint
topology. The input track j of channel i is connected to output track j of channel &
with h # i. Switch block allows also to connect Mesh cluster outputs to channels
tracks. As illustrated in Fig.3.17 each cluster output is connected to all switch box
outputs located at the 4 sides.

3.6.3 Input and Output Pads Connection

The input and output pads of MoT-based FPGA are grouped into blocks, and are
arranged at the periphery of the architecture. They are connected to the adjacent
Switch blocks located at the periphery of the chip as illustrated in Fig. 3.18. From the
Fig.3.17, it is clear that the switch blocks at periphery either connects to one cluster
or two based on where they are located at the periphery. For example, the switch
blocks which are placed at the periphery are connected to 2 adjacent clusters and
switch blocks placed at corners of FPGA connects only to one cluster. Figure 3.18
shows connections between pad and the adjacent switch block. Each input pad of an
I/O block is connected to all UMSBs of the adjacent switch block, and thus can reach
the adjacent clusters and can be connected to adjacent routing channels. The output
pads of an I/O block are grouped into specific cluster and connected to all DMSBs
of level ¢1 of the adjacent switch block.

Fig. 3.18 Peripheral Switch block of MoT-based FPGA architecture: connection of Peripheral
Switch block with In/Out Pads
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3.7 Summary

The interconnect structure of a Mesh-based FPGA is generally designed to maximize
logic utilization. Hierarchical FPGAs belong to the class of FPGA architectures thats
are designed to increase the interconnect utilization at the expense of logic utiliza-
tion. The philosophy behind hierarchical architectures is increased silicon utilization
through efficient use of the interconnect structure (which may account for 80-90 %
of the total area of Mesh-based FPGAs). However we proposed two different FPGA
architectures with modified interconnect architecture in this chapter. The Tree-based
FPGA architecture uses two unidirectional interconnect network to connect the inputs
and outputs of LBs to SBs. Using the Tree-based FPGA architecture, we achieved
56 % reduction in number of switched used compared to Mesh-based FPGA archi-
tectures. The main issues with Tree-based interconnect structure is the path delay
increases exponentially as Tree grows to higher levels. We discuses the solutions to
reduce interconnect delay using 3D Technology in Chap. 6. Another FPGA architec-
ture proposed in this chapter is MoT-based FPGA. MoT-based FPGA has an unified
Mesh and Tree architecture to combine the advantages of both in one platform. MoT-
based FPGA is an interesting architecture in terms of it flexibility. We can used this
architecture to design and implement 2.5D multi-FPGAs and 3D multi-tier FPGAs,
however the focus of this book is on design methodologies of 3D Tree-based FPGAs.
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Chapter 4
Two Dimensional FPGAs: Configuration
and CAD Flow

Abstract FPGA architectures have been intensely investigated over the past two
decades. A major aspect of FPGA architecture research is the development of Com-
puter Aided Design (CAD) tools for design and implementation of fast and high
density FPGAs and mapping applications to it. It is well established that the qual-
ity of an FPGA based implementation is largely determined by the effectiveness of
accompanying suite of CAD tools. Benefits of an otherwise well designed, feature
rich FPGA architecture might be impaired if the CAD tools cannot take advantage of
the features that the modern FPGA design provides. Thus, CAD algorithm research is
essential to the necessary architectural advancement to narrow down the performance
gaps between FPGAs and other computational devices like ASICs. This chapter dis-
cuss different algorithms and methodologies used to create 2D FPGA placement,
routing, mapping application etc.

4.1 Introduction

FPGA architectures have been intensely investigated over the past two decades. A
major aspect of FPGA architecture research is the development of Computer Aided
Design (CAD) tools for design and implementation of fast and high density FPGAs
and mapping applications to it. It is well established that the quality of an FPGA-
based implementation is largely determined by the effectiveness of accompanying
suite of CAD tools. Benefits of an otherwise well designed, feature rich FPGA
architecture might be impaired if the CAD tools cannot take advantage of the features
that the modern FPGA design provides. Thus, CAD algorithm research is essential
to the necessary architectural advancement to narrow the performance gaps between
FPGAs and other computational devices like ASICs. The process of converting a
circuit description into a format that can be loaded into an FPGA can be roughly
divided into five distinct steps, namely synthesis, technology mapping, clustering,
placement, and routing. The final output of FPGA CAD tools is a bitstream that
configures the state of memory bits in FPGA. The contents of configuration memory
determines the logical function implemented. Figure4.1 presented the CAD flow
developed for the design and architecture exploration of 3D Tree-based FPGA.
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Fig. 4.1 3D Tree-based FPGA place and route

4.2 Circuit Synthesis

Synthesis involves translating a circuit description, traditionally written in a hardware
description language (HDL) (e.g. VHDL or Verilog), into a gate-level representa-
tion. The gate-level representation is a network consisting of Boolean logic gates and
flipflops. A logic optimization process is used to remove the redundant logic from
the netlist and simplify the logic whenever possible. There are no FPGA-specific
optimizations performed during synthesis since this is normally a technology inde-
pendent step. As presented in Fig. 4.1, the operation is independent of the architecture.
In our flow we use SIS [1] synthesis tool. SIS requires architecture parameters like
k, the LUT input number. As presented in Fig.4.1, this tool depends only on LUT
size and can target any interconnect topology.

4.3 Technology Mapping

The output from synthesis tools is a circuit description of Boolean logic gates, flip-
flops and wiring connections between these elements. The circuit can also be rep-
resented by a Directed Acyclic Graph (DAG). Each node in the graph represents a
gate, flip-flop, primary input or primary output. Each edge in the graph represents
a connection between two circuit elements. Figure4.2 shows an example of a DAG
representation of a circuit. Given a library of cells, the technology mapping problem
can be expressed as finding a network of cells that implements the Boolean network.
In the FPGA technology mapping problem, the library of cells is composed of k-input
LUTs and flip-flops. Therefore, FPGA technology mapping involves transforming
the Boolean network into k-bounded cells. Each cell can then be implemented as an
independent k-LUT. Figure4.3 shows an example of transforming a Boolean net-
work into k-bounded cells. Technology mapping algorithms can optimize a design
for a set of objectives including depth, area or power. The FlowMap algorithm [2] is
the most widely used academic tool for FPGA technology mapping. FlowMap is a
breakthrough in FPGA technology mapping because it is able to find a depth-optimal
solution in polynomial time. FlowMap guarantees depth optimality at the expense of
logic duplication. Since the introduction of FlowMap, numerous technology mappers
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Fig. 4.3 Example of technology mapping

have been designed that optimize for area and run-time while still maintaining the
depth-optimality of the circuit [3—5]. The result of the technology mapping step
generates a network of k-bounded LUTs and flip-flops.

4.4 Clustering

The logic elements in a Mesh-based FPGA are typically arranged in two levels
of hierarchy. The first level consists of logic blocks (LBs) which are k-input LUT
and flip-flop pairs. The second level hierarchy groups k£ LBs together to form logic
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blocks clusters. The clustering phase of the FPGA CAD flow is the process of forming
groups of k LBs. These clusters can then be mapped directly to a logic element on an
FPGA. Figure 4.4 shows an example of the clustering process. Clustering algorithms
can be broadly categorized into three general approaches, namely top-down [6, 7],
depth-optimal [8, 9] and bottom-up [10-12]. Top-down approaches partition the LBs
into clusters by successively subdividing the network or by iteratively moving LBs
between parts. Depth-optimal solutions attempt to minimize delay at the expense
of logic duplication. Bottom-up approaches are generally preferred for FPGA CAD
tools due to their fast run times and reasonable timing delays. They only consider
local connectivity information and can easily satisfy clusters pin constraints. Top-
down approaches offer the best solutions; however, their computational complexity
can be prohibitive.

Algorithm 1: Pseudo code of the V-Pack Algorithm

Data: Pseudo code of the V-Pack Algorithm [13]

Result: packed LBs

UnclusteredLBs = Pattern-Match-To-LBs(LUTs,Registers);
LogicClusters = NULL;

while UnclusteredLBs != NULL do

C = GetLBwithMostUsedInputs(UnclusteredL.Bs);

while | C |< k do

/*cluster is not full*/

BestLB = MaxAttractionLegal LB(C,UnclusteredLBs);

if BestLB == NULL then
/*No LB can be added to this cluster®/
break;
end
Unclustered LBs = Unclustered LB — BestLB;
C = C U BestLB;
end
if | C |< k then
/*Cluster is not full — try hill climbing*/
while | C |< k do
BestLB = MinClusterInputIncreaseLB(C,UnclusteredLBs);
C = CU BestLB;
Unclustered LBs = Unclustered LB — BestLB;
end
if Clusterlislllegal(C) then
| RestoreToLastLegalState(C,UnclusteredLBs);
end
end
LogicClusters = LogicClusters U C;
end
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4.4.1 Bottom-Up Approaches

Bottom-up approaches build clusters sequentially one at a time. The process starts
by choosing an LB which acts as a cluster seed. LBs are then greedily selected and
added to the cluster, applying various attraction functions. The VPack [10] attraction
function is based on the number of shared nets between a candidate LB and the LBs
that are already in the cluster. For each cluster, the attraction function is used to
select a seed LB from the set of all LBs that have not already been packed. After
packing a seed LB into the new cluster, a second attraction function selects new LBs
to pack into the cluster. LBs are packed into the cluster until the cluster reaches full
capacity or all cluster inputs have been used. If all cluster inputs become occupied
before this cluster reaches full capacity, a hill-climbing technique is applied, search-
ing for LBs that do not increase the number of inputs used by the cluster. The VPack
pseudo-code is outlined in Algorithm 1. T-VPack [13] is a timing driven version of
VPack which gives added weight to grouping LBs on the critical path together. The
algorithm is identical to VPack, however, the attraction functions which select the
LBs to be packed into the clusters are different. The VPack seed function chooses
LBs with the most used inputs, whereas the T-VPack seed function chooses LBs
that are on the most critical path. VPack’s second attraction function chooses LBs
with the largest number of connections with the LBs already packed into the cluster.
T-VPack’s second attraction function has two components for a LB B being consid-
ered for cluster C:

| Nets(B) N Nets(C) |

Attraction(B, C) = a.Crit(B) + (1 — @) G 4.1

where Crit(B) is a measure of how close LB B is to being on the critical path,
Nets(B) is the set of nets connected to LB B, Nets(C) is the set of nets connected
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to the LBs already selected for cluster C, « is a user-defined constant which deter-
mines the relative importance of the attraction components, and G is a normalizing
factor. The first component of T-VPack’s second attraction function chooses critical-
path LBs, and the second chooses LBs that share many connections with the LBs
already packed into the cluster. By initializing and then packing clusters with critical-
path LBs, the algorithm is able to absorb long sequences of critical-path LBs into
clusters. This minimizes circuit delay since the local interconnect within the cluster
is significantly faster than the global interconnect of the FPGA. RPack [12] improves
routability of a circuit by introducing a new set of routability metrics. RPack signifi-
cantly reduced the required channel widths required by circuits compared to VPack.
T-RPack [12] is a timing driven version of RPack which is similar to T-VPack by
giving added weight to grouping LBs on the critical path. iRAC [11] improves the
routability of circuits even further by using an attraction function that attempts to
encapsulate as many low fanout nets as possible within a cluster. If a net can be
completely encapsulated within a cluster, there is no need to route that net in the
external routing network. By encapsulating as many nets as possible within clusters,
routability is improved because there are less external nets to route in total.

4.4.2 Top-Down Approaches

The K-way partitioning problem seeks to minimize a given cost function of such an
assignment. A standard cost function is net cut, which is the number of hyperedges
that span more than one partition, or more generally, the sum of weights of such
edges. Constraints are typically imposed on the solution, and make the problem
difficult. For example some vertices can be fixed in their parts or the total vertex
weight in each part partition must be limited (balance constraint and FPGA clusters
size). With balance constraints, the problem of partitioning optimally a hypergraph
is known to be NP-hard [14, 15]. However, since partitioning is critical in several
practical applications, heuristic algorithms were developed with near-linear runtime.
Such move-based heuristics for k-way hypergraph partitioning appear in [16—18].

4.4.2.1 Fiduccia-Mattheyses Algorithm

The Fiduccia-Mattheyses (FM) heuristics works by prioritizing moves by gain. A
move changes to which partition a particular vertex belongs, and the gain is the
corresponding change of the cost function. After each vertex is moved, gains for
connected modules are updated.
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Algorithm 2: Pseudo-code for FM heurisctic [19]
partitioning = initial_solution;
while solution quality improves do
Initialize gain_container from partitioning;
solution_cost = partitioning.get_cost();
while not all vertices locked do
move = choose_move();
solution_cost += gain_container.get_gain(move);
gain_container.lock_vertex(move.vertex());
gain_update(move);
partitioning.apply(move);
end
roll back partitioning to best seen solution;
gain_container.unlock_all();
end

The Fiduccia-Mattheyses or (FM) heuristic for partitioning hypergraphs [17] is
an iterative improvement algorithm. FM starts with a possibly random solution and
changes the solution by a sequence of moves which are organized as passes. At the
beginning of a pass, all vertices are free to move (unlocked), and each possible move
is labeled with the immediate change to the cost it would cause; this is called the gain
of the move (positive gains reduce solution cost, while negative gains increase it).
Iteratively, a move with highest gain is selected and executed, and the moving vertex
is locked, i.e., is not allowed to move again during that pass. Since moving a vertex
can change gains of adjacent vertices, after a move is executed all affected gains are
updated. Selection and execution of a best-gain move, followed by gain update, are
repeated until every vertex is locked. Then, the best solution seen during the pass is
adopted as the starting solution of the next pass. The algorithm terminates when a
pass fails to improve solution quality. Pseudo-code for the FM heuristic is given in
Algorithm 2. The FM algorithm has 3 main components (1) computation of initial
gain values at the beginning of a pass; (2) the retrieval of the best-gain (feasible)
move; and (3) the update of all affected gain values after a move is made. One
contribution of Fiduccia and Mattheyses lies in observing that circuit hypergraphs
are sparse, and any move’s gain is bounded between plus and minus the maximal
vertex (Gqx)degree in the hypergraph (times the maximal hyperedge weight, if
weights are used). This allows prioritizing moves by their gains. All affected gains
can be updated in amortized-constant time, giving overall linear complexity per
pass [17]. In [17] all moves with the same gain are stored in a linked list representing
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Fig. 4.5 The gain bucket structure as illustrated in [17]

a gain bucket. Figure 4.5 presents the gain bucket list structure. It is important to note
that some gains G may be negative, and as such, FM performs hill-climbing and is
not strictly greedy.

4.4.2.2 Multilevel Partitioning

The multilevel hypergraph partitioning framework was successfully verified in 1997
by [20, 21] and leads to the best known partitioning results ever since. The main
advantage of Multilevel partitioning over flat partitioners is its ability to search the
solution space more effectively by spending comparatively more effort on smaller
coarsened hypergraphs. Good coarsening algorithms allow for high correlation
between good partitioning for coarsened hypergraphs and good partitioning for the
initial hypergraph. Therefore, a thorough search at the top of the multilevel hierarchy
is worthwhile because it is relatively inexpensive when compared to flat partitioning
of the original hypergraph, but can still preserve most of the possible improvement.
The result is an algorithmic framework with both improved runtime and solution
quality over a completely flat approach. Pseudo-code for an implementation of the
multilevel partitioning framework is given in Algorithm 3.



4.4 Clustering 81

Algorithm 3: Pseudo-code for the Multilevel Partitioning algorithm [19]
level = 0;
hierarchy[level] = hypergraph;
while hierarchy[level].vertex_count() less than 200 do
next_level = cluster(hierarchy[level]);
level = level + 1;
hierarchy[level] = next_level,
end
partitioning[level] = a random initial solution for top-level hypergraph;
FM(hierarchy[level], partitioning[level]);

while level > 0 do
level = level — 1;

partitioning[level] = project(partitioning[level + 1], hierarchy[level]);
FM(hierarchy[level], partitioning[level]);
end

As illustrated in Fig. 4.6, multilevel partitioning consists of 3 main components:
clustering, top-level partitioning and refinement or uncoarsening. During clustering,
hypergraph vertices are combined into clusters based on connectivity, leading to a
smaller, clustered hypergraph. This step is repeated until obtaining only several hun-
dred clusters and a hierarchy of clustered hypergraphs. We describe this hierarchy
with the smaller hypergraphs being higher and the larger hypergraphs being lower.
The smallest (top-level) hypergraph is partitioned with a very fast initial solution

initial Partitioning Phase

<5 >
5O

refined partition

Coarsening Phase

O(

ISR JUSWAULY pue SUIUasIeooun

Hypergrph projected partition

Fig. 4.6 Multilevel hypergraph bisection



82 4 Two Dimensional FPGAs: Configuration and CAD Flow

generator and improved iteratively, for example, using the FM algorithm. The result-
ing partitioning is then interpreted as a solution for the next hypergraph in the hier-
archy. During the refinement stage, solutions are projected from one level to the next
and improved iteratively. Additionally, the AMETIS partitioning program [21] intro-
duced several new heuristics that are incorporated into their multilevel partitioning
implementation and are reportedly performance critical.

Algorithm 4: Generic simulated annealing-based placer [13]

S = RandomPlacement();
T = Initial Temperature();
Riimir = Initial Rjjmir;
while ExitCriterion() == false do
while InnerLoopCriterion() == false do
Snew = GenerateViaMove(S, Riimit);
AC = Cost(Spew) — Cost(S);
r = random(0,1);
AC
if r < e 7 then
[ S = Suews
end
end
T = UpdateTemp();
Riimir = UpdateRimit ();
end

4.5 Placement

Placement algorithms determine which logic block within an FPGA should imple-
ment the corresponding logic block (instance) required by the circuit. The optimiza-
tion goals consist in placing connected logic blocks close together to minimize the
required wiring (wire length-driven placement), and sometimes to place blocks to
balance the wiring density across the FPGA (routability-driven placement) or to
maximize circuit speed (timing-driven placement). The 3 major classes of placers in
use today are min-cut (Partitioning-based) [22, 23], analytic [24, 25] which are often
followed by local iterative improvement, and simulated annealing based placers [26,
27]. To investigate architectures fairly we must make sure that our CAD tools are
attempting to use every FPGA’s feature. This means that the optimization approach
and goals of the placer may change from architecture to architecture. Partitioning
and simulated annealing approaches are the most common and used in FPGA CAD
tools. Thus we focus on both techniques in the sequel.
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4.5.1 Simulated Annealing Based Approach

Simulated annealing mimics the annealing process used to cool gradually molten
metal to produce high-quality metal objects [26]. Pseudo-code for a generic simulated
annealing-based placer is shown in Algorithm 4. A cost function is used to evaluate
the quality of a given placement of logic blocks. For example, acommon cost function
in wirelength-driven placement is the sum over all nets of the half perimeter of
their bounding boxes. An initial placement is created by assigning logic blocks
randomly to the available locations in the FPGA. A large number of move, or local
improvements are then made to gradually improve the placement. A logic block is
selected at random, and a new location for it is also selected randomly. The change
in cost function that results from moving the selected logic block to the proposed
new location is computed. If the cost decreases, the move is always accepted and
the block is moved. If the cost increases, there is still a chance to accept the move,
even though it makes the placement worse. This probability of acceptance is given

by e_ATC, where AC is the change in cost function, and T is a parameter called
temperature that controls probability of accepting moves that worsen the placement.
Initially, T is high enough so almost all moves are accepted; it is gradually decreased
as the placement improves, in such a way that eventually the probability of accepting
a worsening move is very low. This ability to accept hill-climbing moves that make
a placement worse allows simulated annealing to escape local minima of the cost
function.

The Rjimi; parameter in Algorithm 4 controls how close are together blocks must
be to be considered for swapping. Initially, R;;i; is fairly large, and swaps of blocks
far apart on a chip are more likely. Throughout the annealing process, Rjimi; is
adjusted to try to keep the fraction of accepted moves at any temperature close to
0.44. If the fraction of moves accepted, «, is less than 0.44, R;; i, is reduced, while
if o is greater than 0.44 Rj;i, is increased. In [13], the objective cost function is
a function of the total wirelength of the current placement. The wirelength is an
estimate of the routing resources needed to completely route all nets in the netlist.
Reductions in wirelength mean fewer routing wires and switches are required to
route nets. This point is important because routing resources in an FPGA are limited.
Fewer routing wires and switches typically are translated also into reductions of
the delay incurred in routing nets between logic blocks. The total wirelength of a
placement is estimated using a semi-perimeter metric, and is given by Eq.4.2. N is
the total number of nets in the netlist, bbx (i) is the horizontal span of net i, bby (i) is
its vertical span, and ¢ (i) is a correction factor. Figure4.7 illustrates the calculation
of the horizontal and vertical spans of a hypothetical net that has 6 terminals.

N
WireCost = »_ q(i) x (bby(i) + bby(i)) 4.2)
i=1

The temperature decrease rate, the exit criterion for terminating the anneal, the num-
ber of moves attempted at each temperature (InnerLoopCriterion), and the method
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bby

Fig. 4.7 Bounding box of a hypothetical 6-terminals net [13]

by which potential moves are generated are defined by the annealing schedule. An
efficient annealing schedule is crucial to obtain good results in a reasonable amount
of CPU time. Many proposed annealing schedules are fixed schedules with no abil-
ity to adapt to different problems. Such schedules can work well within the norrow
application range for which they are developed, but their lack of adaptability means
they are not very general. In [28] authors propose an adaptive annealing schedule
based on statistics computed during the anneal itself. Adaptive schedules are widely
used to solve large scale optimization problems with many variables.

4.5.2 Partitioning Based Approach

Partitioning-based placement methods, also referred to as min-cut methods, are
based on graph partitioning algorithms such as the Fiduccia-Mattheyses (FM) Algo-
rithm [17], and Kernighan Lin (KL) algorithm [22]. Partitioning-based placement are
suitable to tree-based FPGA architectures. The partitioner is applied recursively to
each hierarchical level to distribute netlist cells between clusters. The aim is to reduce
external communications and to collect highly connected cells into the same clus-
ter. The partitioning-based placement is also used in the case of Mesh-based FPGA.
The device is divided into two parts, and a circuit partitioning algorithm is applied to
determine the adequate part where a given logic block must be placed to minimize the
number of cuts in the nets that connect the blocks between partitions, while leaving
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highly-connected blocks in one partition. A divide-and-conquer strategy is used in
these heuristics. By partitioning the problem into sub-parts, a drastic reduction in
search space can be achieved. On the whole, these algorithms perform in the top-
down manner, placing blocks in the general regions which they should belong to.
In the Mesh FPGA case, partitioning-based placement algorithms are good from a
global perspective, but they do not actually attempt to minimize wirelength. There-
fore, the solutions obtained are sub-optimal in terms of wirelength. However, these
classes of algorithms run very fast. They are normally used in conjunction with other
search techniques for further quality improvement. Some algorithms [29] and [30]
combine multi-level clustering and hierarchical simulated annealing to obtain ultra-
fast placement with good quality. In our project, the partitioning-based placement
approach is used for the placement of Tree-based FPGA architectures.

4.6 Routing

The FPGA routing problem consists in assigning nets to routing resources such thatno
routing resource is shared by more than one net. Pathfinder [31] is the current, state-of-
the-art FPGA routing algorithm. Pathfinder operates on a directed graph abstraction
(G(V, E)) of the routing resources in an FPGA. The set of vertices V in the graph
represents the IO terminals of logic units and the routing wires in the interconnect
structure. An edge between two vertices represents a potential connection between
these two vertices. Figure4.8 presents a part of a routing graph in a Mesh-based
interconnect. Given this graph abstraction, the routing problem for a given net is to
find a directed tree embedded in G that connects the source terminal of the net to each
of its sink terminals. Since the number of routing resources in an FPGA is limited, the
goal of finding unique, non-intersecting trees for all the nets in a netlist is a difficult
problem. Pathfinder uses an iterative, negotiation-based approach to successfully
route all the nets in a netlist. During the first routing iteration, nets are freely routed

source
wire 3  wire 4

2-LUT out(logic block pin)
out wire 3 wire 4
——)
inl in2 wire 1 wire 2
L]
Ny inl in 2
wire 1
wire 2 sink

Fig. 4.8 Modelling FPGA routing architecture as a directed graph [13]
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without paying attention to resource sharing. Individual nets are routed using Dijkstra
s shortest path algorithm [32]. At the end of the first iteration, resources may be
congested because multiple nets have used them. During subsequent iterations, the
cost of using a resource is increased, based on the number of nets that share the
resource, and the history of congestion on that resource. Thus, nets are made to
negotiate for routing resources. If a resource is highly congested, nets which can use
lower congestion alternatives are forced to do so. On the other hand, if the alternatives
are more congested than the resource, then a net may still use that resource. The cost
of using a routing resource n during a routing iteration is given by Eq.4.3.

¢n = (bp + hy) X pp 4.3)

where b, is the base cost of using the resource n, h,, is related to the history of
congestion during previous iterations, and p,, is proportional to the number of nets
sharing the resource in the current iteration. The p,, term represents the cost of using
a shared resource n, and the A, term represents the cost of using a resource that
has been shared during earlier routing iterations. The latter term is based on the
intuition that a historically congested node should appear expensive, even if it is
slightly shared currently. The Pseudo-code of the Pathfinder routing algorithm is
presented in Algorithm 5.

Algorithm 5: Pseudo-code of the Pathfinder routing algorithm [31]

Let: RT; be the set of nodes in the current routing of net i
while shared resources exist do

/*1llegal routing™®/

foreach net, i do

rip-up routing tree R7;;

RT (i) = s; foreach sink t;; do

Initialize priority queue PQ to R7; at cost 0;
while sink t;; not found do

Remove lowest cost node m from PQ;

foreach fanout node n of node m do
| Add n to PQ at PathCost(n) = ¢, + PathCost(m);

end
end

foreach node n in path t;; to s; do
/*backtrace*/

Update c,;
Add n to RT;;
end

end

end

update £,, for all n;

end
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An important measure of routing quality produced by an FPGA routing algorithm
is the critical path delay. The critical path delay of a routed netlist is the maximum
delay of any combinational path in the netlist. The maximum frequency at which
a netlist can be clocked has an inverse relationship with critical path delay. Thus,
larger critical path delays slow down the operation of netlist. Delay information is
incorporated into Pathfinder by redefining the cost of using a resource n (Eq.4.4).

cn = Aij X dp+ (1 = Ajj) X (bp + hn) X pn 4.4)

The ¢, term is from Eq. 4.3, dj, is the delay incurred in using the resource, and A;;
is the criticality given by Eq.4.5.
DWLLUC

Ajj = 4.5)

D;; is the maximum delay of any combinational path going through the source and
sink terminals of the net being routed, and D,,,, is the critical path delay of the
netlist. Equation4.4 is formulated as a sum of two cost terms. The first term in
the equation represents the delay cost of using resource n, while the second term
represents the congestion cost. When a net is routed, the value of A;; determines
whether the delay or the congestion cost of a resource dominates. If a net is near
critical (i.e. its A;; is close to 1), then congestion is largely ignored and the cost of
using a resource is primarily determined by the delay term. If the criticality of a net is
low, the congestion term in Eq. 4.4 dominates, and the route found for the net avoids
congestion while potentially incurring delay. Pathfinder has proved to be one of
the most powerful FPGA routing algorithms to date. Pathfinder’s negotiation-based
framework that trades off delay for congestion is an extremely effective technique
for routing signals on FPGAs. More importantly, Pathfinder is a truly architecture-
adaptive routing algorithm. The algorithm operates on a directed graph abstraction
of an FPGA’s routing structure, and can thus be used to route netlists on any FPGA
that can be represented as a directed routing graph.

4.7 Two-Dimensional CAD for Tree-Based Architecture

In this thesis we are exploring different FPGA architecture topologies, we developed
CAD tools as generic as possible to deal with different types of FPGA architectures.
We propose a set of generic tools requiring a minimum effort to be adapted to a
specific architecture topology. In Fig.4.9 we present the dependency between each
phase in the CAD flow and the target architecture.
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4.7.1 Synthesis and Mapping

Synthesis consists in translating a circuit description into a gate-level representa-
tion. As illustrated on Fig. 4.9 this operation is architecture independent. In our flow
we use SIS [1] synthesis tool. It can be replaced by any other commercial synthe-
sis tool. As explained in Sect.4.2, mapping consists in translating the description
based on a boolean logic gates into a description with k-input LUTs and flip-flops.
The only required architecture parameter is k, the LUT inputs number. In our flow
we use FlowMap algorithm [2], which is included in SIS package. As presented in
Fig.4.9, this tool depends only on LUTs size and can target any interconnect topol-
ogy. It can be driven by different objectives like timing (depth optimization) and
area (LUTs number). Notice that today FPGA commercial mapping tools can target
specific architectures interconnects. Thus in this early stage they can alleviate routing
congestion and improve performance.

4.7.2 Clustering and Partitioning

In general, FPGA architectures, the programmable interconnect is organized in mul-
tiple hierarchical levels. Hierarchy becomes an interesting feature to improve density,
to reduce run time effort (divide and conquer) and to consider local communication.
For example in the case of Mesh-based industrial FPGA architecture, interconnect is
organized in two-levels of hierarchy: (1) Mesh level where clusters are surrounded by
depopulated interconnect organized in row and columns and (2) cluster level where
LBs are connected using a full cross bar. Stratix architecture has also the same num-
ber of hierarchical levels but with a more optimized interconnect topology [33]. In the
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case of a Tree-based interconnect we get multiple hierarchical levels. Level numbers
depends on the total number of LBs and clusters size (arity). Basically when two
signals are within the same hierarchy level, it does not really matter where within
that hierarchy they are. Similarly, geometrically close cells incur greater delay to
get to other locations outside their hierarchical boundary than to distant cells within
their hierarchical boundary. Thus, unlike flat or island style Mesh-based FPGA, a
hierarchical architecture uses a natural placement algorithm based on recursive par-
titioning. The netlist instance are partitioned between architecture clusters in the best
possible way using the newly developed CAD Flow with the careful consideration of
multilevel hierarchical organization of Tree-based interconnect to reduce the desired
partitioning objectives. For this purpose we implemented 3 different partitioning
objectives:

1. CUT:- Corresponds to the total number of nets crossing parts boundaries.

2. SOED:- Sum Of External Degree: External part degree corresponds to the number
nets crossing the part boundary.

3. MED:- Maximum External Degree: Corresponds to the maximum degree over
all parts.

These objectives can be combined or considered separately. The Fig.4.10 illustrate
an example of partitioning and evaluation of the 3 different partitioning objectives.
For Tree-based FPGA architecture we developed two main partitioning approaches:
bottom up (clustering) and top-down. The choice between both approaches depends
on levels number, clusters size, clusters number in each level and problem constraints.
For example #-vpack [10] a bottom-up clustering tool is used to construct clusters
in the case of Mesh-based FPGA architecture. We replaced t-vpack with hMetis
[20, 34] a top-down partitioner. By using top-down partitioner [35], we observed
improvements in the reduction of external nets at the cost of increasing run time.
In fact top-down approaches based on FM refinement heuristics are efficient when
we target a small number of clusters (parts) with an important size (balance con-
straint) [17]. Conversely in the case of Mesh-based architecture clusters size is
small (between 4 and 16) and clusters number is in general important. To investigate

Part0 Degree = 8
Partl Degree =5
Part2 Degree =7

6
MED =8
cuT=10
SOED =20

Fig. 4.10 Illustration and evaluation of different partitioning objectives
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partitioning approaches we used a Multilevel hypergraph structure called Mangrove.
Mangrove provides a development framework for efficient modeling of hypergraph
nested partitions. It offers a compact C++ data structure and high level API and this
structure is organized as follows [35]:

e ClusteringHierarchy: holds a vector of nested partitions called Clustering
Level, and refers to a unique enclosing cluster Top LevelCluster,

e ClusteringLevel: corresponds to the set of clusters at the partitioning at a given
level. A clustering Level corresponds to a Hypergraph where nodes are clusters
situated at this level.

e Cluster: Aggregates sub-clusters belonging to a lower Clustering Level (unless
leaf one). A Cluster may cross multiple levels and has Upper Level and Lower
Level identifiers,

e Net: presents a tree of branches,

e Branch: represents the net (signal) crossing point of a cluster boundary. Branch
bifurcates within a cluster if the net crosses at least 2 sub-clusters.

Since in Mangrove a clustering Level can be added at any level, this structure can be
used in different partitioning approaches: Bottom-up and top-down. The combination
of both approaches leads to an efficient multilevel partitioner where first multilevel
bottom-up coarsening is run and then top-down multilevel refinement is applied.
In Fig.4.11 we show the different steps of recursive netlist partitioning based on a
multilevel approach. The netlist is first partitioned into 2 parts (first level) and then
instances inside each part are partitioned into 2 fractions. In each partitioning phase

TopLevelCluster TopLevelCluster TopLevelCluster
6666000000000 000 0000000000000000 @@
Leaves at level 0 Part 0 Part 1
Initial hypergraph to partition Coarsened hypergraph bi-partitioned hypergraph
TopLevelCluster TopLevelCluster TopLevelCluster

cluster |

N

Part 0 Part |
Clustering according to partitioning Restricted coarsening in cluster 0 bi-partitioning in sub-hypergraph (cluster 0)

TopLevelCluster TopLevelCluster TopLevelCluster

cluster | cluster |

Part 0 Part 1 Part 0 Part | Part 0 Part |
Restricted coarsening in cluster 1 bi-partitioning in sub-hypergraph (cluster 1) Clustering according to partitioning

Fig. 4.11 2 levels recursive bi-partitioning steps
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Fig. 4.12 Multilevel clustering and refinement

we apply a multilevel coarsening followed by a multilevel refinement as illustrated
in Fig.4.12. After completing the clustering phase (with Pins-limit strategy), we
obtain a tree of clusters each one containing k sub-clusters. During the refinement
phase, cells will be moved between clusters (parts) to optimize an objective function
without violating the constraints imposed by the cluster size. In a level ¢, cells are
not allowed to move between all clusters, because this can decrease the quality of
the solution obtained in the higher level. To prevent such unwanted effect, cells can
only move between neighboring clusters. We call neighboring clusters, all clusters in
a level belonging to the same supercluster. Thus in every level, neighboring clusters
will be isolated and form a subgraph. In Fig.4.12 those subgraphs are represented
by the continuous lines and partition by the dashed ones. A cell is allowed only to
move across dashed lines. The objective function is specific to each subgraph and
corresponds to the Maximum External Degree (MED) of all parts belonging to the
same subgraph. An FM algorithm [17] is applied to a subgraph to optimize the local
objective function. The complexity of our k-way refinement is reduced since we
apply it successively for each subgraph (in each subgraph there are small number
of parts: Arity of the architecture) and only for the highest levels (where pins-limit
strategy fails). Finally, we obtain the partitioning result corresponding to each level.
The final result describes how instances are distributed between clusters of the Tree-
based topology. Recursive partitioning is also interesting to reduce run time since it
allows to avoid applying FM heuristics directly on a large number of parts, which
can dramatically increase the partitioning run time.
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4.8 Timing Analysis

Timing analysis evaluates performances of a circuit implemented on a FPGA in terms
of functional speed. Thus, once an application is completely placed and routed we
estimate the minimum feasible clock to run it. To achieve timing analysis we need 2
different graphs:

e Routed graph: Describes the way netlist instances are routed using architecture
resources. This graph allows to evaluate routing delays between netlist instances
connections. A path connecting two instances crosses several wires and switches.
The connection delay is equal to the sum of resources delays.

e Timing graph: It is a direct acyclic graph generated from the netlist hypergraph.
Nodes correspond to instances pins and edges to connections. Based on the result-
ing routed graph, each edge is labeled with the corresponding routed connection
delay. The minimum required clock period is determined via a breadth-first tra-
versal applied on this graph.

Only the routed graph is architecture dependent. Timing graph generation and critical
path extraction depend only on netlist to implement. First the circuit under consider-
ation is presented as a directed graph. Nodes in the graph represent input and output
pins of circuit elements such as LUTs, registers, and I/O pads. Connections between
these nodes are modeled with edges in the graph. Edges are added between the inputs
of combinational logic Blocks (LUTs) and their outputs. These edges are annotated
with a delay corresponding to the physical delay between the nodes. Register input
pins are not joined to register output pins. To determine the delay of the circuit, a
breadth first traversal is performed on the graph starting at sources (input pads, and
register outputs). Then the arrival time, T;;ival, at all nodes in the circuit is computed
with the following equation

Tarrivai (i) = maxjefanin(i){Tarrival (J) +delay(j, i)}

where node i is the node currently being computed, and delay(j, i) is the delay
value of the edge joining node j to node i. The delay of the circuit is then the
maximum arrival time, Dy,,y, of all nodes in the circuit. To guide a placement or
routing algorithm, it is useful to know how much delay may be added to a connection
before the path that the connection is on becomes critical. The amount of delay that
may be added to a connection before it becomes critical is called the slack of that
connection. To compute the slack of a connection, one must compute the required
arrival time, Tyequired, at every node in the circuit. We first set the Tyequireq at all
sinks (output pads and register inputs) to be D,,,,. Required arrival time is then
propagated backwards starting from the sinks with the following equation:

Trequired(i) = minjefanout(i){Trequired (]) - delay(j, l)}
Finally, the slack of a connection (i,j) driving node, j, is defined as:

Slack(i, j) = Trequired(j) — Tarrivai (i) — delay(i, j)
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4.9 Summary

The most important architectural feature of an FPGA is the interconnect structure.
During architectures exploration, the effectiveness of an FPGA interconnect structure
is evaluated using placement and routing tools. Fortunately, some classes of the used
algorithms are architecture-adaptive and can be used to evaluate different structures.
In the next chapter we will present an exploration tools platform that can be adapted
to test different target architecture topologies for the implementation 3D Tree-based
FPGA.
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Chapter 5
Three-Dimensional FPGAs: Configuration
and CAD Development

Abstract The primary focus of this chapter is to demonstrate a 3D integration
scheme to partition and optimize the multilevel programmable interconnect network
of Tree-based FPGA based on Butterfly-Fat-Tree network topology, where TSVs are
incorporated in active layers of the 3D chip. This chapter describes the details of
the architecture of 3D FPGAs and state-of-the-art 3D technology for Mesh-based
FPGAs. To take advantage of 3D integrated circuits, it should be investigated how
FPGA should be physically partitioned into different active layers. Proper physical
partitioning has a great impact on the performance improvement of the system. This
chapter discuss different partitioning schemes and design techniques and associated
3D CAD tools of 3D FPGAs.

5.1 Introduction

Modern Field Programmable Gate Arrays (FPGAs) have become a viable alternative
to cell based design technology by providing re-configurable computing platforms
with improved performance and density. With the onset of sub-100nm CMOS tech-
nologies, the design and prototyping cost of the cell-based custom integrated circuit
implementation have become exorbitant for most ASICs, making FPGAs increas-
ingly popular. With their regular structure, they also scale easily with sub-100nm
technologies. Current FPGAs, however cannot meet the area and speed require-
ments of many ASICs due to their high programming overhead. Recent studies
shows that in Mesh-based industrial FPGAs, 80 % of overall design delay and 90 %
of the chip area are attributed to programmable routing resources [1-3]. It has also
reported thatin Mesh-based FPGA, programmable interconnects contributes as much
as 60 % of the total dynamic power consumption [4]. Considering the area, delay
and power consumption, the programmable interconnects are the key elements in
FPGA design [3, 5].
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The 3D integrated circuit (IC) technology has emerged as one of the most
promising solutions for overcoming the challenges in interconnection and integration
complexity in modern circuit designs [6]. The 3D integration technology can effec-
tively reduce global interconnect length and increase circuit performance without
increasing the power consumption. Through Silicon Vias (TSVs) are the key enabling
technology element for 3D integration, which is currently being actively evaluated as
a potential solution to reduce the interconnect delay and increase the logic density in
FPGA. Recently, multiple technology and product demonstrations of TSV in silicon
interposer have been reported for high performance FPGA applications [7-9]. Based
on the design and manufacturing specifications and maturity of enabling technolo-
gies, a pattern in technology adoption is beginning to emerge. Three-dimensional
integration where TSVs are incorporated in active device layers, is considered to
be the Holy-Grail of vertical die stacking. However the recent product demonstra-
tions from major FPGA manufactures revels the adoption of silicon interposer based
3D integration scheme, where TSVs are incorporated in passive silicon interposer
[8, 9]. The primary focus of this chapter is to demonstrate a 3D integration scheme
to partition and optimize the multilevel programmable interconnect network of Tree-
based FPGA based on BFT network topology, where TSVs are incorporated in active
layers of the 3D chip. This chapter describes the details of the architecture of 3D
FPGAs and state-of-the-art 3D technology for Mesh-based FPGAs.

5.2 3D FPGA Architectures: An Overview

To take advantage of 3D integrated circuits, it should be investigated how FPGA
should be physically partitioned into different active layers. Proper physical parti-
tioning has a great impact on the performance improvement of the system. As in
any FPGA, the 3D FPGA consists of programmable LBs that are connected by an
interconnect, which are both programmed by the configuration memory. The 3D
interconnect methodology is quite different compared to the 2D interconnect sys-
tem. Figure 5.1 illustrates the possible architecture for 3D Mesh-based FPGA. In this
architecture different active layers have the same structure, all layers have config-
urable logic blocks (LBs) and switch blocks (SBs). The connection between blocks
is similar in all active layers. The advantage is that LBs that were far away in a 2D
FPGA are now much closer at the upper or lower layers and provides more degrees
of freedom during the routing since the third dimension can be employed [10].

5.2.1 FPGA Die Stacking

In FPGAs, the configuration memory blocks provides predefined constant voltages
to the functional circuit. These constant voltages or memory values are not subject
of any timing requirement and can be placed in separate layer with no overhead.
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Connection Box

Fig. 5.1 A typical mesh-based 3D FPGA architecture with 3D SBs using vertical interconnections
(TSVs)

The second possibility of implementing 3D FPGA architecture is based on placing
the FPGA configuration memory on a different layer as illustrated in Fig.5.2. In
this architecture, one active layer is specially devoted to configuration memory cells
and another active layers is devoted to programmable LBs and SBs. This approach
provides more flexibility to increase logic density of FPGA as well as to reduce the
area of the tile by a factor of two and the length of interconnect would reduce by
square root of two. The delay and power dissipation of interconnect would also reduce
because of the shorter capacitance on interconnect. However, current technology
requires a large inter-tier via (TSV) for 3D interconnection to other tiers. The size
of the via depends on the technology and accuracy of aligning two dies during
the bonding process. A tile may have few thousands configuration cells and if all
configuration cells are placed in another tier, the area overhead of 3D connections
will be too high. Depending on the technology, the area overhead of 3D interconnect
may even exceed the original area of the die and the size of an inter-tier via scales
with the accuracy of the die alignment.
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Configuration Layer

SB configuration

........

Fig. 5.2 A typical mesh-based 3D FPGA architecture

5.2.2 Monolithic FPGA Implementation

A more promising 3D-IC approach for implementing such a 3D FPGA is monolithic
stacking, whereby the active devices are lithographically built in between metal
layers [11, 12]. The main advantage of such approach is that, in principle, it can
achieve comparable vertical via density and scale at the same rate as the base CMOS
technology. Although this approach is yet to be developed for FPGA application,
there is much evidence that forming transistors on a dielectric with low thermal
budget is quit feasible [13—15]. The process technology for the added layers can be
much simpler than a full CMOS process. Specifically, the switch layer only needs
one type of MOS transistors, while the memory layer can be implemented using
two-transistor flash technology [16] or a programmable solid-electrolyte switch [17],
both of which promise to achieve higher densities than static random-access memory
(SRAM) with much simpler processes. The monolithic 3D FPGA process enables
much higher vertical interconnect density than 3D stacked FPGAs. This requires a
radically new 3D architecture than simple stacking of 2D FPGAs. For example, the
simple 3D stacking methodology can be used to build high density FPGAs with fully
3D switch boxes [18], which were shown to achieve over 50 % reduction in channel
width, interconnect delay, and power consumption over a baseline 2D FPGA. The
3D monolithic FPGA architecture however requires a significantly more complex
3D technology than 3D stacked FPGAs.
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5.3 State-of-the-Art: 3D FPGA Implementation

To provide the required reconfigurable functionality, FPGAs provide a large amount
of programmable interconnect resources in the form of wire segments, switches, and
signal repeaters. Typically, the delay of FPGAs is dominated by these interconnects.
Reducing the lengths of interconnects can lead to significant improvements in the
performance of FPGAs. Moreover, these programmable interconnect resources typi-
cally consume a large portion of the FPGA silicon die area. Since die area is one of the
main factors that determine manufacturing costs, reducing the silicon footprint can
lead to significant improvements in the manufacturing costs of FPGAs. The advan-
tages of 3D FPGAs have evoked significant interest, and several studies have looked
at them in the past. A 3D FPGA that used package-level integration to stack multiple
2D Mesh-based FPGAs interconnected using solder bumps is presented in [19]. The
m